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The energy sector has shifted its focus to unconventional hydrocarbons such as tight oil,
coalbed methane, and shale gas and oil due to the rise in global energy demand and
improvements in extraction technology. Along with changing the industry, this change has
also presented new opportunities and challenges. This study aims to improve the gas
production from shale formations by injecting thermochemical fluids (TCF) to induce
pressure and temperature changes, enhancing hydrocarbon productivity, and tackling one
of the most common issues in gas wells, liquid loading.

This study investigates the use of TCF to enhance shale formation productivity. TCF are
reactive fluids that generate heat and gas upon activation of their reaction. Shale samples
with varying mineralogy and total organic carbon content (TOC) were subjected to
artificial maturation under high-pressure (3000-3500 psi) and high-temperature (100°C)
(HPHT) conditions, using different TCF volumes. Measurements to assess the impact on
the samples were carried out pre- and post-treatment. The measurements included
chemicals injection using core flooding, X-ray powder diffraction (XRD), X-ray
fluorescence (XRF), compressional and shear velocities, computed tomography (CT)
scans, gas chromatography (GC), and Rock-Eval pyrolysis. Additionally, laboratory
experiments with a flow loop system assessed the effectiveness of TCF in resolving liquid
loading issues in gas wells. The findings were then used in PIPESIM simulations to model
and analyze the removal of liquid loading on a well scale.

Thermochemical-assisted maturation resulted in a decrease in TOC by 18-42% in the shale
samples, indicating hydrocarbon generation. Moreover, artificial maturation altered the
petrophysical, geo-mechanical, and geochemical properties positively. The porosity of the

samples was enhanced and generation of microfractures was observed. The free
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hydrocarbon volume (S1) increased by 1.3 folds, indicating a rise in the hydrocarbon
reserves. Furthermore, the injection of TCF in gas wells that are suffering from liquid
loading showed a promising result by removing more than 90% of the liquid holdup (liquid
loading), which led to resuming the gas production.

This study aims to present a method to enhance oil and gas production by accelerating
kerogen maturation. The use of thermochemical injections has shown promise in
expediting this process in organic-rich shale. More efficient hydrocarbon recovery can be
achieved compared to conventional maturation methods. This approach specifically
enhances shale gas production by increasing kerogen thermal cracking and removing the
liquid holdup. Ultimately, adopting this method could contribute to enhancing hydrocarbon

production from organic-rich shale and maintain environmental stewardship.
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CHAPTER 1

INTRODUCTION

1.1 Background

Unconventional hydrocarbon sources have come under industrial and academic study as
traditional fields' oil and gas reserves are depleting and the world's primary energy
consumption is expected to rise markedly over the coming decades (Economides et al.,
2009; Vedachalam et al., 2015; Bellani et al., 2021). Shales that are rich in organic material
have grown in significance as an energy source because they have a high potential for the
generation of gas and oil. There is a tremendous amount of immature kerogen in organic-
rich shale formations which are available in certain countries around the world (Gafurova

etal., 2021).

Immature kerogen undergoes a lengthy and complex process requiring considerable heat
and pressure before it can be transformed into oil or gas. This process is called natural
maturation and it involves gradual transformation of organic matter within sedimentary
rocks into hydrocarbons (oil and gas) over geological time, driven by increased temperature
and pressure deep within the Earth (Panahi et al., 2019). In shale oil reserves, kerogen is a
complex material comprised of an amorphous porous carbon structure with pores that range
in size from a few angstroms to micrometers (Bousige et al.,, 2016). Based on its

composition, kerogen can be divided into four categories, which will be discussed in a later



chapter. Each category affects the type of petroleum that is generated, if any; in other

words, the process differs slightly from one kerogen to another (Mccarthy et al., 2011).

Different types of hydrocarbons are present in immature shale formations, including free
(S1) and potential (S2) hydrocarbons. Free hydrocarbons (S1), which are mostly found in
inorganic and organic pores, as well as adsorbed and absorbed hydrocarbons in the organic
material, make up the hydrocarbon content in shale oil formations (Sang et al., 2018). The
hydrocarbon potential (S2) demonstrates the amount of hydrocarbons that a source rock
could yield as if thermal maturation took place (Mccarthy et al., 2011). The opportunity to
use chemical injection methods in organic-rich shale reservoirs is provided by the incentive
to create plans to increase the oil shale's ability to recover hydrocarbons. One approach to
facilitate the maturation of kerogen in organic-rich shale is to gradually increase the
temperature and pressure over time by using some chemicals (Bernard et al., 2012;

Agrawal et al., 2018(a); Agrawal et al., 2018(b)) REF.

1.2 Problem Statement

Current extraction methods primarily focus on obtaining free hydrocarbons from organic-
rich shale formations, leaving the adsorbed and absorbed components within kerogen
untapped (Li et al., 2016). The study of kerogen geochemistry has been ongoing for some
time, with research now concentrated in two key areas: hydrocarbon extraction (e.g.,
Curiale & Curtis, 2016) and the analysis of kerogen within shale (e.g., Luik et al., 2014).
These investigations aim to assess the degree, quality, and thermal maturity of kerogen in
shale and explore techniques for pyrolyzing or hydrogenating kerogen in oil shale to

generate hydrocarbons, whether ex-situ or in situ (White et al., 2005; Sang et al., 2016).



Given the significant potential of kerogen to yield hydrocarbons, there is a valuable
opportunity to convert a substantial amount into oil or gas through in-situ maturation.
However, there has been little experimental effort directed towards artificially maturing

kerogen to enhance hydrocarbon productivity.

1.3 Objectives

The objective of this work is to improve the hydrocarbon productivity of organic-rich shale
using chemical injection technigues. An in-situ maturation approach using an injection of
chemicals to accelerate the maturity process for unconventional shales was followed. The
impact of in situ maturation on the structure and characteristics of shale rocks was

investigated. The detailed objectives of this study are listed as follows:
1. Studying thermochemical fluids effect on accelerating the kerogen maturation.

2. Capturing the impacts of thermochemical fluids assisted maturation on the

petrophysical, geomechanical, and geochemical properties.

3. Tackling the issue of liquid loading in gas production wells.
4. Assessing the improvements in hydrocarbon productivity after the chemical
treatment.



CHAPTER 2

LITERATURE REVIEW

2.1 Background

Whether dealing with gas or oil, the formation of hydrocarbons begins in the source rock.
Source rock is defined as any fine-grained, organic-rich rock that has the potential to
generate petroleum when subjected to sufficient heat and pressure (Welte et al., 1965;
Helgeson et al., 2009; Guo et al., 2022). When sand, mud, and organic matter (plants and
animals) are buried and heated, different types of rock, such as sandstone (tight sandstone
and porous sandstone), carbonate rocks, and shale form. Over time the organic matter is
converted due to thermal cracking into petroleum or coal which are called 'fossil
fuels'.(Tissot et al, 1973; Akramkhodzhayev et al., 1986; Shixin et al., 2006; Bjarlykke et

al., 2010; Liang et al., 2019).

The volume, organic content, and thermal maturity of a source rock are all intimately
correlated with its hydrocarbon-producing capability. The amount and type of organic stuff
that rock contains is referred to as its organic richness (McCarthy et al., 2011). Thermal
maturity is the result of a source rock’s prolonged exposure to heat. Petroleum is created
by a source rock through thermal cracking which leads to the alteration of organic

materials. Petroleum resources are divided into two categories:

1. Conventional petroleum resources: a term used to describe oil and natural gas

trapped in porous, permeable rock. Oil and natural gas can flow freely up a petroleum well

4



due to the underground rock formation's natural pressure. The porosity between the rock
grains is connected in order to permit fluids to flow through the rock during conventional

petroleum production (Zhao et al., 2022).

2. Unconventional petroleum resources (such as oil shale, coal, and gas hydrates) are
sources that require a paradigm shift in the exploration and production compared to
conventional resources to achieve economic recovery rates (Zou et al., 2017; Division et

al., 2018).

For the unconventional system, only a little amount of the source rock must be broken
down and there must be enough overburden to reach thermal maturity. Following the
breakdown of organically rich sediments, part of the organic material is converted by
microbial activities into biogenic methane gas. According to the temperature gradient of
the basins, deeper burial is followed by a rise in heat. This heat causes the organic matter
to progressively change into an insoluble organic substance known as kerogen. Kerogen is
defined as a complex substance made of an amorphous porous carbon structure with pores
ranging in size from a few angstroms to micrometers, it is found in shale oil reserves

(Bousige et al., 2016).

Shale rocks have two different types of pores: pyrobitumen pores and organic pores which
are shown in Figure 1 and Figure 2. When organic matter is thermally matured,
hydrocarbons are released that solidify and fill tiny, asymmetrical gaps in the rock, creating
pyrobitumen pores. On the other hand, organic matter itself has pores because of the porous
nature of its structure and composition. These pores, which are normally small, add to the

shale's overall porosity. Hydrocarbons that have been solidified fill the holes of



pyrobitumen, whereas air or fluid phases are present in organic pores. While both kinds of
pores are important for preserving hydrocarbons, pyrobitumen-filled pores are difficult to

extract because the hydrocarbons are solidified, whereas organic pores allow greater fluid

movement and are therefore better for producing hydrocarbons (Katz and Arango, 2018).

Figure 1: FIB-SEM experimental images of the pyrobitumen pores in the organic-rich

shale (Zhang et al., 2020).

W

Figure 2: FIB-SEM experimental images of the organic pores in organic-rich shale

(Zhang et al., 2020).

Unconventional reservoirs (with exceptionally low porosity and permeability) have

changed the game when it comes to oil and gas production in the past ten years. However,



the majority of unconventional reservoir wells experience a rapid drop in production rates,
which results in low recovery factors (RF) and a limited return on the significant
investments made in horizontal drilling and hydraulic fracturing. As a result, there has
never been a greater need to boost or improve oil recovery, which makes it extremely
difficult to create efficient solutions to do so. The necessity for quick and precise
assessments of thermal maturity and forecasting the locations of oil, wet gas and
condensate, and dry gas production zones has arisen as a result of increased hydrocarbon

exploration in shale formations (Wang et al., 2017; Hackley and Linsdorf, 2018).

Measurements of the reflectance of organic matter, which in thermally mature shales is
primarily made up of solid bitumen, are frequently used to estimate the thermal maturity
of a shale. As the temperature rises, the kerogen continues to change, and these changes in
turn cause the petroleum components to evolve and be generated. Kerogen is converted by
additional heating into bitumen and petroleum. The organic material that results from the
conversion of kerogen to petroleum and the transformation of once-liquid oil is known as
solid bitumen (Thompson-Rizer, 1987; Wood et al., 2018; Sanei, 2020). As petroleum
compounds age, their complex molecular structures gradually simplify. This
transformation typically progresses in stages: first from oil to wet gas, and eventually to
dry gas (Magoon and Dow, 1991). Continuous production technology advancements allow
for the investigation and development of new plays. Current technologies only aim to
produce free hydrocarbons from organic-rich shale zones, not the adsorbed and absorbed

portion in kerogen (Li et al., 2016).

Natural gas trapped in organic-rich shale formations, also known as shale gas, has become

an important source of energy in many countries. Shale gas is extracted from fine-grained
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sedimentary rocks known as shale that contain large amounts of kerogen. When shale
formations are subjected to high heat and pressure over time, the kerogen breaks down and
releases hydrocarbons in the form of natural gas (primarily methane). In this self-contained
petroleum system, the petroleum that is produced does not migrate but rather gets trapped

in the microscopic pores and cracks of the low-permeability source rock (Allix et al., 2010).

Estimates of technically recoverable shale gas resources have increased dramatically in
recent years. According to the Energy Information Administration (EIA), total world
technically recoverable shale gas resources increased by 86% between 2011 and 2013,
largely due to increased estimates in the US and Canada (EIA, 2013). In the US alone,
shale gas production has increased from 1.1 trillion cubic feet in 2006 to over 15 trillion
cubic feet in 2018, making up about two-thirds of total US natural gas production (EIA,

2019).

Organic-rich shale gas has become increasingly important in recent years due to
advancements in extraction technologies and the decline of conventional hydrocarbon
reserves. Artificial maturation, a technique that accelerates the conversion of organic
matter into hydrocarbons, has been proposed as a method to enhance gas recovery from

these unconventional resources (Song et al., 2020).

Several experimental studies have been conducted to evaluate the feasibility of artificial
maturation and its impact on gas recovery from organic-rich shale. Geochemical,
petrophysical, and geomechanical factors should all be studied in order to reduce
uncertainty in exploration and production from unconventional shale plays. Geochemical

parameters are particularly important for managing storage capacity and hydrocarbon



concentrations. The necessity to fully comprehend and describe every part of the potential

petroleum system has become more pressing (Zhao et al., 2019).

By characterizing the components and processes that govern the richness and distribution
of petroleum resources, understanding petroleum geochemistry increases the effectiveness
of exploration and production. This information is also useful for modeling petroleum

systems and basins (Al-Hajeri et al., 2009).

2.2 Natural Thermal Maturation

As pressure and temperature rise with burial depth, sediments slowly cook. Organic
materials can be trapped and converted into kerogen with enough heat, pressure, and time.
Based on the components used to create it, Table 1 shows kerogen types which can be

divided into four categories as follows:

Table 1: Kerogen types based on the provenance of its source materials (McCarthy et al.,

2011).
Kerogen Source The general environment of Potential
type material deposition Hydrocarbon

Mainly Oil

I Mainly algae Lacustrine setting
(some gas)

Mainly plankton
] Marine setting Oil and Gas
(some algae)




Mainly higher Mainly dry gas
i Terrestrial setting
plants (coals)

Reworked,
v Varied setting No oil or gas
oxidized material

The type of petroleum generated, if any, depends on the specific kerogen type, meaning
that each kerogen undergoes slightly different processes. The Modified Van Krevelen
diagram in Figure 3 illustrates how kerogen changes with increased temperature during

burial, as described by Vandenbroucke (2003):

Type I: rich in hydrogen and low in oxygen, it is oil-prone but depending on its stage of

thermal evolution can also produce gas.

Type II: rich in hydrogen and low in carbon, it can generate oil or gas with prospective

heating and maturation.

Type I11: It produces dry gas because it contains more oxygen and less hydrogen than type

| & 1. Type Il is present in most coals.

Type IV: poor hydrogen content and high carbon content. It seems to have no potential to

produce oil or gas.
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Figure 3: Modified Van Krevelen diagram demonstrates kerogen alterations with

increasing heat after burial (Vandenbroucke, 2003).

Under adequate pressure, temperature, and burial depth, the degree of thermal
transformation of deposited organic matter into petroleum is referred to as thermal maturity

(Chapman, n.d., 2008; Tissot and Welte, 2013; Wood and Hazra, 2017; Zhao et al., 2019).

Oil and hydrocarbon gas are often produced by kerogens with high hydrogen contents,

while kerogens with low hydrogen contents will just create hydrocarbon gas. No matter

11



how much accessible carbon is there, if the kerogen's hydrogen supply is exhausted, the

production of hydrocarbons will stop (Baskin, 1997).

Organic materials emanate oil and gas after burial as temperature and pressure rise. Overall,
this thermal maturation process results in a series of smaller, more volatile, and hydrogen-
rich hydrocarbon molecules, culminating in methane gas. Additionally, the kerogen
gradually transforms chemically as it reaches thermal maturity, becoming a carbonaceous
residue with a declining hydrogen content (Hood et al., 1975). There are three stages of
natural thermal maturation, which are shown in Figure 4, and they are as follows

(McCarthy et al., 2011):

1. Diagenesis (temperature of 50°C): Methanogenic bacteria produce dry gas in this
process. The organic stuff gradually transforms into bitumen and, to a lesser extent,

kerogen as temperature and pH rise.

2. Catagenesis (temperature of 50 to 150°C): Types | & 1 create both gas and oil, but Type

I11 mostly produces hydrocarbon gas.

3. Metagenesis (temperature of 150 to 200°C): A significant amount of the kerogen is

transformed into methane and a carbon residue by additional heat and chemical changes.
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Figure 4: General scheme of hydrocarbon generation window (Meslé et al., 2013)

Gas is typically released during early diagenesis for kerogen type 11, mostly through
biological activities. Further burial causes catagenesis, which results in the release of gas
and oil. Any leftover oil is fractured during metagenesis as depth and temperature rise,

initially emitting gas and then simpler types of dry gas (Peters et al., 2004).

