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The global depletion of conventional oil and gas resources has led to the exploration of alternative
energy resources. Among these resources, oil shale is a fine-grained sedimentary rock with a large
amount of kerogen that has attracted increasing attention from the hydrocarbon industry and re-
searchers due to the enormous global reserves of oil shale, which are larger than those of conventional
crude oil. However, in situ conversion technologies (ICTs) constitute a practical and environmentally
friendly technology for extracting hydrocarbons from oil shale formations without traditional surface
mining. This study provides a comprehensive analysis of the primary ICTs developed and evaluated in
this field to date. Convection-based approaches, such as steam injections and modified thermal injection
(MTI), conduction-based heating approaches, such as Shell’s in situ conversion process (ICP) and
ExxonMobil’s Electrofrac™, and radiant heating techniques that utilize radio frequency and microwave
energy, are critically evaluated in this study. Advanced innovations, such as near-critical water extrac-
tion, nitrogen-assisted in situ conversion process (NAICP), and terahertz spectroscopy (a diagnostic tool
for reservoir evaluation), highlight the advanced direction of this field. Mechanistic insights into
pore—fracture network formation, kerogen pyrolysis, and their function in improving permeability and
hydrocarbon flow have also been analyzed. Challenges related to energy efficiency, operating costs, and
environmental impacts still remain despite these technological advancements. Addressing these limi-
tations by maximizing thermal delivery, catalytic enhancement, and integrated modeling will be crucial
for realizing the large-scale viability of ICTs. Future research should focus on increasing the efficiency of

energy recovery while maintaining environmental sustainability and economic competitiveness.
© 2026 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

When oil shale undergoes thermal conversion, the resulting
hydrocarbons can be formally categorized into shale oil, heavy oil,

Developing a wide variety of suitable alternatives for increas-
ingly exhausted oil and gas resources is a key strategic challenge
for the national energy system. Vast reserves of oil shale exist
around the globe. These reserves can be converted into 400 billion
tons of oil shale, which is equivalent to 5.4 times the world’s entire
demonstrated reserves of oil (Wang and Li, 2019). Low-
temperature distillation can be used to create oil shale, a solid
organic sedimentary rock that is combustible, has a calorific value
of more than 4.2 M] per kilogram, and has substantial amounts of
oil and ash greater than 3.5% of oil shale’s total volume. Further-
more, oil shale is classified as an unconventional oil and gas
resource (Hou et al., 2022; Hu et al., 2022).
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light oil, and natural gas. The largest reserve of oil shale is found in
the United States, which contains about 76.89% of the world’s
potentially recoverable shale oil resources (Dyni, 2003). China has
significant amount of oil shale resources, with a total of approxi-
mately 719.9369 billion tons, of which about 47.6439 billion tons
can be converted into oil (Liu et al., 2017). This oil shale is a key
resource for China’s energy needs, making it highly valuable.
Currently, one of the most important sources of energy for the
future is oil shale (Al Rassas et al., 2020a; Aurela et al., 2021; Kalu
et al,, 2022). Oil shale deposits can be found in more than 42
countries worldwide in geological formations originating from the
Cambrian period to the Eocene period. These sediments are
collectively more than seven times larger than the world’s recov-
erable crude oil reserves, which are approximately 170 billion tons
(Wright et al., 2013). China has the second-largest reserve of oil
shale in the world (Liu et al., 2003). Therefore, Chinese groups and
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international organizations are working to find better ways to use
and process oil shale more quickly and efficiently. These efforts
primarily focus on three areas: (1) the two primary components of
technology for horizontal well guiding drilling, which are preci-
sion ranging, drilling, and rotary guidance; (2) the primary com-
ponents of heating technology—high-efficiency, composite
heating, catalytic enhancement, and downhole heaters; and (3)
the three primary elements of composite reservoir alteration
technology—gas drive water sealing, CO, dry fracturing, and acid
fracturing (Wang et al., 2024). Two main types of oil shale in situ
retorting technologies exist: aboveground and underground
retorting (Crawford et al.,, 2008; Wang et al.,, 2012). The con-
struction of large installations and systems on the surface, a
component of surface retorting technology, provides an aerobic,
high-temperature environment (Yasir et al., 2020a). Shale oil and
gases are produced by retorting underground oil shale after being
crushed to a certain size and transferred to a surface-retorting
apparatus (Kang et al., 2020a; Zafar et al., 2020a). Underground
retorting, which can be categorized into in situ retorting, me-
chanical crushing, and real in-ground retorting, eliminates the
need for surface processing (Li et al., 2015; Persoff, 1980).