These stages directly affect the maturity of the source rock. Although diagenesis has altered

thermally immature, or prospective, source rocks, they have not yet been exposed to
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enough heat to produce thermally produced hydrocarbons. The thermal processes
necessary to produce petroleum have been completed in source rocks that are or were in
the oil window and are thermally mature or effective. These rocks are currently producing
petroleum. Source rocks that are thermally post-mature, or spent, have reached the gas
window and produced petroleum before; as a result, they have used up all the hydrocarbon
required for additional oil or gas generation. As a result, subsurface rock samples may
include incompletely reacted organic materials and produced hydrocarbons. In the
laboratory, some of the processes can be observed and studied. One of the possible
processes is the pyrolysis of organic matter, which can be used to identify organic materials

and imitate changes in the subsurface (Zhao et al., 2019).

2.2.1 Artificial Thermal Maturation

The acceleration of kerogen maturity, also known as artificial thermal maturation or in-situ
kerogen maturation, has been the subject of several investigations recently (Rosenberg et
al., 2020; Amjed et al., 2024; Moh-Ali et al., 2024). The process of applying sufficient heat
and pressure to organic matter in order to accelerate and control its thermal maturity is
known as artificial thermal maturation (Behar et al., 1997; Moh-Ali et al., 2024). Table 2
summarizes the most recent methods that have been utilized to artificially accelerate

kerogen maturation.

Table 2: Summary of recent artificial maturation methods of shale formations.

Reference Utilized Objective Observations
method
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Gao et al., | Hot air injection Evaluating production The more air injected,
(2022) performance estimation | the more kerogen

of in-situ conversion of | pyrolysis
shale oil by hot air
injection

Liuetal., | Steam injection Investigating properties | Steam has no

(2023) variations of shale with significant effect over

artificial maturation the maturation
using anhydrous
pyrolysis (AHP ) and
hydrous pyrolysis (HP)

Zheng et | Electric heating Studying an energy- Underground in-situ

al., (2023) | installations efficient method for electric heating
heating oil shale deposits | requires large amounts
in situ underground of electrical energy,

and is not economically
feasible

Hassan et | Mixture of Studying the impact of hydrogen and methane

al., (2023) | superheated gases injecting super-heated gases showed the best
gases on geochemical maturation
properties of shale performance

Moh-Ali et | Supercritical carbon | Investigating the effect Led to hydrocarbon

al., (2024) | dioxide of supercritical carbon generation and CO-

dioxide on hydrocarbons

generation

sequestration
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2.3 Source Rock Analysis

The presence of carbon is essential for any organic substance, making the measurement of
a rock’s carbon content a key method for evaluating its organic richness. Total Organic
Carbon (TOC) measurement is prioritized in source rock assessments, followed by
supplementary screening techniques such as pyrolysis and vitrinite reflectance analysis.
TOC measurement serves as the initial screening method to assess organic richness by
quantifying the amount of organic material present, though it does not provide insight into
the quality of that material. If the initial TOC results indicate sufficient organic content,
further tests are necessary to evaluate the quality and maturity of the organic matter
(Merrill, 1991). Several methods can be employed to assess the age and quality of organic
matter (McCarthy et al., 2011; Zhao et al., 2019). Some examples of these techniques

include:

1. TOC Analyzer: This test quantifies the carbon content of organic materials. Estimating

the amount and type of organic matter in a sample using TOC measurements

2. Rock-Eval Analysis: In this test, organic matter is heated to high temperatures, and the
amount of CO2, hydrocarbons, and other gases that are emitted are measured. This data can

be used to evaluate the organic matter's thermal maturity and hydrocarbon potential.

3. Vitrinite Reflectance Analysis: A crucial diagnostic tool for determining maturation is.
One of the most important tests for identifying a rock's thermal maturity is the amount of

light reflected by vitrinite marcels.
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2.3.1 Rock-Eval Analyzer

Rock-Eval pyrolysis analyzer is one of the most powerful equipment that are used to
determine the quality and maturity of organic matter. Subjecting rock samples to high
temperatures allows researchers to get data that, in a sedimentary basin, would have taken
millions of years to gather. The most recent version heats samples in a controlled series of
stages between 100 and 850°C using both pyrolysis and oxidation processes. Samples are
heated during the Rock-Eval pyrolysis process in a helium- or nitrogen-based inert
environment. During each stage of heating, organic molecules are detected by a flame
ionization detector (FID). During pyrolysis and oxidation, sensitive infrared (IR) detectors
measure CO and CO». Samples are heated in a helium and nitrogen-inert environment.
They are first heated for several minutes at 300°C, then heated according to a schedule at
25°C per minute to a peak temperature of 850°C. Figure 5 represents a pyro gram, where

a series of peaks show the heating schedule (Carvajal-Ortiz and Gentzis, 2015).
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Figure 5: Programmed pyrolysis results (Mccarthy et al., 2011).

The peaks shown are defined as follows:

S1: relates to the volume of free oil or gas from the rock sample during the first stage at
300°C without kerogen cracking. It indicates the amount of free hydrocarbons that can be
thermally distilled from one gram of the material in milligrams.

S2: represents hydrocarbons released from the sample during the second programmed
heating phase of pyrolysis. These hydrocarbons are produced from the breakdown of heavy
hydrocarbons and the thermal decomposition of kerogen. It measures the amount of
residual hydrocarbons indicating the potential hydrocarbon yield the source rock could
produce if thermal maturation progresses further. This measurement is significant for
assessing the potential of oil shales.

S3: The S3 peak represents the total amount of CO; released when kerogen in the rock
undergoes thermal decomposition. It is a measure of the oxygen content within the organic

matter and provides insights into the oxidation level of the kerogen.
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S3CO:z: This peak specifically measures only the CO2 component of the S3 peak, excluding
other potential gases that may evolve. S3CO: is a more refined measurement of the CO>
released during the thermal breakdown of kerogen and often represents the more direct
combustion of carbon within organic material.

S4: is created by oxidizing the remaining organic carbon in a separate oven. It can be split
into two peaks, S4CO and S4CO, respectively.

S5: is a distinct CO2 peak that shows CO: produced by the breakdown of carbonate

minerals in the sample.

Tmax: Refers to the temperature of the pyrolysis oven at the time of maximum hydrocarbon
production. It is attained at the second stage of pyrolysis when heavy hydrocarbons and
kerogen fracture to produce the S» peak. It should not be combined with geologic

temperature, although it can be used to characterize how organic matter changes thermally.

Collectively, these pyrolysis peak measurements offer valuable insights into the chemical
composition and maturity of the organic matter within the source rock. The relationships
between these components provide various indices used to interpret the rock’s

characteristics, and they are as follows:

1. The Hydrogen Index (HI): which measures the amount of hydrogen in the kerogen, is
inversely correlated with the possibility of oil production (Hazra et al., 2018). This index

can be used to determine the kerogen type. It is calculated from the hydrogen to TOC ratio:

Where:
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HI: the amount of hydrogen within the kerogen (HCs mg/rock g).

S2: possible quantity of hydrocarbons the rock could still generate if thermal maturation

continues (HCs mg/rock g).

TOC: total organic carbon present in the sample (wt.%).

2. The Oxygen Index (Ol): which measures the quantity of oxygen in kerogen, helps
determine the kind of maturation of kerogen. It is obtained from the CO; to TOC ratio

using the formula:

Where:

Ol: the amount of oxygen within the kerogen (CO2 mg/rock g).

S3: carbon dioxide weight in the rock (CO2 mg/rock g).

3. Production Index (PI): Because it rises with depth for fine-grained rock, the production
index (PI) is employed to describe the evolution of organic materials. It derives from the

link between the hydrocarbons generated in the first and second stages of pyrolysis.

S1 3

Pl =
S1 +S2

Where:

Pl: the ratio between free hydrocarbons produced to the total hydrocarbons

(dimensionless).
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S1: the amount of free hydrocarbons that can be thermally distilled from the rock (HCs

mg/rock g).

Hydrocarbon Potential: This term refers to the highest amount of hydrocarbons that a
source rock with enough maturity could produce. Expressed as kilograms of hydrocarbon

per metric ton of rock.

Hydrocarbon Potential = S1 + S2 4

Where:

Hydrocarbon Potential: the maximum quantity of hydrocarbons that sufficiently

maturated source rock might generate (HCs mg/rock g).

Immature shale deposits contain a variety of hydrocarbons, including free (S1) and
potential (S2) hydrocarbons. The hydrocarbon content of shale oil formations is made up
of free hydrocarbons, the majority of which are present in inorganic and organic pores, as
well as adsorbed and absorbed hydrocarbons in the organic material (Sang et al., 2018).
Current technologies mostly aim to produce free hydrocarbons from organic-rich shale
zones. Current technologies focus mainly on producing hydrocarbons from organic-rich
shale zones primarily focusing on hydraulic fracturing and horizontal drilling. These
methods aim to economically extract hydrocarbons by creating pathways for the
hydrocarbons to move from the shale matrix to the wellbore. However, there are several
challenges and advancements in this field (Li et al., 2016).

To assess the viability of artificial maturation and its effect on gas recovery from organic-

rich shale, several experimental studies have been carried out. To reduce uncertainty in
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exploration and production from unconventional shale plays, it is important to fully
understand and define geochemical, petrophysical, and geomechanical factors. One of the
three primary categories of qualities that should be researched is geochemical parameters,
which are controlled by hydrocarbon concentrations, kerogen structure, and storage

capacity (Zhao et al., 2019).

2.4  Thermochemical Fluids

2.4.1 Definition

Thermochemical are substances or compounds that go through considerable variations in
temperature and/or heat energy together with chemical reactions and transformations. The
chemical composition and physical characteristics of the substances involved are changed
as a result of these reactions, which represent the absorption or release of heat energy
(Carson, 2002). Chemical bonds are broken and formed during thermochemical reactions,
which are fueled by heat energy and transform reactants into products with various
chemical structures and thermodynamic properties. TCFs are frequently used in many
different applications, such as heat storage systems, catalysis, energy conversion, and
chemical synthesis (Bartel et al., 2019; Babaev et al., 2020). Fuels, explosives, specific
reactive gases, and substances utilized in high-temperature reactions or heat exchange
procedures are examples of thermos-chemicals. TCF usually consist of two chemicals such
as combinations of MgCl,.6H20, CaCl2.2H,0, NaNO>, and NH4Cl. These chemicals exerts
heat and their reaction is called an exothermic reaction. The exothermic reaction of some
chemicals can generate high temperatures which range from 150 to 750°F and high
pressure ranges between 1,500 to 7,000 psi depending on the chemical volume and
concentrations (Alade et al., 2019; Aljawad et al., 2020).
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TCFs were first utilized to solve problems in unconventional gas reservoirs (Al-Nakhli et
al., 2013). It was used to increase hydrocarbon production by using exothermic reactions
to create heat in situ at reservoir conditions. The heat produced will turn the liquid
condensate into gas, significantly reducing the viscosity of the fluid. Additionally, the
pressure around the wellbore would rise as a result of in situ heat generation, which would

have a favorable impact on overall gas production (Liu et al., 2020; Xu et al., 2021).

2.4.2 Applications

Several studies and research were carried out in the field of using thermos-chemicals in
industry. For instance, Al-Nakhli et al., (2013) worked on overcoming unconventional gas
challenges by creating synthetic sweet spots and increasing drainage area. They
demonstrated a brand-new stimulation technology that uses mechanical and thermal forces
to build synthetic sweet spots. In order to produce microfractures in confined core samples,
localized heat and pressure were produced using an electrified fluid. The volume of the
reservoir was stimulated, permeability was greatly raised, and porosity was also increased.
The new treatment technique allows for the creation of a synthetic sweet spot close to a
wellbore or fracture location. With the new treatment method, the permeability of the tested
cores significantly increased as assessed by the core flood system. As a result of the
treatment, communication between macro and micro pores was enhanced. No
hydrocarbons were used in the process, and there were no lift overs or possible hazards.
The generated high temperature and pressure can be used to eliminate potential damage
such as condensate banks that may be present around the wellbore or fracture networks.
The proposed treatment method was evaluated using the core flood system and tight core

samples obtained from tight reservoirs. Environmental scanning electron microscopy
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(ESEM), and computerized tomography (CT-scan) analyses were utilized to show the

development of microfractures and improvements in porosity and permeability.

Another study was done by Hassan et al., (2018) to eliminate gas condensation in gas
condensate reservoirs using TCFs. They concluded that when TCFs were injected, pressure
and temperature formation surrounding the wellbore increased. The condensate phase
behavior was significantly impacted by the heat and pressure that were created. By raising
the pressure over the dew point pressure, the pressure generated will change the condensate
liquid into the gaseous phase. According to the liquid drop-out profile, increasing the
pressure close to the wellbore leads to a reduction in the condensate volume. The capillary
forces are significantly impacted by the thermochemical treatment. The resulting
thermochemical reaction product had a negligible effect on the behavior of the hydrocarbon
phase. Due to the greater value of Nitrogen gas minimum miscibility pressure (N>-MMP),
no appreciable change in the phase behavior was seen as a result of nitrogen production.
More condensate liquids were transformed into the gas phase when the injection period

was increased since it will exponentially expand the radius of the heated area.

In drilling application, Mahmoud (2019) conducted a study on the use of a fluid that
combines thermochemical/chelating agents for well cleanup. The results that can be drawn
are as follows: Cakes made of barite oil and water can be successfully removed in a single
step using a thermochemical/EDTA chelating agent solution. Higher elimination efficiency
was achieved as a result of the thermochemical reaction's pressure pulse in addition to
temperature. As a result of the reaction, the generated high pressure and temperature are
primarily localized at the formation. Additionally, the formulated products of the reaction

are safe to handle and do not present any risk of corrosion.
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Hassan et al. (2019a) used thermochemical for water blockage removal. In tight sandstone
formations, water blockage causes significant formation destruction. The confined fluids
were released, and the flow conditions were improved, using thermochemical treatment as
a stimulant. The core conductivity significantly increased after TCF were injected into
constrained samples. The treatment also reduced capillary forces, increased the production
index by a factor of 1.94, and reduced drawdown pressure. The capillary pressures were
decreased, and microscopic fractures were created as a result of the pressure and heat
produced by the thermochemical reaction, which also enhanced the productivity index.
Ultimately, the trapped water was evacuated, and the productivity index was raised by

injecting TCF into tight sandstone.

Additionally, Hassan et al., (2019b) studied the usage of TCF for eliminating condensate
banking was introduced. They looked at how thermochemical treatment could increase gas
mobility and decrease condensate saturation. Their research suggests that TCF treatment
can eliminate more than 65% of condensate banking. In reducing the condensate damage
and the amount of chemicals injected, the huff and puff mode outperformed continuous
chemical injection. Condensate banking removal increased gas-effective permeability. The
tight sandstone was fractured by the pressure pulse brought on by the reaction and the high
temperature. The injection of TCF increased the gas mobility by lowering the condensate
viscosity and increasing gas effective permeability. With the help of thermochemical
treatment, the hydrocarbon's viscosity was decreased, and the capillary pressure was
dropped. It was discovered that the maximum increase in hydrocarbon mobility would be

when the reduction of capillary forces and fluid viscosity were combined.
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A methodology to reduce the strength of high-stress-tight gas reservoirs using
thermochemicals was introduced by Al-Nakhli et al. (2019). It was particularly efficient to
lower the breakdown pressure of tight reservoirs. Thermochemical treatment resulted in
significant changes in mechanical parameters and rock strength, according to laboratory
measurements. The strength and other mechanical parameters of the rock samples were
impacted by the micro-scale fractures that the thermochemical treatment led to in the
treated samples. In highly stressed tight gas reservoirs, innovative thermochemical reagents
may be used to lower the breakdown pressure. The use of the innovative thermochemical
would significantly reduce the work required for hydraulic fracturing procedures, making
them more efficient and affordable. The reactive thermochemical may be activated by the

thermal energy of reservoirs to injection of weak acids.

Thermochemical removal of condensate banks from carbonate, sandstone, and shale layers
was investigated by Hassan, et al., (2020a). The study found that TCFs are capable of both
increasing gas production and condensate removal. The findings as a whole point to
thermochemical treatment as a potential method of boosting gas production in tight

reservoirs.

A field-scale simulation was provided by Hassan, et al. (2020b) to quantify how well
thermochemical injection works to remove the condensate bank and increase gas recovery.
They concluded that the thermochemical technique was discovered to be significantly more
effective in handling production-related condensate-banking concerns than traditional gas-
injection techniques. The wellbore's surrounding pressure rose as a result of the

thermochemical exothermic nature's heat and pressure release, which also heated the fluids
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nearby. The thermochemical reaction caused a pressure pulse that encouraged the

development of microfractures and a corresponding drop in the capillary pressure.

Tariq et al., (2020) demonstrated that TCFs are an effective approach to stimulate
unconventional formations. In order to comprehend thermochemical reactive behaviors
and results, the study integrated both experimental and mathematical techniques. A
mathematical model for the static thermochemical reactor was proposed. It has been found
that TCFs can produce artificial sweet spots by causing numerous microfractures near the
wellbore. Compared to traditional approaches, the thermochemical treatment assisted in
lowering the breakdown pressure more effectively. Acid was used to start the TCF, which
assisted also in etching the fracture surfaces. Therefore, in contrast to the thermochemical
reaction without acid, fracture conductivity was preserved at high closure stresses. To
replicate the pressure pulse behavior, a mathematical model was developed and tested
against experimental results. For sensitivity analysis, a field-scale thermochemical reactive
transport model was created. It was discovered that thermochemical concentration is the

primary element in regulating the magnitudes of pressure and temperature.

Hassan et al., (2021) demonstrated a novel and effective technique for boosting the gas
productivity of shale formations using TCF injection. Multiple measurements were taken
to evaluate the suggested treatment efficacy. The findings revealed that injecting TCF into
shale rocks can increase the pore size, create new fractures, and boost gas productivity. The
thermochemical treatment resulted in an increase in gas production, an increase in the
absolute open flow, and a drop in the capillary pressure (Pc). Moreover, TCF can interact
with shale rocks and partially dissolve the matrix, leading to a significant increase in the

formation porosity and gas productivity. The study claims that additional increases in gas
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productivity can be achieved by performing thermochemical treatment cycles repeatedly.

This is considered to be the first study to suggest using TCF to increase gas productivity in

shale reservoirs.

In summary, a series of studies were conducted by researchers to investigate various

applications of TCF in the field of hydrocarbon recovery. The recent experiments that used

TCF in the petroleum industry are summarized in Table 3.

Table 3: recent studies that utilized thermochemical fluids in the petroleum industry.

Reference Objective Observations
Al-Nakhli et | overcome difficulties posed by | used electric ~ fluid to create
al., (2013) unconventional gas by | microfractures and  demonstrated
creating synthetic sweet spots | improved recovery of hydrocarbons.
and increasing drainage area.
Hassan et | reducing condensate reservoir | condensate phase behavior is impacted
al., (2018, | gas condensation and | by elevated pressure and temperature
2019) enhancing gas production. near the wellbore, which encourages a
transition from liquid to gas and
improves mobility.
Mahmoud, | using chelating agents and | 89% of Barite filter cakes were
(2019) TCF to clean wells. successfully removed in a single stage

for drilling fluids based on water.
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Al-Nakhli et

reducing the high-stress-tight

notable changes to the rock’s strength

al. (2019) gas reservoirs' breakdown | and mechanical characteristics. It has

pressure. the potential to increase hydraulic
fracturing efficiency.

Alade et al. | kinetics analysis of the TCF to | it was verified that the TCF were

(2019) improve heavy oil and liquid | suitable for enhancing the recovery of
condensate recovery. heavy oil and condensate.

Tariq et al. | stimulating  unconventional | reduced breakdown pressure, many

(2020, 2021) | formations.  Reduction  of | microfractures created, and filter cake

breakdown pressure through

filter cake removal.

removal.

Hassan, et
al. (2021)

presenting a novel method for
increasing shale formation gas

productivity.

lowered capillary pressure, increased
gas production in shale reservoirs, and

developed new microfractures.

Al-Taq et. al
(2023)

using TCF to improve the
performance of breakup fluids

and clean up fractures.

the emission of a great deal of heat and
nitrogen gas cleansed the fractures

efficiently.

Al-Jurf et al.
(2024)

treating rich organic shales
with thermochemical fluids to

increase their production.

TCF stimulation converts kerogen into
hydrocarbons, it can lower the overall

organic content
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2.5 Liquid Loading and Slugging Challenges

Gas wells suffering from liquid loading issues are incapable of removing the liquid
associated with produced gas from the wellbore (Falcone et al, 2013; Liu et al., 2018; Guan
etal.,2023). Natural gas wells can experience liquid loading, particularly as they age (Wang
et al., 2013; Lea et al., 2019; Burrows et al., 2020). An annular or mist flow occurs in a
vertical well when the gas velocity is high enough to carry the liquids to the surface without
any buildup (Liu et al., 2020; Alsanea et al., 2022). The inability of produced liquids to be
removed from the wellbore by produced gas is known as liquid loading of a gas well (Lea
et al., 2019). The well’s upward gas velocity must fall below a threshold level for this
phenomenon to occur, at which time the liquid that was initially flowing upward starts to
sink back (Phillips et al., 2009; Fan et al., 2020). This liquid builds up at the bottom of the
well, where it reduces the production rate, destabilizes multiphase flow in the well (after
changes in flow regime), increases hydrostatic back pressure on the reservoir, and, in
extreme situations, kills the well (Falcone et al., 2013). A high gas flow rate is used at the
beginning of the normal liquid loading sequence to effectively move all liquids to the
surface (Luan et al., 2012; Khan et al., 2023). However, some liquid starts to flow back
into the wellbore as the gas velocity drops or the liquid content rises. The accumulated
liquid in the wellbore may re-enter the area of the near wellbore when downhole hydrostatic
pressure rises (Liu et al., 2017). By deliquefying the well, all liquids are carried to the
surface by gas as the well begins to flow once more (Croce et al., 2020). This cycle keeps
on until reservoir potential drops or liquid yield rises, which causes the sporadic behavior
seen in liquid-loaded gas wells (Veeken et al., 2011). There are numerous issues with liquid

loading in marginal wells (Argawal et al., 2015; Tugan et al., 2020; Feng et al., 2020;
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Alsanea et al., 2022). This usually happens when the production rate and reservoir pressure
drop. Liquid loading can eventually cause the well to fail by causing irregular gas
production and a drop in generated liquids. Turner et al., (1969) presented the first attempt
to forecast the beginning of liquid loading. They proposed two different mechanisms for
the loading initiation: droplet-flow reversal and film-flow reversal. They concluded that
the droplet-reversal model performed better when compared with field data. This droplet-
reversal model is widely used in the industry to predict the critical flow rate. In essence,
the Turner droplet-reversal model is based on the minimum gas rate required to sustain the
largest possible liquid droplet and assumes that the liquid loading is independent of the
pipe diameter (Turner et al., 1969; Coleman et al., 1991; Skopich et al., 2015). Riza et al.
(2016) conducted a study to understand liquid loading in gas wells. They concluded that
the most crucial factors in establishing the essential liquid loading rate and the liquid
loading onset are the tubing inner diameter and the well productivity index. One of the
most used techniques to analyze liquid loading and well performance is system nodal
analysis (Parsi et al., 2014; Adaze et al., 2019; Alsadoun et al., 2020). The whole well
system is divided into two subsystems by nodal analysis at a particular location called the
nodal point, and the pressure will be determined at each nodal point (Mahmud et al., 2017).
In the oil and gas industry, PIPESIM software from Schlumberger is frequently utilized for
nodal analysis (Yagoup et al., 2016; Mohamed et al., 2023). It is a multiphase, steady-state
flow simulator that is frequently used for gas and oil system design and diagnostics. In
particular, PIPESIM is used to simulate multiphase flow from the reservoir to the wellhead,
which helps to optimize injection and production processes. Furthermore, PIPESIM offers

a range of modeling choices specifically designed for liquid loading scenarios (O’Brien et
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al., 2010; Yaqoup et al., 2016). Numerous corrective lifting options have been developed
for field use; some unloading methods (like velocity strings) rely on the system’s inherent
energy, while others (like downhole pumps) provide energy to raise the water to the surface
and so lessen the liquid loading issue. An alternative to producing water from a gas well is
to inject water into a zone beneath the gas reservoir. Pumps and techniques utilized for this
purpose are referred to as injection systems. Water can be injected into a gas well using a
variety of techniques. Injection systems are powered by electrical submersible pumps
(ESPs), some of which allow an ESP to pump water below a packer. Water injection can
also be done by bypassing the seating nipple. This involves employing concentric vertical
holes in the bypass seating nipple to allow water pressure to be pumped up through the
tubing and impose pressure on an injection zone below the sucker-rod pump (Lea et al.,
2004). The appropriateness of each remedial approach varies based on the well’s
characteristics and state because each has unique technical characteristics. A detailed
technical evaluation of tried-and-true methods for mitigating the impacts of liquid loading
was reported by several studies (Lea et al., 2004; Falcone et al., 2013; Burrows et al., 2020;
Alsanea et al., 2022). The best approach is the one that is most cost-effective over the
course of operation. Also, the most suitable approach will be chosen based on a number of
factors, including vendor equipment availability, equipment reliability, manpower
requirements for operating the equipment, lifting capacity, and effective approaches
employed in related fields (Lea et al., 2004; Alsanea et al., 2022). Table 4 lists some of the

most popular unloading solutions along with some of their benefits and drawbacks.

Table 4: Common solutions for unloading gas wells (Alsanea et al., 2022; Tugan et al.,

2022; Binli et al., 2009)
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Method

Advantages

Disadvantages

References

Plunger lift

Suitable for larger well
tubing.

Difficult to remove
huge liquid volumes.

Requires gas or air
injection in some cases.

Chava et al. (2010)

Zhu et al. (2019)

Jet hydraulic
pumps

Low maintenance cost,
simple to install, and
can handle high flow
rates.

High initial cost and
excessive  electricity
could be needed.

Yan (2013)

Kalwar et al. (2017)

Decreasing the

Veeken and Belfroid

. wellhead pressure. It Expensive equipment | (2011)
Compression can  assist  different and may not be
hod financially feasible. Lea and  Rowlan
methods (2019)
Feasible solution to | More effective for|
Injection increase the pressure | water or liquid Ali etal. (2023)
systems and improve  gas | injections compared t0 | 5 ot al. (2021)
production gas injections
. Can run —constantly, | oo ite in the presence | Hernandez (2016)
Gas lift delivering  consistent of hiah-pressure gas
rates of production. P gas- | sahuetal. (2021)
) .| Christiansen (2006)
Functions best with
. Wide range of | water alone and might | Veeken and Belfroid
Foaming

applications and costs

require huge volumes of
costly surfactants.

(2011)

Adaze et al. (2019)

Slugging refers to the intermittent flow patterns characterized by alternating liquid slugs

and gas pockets (shown in Figure 6). Slugging, which can result in fluctuating production

rates, pressure spikes, and potential mechanical damage to the production equipment, can

happen as a result of the dynamic interplay between liquid and gas phases in the wellbore.

Slugging frequently occurs in long horizontal wellbores with complex fracture networks,
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where flow limitations and shifting reservoir characteristics make the flow instability
worse. The intensity and occurrence of liquid loading and slugging issues in
unconventional wells are influenced by a number of variables. Reservoir heterogeneity,
multiphase flow dynamics, liquid condensation and imbibition into the matrix, water
blockage, and liquid buildup in cracks are some of these issues. These elements interact in
a complex way, making it difficult to forecast and control liquid loading and slugging

occurrences (Karami, 2022).

I Stable Flow Unstable Flow Stable Flow
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w
3
TIME
Highest Velocity Lowest Velocity
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Figure 6: Illustrating excellent depiction of multiphase flow in the wellbore as well

moves towards liquid loading (Hearn, 2010).

Multiple strategies have been suggested and put into practice to reduce the issues with
liquid loading and slugging. To improve gas-liquid separation and lift the collected liquids

to the surface, these techniques involve the employment of artificial lift techniques like gas
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lift or plunger lift. It has also shown potential to increase reservoir connectivity through
hydraulic fracturing design in order to lessen liquid buildup. In addition, chemical and
surfactant injection, production rate optimization, foam and gel treatments, and operating
procedures are used to lessen the impacts of liquid loading and slugging (Kannan et al.,

2019).

Despite the progress made in understanding and mitigating these issues, further research is
needed to refine predictive models, develop advanced monitoring techniques, and explore
novel mitigation strategies. The optimization of unconventional well performance requires
a comprehensive understanding of the mechanisms and impacts of liquid loading and
slugging, enabling operators to optimize production and maximize hydrocarbon recovery

from these challenging reservoirs.

2.6 Summary

The effects of kerogen maturation were studied by several research from geological
aspects. In addition to that, the thermal maturation of organic-rich shale represents a
technique that accelerates the conversion of organic matter into hydrocarbons to enhance
overall recovery from unconventional resources. The usage of chemicals in the petroleum
industry witnessed growth as it was used to develop effective technologies for improving
hydrocarbon recovery by solving lots of issues in different aspects. TCFs assisted
maturation has a good potential due to the additional increase in pressure caused by the
reaction, which does not exist in heating-only maturation. This high pressure will increase
heat flow and speed up the operation. Furthermore, the application of TCF across various
petroleum engineering fields has shown promising results, particularly in well cleanup and

production enhancement. This highlights TCF's strong potential for use in deliquifying gas
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wells, reactivating dead wells, and extending the productive lifespan of gas-producing

wells.
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CHAPTER 3

Methodology

To capture the petrophysical changes in the organic-rich shales before and after TCF
injections, porosity measurements, and micro CT-scan techniques were combined.
Additionally, X-ray diffraction (XRD), X-ray Fluorescence (XRF), and compressional and
shear velocities were combined to have insights into the mineralogy of the samples and the
geo-mechanical impact of TCFs, respectively. Finally, a Vinci Rock-Eval 7S pyrolysis
analyzer was utilized to assess the geochemical characteristics. The samples were
artificially maturated utilizing TCF under different HPHT settings throughout many
treatment durations after they had been initially characterized. Furthermore, by assessing
the rock characteristics following the various maturation processes, the effects of the
induced shale maturation on the petrophysical, geo-mechanical, and geochemical
parameters were interpreted. The chemicals were injected under reservoir conditions by
using core flooding in order to carry out in-situ maturation and enhance hydrocarbon
productivity.

Moreover, to address the liquid loading issue using TCF, a two-stage approach was
conducted: experimental laboratory work followed by process simulation with PIPESIM
software.

In the experimental phase, a horizontal flow system was designed to simulate conditions
in a horizontal well section. Pressure gauges were strategically placed across the system to

monitor pressure variations accurately, and a back-pressure valve, set at 350 psi, simulated
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the wellhead pressure. Nitrogen gas cylinder with low pressure (50-300 psi), representing
a gas reservoir experiencing liquid loading, was introduced to observe fluid flow under
these simulated reservoir conditions. At the system's outlet, graduated cylinders collected
produced fluids, enabling continuous monitoring of liquid production as a function of time.
For TCF injection, a dual-cylinder syringe pump was utilized to ensure consistent and
controlled fluid delivery from accumulators.

The second stage involved scaling the experiment to field conditions using the PIPESIM
modeling program. This simulation modeled the liquid loading removal process under
realistic conditions, providing insights into TCF's efficacy at a larger scale and helping to
predict field application performance. This two-stage methodology provided a
comprehensive evaluation of TCF's potential to address liquid loading, combining

empirical data with predictive modeling.

3.1 Materials

To assess the impact of TCF on shale, four organic-rich shale samples with distinct
characteristics were selected. The first sample was intact, while the second was artificially
fractured by drilling a hole in the middle of it. The last two samples had natural fractures
at varying fracture intensities. This variation allowed for a thorough examination of TCF
impact across different fracture types.

In place of liquid holdup, gas condensate was used, with a density of 0.746 g/cm3, API of
57°, and a dynamic viscosity of 0.631 cP.