This study provides a comprehensive overview of current ad-
vancements and methodologies in oil shale in situ conversion
technologies. It also summarizes the suitability of various heating
techniques and pyrolysis catalysts and offers ideas and viewpoints
on the use of in situ technologies in oil shale applications, focusing
on technologies such as terahertz spectroscopy, reservoir frac-
turing, related injections, oil shale catalysis, and efficient heating.

2. Key properties of oil shale

Immature kerogen, which cannot be directly recovered, con-
stitutes most of the solid material found in organic shale. Shale
must be heated to release oil. This is accomplished through a
process called low-temperature dry distillation (Yoriik et al.,
2020). During this process, shale is heated to temperatures be-
tween 450 °C and 500 °C. Pyrolysis, which includes both in situ and
ex situ methods, is the most widely used method for extracting oil
from oil shale (He et al., 2022).

Ex situ methods for processing oil shales include the pyrolysis
method, screening, and grinding. The most common processing
technology is shallow deposit mining, which offers low costs and
increased design safety. Ex situ mining technology has only been
designed for open-field applications and has resulted in significant
environmental degradation (Hu et al., 2022). Underground oil
shale reservoirs are heated artificially as part of the in situ con-
version mining process. This process breaks down the solid
kerogen within the shale, which is then extracted using specific
procedures. This technology extracts resources for deep oil at low
costs, which allows the technique to keep pace with trends in oil-
shale processing (Kang et al., 2022). Despite being considered
efficient and environmentally beneficial, in situ oil shale extraction
has been related to high energy consumption (Wang et al., 2024).
By modifying the energy required for chemical reactions and
managing the reaction process, catalysts can lower the high level
of energy used in oil shale in situ conversion. In this process, oil and
gas are extracted from the formation by injecting catalysts into the
reservoir to allow for pyrolysis and a complete interaction with the
oil shale within the reservoir’s pressure and temperature condi-
tions (Sun et al., 2022; Wang et al., 2019a). Oil shale is a naturally
dense, impermeable material with few natural fractures and little
intrinsic porosity (Hou, 1984). Kerogen, or microscale organic
debris, is frequently evenly distributed throughout shale (Qian
et al,, 2011). While slight differences in the mineralization condi-
tions of the various metallic elements present in oil shale exist
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(Pan et al., 2016; Tao et al.,, 2013), oil shale deposits around the
world generally share the same core characteristics. Typical traits
of oil shale are listed in the subsections that follow.

2.1. Fine-grained matrix and organic matter properties

Most oil shale in China is composed of clay minerals based on
kaolinite and mica, whereas most oil shale in Estonia, Russia, and
the US is composed of carbonate minerals (Qian et al., 2011).
Eseme et al. (2007) found granules of sand bigger than 60 pm
and grains of muddy sand that ranged in size from 2 to 60 pm in
the northern German Posidonia oil shale, and that most mineral
particles were smaller than 2 um. The kerogen organic matter in
this oil shale is elongated, flat, usually less than 19.9 pm, and
distributed nearly uniformly across the deposit’s surface. Oil shale
develops micro-sized pores and fractures because of the break-
down of organic kerogen during pyrolysis. These microstructures
enable the released gas and oil to exit the ore and be settled
outside the furnace in aboveground retorting systems. However,
for the produced fluids to reach the production well in in situ
retorting, they must pass through the same system of pores and
fractures created by pyrolysis. The development of an effective
microfracture system is crucial for the movement of hydrocarbons,
regardless of whether the shale is crushed into smaller pieces for
surface processing or remains intact underground. Ultimately,
optimizing the retorting process in both techniques requires an
understanding of the mechanisms governing the evolution and
spatial distribution of pores and fractures (Kang et al., 2020a; Zafar
et al., 2020b).