TCF (a combination of NH4Cl and NaNO:) generated pressure and heat in situ, with the
reaction triggered by pH control. A detailed kinetic study was recently reported by Al-Taq
et al. (2023), and the chemical reaction can be described as follows:
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NH,Cl + NaNO, — NaCl+ 2H,0 + N, + AH (heat) [AH =—7.66x10" C2*

e(—91 .44kJ/mol)/RT]

All TCF formulations, particularly this combination, are environmentally friendly. TCF
treatments are highly adaptable, as they allow precise control of the solution’s behavior by

adjusting fluid concentration and pH, and adding inhibitors (Al-Ghamdi et al., 2023).

3.2 Method and Phases

The experimental work was generally conducted in two phases, one for capturing TCF
impact on shale formation, while the other for testing TCF performance on liquid loading

removal. The two phases are explained below.

3.2.1 Phase-1: TCF Impact on Organic Rich Shale

The goal of this step was to investigate the changes that the TCF will make to the shale
matrix. There are three successive steps to this phase. Prior to performing the treatments,
the initial step was to characterize the geo-mechanical, geochemical and petrophysical
properties in order to understand the shale matrix. Applying the treatments to the shale
samples was the second step. To replicate the reservoir conditions, core flooding
techniques were used during this stage. The final step was the evaluation of the shale
samples following the chemical treatment and providing important information about the

alterations induced by the thermochemical treatment. The three stages are detailed below:

3.2.1.1 Stage-I: Characterization of Samples Pre-treatment
For the purpose of capturing the impact in the organic-rich shales prior to TCF injections,

micro CT-scan, porosity measurements, Rock-Eval, and compressional and shear velocity
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measurements were combined. The samples’ mineralogy, elemental composition, and
geochemical characteristics were studied by cutting and powdering the samples for use in
XRD, XRF, and Rock-Eval analyzer, respectively. The identification, quantification, and
structural analysis of minerals and elements in samples were done using XRD and XRF
analyses. On the other hand, Rock-Eval analysis offered useful details regarding the source

rocks’ geochemical properties.

3.2.1.2 Stage -11: Applying TCF Treatment

During this stage, the samples were treated with TCFs under various pressure and
temperature settings for varying aging times. At this point, reservoir conditions were
simulated using a core flooding system. Temperatures between 100 to 250°C and pressures
from 3000 to 3500 psi were the conditions used, with time intervals between (6 to 24
hours). The TCF were injected separately and not allowed to interact until they reached
the inlet of the core holder. Figure 7 shows the flooding setup that was used in this study.

TCFs were injected using injection dual pumps, the treatment temperature was regulated
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in the oven, and the pressure of the inlet and outlet were tracked and recorded by a data

gathering system during the process.
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Figure 7: Flooding setup that was used for the TCF injections (Hassan et al., 2021).

TCFs were injected simultaneously via different flow lines. High pressure and high
temperature conditions were present during the flooding experiments. In order to ensure
that no pores are bypassed and the core is fully saturated with chemicals, a backpressure
regulator (at 400 psi) was used at the outlet. The system temperature was also controlled
to be between 60 and 100 °C. Additionally, an overburden pressure of 4500 psi was applied.
Several cycles of TCFs were injected with providing enough time for soaking the sample
and till the pressure across the core stabilizes. Moreover, two additional artificial
maturation techniques were used for comparison. Supercritical carbon dioxide was used as
per literature for aging the samples for different durations at a pressure of 3000 psi and
temperature of 250°C. The second technique was heating in a closed system pressurized to

3000 psi using nitrogen gas, at a temperature of 250°C.
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3.2.2 Phase-11: TCF Impact on Removal of Liquid Loading

In this phase, the liquid loading removal was tested in two different ways. Experimental
work in the lab by using a small tube and filling it with condensate, then a gas flow with
small pressure was controlled to mimic the issue. The best conditions that were interpreted
in stage-I11 were used to test their effect on the liquid loading removal process. The TCFs
were injected and were not allowed to react until they were in bottom of the tube below the
liquid that had already stopped the well from producing. The process was repeated several
times to determine the best conditions. After that, PIPESIM software was used to simulate
the process of liquid loading removal on a large scale. More details about the two stages

are provided below;

3.2.2.1 Stage -1: Experimental Work

A condensate liquid was placed in the line to represent the liquid loading and sealed with
a back pressure of 350 psi, and then nitrogen gas was injected at ranges between 50-300
psi to check for flow. Initially, TCFs were injected to fully occupy the line to observe if
they could generate pressure and heat that were sufficient to overcome the back pressure
and enable the liquid removal and resume the gas flow. The experiments were conducted
at different volumes of condensate liquids to mimic multiple liquid loading cases. The
experiments were conducted when condensate was holding 50, 60, and 70% of the total
available volume. Different injection cycles were studied, and the removal efficiency for
each cycle was determined. The experimental procedures were kicked off by thoroughly
cleaning the half-inch pipeline and preparing the system. Then, a precise amount of
condensate was pumped into the pipeline, and the system was sealed with a backpressure

valve at the output while maintaining a 350 psi pressure. Furthermore, to mimic the
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reservoir whose pressure is not enough to lift the liquid that is holding the system, nitrogen
gas was injected at different pressures ranging from 50 to 300 psi. TCFs were injected
separately at various volumes suitable for each cycle to keep the pipeline full and ensure
continuous pipeline occupancy in order to prevent gas compression during pressure buildup
due to the system being fully occupied, which will lead to gas being compressed. TCFs
were controlled to only meet at the bottom of the system, below the liquid that is loading
the well, to ensure the highest removal efficiency of the liquid holdup. A dual pump with
50 cubic centimeters (cc) per minute fluid capacity was used. The pump’s cylinders can
each carry up to 100 cc of fluid. The system was consistently injected with the entire
volume of TCF needed at a rate of 1 min every cycle. For instance, the system had a total
capacity of 100 cm?. In the first scenario, 50% (50 cm?® of the system was filled with a
mixture of nitrogen gas and gas condensate, then 50 cc of TCFs were injected. The pump
was configured to pump at a rate of 50 cc/min. It is connected to both TCF accumulators.
This indicates that it pumped 25 cc from each accumulator in a minute. Sequential injection
cycles were used, with each cycle starting once the flow ended and pressure had stabilized
at the end of the previous cycle. Throughout the duration of each experiment, pressure
profiles were continuously recorded as a function of time. Finally, the experiments were

conducted in a different number of cycles to optimize the removal efficiency.

Figure 8 illustrates the steps that the system goes through until it is deliquefied. Schematics
show the following: (a) The system was at its initial stage, where the condensate had been
loaded in the line and gas with low pressure was injected from the gas cylinder to represent
when gas is not able to flow because of the liquid loading the system. (b) TCFs were

injected through tubing to make sure the fluids reached the desired location below the
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liquid that was loading the system. (c) The TCF below the liquid that is loading the system,
all of this is while they are being injected separately to make sure the reaction is not
triggered during the injection. (d) Once the TCFs reach the specified point, the tubing is
pulled, then the reaction is triggered, and heat and pressure (nitrogen gas) are generated.
(e) The pressure increases the BHP and helps the reservoir (gas cylinder) to overcome the
liquid column pressure, which enables the lifting of the liquid that is holding the system
and allows gas to flow again. (f) The system resumes production, and gas can flow to the

surface again.
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(d) Activating the reaction to (e) The pressure and temperature (f) Gas flowing and produced
generate heat and pressure in dissipate and aid in liquid again after TCFs injection.
situ. removal and gas production.

Figure 8: Schematics showing the experimental process followed to remove liquid

loading issue using thermochemical fluids injection.
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3.2.2.2 Stage -11: Simulation Work

The nodal analysis software (in PIPESIM), which is designed to simulate fluid flow in
pipelines and wells, was used to assess thermochemical treatment on a large scale. The
study involved a systematic approach to replicate the real conditions within a controlled
environment. To do this, the data associated with the system includes information about
dimensions and pressures. The line length was scaled and multiplied by the proper quantity
to convert from centimeters to thousands of feet in order to ensure that it was suitable for
modeling a well. Furthermore, the hydrostatic liquid column in the line, which functioned
as the well, was used to adjust pressures. The pressure that was holding the system was
scaled and calculated by using the hydrostatic pressure equation. The formula is shown

below in equation 6:

P = pgh 6

Where:

P: hydrostatic pressure

p: fluid density

g: acceleration due to gravity

h: height of the fluid column

This meticulous process guarantees that the well model used in the simulation adheres to
the desired scientific criteria to accurately depict a real-world scenario. Scaling is a critical
step as it allows the creation of a model that accurately reflects the characteristics of the
original system but on a different scale. In the next phase, a well was constructed to mimic

the shape and characteristics of the original system. This well was designed to mirror the
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pipeline’s geometry to ensure that it accurately represented the conditions under study.
Furthermore, the pressure settings associated with the back-pressure valve, which
originally existed at the top of the system, were adjusted to serve as the wellhead pressure.
A gas condensate composition was used to construct a new fluid composition system that
simulated the behavior of the liquid inside the well. The purpose of this simulated liquid
was to replicate the function of the real liquid in the system that was holding up the well.
Nodal analysis function was used to plot the line deliverability by using the data of the
system. These parameters had been scaled, and a well was constructed using them, as
shown in Figure 9. Finally, modifications were made by injecting TCF to make use of their
ability to produce temperature and pressure, which makes it easier to remove gas
condensate that has been building up inside the system. This was done in order to produce
conditions that were almost exactly like those that existed during each injection cycle of
TCFs, enabling a more precise and representative analysis of the behavior of the system.
0
-Jk open hole wall

well wall
S tubing wall
flow direction
,_H well head
A perforations

= packer

Figure 9: A well-constructed using the system parameters using PIPESIM.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, the findings are presented and analyzed after applying TCFs in two primary
aspects: the artificial maturation of organic-rich shale and the mitigation of liquid loading
issues in gas wells. The results are structured according to the distinct experimental phases
outlined in the methodology, allowing for a comprehensive understanding of each stage's
outcomes.

Firstly, we examine the effects of TCF on the geochemical, petrophysical, and geo-
mechanical properties of organic-rich shale samples. The artificial maturation process was
expected to accelerate kerogen breakdown, enhancing hydrocarbon potential generation.
Results are presented in terms of changes in shale composition, hydrocarbon content, and
reservoir properties.

Secondly, we discuss the effectiveness of TCF in resolving liquid loading issues in gas
wells. Through both laboratory-scale experiments and simulation models, we explore the
impact of TCF injection on liquid removal and pressure regulation within the system,
providing insights into real-world applications.

Each phase defined in the methodology is thoroughly discussed, with results interpreted to
highlight the efficiency, limitations, and implications of using TCF in these contexts. This
structured approach enables a detailed assessment of TCF as a dual-benefit solution in

unconventional reservoir enhancement and flow assurance.
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4.1 TCF Performance for Pressure and Temperature Generation

To evaluate the performance of TCFs in generating adequate pressure and temperature,
TCFs were injected into a closed system where in-situ measurements were taken over a
designated observation period. The goal was to assess the capacity of TCF to build
sufficient pressure and heat which are the key parameters for the artificial maturation of
shale and mitigation of liquid loading in gas wells.

A continuous data collection process recorded pressure and temperature changes over time,
allowing a comprehensive view of TCF performance throughout the reaction. Figure 10
illustrates the measured in-situ temperature and pressure variations, demonstrating that
both parameters increased substantially during the reaction. As shown, the temperature
rose from an initial value of 160°F to a peak of 600°F, while pressure built up from 100 psi

to a maximum of 3100 psi.
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Figure 10: The values of in situ temperature and pressure generated at different times

during TCF reaction.
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These results confirm that TCFs are highly effective in generating the necessary heat and
pressure conditions within a closed environment. The significant increase in temperature
is conducive to enhancing kerogen breakdown in organic-rich shale, promoting
hydrocarbon release. Simultaneously, the substantial pressure buildup aligns with the
requirements for displacing accumulated liquids in the gas wells, indicating TCF’s
potential to address liquid loading challenges. This performance assessment thus supports
TCF as a viable dual-function solution, capable of inducing favorable conditions for both

shale maturation and fluid displacement in gas reservoirs.

4.2 TCF Impact on Organic Rich Shale

The impact of TCFs on organic-rich shale was investigated through core flooding
experiments designed to simulate in-situ conditions. In these tests, TCFs were injected into
shale core samples to evaluate their effectiveness in enhancing hydrocarbon productivity
by inducing thermal and pressure changes. Four organic-rich shale samples with distinct
fracture characteristics were prepared to evaluate the impact of TCF on various fractured
samples. The samples included one intact shale, one artificially fractured by drilling, and
two naturally fractured samples with differing fracture intensities. This range of fracture
conditions enabled a comprehensive assessment of TCF performance across different
structural contexts within the shale. The first sample was intact and almost no fractures
were detected. For the first sample, all characterization methods post treatment showed that
there were no significant changes to the sample, indicating that the treatment did not cause
any petrophysical, geochemical, and geomechanical properties. More discussion is

provided below:
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4.2.1 Impact on Petrophysical Properties

In this section, the focus is on the analysis of porosity changes in shale samples. Helium
Porosimeter was used to measure the porosity of the samples before and after apply the
TCF treatment, also micro CT-scan of the samples was conducted to assess the impact on
shale samples petrophysical properties.

Figure 11 shows the results of the micro-CT scan of the sample, the images before and
after show that there were no significant changes to the samples petrophysical properties.
The sample’s lack of connectivity restricted fluid penetration, thus preventing in-Situ
pressure and temperature generation essential for artificial maturation and enhancement of

petrophysical characteristics.

(a) Before (b) After

Figure 11: Micro CT scan for sample 1 before and after TCF- assisted maturation.

In Sample 2, an artificial fracture was created by drilling, as illustrated in Figure 12. The

hole was drilled to act as a man-made fracture to investigate the effect of the fracture on
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the responsiveness of the shale sample to the treatment. The sample showed better response

and fractures started to appear

(a) Before (b) After

6.162 mm

Figure 12: Micro CT scan for sample 2 before and after TCF- assisted maturation.

For Sample 3, which contained moderate natural fractures with higher intensity than
Sample 2, as shown in Figure 13. This increased response highlights the influence of
natural fractures in facilitating TCF treatment effectiveness. Moreover, the samples were
segmented before and after applying TCF treatment (depicted in Figure 14) and we can
see that the fractures volume increased. The volume of fractures was 16.3% of the samples
total volume before the treatment, while after the treatment it increased to 27.7%, the total
increase was 70%. The enhanced porosity in this sample suggests that moderate fracture
intensity promotes better TCF fluid reactions within the pores and fracturs of the samples,

resulting in notable maturation and structural changes within the shale.
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(a) Before (b) After

Figure 13: Micro CT scan for sample 3 before and after TCF- assisted maturation.

(a) Before (b) After

Figure 14: Micro CT scan segmentation for sample 3 before and after TCF- assisted

maturation.

Sample 4, which had the highest natural fracture intensity (Figure 15), showed the greatest
responsiveness to TCF treatment. The treatment resulted in the formation of new fractures

and yielded improved outcomes, as will be discussed in subsequent sections.
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(a) Before (b) After

Figure 15: Micro CT scan for sample 4 before and after TCF- assisted maturation.

The effectiveness of the TCF treatment on the shale samples was significantly influenced
by their fracture intensity, with more fractured samples exhibiting a greater impact from
the treatment. Samples with higher natural fracture density provided more pathways for the
TCF to penetrate, react, and generate heat and pressure within the pores. This facilitated
the development of additional microfractures and enhanced porosity, resulting in improved
hydrocarbon generation and fluid mobility. In contrast, samples with lower fracture
intensity demonstrated a more limited response to the treatment due to restricted fluid
penetration. Figure 16 below presents the micro-CT scan images of the samples,
illustrating the variation in fracture intensity and highlighting the extent to which TCF
treatment enhanced the internal structures of the samples. These findings underscore the

critical role of pre-existing fracture networks in determining the efficacy of TCF treatment.
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Figure 16: Micro CT-scan 3D images of the shale samples.

The porosities of the samples were measured before and after TCF treatment using a helium
porosimeter. The results, as shown in Table 5 below, indicate an increase in the initial
porosity of the samples following the treatment. This increase can be attributed to the
thermochemical fluid (TCF) reacting within the pores, which led to the creation of
microfractures, improved conductivity, and an overall increase in the size of existing pores.
The expansion of pore sizes is primarily due to the conversion of organic matter residing
in these pores into hydrocarbons, a process facilitated by the TCF treatment. This

conversion not only enhances the pore network but also contributes to the overall increase
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in porosity. The detailed implications of this conversion and its connection to hydrocarbon
generation will be discussed further in the geochemical properties section.

Table 5: Porosity of the samples pre and post TCF treatment.

Porosity (%)
Sample
Before After
1 1.4 1.3
2 8.8 9.7
3 11.3 13.1
4 15.2 18.2

4.2.2 Impact on Geochemical Properties

In this section, the interpretations of the Rock Eval results were carried out to evaluate the
HI, Tmax, TOC, S1, and S2 of the samples. These factors were used to provide a description
of the impact of the TCF treatment. Each parameter provides insight into the organic
richness, hydrocarbon production potential, and effectiveness of TCF treatment on shale

samples.

4.2.2.1 Kerogen Typing

To analyze kerogen types and maturation levels, HI values against Tmax Values were plotted
for each sample, before and after TCF-assisted artificial maturation. In kerogen typing, HI
(y-axis) and Tmax (X-axis) are typically plotted in a scatterplot to distinguish kerogen types
and assess maturity levels (Hart and Steen, 2015; Adesina et al., 2017; Amjed et al., 2024).
As shown in Figure 17, the used samples primarily fall between the kerogen Type | and
Type 1l regions, indicating a tendency toward oil-prone kerogen, which is known for its

high potential in hydrocarbon generation. Samples 2, 3, and 4 demonstrated higher

55



responsiveness to TCF-induced artificial maturation compared to Sample 1, evidenced by
a more significant shift in their HI and Tmax values.

The initial high HI and relatively low Tmax values suggest that the samples have high-
quality shale with substantial hydrocarbon-generating potential. Post-treatment, a decrease
in HI and an increase in Tmax values were observed, indicating increased thermal maturity
as the kerogen progresses toward the oil window. Sample 1 exhibited minimal change in
its HI, with almost no variation in Tmax, Suggesting that the thermal maturity of the sample
remained unchanged. In contrast, Samples 2, 3, and 4 demonstrated more significant
changes in both HI and Tmax, indicating an increase in their thermal maturity. For Sample
2, the HI decreased from 769 to 649, while the Tmax increased from 412°C to 436°C.
Sample 3 exhibited even greater changes, with the HI decreasing from 754 to 657 and the
Tmax increasing from 410°C to 432°C. Finally, Sample 4 showed the most substantial
changes, as the HI decreased from 759 to 606 and the Tmax increased from 413°C to 445°C.
These variations reflect the progressive thermal transformation of organic matter within
the samples, with greater changes in HI and Tmax correlating to a higher degree of thermal
maturity. To further validate these maturity changes and the associated hydrocarbon
generation, additional geochemical parameters were analyzed in the upcoming sections,
providing supportive evidence for the enhanced hydrocarbon yield potential in these

samples.
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Figure 17: Kerogen typing for the shale samples before and after TCF maturation.

4.2.2.2 Total Organic Carbon

The TOC values indicate the organic carbon percentage of the samples, which is associated
with the amount of kerogen in them. Different responses to TCF treatment are observed
between the unfractured and fractured samples, as shown in Figure 18. The first sample,
which has no fractures, shows minimal change in TOC, with only a slight reduction of
about 3 % from its initial value. Specifically, the TOC decreased from approximately 14.34
to 13.88 wt.% at the inlet section, while the middle and outlet sections of the sample
exhibited no significant change. This limited reduction suggests that the TCF treatment did
not fully penetrate the sample’s internal structure, likely due to its low permeability, which
restricts fluid flow through the sample matrix. In contrast, the other three samples, which

were fractured, show substantial reductions in TOC, indicating that the TCF treatment was
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effective in accelerating kerogen maturation within these samples. TOC reductions range
between 18 and 42 %, and there is a clear relationship between fracture intensity and TOC
reduction. The second sample, which has a hole drilled at the center, shows a moderate
reduction in TOC from 12.92 to 10.51 wt.%, suggesting partial fluid penetration. The third
sample, which has medium-intensity natural fractures, shows a decrease from 12.96 to 9.59
wt.%, reflecting a more pronounced effect as the fractures allow improved fluid entry and
reaction with the kerogen body. The fourth sample, which is highly fractured, exhibits the
greatest TOC reduction from 15.74 to 9.17 wt.%, supporting the idea that increased fracture
intensity enhances fluid penetration, facilitating substantial organic matter conversion.
These observations suggest that TCF treatment primarily impacts TOC in samples with
sufficient permeability or induced fractures, as greater TOC reductions are associated with

better fluid access.
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Figure 18: The TOC values for the shale samples before and after TCF treatment.
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4.2.2.3 Volume of Generated Hydrocarbons

The S1 parameter measures the free hydrocarbons generated in the samples, providing an
indication of the hydrocarbons readily available for production (shown in Figure 19). The
analysis of S1 values shows minimal change in the unfractured sample with an increase of
only around 10% at the inlet only, similar to the TOC results, suggesting that low
permeability limited the penetration of TCF fluids. In contrast, all fractured samples
display a substantial increase in S1 values in the range of 80% to 130%, aligning with the
TOC reductions observed earlier. This increase in S1 suggests that kerogen was
transformed during TCF treatment, resulting in hydrocarbon generation. The second
sample shows a moderate increase in S1 (82.3%), correlating with its relatively low fracture
intensity. The third and fourth samples, however, reveal progressively larger S1 increments
of around 106.8% and 129.8% respectively, matching their higher fracture intensities and
thus better fluid access. This increase in generated hydrocarbon volume is a clear indicator
of effective kerogen conversion, with highly fractured samples allowing TCF fluids to

flow, react, and generate hydrocarbons, resulting in a measurable S1 value increase.

59



=)
= 4.5
CE» 401 4.16
~ 3.64
)
[
o
T 3
S
o 2.1 22
'g 1.89 1.76 1.81
I
P I I
1)
[4+]
bl
@
C
@
O o
1 2 3 4

Sample Index

m Before m After

Figure 19: The volume of free hydrocarbons (S1) in shale samples before and after TCF

treatment.

4.2.2.4 Volume of Potential Hydrocarbons to be Generated

The S2 values which are shown in Figure 20 represent the potential amount of
hydrocarbons that might be generated from the samples if the treatment continued, derived
from kerogen that has not yet been transformed into hydrocarbons. High S2 values are
generally indicative of greater potential for hydrocarbon generation upon additional
thermal treatment. In the unfractured sample, the S2 value remains relatively unchanged,
due to the absence of fractures that impact TCFs treatment on kerogen within this sample.
Conversely, the fractured samples exhibit a significant decrease in S2 values post-treatment
(15% to 30%), suggesting effective kerogen conversion. The second sample shows a
moderate reduction of around 16%, consistent with its pervious TOC and S1 results, which

provided some access for TCF treatment. The third and fourth samples, with medium and
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high degrees of fracturing, demonstrate the largest S2 reductions, 20% and 27%,
respectively. This pattern suggests a more extensive transformation of kerogen in samples
with enhanced fluid penetration, reducing the sample’s remaining hydrocarbon-generating
potential. A reduction in S2 after TCF treatment signifies successful kerogen conversion
into hydrocarbons, with more significant changes observed in samples with better fluid
access.
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Figure 20: The volume of potential hydrocarbon generation (S2) for shale samples

before and after TCF treatment.

In summary, the Rock-Eval data reveal that TCF treatment is most effective in fractured
samples. Samples with intense fracturing exhibit the highest reductions in TOC, S1, and
S2, indicating substantial kerogen transformation into hydrocarbons. This transformation
is facilitated by improved fluid access through fractures, which enables the TCF fluids to

penetrate and react within the sample matrix. The results highlight that the efficacy of TCF
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treatment depends on the sample fracture intensity, which is essential to maximizing

organic matter breakdown and hydrocarbon yield.

4.2.2.4 Gas Chromatography Analysis Results

Gas chromatography (GC) was employed to analyze the effluents collected from the core
flooding experiments following treatment with TCF. The purpose of this analysis was to
validate the generation of hydrocarbons during the artificial maturation process. Figure 21
presents a visual representation of one of the effluent samples, where traces of
hydrocarbons can be observed. However, to confirm and quantify these hydrocarbons, GC

was utilized for a more precise chemical analysis.

Figure 21: Sample of the collected effluents of core flooding following TCF treatment.

The GC results revealed that the carbon fractions in the effluents were predominantly

concentrated in the middle range (as seen in Figure 22), which is characteristic of light
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hydrocarbons. These light hydrocarbons are typically generated during kerogen maturation
due to the breakdown of complex organic matter under the heat and pressure conditions
induced by TCF treatment. The presence of these hydrocarbons is significant as they are
widely used in various applications, including energy production, petrochemical

manufacturing, and as raw materials in everyday products like fuels and solvents.
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Figure 22: Gas chromatography analysis result for the core flooding effluent after TCF

treatment.

The results not only demonstrate the effectiveness of TCFs in generating hydrocarbons
from organic-rich shale but also emphasize its potential to enhance hydrocarbon recovery
in unconventional reservoirs. The generation of light hydrocarbons further underscores the
sustainability of this process, as these compounds are highly valuable in the energy sector
and industrial applications. This finding provides compelling evidence that TCF treatment
is a promising approach for enhancing resource recovery while simultaneously producing

usable hydrocarbon fractions.
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4.2.3.1 XRD and XRF Analysis

The effects of TCF on the mineralogical and elemental composition of the shale samples

were analyzed through XRD and XRF techniques, with the results summarized in
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Figure 23: XRD results for the shale samples before and after the treatment. and Table 6,
respectively. Both XRD and XRF data were obtained before and after TCF treatment to
detect any alterations in mineral and elemental composition. Post-treatment analysis
revealed negligible changes in the XRD and XRF results, indicating that the TCF
application did not alter the primary mineral phases or elemental makeup of the shale. This
stability suggests that TCF can effectively enhance hydrocarbon generation without
compromising the rock integrity of the shale formations. These findings highlight TCF’s
potential for applications in unconventional reservoirs, which is done by preserving the
natural mineral structure and elemental balance is crucial for maintaining long-term

reservoir integrity and environmental standards.
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Figure 23: XRD results for the shale samples before and after the treatment.

Table 6: XRF results for the shale samples before and after the treatment.

Main Element

Mg Al Si Ca S Fe
Sample Before | After | Before | After | Before | After | Before | After | Before | After | Before | After
1 0.63 0.6 5.65 5.4 31.2 31.3 38.9 394 11.2 11.0 7.3 75
2 0.66 0.63 3.84 3.97 26.16 | 25.50 | 4755 | 47.21 | 11.15 | 11.47 453 4.90
3 0.43 0.45 6.00 5.87 18.09 | 18.85 | 55.03 | 55.43 | 10.19 | 10.03 6.76 6.36
4 0.15 0.17 4.08 4.88 11.63 | 11.01 | 60.56 | 60.37 | 12.32 | 12.52 6.73 6.86

4.2.3 Impact on Geomechanical Properties

In this section, we used the inorganic geochemical test XRD and XRF to assess the

geomechanical properties changes of the shale core samples before and after treatment with

TCF, interpreting the effects of the treatment on these properties. Moreover, the

compressional and shear velocities were also measured and estimated to give insights into

the geomechanical properties by calculating the brittleness index.
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4.2.3.2 Compressional and Shear Velocities

The compressional velocity (V) of the shale samples was measured using the NER
benchtop device. From these compressional velocity measurements, we estimated the shear
velocity (Vs) of the samples using Castagna’s empirical formula (Equation 7) for shales

(Castagna et al., 1985):

Vo =0.86 XV, —1.172 7

where both Vsand Vp are expressed in km/s. This empirical relationship provides a reliable
approximation for shear wave velocity in shales, particularly useful when direct Vs
measurements are unavailable.

We then analyzed the V,p/Vs ratio, a key parameter in interpreting geomechanical
characteristics of rock formations (Castagna et al., 1985). Table 7 below displays the V,/Vs
ratios for each sample, both before and after TCF treatment. Notably, the ratio increased
post-treatment for the samples that were more responsive to the treatment (2, 3, and 4),
indicating a rise in fracturing within the rock matrix. This increase is likely attributed to
the internal pressure generated by nitrogen within the pore spaces, as fractures are known
to reduce shear wave velocity more significantly than compressional velocity.
Furthermore, the thermal stress induced by TCF, due to heat generation during treatment,
has contributed to microfracture development, further elevating the V,/Vs ratio.

Table 7: Values of the ratio Vp/Vs used for interpreting the geomechanical properties of

shale samples.

Vp/Vs
Sample

Before After

1 2.06 2.07
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2 2.27 2.49

3 2.04 2.63

4 2.07 2.68
4.2.3.3 Poisson’s Ratio

Another crucial metric for evaluating the geomechanical behavior of the shale samples is
Poisson’s Ratio (v). Poisson's ratio is a fundamental parameter in geomechanics, offering
valuable insights into the elastic properties and deformation behavior of rocks under stress.
In the context of organic-rich shale, this ratio is particularly significant as it reflects how
the material responds to stress-induced changes in its volume and shape. The Poisson's
ratio is essential for understanding the geomechanical properties of shale formations,
especially when assessing their ability to withstand subsurface stresses during hydrocarbon
production or reservoir stimulation processes. For this study, we estimated Poisson’s Ratio

using Mukabi et al., (2008) formula, which is shown in Equation 8 below:

Vv, V1 8
U—O.SX[V—S] —1/[V—S] -1

Table 8 below presents the estimated Poisson's ratio for the shale samples before and after

TCF treatment. These measurements provide a comparative analysis of how the samples
reacted to the TCF application. The data indicate that the samples which responded to the
treatment exhibited an increase in Poisson's ratio post-treatment. This observed increase
can be attributed to two key mechanisms induced by the TCF treatment: thermal stress and

the generation of microfractures.
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Table 8: Values of the Poisson’s Ratio used for interpreting the geomechanical properties

of shale samples.

Poisson’s Ratio (v)
Sample
Before After
1 0.35 0.35
2 0.38 0.40
3 0.34 0.42
4 0.35 0.42

Thermal stress plays a crucial role in altering the geomechanical behavior of the treated
shale. During TCF treatment, the injected fluids generate heat, resulting in localized
thermal expansion and stress within the rock matrix. This thermal stress can lead to a
redistribution of the rock's internal structure, increasing its ductility and modifying its
elastic properties, thereby contributing to the observed rise in Poisson's ratio.
Additionally, the generation of microfractures within the rock due to TCF treatment further
influences the Poisson's ratio. The creation of microfractures alters the rock’s mechanical
framework, enhancing its ability to accommodate deformation without significant
volumetric changes. This phenomenon leads to a more pronounced lateral expansion
relative to axial compression under stress, resulting in an increased Poisson's ratio. The
presence of these microfractures also suggests improved fluid mobility within the rock, a
desirable characteristic for hydrocarbon production and unconventional reservoirs
stimulation.

The results underscore the impact of TCF treatment on the geomechanical properties of
organic-rich shale. By increasing Poisson's ratio, the treated samples exhibit modified

elastic behavior that improve their performance during reservoir operations. These findings
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highlight the potential of TCF treatments to enhance not only hydrocarbons productivity
but also the mechanical resilience of shale formations, making this a valuable approach for

optimizing unconventional reservoir development.

4.3 TCF Impact on Removal of Liquid Loading

4.3.1 Initial Conditions

The experimental system was configured with gas condensate holding up the line, and the
gaseous phase was introduced from the nitrogen gas cylinder. Additionally, a back-pressure
valve served to act as the wellhead pressure. Subsequently, it was observed that the
supplied gas proved incapable of displacing the liquid filling the line, effectively
functioning as a reservoir in the case of liquid loading. This cylinder/reservoir’s pressure
was unable to surpass the pressure exerted within the well by the gas condensate
accumulation. In the next steps, TCF was injected into the system to generate pressure and

temperature that can lead to removing the liquid loading and enabling gas production.

4.3.2 Removal Efficiency

In this section, the main goal is the evaluation of the performance of TCF for liquid loading
removal, the system was filled with gas condensate at 50%, 60%, and 70% of its total
volume. The pressure profiles over time for each injection cycle, along with the
corresponding removal efficiencies, are presented in Figure 24, 26, and Figure 2628,

respectively.