2.2. Stratified properties of oil shale

The layered or laminated structure of oil shale produces
anisotropic mechanical and thermal properties that change
depending on whether the direction is perpendicular to or
aligned with the bedding planes (Wang et al., 2019b). The Fushun
oil shale’s hardness shows a directional dependence, with values
of almost 35 perpendicular to the strata or bedding plane and
27.8 aligned to them, yielding a ratio of 1.24. Maoming oil shale
exhibited a marginally larger discrepancy in contrast, with a
hardness ratio of 1.43. The shear resistance of the Green River oil
shale exhibits even more noticeable anisotropy, ranging from
6 MPa to 12 MPa along the bedding layers to a much higher range
of 21.4 MPa-31.5 MPa perpendicular to them. This indicates a
directional strength ratio of 2.94. These changes demonstrate
how the layered structure affects the mechanical properties of oil
shale (Qian et al., 2011). Additionally, the Green River oil shale
has been found to have noticeable stratified features (Saif et al.,
2017a; Wang et al., 2018a). Mehmani et al. (2016) found that
the heat conductivity parallel to the bedding direction was about
1.49-1.99 times greater than that in the direction perpendicular
to the bedding, whereas Nottenburg et al. (1978) characterized
the heat-transfer behavior of Green River oil shale by experi-
mentally determining its thermal conductivity over a wide range
of temperatures and shale grades. Moreover, it has been found
that the length of kerogen particles ranged from several microns
to tens of microns, and was usually flattened as strips with a very
definite layered feature (Eseme et al., 2006, 2007). Fig. 1 illus-
trates the layered and stratified structure of oil shale in the Kuh-
e-Kaino section. Furthermore, the kerogen particles in the shale
ranged in size from a few microns to tens of microns and usually
took the form of flattened, strip-like structures, demonstrating
the unique layered morphology of the material (Mehmani et al.,
2016).
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Fig. 1. Macroscopic characteristics of oil shale layers in the Kuh-e-Kaino section (Kang
et al., 2020a).

3. Changes in oil shale during pyrolysis
3.1. Evolution of pores and fractures

Two key issues arise in both the in situ and ex situ retorting
processes of oil shale: (1) In what ways does the internal tem-
perature of oil shale increase to the pyrolysis temperature while
undergoing outward high heat transfer? (2) How do gas and liquid
crudes escape from shale formations? These questions have led to
the development of new industrial processes. Oil shale ore is
crushed into smaller particles and heated to extract hydrocarbons
in the aboveground retorting process (Khalil, 2013). The Maoming
retort furnace in China uses slightly larger ore blocks, between
14.9 mm and 75.2 mm in size, whereas the Fushun retort furnace
uses blocks that range from 7.9 to 74.6 mm (Chen et al., 2010; Hou,
1984). Estonia’s Kiviter furnace uses ore blocks that are
25-125 mm in size, whereas the furnace of Brazilian Petro Six uses
6-75 mm blocks (Qian et al.,, 2011). Shell initiated an in situ
retorting technique using electrical heating based on the idea that
many new pores and fissures form during the heating and pyrol-
ysis of oil shale (Brandt, 2008). This method makes it easier to
move gas and oil that has been pyrolyzed to the production well
and eventually to the surface (Brandt, 2008; Kashif et al., 2019).
Therefore, regardless of the type of retorting procedure used, the
formation of pore spaces and fractures is the main concern related
to the development of oil shale and how they evolve under
different heating and pyrolysis conditions.

3.1.1. Properties of pyrolysis-based oil shale

Oil shales from Fushun, Maoming, Green River, and Estonia
include trace amounts of metallic materials that enhance pyrolysis
reactions during thermal decomposition and function as catalysts
(Zheng et al., 2012). Korb et al. examined the organic structure and
mineral pore surfaces of oil shale when water, oil, and gas were
present using nuclear magnetic resonance (NMR) techniques (Korb
et al.,, 2014). This analysis provides important information about
shale wettability, which is important for in situ extraction tech-
niques. After heating between 350 °C and 450 °C (Guo and Ruan,
1995; Zafar et al.,, 2022), the pyrolyzed organic compounds from
Maoming oil shale were found to consist of 81 alkanes and alkenes,
221 aromatic compounds, and 272 non-hydrocarbon species. Ac-
cording to Shi et al. (2012), the pyrolysis of Yaojie oil shale at 550°C-
700 °C in a Sanjiang furnace produces roughly 85% shale oil that is
primarily composed of heavy hydrocarbons and diesel. Additionally,
retorted oil shale at 500 °C in an open system develops larger
clusters of larger aromatic compounds and a higher concentration
of protonated aromatic groups than samples retorted at 360 °C in a
closed system, according to NMR studies on kerogen and pyrolysis
residues (Cao et al.,, 2013; Tahir et al., 2020a).

Furthermore, spectra from zones with light- and dark-colored
areas within the oil shale samples were compared by Alstadt
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et al. (2012). Their findings indicate that while the darker areas
had higher concentrations of mineral matter, including clay min-
erals, dolomite, calcite, and pyrite, the lighter regions were rich in
kerogen. Typically, kerogen in oil shale experiences severe thermal
breakdown as the temperature rises between 300 °C and 550 °C,
releasing shale gas and oil. The released gaseous products include
hydrogen, carbon monoxide, carbon dioxide, methane, ethane,
ethylene, propylene, and propane. The main constituents of liquid
hydrocarbons are aliphatic and aromatic compounds. Further-
more, it has been demonstrated that trace metals such as iron (Fe),
copper (Cu), and sodium (Na) act as catalytic agents that greatly
accelerate the pyrolysis process.

3.1.2. Changes in fissures and pore structures

Independent of the heating strategy employed, oil shale tran-
sitions through a thermal cracking phase when elevated from
room temperature to its pyrolysis threshold, initiating its chemical
breakdown (Kang et al., 2009, 2011). Wang et al. (2018b) and Dong
et al. (2018) at Taiyuan University of Technology (TYUT) were
among the first to carefully examine the breakdown of oil shale
under heat, looking to better understand oil shale’s intricate
behavior through investigation and testing. By employing micro-
computed tomography (micro-CT) to record a detailed view of
the thermal cracking process, the formation, connection, and
evolution can be tracked throughout the heating process. Kang
et al. (2009, 2011) examined the process of thermal cracking and
the behavior of Fushun oil shale as it is heated from 20 °C to 600 °C,
utilizing microcomputed tomography (micro-CT) analysis. They
also investigated the emergence, connectivity, and progression of
thermal cracks.

The pyrolysis process, in which kerogen is broken down by
chemical reactions to produce gas and oil, starts once the tem-
perature in oil shale reaches a critical threshold. Many pore spaces
and cracks are created in the shale structure because of this pro-
cess, which opens channels that improve heat transfer and facili-
tate the injection of fluids that carry heat (Geng et al., 2017). The
generated hydrocarbons can also be released efficiently owing to
these newly created channels. This is the most active and impor-
tant stage of oil shale pyrolysis, and it has spurred a great deal of
targeted research in the field (Kang et al.,, 2020a; Zhang et al,,
2022) once its significance became apparent.

To better understand the connection between fracture devel-
opment and fluid flow, Kang et al. (2011) examined the effects of
thermal cracking during the pyrolysis of Fushun oil shale on its
permeability. Their analysis revealed a notable increase in crack
formation between 300 °C and 400 °C, suggesting that this tem-
perature range contained the thermal cracking threshold. How-
ever, the precise threshold temperature was not known because of
the wide 100 °C intervals used in the testing (i.e., 200°C-500 °C).
Permeability was also assessed under compressive conditions at
smaller intervals of 50 °C from 100 °C to 500 °C. Permeability
noticeably increased between 355 °C and 401 °C, as shown in
Fig. 2, coinciding closely with the start of thermal fracturing and
kerogen pyrolysis. Permeability was measured at only 0.00175 mD
at 350 °C, but by 400 °C, it had risen to 0.013 mD, and at 450 °C, it
had further increased up to 0.029 mD. Oil shale is almost sealed off
at room temperature and becomes significantly more porous as
the temperature increases. This allows thermal fluids to enter the
formation more deeply, thereby improving in situ retorting and
more successfully initiating the pyrolysis process inside the
reservoir. Tests using steam pyrolysis also revealed that bedding
cracks significantly developed during the process (Fig. 3).