The sequence of steps required to remove 50% of the gas condensate volume obstructing

the system’s gas production are demonstrated in Figure 24, and three cycles were needed
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for this purpose. The first cycle removed 15% of the condensate volume and increased
pressure to about 2460 psi, as seen in Figure 25. The pressure then increased to about 2525
psi during the second cycle, and the volume removed increased to 65%. This shows that
50% of the gas condensate volume that was initially in the system was successfully
removed by the second cycle. The pressure increased to approximately 2800 psi and more
than 97% of the volume was removed in the third cycle. The reason for variations in the
amount of condensate extracted in every cycle is due to the pressure buildup induced by
the injection of more TCF into the system. The volume of injected TCF matches the initial
50% condensate fill level since the system is initially filled to 50% capacity. The volume
of condensate removed is added to the thermochemical fluid injection in the second cycle
after the first cycle, in which 15% of the condensate was removed. As a result, in the second
cycle, the injected volume of TCFs was more than the one from the previous cycle, hence

increasing the amount of pressure and temperature generated with each cycle.
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Figure 24: Removal efficiency of the first case where the liquid loading volume occupied

50% of the capacity of the system.
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Figure 25: Pressure of the first case where the liquid loading volume was occupying 50%

of the capacity of the system.

Figure 26 illustrates the removal efficiency of four cycles that were injected to remove
60% of the liquid volume that was obstructing the gas production system. In order to reach
sufficient removal efficiency, an additional cycle was found essential. Figure 27 shows
that 17% of the condensate volume was removed during the first cycle, which increased
the pressure to about 1200 psi. Later, during the second cycle, the pressure rose to about
1250 psi while the condensate volume was decreased by 31.25%. In the third cycle, the
pressure increased to about 1580 psi, which caused 73% of the volume to be removed. To
improve the removal efficiency, a final cycle was implemented where the pressure was to
2460 psi and more than 95% of the liquid loading was removed. The pressure buildup

caused by the addition of more TCF to the system is responsible for the improvement in
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condensate removal during each cycle. The goal is to fill the system with condensate and
TCF at each cycle. Initially, 60% of the system's volume was occupied by gas condensate,
while the remaining 40% was filled with the injected TCFs. Each cycle of TCF injection
resulted in the removal of additional condensate, progressively increasing the available
volume for subsequent TCF injections. This cyclic injection process enhanced the
generation of pressure and temperature with each cycle, significantly aiding in the

deliquification of the well.

100 95.8
g
> 80 73
c
(3]
S
£ 60
L
IS
5 40
£ 31.25
(5]
= 17
o
= 2
g
J .

0

1 2 3 4

Number of Cycles

Figure 26: Removal efficiency for the second scenario with a liquid loading volume that

filled 60% of the system's capacity.
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Figure 27: Pressure profile against time and the volume removed at each cycle for the

second scenario with a liquid loading volume that filled 60% of the system's capacity.

Figure 28 demonstrates the cycles needed to eliminate 70% of the liquid volume
obstructing the production of gas from the system. In this case, five cycles were required
to achieve sufficient removal efficiency. Figure 29 demonstrates that 14.3% of the
condensate volume was extracted in the first cycle, which resulted in a pressure increase to
about 900 psi. The pressure then rose to about 1000 psi during the second cycle, which was
accompanied by a 21.4% increase in the removed volume. In the third cycle, the pressure
increased to around 1100 psi, which caused about 45% of the volume to be removed. A
pressure of about 1600 psi and an extraction of over 70% of the condensate volume were
obtained in the fourth cycle. The pressure rose to 1840 psi during the final cycle, allowing
for the targeted removal efficiency and the removal of 91% of the liquid loading. The

variation observed in the amount of condensate collected during each cycle is attributed to
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the pressure increase caused by the injection of more TCF into the system. During each
cycle, as previously explained, the system should be fully saturated with condensate and
TCF. At the start, gas condensate occupied 70% of the system's volume, with the remaining
30% filled by TCF. Each TCF injection cycle removed a portion of the condensate, creating
additional space for subsequent injections. This process progressively increased the
pressure and temperature generated, playing a crucial role in effectively deliquefying the

well.
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Figure 28: Efficiency of removal for the third case where 70% of the system's capacity

was filled with condensate.
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Figure 29: Pressure profile versus time and volume removed at each cycle for the third

case where 70% of the system's capacity was filled with condensate.

Figure 28 show that as the liquid volume loading the system decreases with each cycle,
the pressure peaks are shown to grow over time (from left to right). The gradual increase
in thermochemical fluid volume that was injected into the system with each cycle is the
driving force behind this trend. The system is designed to maintain full occupancy while
gas condensate is extracted throughout each cycle, which means that extra TCFs are
injected to replace the volume of gas condensate that has been removed. In every cycle, a
rise in pressure peaks was observed because the volume of TCF injected increased, and
more pressure was generated. The figures above show that the more the volume of the
liquid holding up the system, the more cycles of TCF injection are required to remove it.
The first cycle reaction seems to have not generated enough gas/pressure to enable the
overcoming of liquid column pressure. It is evident that an increased number of injection

cycles enhances removal efficiency, as it is more probable for the generated pressure to
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alleviate well loading. In all of the scenarios, the condensate’s mobility was enhanced, and
its removal from the system was made simpler by the decrease in viscosity, which was

achieved by the heat produced by the reaction of the TCFs.

4.3.3 Fate of Reaction Residuals

Sodium chloride and water were produced as a result of the chemical reaction. Equation
5 can be used to calculate the amount of salt by using the chemical process. The used
chemical concentration is 1 molar for each reactant. The reaction model has an order of
one, which means that 1 mole of the reactants can produce 1 mole of the products.
Therefore, for every milliliter of injected fluid, 1 mole of NaCl is created, or around 0.058
g. But because 2 moles of hot water are produced for every mole of NaCl (refer to the
chemical reaction), the NaCl that is produced is entirely dissolved. Together with the gas
condensate that was loading the system, water, and sodium chloride were produced for

each experiment.

4.3.4 Deliverability Enhancement

To assess the validity of the methodology utilized, the data were transferred to PIPESIM
to simulate the mechanisms occurring in the system. Below is the first case presentation of
the results that were acquired from the software. Plotting the inflow performance
relationship (IPR) and vertical lift performance (VLP) showed that no operating point was
reached while the well was suffering from gas condensate accumulation. Figure 30
provides a graphic representation of the VLP and IPR in the initial condition where the
system was facing a liquid loading issue. Significantly, there was no intersection between

the VLP and IPR curves, indicating that the well was non-flowing. The well’s operational
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flow is obstructed by the presence of gas condensate holdup, which is the cause of this no-

flow condition.
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Figure 30: Well deliverability of the well in its initial condition when liquid loading took

place.

Then, the reduction in the well hydrostatic pressure was calculated, and the change of the
VLP curve was replotted after each cycle (as shown in Figure 31 - 33) to have a better
understanding of the efficiency of TCFs in enhancing the well deliverability. Figure 31
shows that when the first cycle injection was completed and after the reaction of the TCF,
there was a significant intersection at a flow rate, which is called the operational point, and
was about 674 (scf/day). The point at which the IPR and VLP curves converge indicates
that the well has started to flow and that the gas condensate obstruction preventing gas
from reaching the wellhead has been removed. It is noted that the IPR remained steady;
however, the downward shift that led to the intersection was seen in the VVLP curve. This

occurrence can be explained by the well-targeted effect of thermochemical fluid injection
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and the reaction that followed, which affected the well without stimulating or damaging
the reservoir. Moreover, it is also observed that the two curves intersected twice;
nevertheless, the initial intersection is regarded as a pre-equilibrium unstable production
rate (Lea et al., 2008; Yadua et al., 2020). When the well is producing at a rate that is out
of balance with the conditions of the reservoir, it is said to be operating at the initial
intersection point of the IPR and VVLP curves. This indicates that the reservoir pressure is
neither long-term stable nor sustainable at this production rate. Since the system is not yet

in a steady-state balance, this state is frequently referred to asa “pre-equilibrium” state.
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Figure 31: Improvement in VVLP after the first cycle injection, the operating point is

achieved.

Regarding the second cycle of TCF injection, Figure 32 shows the deliverability of that
cycle. Analysis of the figure indicates that the injection of this cycle resulted in a better
improvement in the well’s VLP. This enhancement is ascribed to the increased generation

of heat and pressure resulting from the reaction between TCF. Compared to the first cycle,
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there has been a noticeable rise at the operating point, yielding a flow rate of about 941

(scf/day).
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Figure 32: Improvement in operating flow rate due to the second cycle injection.

As for the last cycle, Figure 33 illustrates the deliverability of the system after the reaction.
During this cycle, there is a significant improvement in the well’s VVLP due to the injection.
This improvement can be ascribed to the TCF reaction, which again produces more heat
and pressure at each cycle. Compared to the second cycle, the operational point has
increased even more, resulting in a flow rate of about 1188 (scf/day). This improvement in
performance highlights how successfully the thermochemical fluid injection works to
increase the well’s operating production rate, resulting in a higher flow rate within the

given operating parameters and well condition.

80



6000

ul
o
o
o

Operating flow rate

4000 /!
4

14

Hm‘“‘.‘\ vy

2000

w
o
o
o

1000

Bottom Hole Flowing Pressure (psi)

o

0 500 1000 1500 2000 2500
Flow Rate (scf/day)

——|PR VLP

Figure 33: Enhancement of the removal efficiency after the third cycle injection and its

corresponding operating conditions.

The aforementioned figures show that the TCFs enhance the VLP greatly as they make the
operating flow rate of the gas increase and go beyond the critical flow rate that was
calculated via PIPESIM. The change in the operating flow rate and operating flowing
pressure due to the injection of TCF in cycles is shown in Table 9. Each cycle resulted in
an augmentation of the operational flow rate, beneficial for the well life, along with an
enhancement in removal efficiency, indicative of the well’s return to an optimal operational
state due to the additional downhole pressure generated. Simultaneously, the heat generated
serves to forestall the occurrence of condensation phenomena. The operating flow rate was

increased by around 74%, from 674 to 1188 (scf/day), by applying three injection cycles.
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Table 9: The alterations in the operational flow rate and the operational flowing pressure.

Liquid Removal

Operating Pressure

Operating Flow

Stage Efficiency _
(psi) Rate (scf/day)
(%)
Initial condition
o o 0 0 0
(liquid loading issue)
First Cycle 15 3564 674
Second Cycle 65 3322 941
Third Cycle 97.5 3048 1188
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This study explored the use of Thermochemical Fluids (TCF) to enhance the maturation of
immature organic-rich source rocks and address liquid loading issues in gas wells. Through
laboratory experiments and simulation modeling, the findings demonstrated TCEF’s
effectiveness in improving both the geochemical and geomechanical properties of shale
samples and in efficiently removing liquid loading. The results highlight TCF as a
promising, environmentally friendly, and cost-effective solution for enhanced hydrocarbon
recovery.
The samples were characterized pre-treatment and post treatment to assess the impact of
TCF treatment, which was applied through core flooding. TCF demonstrated a notable
impact on the geochemical, petrophysical, and geomechanical properties of shale samples.
The key findings of TCF impact on shale samples are as follows:
e TCF accelerated kerogen maturation by 18-42% through the generation of in-situ heat
and pressure, and increased the free hydrocarbon volume in the samples by 80-130%.
e The in-situ generated heat and pressure promoted microfracture development, leading
to enhanced porosity by 10-20%.
e Gas chromatography analysis revealed the presence of light hydrocarbons in the

effluent after treatment, confirming the conversion of kerogen into hydrocarbons.
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XRD and XRF analyses showed no significant changes in mineralogical or elemental
composition, ensuring the preservation of the reservoir's integrity.

The V,/Vs ratio increased by 8-30% due to thermal stress and pressure generation
within the pores, further enhancing the geomechanical properties of the samples.

The Poisson’s ratio of the samples increased in a range of 5-25%, indicating that the
samples are less stiff after the treatment, making the samples more susceptible to

fracturing.

Impact of TCF on liquid loading removal was investigated by conducting experimental

work in the lab by using different volumes of liquid to load the system to test various

scenarios. Then PIPESIM simulations were carried out to validate the field applicability of

TCF. The key findings of TCFs impact on tackling liquid loading are as follows:

TCF removed over 90% of liquid hold-up across all tested scenarios, demonstrating its
efficiency in deliquefying gas wells.

The number of injection cycles required to deliquefy the well, increases with the
volume of liquid that is loading the system.

Early intervention upon detecting liquid loading minimizes the required number of
cycles and optimizes gas production.

PIPESIM simulations validated the field applicability of TCF, showing a 74%
improvement in gas production rates after treatment.

TCF is a rapid and cost-effective solution, producing non-hazardous, biodegradable
byproducts (nitrogen gas, and NaCl brine), making it environmentally friendly for field

applications.
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5.2 Future Work Recommendations

While this study provides promising results for the application of TCF for organic-rich

shale maturation and liquid loading removal, several directions for future research could

further enhance our understanding and broaden the applications of TCF in unconventional
reservoirs. Here are some suggestions for future potential work:

e Firstly, the influence of different TCF concentrations on shale rock response requires
additional investigation. Variability in the chemical concentration can affect the heat
and pressure generated within the rock matrix, potentially increasing the efficiency of
hydrocarbon generation and liquid removal. Optimizing TCF concentrations for
various shale compositions would contribute to a more tailored approach, improving
the adaptability and effectiveness of TCF treatments across diverse geological
formations.

e This study employed gas condensate as the liquid - liquid interactions. Future studies
could evaluate the effectiveness of TCF with a wider range of fluids. Testing TCF
performance with other types of condensates and liquids would provide a
comprehensive assessment of its applicability under different well conditions and fluid
properties, informing best practices for TCF use across varying production
environments.

e Finally, exploring the integration of TCF with other reservoir stimulation techniques
for maximizing resource recovery and efficiency. Combined approaches could enhance
TCF’s unique ability to generate in-Situ pressure and temperature while enhancing
fracture networks, creating a more comprehensive solution for unconventional resource

development.
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These recommended areas of future work would significantly advance our knowledge of
TCEF’s capabilities, extending its application potential and contributing to sustainable and

effective resource extraction methods.

86



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

Adaze, E., Al-Sarkhi, A., Badr, H.M. and Elsaadawy, E., 2019. Current status of
CFD modeling of liquid loading phenomena in gas wells: a literature
review. Journal of Petroleum Exploration and Production Technology, 9, pp.1397-
1411.

Alade, O., Mahmoud, M., Hassan, A., Al-Shehri, D., Al-Nakhli, A., & Bataweel,
M., 2019. Evaluation of Kinetics and Energetics of Thermochemical Fluids for
Enhanced Recovery of Heavy Oil and Liquid Condensate. Energy & Fuels.

Alade, O.S., Ogunlaja, A.S., Mohamed, A.H., Mahmoud, M., Al Shehri, D., Al-
Nakhli, A., Nguele, R. and Mohammed, I., 2023. Prospects of co-injecting ionic
liquid and thermochemical fluid for recovery of extra-heavy oil. Fuel, 331,
p.125947.

Alafnan, S., Falola, Y., Al Mansour, O., AlSamadony, K., Awotunde, A. and
Aljawad, M., 2020. Enhanced recovery from organic-rich shales through carbon
dioxide injection: Molecular-level investigation. Energy & Fuels, 34(12),
pp.16089-16098.

Al-Ghamdi, A.; Al-Jawad, M.; Mahmoud, M. Paradigm Shift in Conventional
Hydraulic Fracturing-Emerging FracturingTechniques Using TCF, SPE EuropEC-
Europe Energy Conference featured at the 84th EAGE Annual Conference
&Exhibition; OnePetro, 2023.

Ali, A.M., Negm, M.N., Darwish, H.M. and Mansour, K.M., 2023, March.
Strategic Modelling Approach for Optimizing and Troubleshooting Gas Lifted
Wells:  Monitoring, Modelling, Problems Identification and Solutions
Recommendations. In SPE Gas & Oil Technology Showcase and Conference (p.
D021S018R004). SPE.

Aljawad, M., Mahmoud, M., & Abu-Khamsin, S., 2020. Mass and Heat Transfer
of Thermochemical Fluids in a Fractured Porous Medium. Molecules, 25.