The thermal induced changes in void networks and crack
propagation in oil shale samples from Daqing and Yan’an were
investigated using high-resolution XuCT imaging and mercury
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Fig. 2. Evolution of pores and microcracks in oil shale at different temperatures (Xi et al., 2023).

Fig. 3. Fushun oil shale cracking properties using water steam pyrolysis. The diameter
of the pressure chamber is 300 mm, while the core’s diameter is 70 mm (Kang et al.,
2020a).

injection capillary pressure analysis (Yang et al., 2016a; Zhao et al.,
2012). It was found that the development of pores and fractures of
oil shales changed rapidly with the rise in temperature from
200 °C to 400 °C in both Daging and Yan’an. Ya’an shale had a pore
volume of approximately 8% after pyrolysis, while Daqing shale
had a pore volume of approximately 20%. Interestingly, the initial
decomposition temperatures of both samples were lower than
those reported for Fushun oil shale (Kang et al., 2009, 2011). The
changes in the pore sizes and crack apertures of Fushun oil shale
under increasing temperatures were investigated in a previous
study (Geng et al., 2017), whose results showed that pyrolysis
started between 300 °C and 400 °C (Fig. 4). However, the exact
onset temperature could not be determined because of the 100 °C
increments used during the tests. In another study, micro-
computed tomography was used to track the changes in the
morphology of pores and fractures (Fig. 5) as Green River oil shale
broke down thermally (Saif et al., 2016), indicating that changes in
porosity depend on temperature (Saif et al., 2017b). To analyze the
pore and fracture characteristics over a temperature range of
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Fig. 4. A comparison of Fushun oil shale’s permeability coefficients and fracture count
with temperature (Kang et al., 2011).

380 °C-420 °C, measurements were made every 20 °C. The critical
point of rapid structural change was marked by a notable increase
in porosity between 389 °C and 401 °C. Porosity was insignificant
below 389 °C but suddenly increased to between 22% and 25%
within the 389°C-401 °C range. Significant variations in the dis-
tribution of porosity were also found in this study; zones with
lower organic content displayed porosities of approximately 12%,
while kerogen-rich areas displayed values as high as 38%.

Kang et al. (2017) investigated the effects of heating a small
cylinder sample of oil shale (¢ = 0.82 x 7 mm) at varying tem-
peratures on the changes in its small pore structures. They found a
discernible increase in the overall porosity between 280 °C and
400 °C caused by a significant rise in both the number and average
size of these pores. 3D modeling revealed that the largest pore
clusters created thin snowflake-like shapes (Fig. 6). This made it
easier for liquids to pass through the rock as these tiny pores
expanded and joined to form wider channels. This method is
particularly useful for introducing heat and allowing gas and oil to
escape during pyrolysis.
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Fig. 5. Porosity in Green River oil shale as a function of pyrolysis temperature (Saif
et al., 2016).

Tiwari et al. (2013) examined the changes in pore structures in
oil shale both before and after thermal treatment with the use of
X-ray micro-computed tomography (X-uCT). Their findings closely
matched those of Kang et al. (2017). In a different study, Rabbani
et al. created a fracture-opening correlation model after reviewing
the experimental findings from (Saif et al., 2016). Their analysis
identified a significant heterogeneity in their oil shale samples,
with fluid flow along the bedding direction being three to five
times higher than that along the perpendicular direction. The
average permeability during pyrolysis was approximately 0.5
Darcy (Rabbani et al., 2017), which is approximately 100,000 times
greater than the values found in the work of Kang et al. (2011)
under confined triaxial conditions. This suggests that oil shales
have noticeably increased permeability in the absence of me-
chanical stress.