Allix, P., Burnham, A., Fowler, T., Herron, M., Kleinberg, R. and Symington, B.,
2010. Coaxing oil from shale. Qilfield Review, 22(4), pp.4-15.

Al-Nakhli, A., BaTaweel, M., Mustafa, A., Tarigq, Z., Mahmoud, M. and
Abdulrahim, A., 2019, June. Novel methodology to reduce the strength of high
stress-tight gas reservoirs using thermochemical. In ARMA US Rock
Mechanics/Geomechanics Symposium (pp. ARMA-2019). ARMA.

87



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Al-Nakhli, A.R., Abass, H., KwaK, H.T., Al-Badairy, H., Al-Ajwad, H.A., Al-
Harith, A. and AIl-Otibi, A., 2013, March. Overcoming unconventional gas
challenges by creating synthetic sweetspot and increasing drainage area. In SPE
Middle East Oil and Gas Show and Conference (pp. SPE-164165). SPE.

Aljurf, S.S., Elyasa, A., Hassan, A.M., El-Husseiny, A.A., Abu-Mahfouz, 1.S. and
Mahmoud, M.A., 2024, February. Hydrocarbon Generation from Oil Shale Using
Thermochemical Fluids: Integration of Geochemical, Petrophysical, and Core
Flooding Methods. In International Petroleum Technology Conference (p.
D021S071R002). IPTC.

Alsadoun, R., Al Momen, M. and Luo, H., 2020, January. Prediction of liquid
loading in gas condensate and volatile oil wells for unconventional reservoirs.
In International Petroleum Technology Conference. OnePetro.

Alsanea, M., Mateus-Rubiano, C. and Karami, H., 2022. Liquid loading in natural
gas vertical wells: a review and experimental study. SPE Production &
Operations, 37(03), pp.554-571.

Al-Tag, A.A., Aljawad, M.S., Alade, O.S., Mahmoud, M. and Alrustum, A., 2023.
Thermally Activated Nitrogen/HeatGenerating Reaction: A Kinetic Study. ACS
omega, 8(11), pp.10139-10147.

Agrawal, S. and Sharma, M.M., 2015. Practical insights into liquid loading within
hydraulic fractures and potential unconventional gas reservoir optimization
strategies. Journal of Unconventional Oil and Gas Resources, 11, pp.60-74.

Agrawal, V., & Sharma, S., 2018(a). Improved Kerogen Models for Determining
Thermal Maturity and Hydrocarbon Potential of Shale. Scientific Reports, 8.

Agrawal, V., & Sharma, S., 2018. Molecular characterization of kerogen and its
implications for determining hydrocarbon potential, organic matter sources and
thermal maturity in Marcellus Shale. Fuel.

Akramkhodzhayev, A., & Amirkhanov, S., 1986. THE MECHANISM OF
PETROLEUM FORMATION. International Geology Review, 28, pp. 985-990.

Babaev, B., 2020. Description of Thermochemical Reaction Equations in
Multicomponent Systems Depending on Temperature. Herald of Dagestan State
University.

Bartel, C., Rumptz, J., Weimer, A., Holder, A., & Musgrave, C., 2019. High-
Throughput Equilibrium Analysis of Active Materials for Solar Thermochemical
Ammonia Synthesis. ACS applied materials & interfaces.

88



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

Baskin, D.K., 1997. Atomic H/C ratio of kerogen as an estimate of thermal maturity
and organic matter conversion. AAPG bulletin, 81(9), pp.1437-1450.

Behar, F., Vandenbroucke, M., Tang, Y., Marquis, F., & Espitalie, J., 1997.
Thermal cracking of kerogen in open and closed systems: determination of kinetic
parameters and stoichiometric coefficients for oil and gas generation. Organic
Geochemistry, 26, pp. 321-339.

Bellani, J., Verma, H., Khatri, D., Makwana, D., & Shah, M., 2021. Shale gas: a
step toward sustainable energy future. Journal of Petroleum Exploration and
Production Technology, 11, pp. 2127 - 2141.

Bernard, S., Wirth, R., Schreiber, A., Schulz, H., & Horsfield, B., 2012. Formation
of nanoporous pyrobitumen residues during maturation of the Barnett Shale (Fort
Worth Basin). International Journal of Coal Geology, 103, pp. 3-11.

Binli, O., 2009. Overview of solutions to prevent liquid loading problems in gas
wells (Master's thesis, Middle East Technical University).

Bousige, C., Ghimbeu, C.M., Vix-Guterl, C., Pomerantz, A.E., Suleimenova, A.,
Vaughan, G., Garbarino, G., Feygenson, M., Wildgruber, C., Ulm, F.J. and Pellenq,
R.J.M., 2016. Realistic molecular model of kerogen’s nanostructure. Nature
materials, 15(5), pp.576-582.

Burrows, L.C., Haeri, F., Cvetic, P., Sanguinito, S., Shi, F., Tapriyal, D., Goodman,
A. and Enick, R.M., 2020. A literature review of CO2, natural gas, and water-based
fluids for enhanced oil recovery in unconventional reservoirs. Energy &
Fuels, 34(5), pp.5331-5380.

Bjarlykke, K., 2010. Source Rocks and Petroleum Geochemistry. pp. 339-348.
Carson, P.A., 2002. Hazardous chemicals handbook. Elsevier.

Carvajal-Ortiz, H. and Gentzis, T., 2015. Critical considerations when assessing
hydrocarbon plays using Rock-Eval pyrolysis and organic petrology data: Data
quality revisited. International Journal of Coal Geology, 152, pp.113-122.

Castagna, J.P., Batzle, M.L. and Eastwood, R.L., 1985. Relationships between
compressional-wave and  shear-wave velocities in  clastic  silicate
rocks. geophysics, 50(4), pp.571-581.

Chapman, R.E., 2000. Petroleum geology. Elsevier.

89



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Chava, G., Falcone, G. and Teodoriu, C., 2010. Plunger-lift modeling toward
efficient liquid wunloading in gas wells. SPE Projects, Facilities &
Construction, 5(01), pp.38-45.

Christiansen, R.L., 2006. A new look at foam for unloading gas wells. In Technical
Report 2774. Colorado School of Mines Golden, Colorado.

Coleman, S.B., Clay, H.B., McCurdy, D.G. and Norris 11, L.H., 1991. A new look
at predicting gas-well load-up. Journal of petroleum technology, 43(03), pp.329-
333.

Curiale, J.A. and Curtis, J.B., 2016. Organic geochemical applications to the
exploration for source-rock reservoirs—A review. Journal of Unconventional Oil
and Gas Resources, 13, pp.1-31.

Croce, D.D. and Zerpa, L.E., 2020, November. Intermittent Gas Lift for Liquid
Loaded Horizontal Wells in Tight Gas Shale Reservoirs. In SPE Artificial Lift
Conference and Exhibition-Americas. OnePetro.

Division, E., 2018. Unconventional Energy Resources: 2017 Review. Natural
Resources Research, 28, pp. 1661 - 1751.

Economides, M., & Wood, D., 2009. The state of natural gas. Journal of Natural
Gas Science and Engineering, 1, pp. 1-13.

Falcone, G. and Barbosa Jr, J.R., 2013. State-of-the-art review of liquid loading in
gas wells.

Fan, W., Cherdantsev, A.V. and Anglart, H., 2020. Experimental and numerical
study of formation and development of disturbance waves in annular gas-liquid
flow. Energy, 207, p.1183009.

Feng, X. and Liao, X., 2020. Study on well spacing optimization in a tight
sandstone gas reservoir based on dynamic analysis. ACS omega, 5(7), pp.3755-
3762.

Gafurova, D., Kalmykov, A., Korost, D. and Kalmykov, G., 2021. Macropores
generation in the domanic formation shales: Insights from pyrolysis
experiments. Fuel, 289, p.119933.

Gao, Y., Wan, T., Dong, Y., et al, 2022. Numerical and experimental investigation
of production performance of in-situconversion of shale oil by air injection. Energy
Rep. 8, 15740e15753.

90



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Gu, Q., Fallah, A., Feng, T., Bakshi, S., Chen, D., Ashok, P., Moore, D. and van
Oort, E., 2021. A novel dilution control strategy for gas kick handling and riser gas
unloading mitigation in deepwater drilling. Journal of Petroleum Science and
Engineering, 196, p.107973.

Guan, J., Liang, L., Zhao, Y., Sun, N., Lu, W. and Zhen, Y., 2023. Study on
screening and evaluation of foam drainage agents for gas wells with high
temperature and high pressure. ACS omega, 8(8), pp.7940-7949.

Guo, R., Zhang, G., Zeng, Z., Wang, Q., Zhao, L., Wang, J., Yu, T., & Gao, J.,
2022. Analysis of Controlling Effect of Temperature—Pressure Conditions on
Hydrocarbon Generation of Source Rocks.

Hackley, P.C. and Liinsdorf, N.K., 2018. Application of Raman spectroscopy as
thermal maturity probe in shale petroleum systems: insights from natural and
artificial maturation series. Energy & Fuels, 32(11), pp.11190-11202.

Hassan, A., Abdalla, M., Mahmoud, M., Glatz, G., Al-Majed, A. and Al-Nakhli,
A., 2020b. Condensate-banking removal and gas-production enhancement using
thermochemical injection: A field-scale simulation. Processes, 8(6), p.727.

Hassan, A., Mahmoud, M., Al-Majed, A., Alade, O., Mokheimer, E. and Al-Nakhli,
A., 2021. New treatment for improving the productivity of shale reservoirs using
thermochemical fluids. Journal of Energy Resources Technology, 143(8).

Hassan, A., Mahmoud, M., Al-Majed, A., Elsayed, M., Al-Nakhli, A. and
BaTaweel, M., 2020a. Performance analysis of thermochemical fluids in removing
the gas condensate from different gas formations. Journal of Natural Gas Science
and Engineering, 78, p.103333.

Hassan, A.M., Mahmoud, M.A., Al-Majed, A.A., Al-Nakhli, A.R. and Bataweel,
M.A., 2019a. Water blockage removal and productivity index enhancement by
injecting thermochemical fluids in tight sandstone formations. Journal of Petroleum
Science and Engineering, 182, p.106298.

Hassan, A.M., Mahmoud, M.A., Al-Majed, A.A., Al-Nakhli, A.R., Bataweel, M.A.
and Elkatatny, S., 2019b. Mitigation of condensate banking using thermochemical
treatment: experimental and analytical Study. Energies, 12(5), p.800.

Hassan, A.M., Alawad, S.M., Moh-Ali, A.E., Mahmoud, M.A., El-Husseiny, A.H.
and Abu-Mahfouz, I.S., 2023, October. Maturating Organic-Rich Source Rocks
Using Superheated Gases Injection: Heat Transfer Analysis. In Abu Dhabi
International Petroleum Exhibition and Conference (p. D021S040R002). SPE.

91



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Hassan, A.M., Mahmoud, M.A., Al-Majed, A.A., Elkatatny, S., Al-Nakhli, A.R.
and Bataweel, M.A., 2018. Novel technique to eliminate gas condensation in gas
condensate reservoirs using thermochemical fluids. Energy & fuels, 32(12),
pp.12843-12850.

Hazra, B., Wood, D., Varma, A., Sarkar, B., Tiwari, B., & Singh, A., 2018. Insights
into the effects of matrix retention and inert carbon on the petroleum generation
potential of Indian Gondwana shales. Marine and Petroleum Geology, 91, pp. 125-
138.

Hearn, W., 2010, November. Gas well deliquification. In Abu Dhabi International
Petroleum Exhibition and Conference (pp. SPE-138672). SPE.

Helgeson, H., Richard, L., Mckenzie, W., Norton, D., & Schmitt, A., 2009. A
chemical and thermodynamic model of oil generation in hydrocarbon source
rocks. Geochimica et Cosmochimica Acta, 73, pp. 594-695.

Hernandez, A., 2016. Fundamentals of gas lift engineering: Well design and
troubleshooting. Gulf Professional Publishing.

Hood, A.C.C.M., Gutjahr, C.C.M. and Heacock, R.L., 1975. Organic
metamorphism and the generation of petroleum. AAPG bulletin, 59(6), pp.986-
996.

Kalwar, S.A., Awan, A.Q. and Qureshi, F.A., 2017, November. Optimum Selection
& Application of Hydraulic Jet Pump for Well-1A: A Case Study. In Abu Dhabi
International Petroleum Exhibition and Conference (p. D021S033R007). SPE.

Kang, S.M., Fathi, E., Ambrose, R.J., Akkutlu, 1.Y. and Sigal, R.F., 2011. Carbon
dioxide storage capacity of organic-rich shales. Spe Journal, 16(04), pp.842-855.

Kannan, S., Nagoo, A. and Lea, J., 2019, September. Understanding Heel Dominant
Liquid Loading in Unconventional Horizontal Wells. In SPE Annual Technical
Conference and Exhibition? (p. D021S023R003). SPE.

Karami, H., 2022. Challenges associated with lifting and loading in shale gas
wellbore systems. In Unconventional Shale Gas Development (pp. 405-416). Gulf
Professional Publishing.

Katz, B.J. and Arango, I., 2018. Organic porosity: a geochemist's view of the
current state of understanding. Organic Geochemistry, 123, pp.1-16.

Khan, M.S., Barooah, A., Lal, B. and Rahman, M.A., 2023. Multiphase Flow
Systems and Potential of Machine Learning Approaches in Cutting Transport and

92



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Liquid Loading Scenarios. In Machine Learning and Flow Assurance in Oil and
Gas Production (pp. 27-57). Cham: Springer Nature Switzerland.

Kurniawan, Y., Bhatia, S.K. and Rudolph, V., 2006. Simulation of binary mixture
adsorption of methane and CO2 at supercritical conditions in carbons. AIChE
journal, 52(3), pp.957-967.

Lea, J.F. and Nickens, H.V., 2004. Solving gas-well liquid-loading
problems. Journal of Petroleum Technology, 56(04), pp.30-36.

Lea Jr, J.F. and Rowlan, L., 2019. Gas well deliquification. Gulf Professional
Publishing.

Lea, J.F., Nickens, H.V. and Wells, M.R., 2008. Gas Well Deliquification: Solution
to Gas Well Liquid Loading Problems, 1st Editions. Burlington, MA: Gulf
Publishing.

Li, S., Hu, S., Xie, X., Lv, Q., Huang, X. and Ye, J., 2016. Assessment of shale oil
potential using a new free hydrocarbon index. International Journal of Coal
Geology, 156, pp.74-85.

Liang, Y., Shan, X., Makeen, Y., Abdullah, W., Hao, G., Tong, L., Lawal, M.,
Zhao, R., & Ayinla, H., 2019. Geochemical Characteristics of Oil from Oligocene
Lower Ganchaigou Formation Qil Sand in Northern Qaidam Basin, China. Natural
Resources Research, pp. 1-26.

Liu, K., Safaei-Farouji, M., Gao, Y., Gentzis, T., Liu, B., Morta, H.B. and
Ostadhassan, M., 2023. Physico-chemical variations of shale with artificial
maturation: In the presence and absence of water. Geoenergy Science and
Engineering, 225, p.211675.

Liu, B., Mohammadi, M.R., Ma, Z., Bai, L., Wang, L., Wen, Z., Liu, Y., Morta,
H.B., Hemmati-Sarapardeh, A. and Ostadhassan, M., 2023. Experimental
investigation and intelligent modeling of pore structure changes in type 111 kerogen-
rich shale artificially matured by hydrous and anhydrous pyrolysis. Energy, 282,
p.128799.

Liu, Y., Luo, C., Zhang, L., Liu, Z., Xie, C. and Wu, P., 2018. Experimental and
modeling studies on the prediction of liquid loading onset in gas wells. Journal of
Natural Gas Science and Engineering, 57, pp.349-358.

Liu, Y., Chen, Z., Zhang, Y. and Zhou, L., 2020. Hydrodynamic modeling of
swirling binary mixture gas—particle flows using a second-order-moment
turbulence model. ACS omega, 5(49), pp.31490-31501.

93



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Liu, S., Zhang, Y., Yongjiang, L., Liang, Y., & Li, B., 2020. Analysis of hydrate
exploitation by a new in-situ heat generation method with chemical reagents based
on heat utilization. Journal of Cleaner Production, 249, pp. 119399.

Liu, X., Falcone, G., & Teodoriu, C., 2017. Liquid loading in gas wells: From core-
scale transient measurements to coupled field-scale simulations. Journal of
Petroleum Science and Engineering, 157, pp. 1056-1066.

Luik, H., Luik, L., Palu, V., Sharayeva, G. and Gregor, A., 2014. Applicability of
Static Supercritical Carbon Dioxide Extraction in Biogeochemical Characterization
of Oil Shales. American Journal of Analytical Chemistry, 2014.

Luan, G. and He, S., 2012. A new model for the accurate prediction of liquid
loading in low-pressure gas wells. Journal of Canadian Petroleum
Technology, 51(06), pp.493-498.

Ma, F., Wang, Y. and Wang, L., 2013. Enhancing shale gas recovery by high-
temperature supercritical CO 2 flooding. Chemistry and Technology of Fuels and
Oils, 49, pp.348-354.

Magoon, L.B. and Dow, W.G., 1991. The petroleum system-from source to
trap. AAPG Bulletin (American Association of Petroleum Geologists) ;(United
States), 75(CONF-910403-).

Mahmoud, M., 2019. Well clean-up using a combined thermochemical/chelating
agent fluid. Journal of Energy Resources Technology, 141(10), p.102905.

Mahmud, H.B. and Abdullah, A., 2017, July. Investigate a gas well performance
using nodal analysis. InIOP Conference Series: Materials Science and
Engineering (Vol. 217, No. 1, p. 012022). IOP Publishing.

McCarthy, K., Rojas, K., Niemann, M., Palmowski, D., Peters, K. and Stankiewicz,
A., 2011. Basic petroleum geochemistry for source rock evaluation. Qilfield
Review, 23(2), pp.32-43.

Merrill, R.K., 1991. Source and migration processes and evaluation techniques.
American Association of Petroleum Geologists.

Meslé, M., Dromart, G. and Oger, P., 2013. Microbial methanogenesis in
subsurface oil and coal. Research in microbiology, 164(9), pp.959-972.

Mitchell, M.C., Gallo, M. and Nenoff, T.M., 2004. Computer simulations of
adsorption and diffusion for binary mixtures of methane and hydrogen in titan
silicates. The Journal of chemical physics, 121(4), pp.1910-1916.

94



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Moh-Ali, A.E.E., 2024a, September. Thermochemical Fluids Dual Benefit:
Enhancing Hydrocarbon Productivity in Organic-Rich Shale and Liquid Loading
Removal from Gas Wells. In SPE Annual Technical Conference and Exhibition (p.
D011S999R001). SPE.

Moh-Ali, A.E., Hassan, A.M., Mahmoud, M.A., El-Husseiny, A.H. and Abu-
Mahfouz, 1.S., 2024b, February. Carbon Dioxide Induced Organic Rich Shale
Maturation: A Dual Benefit of Carbon Dioxide Sequestration and Hydrocarbon
Production Enhancement. In International Petroleum Technology Conference (pp.
IPTC-24605). IPTC.

Mohamed, N., Abdallah, E.M., Almahdawi, F.H. and Mukhtar, Y.M., 2023,
October. Analysis of Well Performance Based on Bottom Hole Pressure
Calculations for Gas Lift Application. InJournal of Physics: Conference
Series (Vol. 2594, No. 1, p. 012026). 0P Publishing.

Mukabi, J.N., 2015. Useful Model Correlations between Compressional-Shear
Wave Velocities and Geophysical-Geomechanical Properties.

O'Brien, S.P., Kiihne, E., Macias, J.M., Vita, E.W. and Gonzalez, J.A., 2010, May.
SS FA-Deliquification of an Offshore Oil Well-An Innovative Approach to
Overcome Paraffin Plugging. In Offshore Technology Conference (pp. OTC-
20900). OTC.

Panahi, H., Kobchenko, M., Meakin, P., Dysthe, D., & Renard, F., 2019. Fluid
expulsion and microfracturing during the pyrolysis of an organic rich shale. Fuel.

Parsi, M., Najmi, K., Najafifard, F., Hassani, S., McLaury, B.S. and Shirazi, S.A.,
2014. A comprehensive review of solid particle erosion modeling for oil and gas
wells and pipelines applications. Journal of Natural Gas Science and
Engineering, 21, pp.850-873.

Peters, K.E., Schenk, O., Hosford Scheirer, A., Wygrala, B. and Hantschel, T.,
2017. Basin and petroleum system modeling. Springer handbook of petroleum
technology, pp.381-417.

Peters, K.E., Walters, C.C. and Moldowan, J.M., 2005. The biomarker guide (\Vol.
1). Cambridge university press.

Phillips, O.M., 2009. Geological fluid dynamics: sub-surface flow and reactions.
Cambridge University Press.

95



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Riza, M.F., Hasan, A.R. and Kabir, C.S., 2016. A pragmatic approach to
understanding liquid loading in gas wells. SPE Production & Operations, 31(03),
pp.185-196.

Rosenberg, Y., Reznik, 1., VinegarHarold, J., Feinstein, S., & Bartov, Y., 2020.
Comparing natural and artificial thermal maturation of a Type 1I-S source rock,
Late Cretaceous, Israel. Marine and Petroleum Geology, pp. 104773.

Sahu, C., Kumar, R. and Sangwai, J.S., 2021. A comprehensive review on well
completion operations and artificial lift techniques for methane gas production from
natural gas hydrate reservoirs. Energy & Fuels, 35(15), pp.11740-11760.

Saneli, H., 2020. Genesis of solid bitumen. Scientific Reports, 10.

Sang, Q., Li, Y., Yang, Z., Zhu, C., Yao, J. and Dong, M., 2016. Experimental
investigation of gas production processes in shale. International Journal of Coal
Geology, 159, pp.30-47.

Sang, Q., Zhang, S., Li, Y., Dong, M. and Bryant, S., 2018. Determination of
organic and inorganic hydrocarbon saturations and effective porosities in shale
using vacuum-imbibition method. International Journal of Coal Geology, 200,
pp.123-134.

Shixin, Z., 2006. Organic-Inorganic Interactions During The Formation Of Qils In
Sedimentary Basin. Natural Gas Geoscience.

Skopich, A., Pereyra, E., Sarica, C. and Kelkar, M., 2015. Pipe-diameter effect on
liquid loading in vertical gas wells. SPE Production & Operations, 30(02), pp.164-
176.

Song, D., Wang, X., Wu, C., Meng, S., Zhang, M., Li, H., Jiao, H., Liu, X., Jin, X.
and Tuo, J., 2020. Petroleum generation, retention, and expulsion in lacustrine
shales using an artificial thermal maturation approach: implications for the in-situ
conversion of shale oil. Energy & Fuels, 35(1), pp.358-373.

Tariq, Z., Aljawad, M.S., Mahmoud, M., Abdulraheem, A. and Al-Nakhli, A.R.,
2020. Thermochemical acid fracturing of tight and unconventional rocks:
Experimental and modeling investigations. Journal of Natural Gas Science and
Engineering, 83, p.103606.

Tariq, Z., Aljawad, M.S., Mahmoud, M., Alade, O., Kamal, M.S. and Al-Nakhli,
A., 2021. Reduction of breakdown pressure by filter cake removal using
thermochemical fluids and solvents: Experimental and numerical
studies. Molecules, 26(15), p.4407.

96



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Thompson-Rizer, C., 1987. Some optical characteristics of solid bitumen in visual
kerogen preparations. Organic Geochemistry, 11, pp. 385-392.

Tissot, B., Durand, B., & Espitalie, J., 1973. Influence of Nature and Diagenesis of
Organic Matter in Formation of Petroleum: ABSTRACT. AAPG Bulletin, 57, pp.
809-809.

Tissot, B.P. and Welte, D.H., 2013. Petroleum formation and occurrence. Springer
Science & Business Media.

Tugan, M.F., 2020. Deliquification techniques for conventional and
unconventional gas wells: Review, field cases and lessons learned for mitigation of
liquid loading. Journal of natural gas science and Engineering, 83, p.103568.

Turner, R.G., Hubbard, M.G. and Dukler, A.E., 1969. Analysis and prediction of
minimum flow rate for the continuous removal of liquids from gas wells. Journal
of Petroleum technology, 21(11), pp.1475-1482.

Vandenbroucke, M., 2003. Kerogen: from types to models of chemical
structure. Oil & gas science and technology, 58(2), pp.243-269.

Vedachalam, N., Srinivasalu, S., Rajendran, G., Ramadass, G., & Atmanand, M.
(2015). Review of unconventional hydrocarbon resources in major energy
consuming countries and efforts in realizing natural gas hydrates as a future source
of energy. Journal of Natural Gas Science and Engineering, 26, 163-175.

Veeken, C.A. and Belfroid, S.P., 2011. New perspective on gas-well liquid loading
and unloading. SPE Production & Operations, 26(04), pp.343-356.

Wang, F.P. and Gale, J.F., 2009. Screening criteria for shale-gas systems.

Wang, L., Tian, Y., Yu, X., Wang, C., Yao, B., Wang, S., Winterfeld, P.H., Wang,
X., Yang, Z., Wang, Y. and Cui, J., 2017. Advances in improved/enhanced oil
recovery technologies for tight and shale reservoirs. Fuel, 210, pp.425-445.

Wang, X. and Economides, M., 2013. Advanced natural gas engineering. Elsevier.

Welte, D., 1965. Relation Between Petroleum and Source Rock. AAPG Bulletin,
49, pp. 2246-2268.

White, C.M., Smith, D.H., Jones, K.L., Goodman, A.L., Jikich, S.A., LaCount,
R.B., DuBose, S.B., Ozdemir, E., Morsi, B.l. and Schroeder, K.T., 2005.
Sequestration of carbon dioxide in coal with enhanced coalbed methane recovery a
review. Energy & Fuels, 19(3), pp.659-724.

97



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Wood, D.A. and Hazra, B., 2017. Characterization of organic-rich shales for
petroleum exploration & exploitation: A review-Part 1: Bulk properties, multi-scale
geometry and gas adsorption. Journal of Earth Science, 28(5), pp.739-757.

Wood, J., Sanei, H., Haeri-Ardakani, O., Curtis, M., Akai, T., & Currie, C., 2018.
Solid bitumen in the Montney Formation: Diagnostic petrographic characteristics
and significance for hydrocarbon migration. International Journal of Coal Geology.

Yadua, A.U., Lawal, K.A., Okoh, O.M., Ovuru, M.l., Eyitayo, S.I., Matemilola, S.
and Obi, C.C., 2020. Stability and stable production limit of an oil production
well. Journal of Petroleum Exploration and Production Technology, 10(8),
pp.3673-3687.

Xu, T., Zhang, Z., Li, S., Li, X., & Lu, C., 2021. Numerical Evaluation of Gas
Hydrate Production Performance of the Depressurization and Backfilling with an
In Situ Supplemental Heat Method. ACS Omega, 6, pp. 12274 - 12286.

Yan Ching, L., 2013. Technical and Economic Analysis Of Hydraulic Pumps In
Deliquifying Gas Wells.

Yaqoup, M.H., At-tijani, M.O., Abdalla, M.A. and Omer, M.H., 2016. Prediction
of Liquid Loading in Gas Well (Al), and Solve It by Using Velocity
String (Doctoral dissertation, Sudan University of Science & Technology).

Zhang, K., Peng, J., Wang, X., Jiang, Z., Song, Y., Jiang, L., Jiang, S., Xue, Z.,
Wen, M., Li, X. and Liu, X., 2020. Effect of organic maturity on shale gas genesis
and pores development: A case study on marine shale in the upper Yangtze region,
South China: Open Geosciences12, 1617-1629 [online].

Zhao, C., Hu, Q., Wang, Q., llavsky, J., Wang, M., Zhang, X., & Yan, J., 2022.
Multiple experimental studies of pore structure and mineral grain sizes of the
Woodford shale in southern Oklahoma, USA. 10.

Zhao, P., Ostadhassan, M., Shen, B., Liu, W., Abarghani, A., Liu, K., Luo, M. and
Cai, J., 2019. Estimating thermal maturity of organic-rich shale from well logs: case
studies of two shale plays. Fuel, 235, pp.1195-1206.

Zheng, S., Fu, S., Pu, Y., Li, D., Arici, M., Wang, D. and Yildiz, C., 2023. Energy-
saving microgrid system for underground in-situ heating of oil shale integrating
renewable energy source: An analysis focusing on net present value. Journal of the
Taiwan Institute of Chemical Engineers, 148, p.104717.

98



[133] Zhu, J., Zhu, H., Zhao, Q., Fu, W., Shi, Y. and Zhang, H.Q., 2019, March. A
transient plunger lift model for liquid unloading from gas wells. In International
Petroleum Technology Conference (p. D021S047R002). IPTC.

[134] Zou, C., 2017. Meaning of Unconventional Petroleum Geology. , pp. 49-95.

99



VITAE

Name :Abdelaziz Elyasa Elsadig Moh-Ali

Nationality :Sudan

Date of Birth :1/21/1998

Email -abdelazizelyasa@gmail.com

Permanent Address ‘Referans, Kisim Pazartiirk, caddesi Ebru sokak, P.O. Box

34480, Bahgesehir 2, Istanbul, Turkey.

Academic Background :Petroleum and Natural Gas Engineering

List of Journal Publications (Thesis Related):

e Elyasa, A., Hassan, A., Mahmoud, M., Gajbhiye, R., El-Husseiny, A. and Abu-
Mahfouz, 1.S., 2024. Mitigating Liquid Loading in Gas Wells Using Thermochemical
Fluid Injection: An Experimental and Simulation Study. ACS omega, 9(28), pp.31081-
31092. (Published).

e Elyasa, A., Hassan, A., Mahmoud, M., Gajbhiye, R., El-Husseiny, A. and Abu-
Mahfouz, 1.S., 2024. Thermochemical Fluids Dual Benefit: Enhancing Hydrocarbon

Productivity & Liquid Loading Removal (In preparation).

List of Journal Publications (Non-Thesis Related):

100



Elyasa, A., Hassan, A., Mahmoud, M., Gajbhiye, R., El-Husseiny, A. and Abu-
Mahfouz, I.S., 2024. Carbon Dioxide Induced Organic Rich Shale Maturation: A Dual
Benefit of Carbon Dioxide Sequestration and Hydrocarbon Production Enhancement

(In preparation).

List of Conferences and Symposiums Publications:

Moh-Ali, A.E.E., 2024, September. Thermochemical Fluids Dual Benefit: Enhancing
Hydrocarbon Productivity in Organic-Rich Shale and Liquid Loading Removal from
Gas Wells. In SPE Annual Technical Conference and Exhibition (p. D011S999R001).
SPE.

Moh-Ali, A.E., Hassan, A.M., Mahmoud, M.A., ElI-Husseiny, A.H. and Abu-Mahfouz,
I.S., 2024, February. Carbon Dioxide Induced Organic Rich Shale Maturation: A Dual
Benefit of Carbon Dioxide Sequestration and Hydrocarbon Production Enhancement.
In International Petroleum Technology Conference (pp. IPTC-24605). IPTC.

Hassan, A.M., Alawad, S.M., Moh-Ali, A.E., Mahmoud, M.A., El-Husseiny, A.H. and
Abu-Mahfouz, 1.S., 2023, October. Maturating Organic-Rich Source Rocks Using
Superheated Gases Injection: Heat Transfer Analysis. In Abu Dhabi International
Petroleum Exhibition and Conference (p. D021S040R002). SPE.

Aljurf, S.S., Elyasa, A., Hassan, A.M., El-Husseiny, A.A., Abu-Mahfouz, I.S. and
Mahmoud, M.A., 2024, February. Hydrocarbon Generation from Oil Shale Using
Thermochemical Fluids: Integration of Geochemical, Petrophysical, and Core Flooding
Methods. In International Petroleum Technology Conference (p. D021S071R002).

IPTC.

101



	Cover Page
	Signatures
	MS Thesis Draft - Abdelaziz Elyasa Elsadig Moh-Ali
	Cover Page.pdf
	Signature.pdf
	MS Thesis Draft - Abdelaziz Elyasa Elsadig Moh-Ali.pdf