Kibodeaux (2014) measured porosity and permeability during
the in situ thermal conversion process (ICP), reporting values
ranging from 25% to 33% and 1 to 10 millidarcies (mD),

(a)

(b)

T=20 (°C)

T=400 (°C)

T=400 (°C)
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respectively. These values are an order of magnitude higher than
those found under stress in the work of Kang et al. (2011). Mean-
while, Bai et al. (2017) determined that the critical decomposition
temperature of Huadian oil shale is 350°C-400 °C. They found that
porosity rose significantly to approximately 60% at 800 °C, while
permeability ranged from 0.1 to 1.5 mD. The total disintegration of
solid carbon materials, which causes pores and fractures to form
quickly, is the cause of this notable increase (Gao et al., 2016).

Further information on permeability behavior, transport dy-
namics, and pore formation during pyrolysis is available in the
studies of Burnham (2017) and Panahi et al. (2013). Nimblett and
Ruppel (2003), for their part, investigated the evolution of
permeability in mudstones, a type of rock that is closely related to
oil shale. Theoretical approaches to evolving porous materials
were first presented by Zhao (2004), Zhao et al. (2015a), and Zhao
et al. (2015b). Later, a dual-network model that considers both
pores and fractures in porous media was proposed (Zhao et al.,
2016). These investigations provide the fundamental knowledge
for describing the structural alterations in oil shale that occur
during high-temperature treatment.

In sum, experimentally conducted studies on oil shale pyrolysis
have shown that kerogen transformation and thermal breakdown
cause the formation of extensive pore systems and fracture net-
works that range in size from micro-to macro-scale. By effectively
transforming oil shale into a permeable, porous medium from a
largely impermeable matrix, this structural evolution offers a
strong theoretical underpinning and technical assistance for both
surface retorting and in situ conversion procedures. The inherent
low permeability of unprocessed oil shale, however, continues to
raise concerns among researchers, with some contending that the
dense structure of the material poses serious obstacles to the
successful application of in situ technologies (Cha and McCarthy,
1982). However, when taken together, the findings of the
reviewed studies indicate that pyrolysis facilitates the creation of
interconnected networks of pores and fractures that allow hy-
drocarbons to flow.

T=600 (°C)

T=600 (°C)

Fig. 6. 3D visualization of the largest 3D pore clusters at various temperatures (Kang et al., 2017).
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3.2. Kerogen pyrolysis

Kerogen, the primary component of oil shale, must be separated
from the shale using physical and chemical methods because it is
strongly bound to inorganic minerals. Kerogen is an extremely
complex organic polymer that is insoluble in organic solvents and
possesses a molecular mass of several thousand Daltons on average.
The Kkerogen conversion process creates fractured shale oil
(Jagadisan and Heidari, 2022; Thana’Ani et al., 2022). Different
techniques and heating methods for oil shale extraction have been
suggested. All methods rely on the basic principle of thermal
kerogen cracking, which is the process of shale oil production inside
the oil shale (Zhang et al., 2020) that develops molecular structures
of kerogen through nuclear magnetic resonance. These molecular
structures are used to compute and evaluate by constructing 2D and
3D reactive sites and pyrolysis behavior models of kerogen; more-
over, a three-stage theory of pyrolysis was introduced (Qing et al.,
2022; You et al,, 2019; Zhang et al., 2020). Chemical bonds such as
those between carbon and oxygen, as well as carbon and sulfur,
connect the carbon—carbon bridge, and heteroatoms such as nitro-
gen and sulfur inside aromatic structures are initially broken in the
first stage. The first and second phases include breaking kerogen
fragments and pyrolyzing them, which primarily entails the inter-
change of more stable hydrocarbons, such as hydrocarbons with
long straight chains and cyclic chains, for aromatic structures. The
cross-linking of free radicals and aromatic rings recombination
makes up the majority of the third stage (Ma et al., 2022). Fig. 7
details the model of kerogen pyrolysis.

Zhao et al. (2022) found that during kerogen pyrolysis, the
water molecules impacted by superheated steam injection may
participate in chemical reactions. The breakdown of heavy shale
oil and carbon, open-chain heterocyclic compound reactions, the
interchange and transfer of OH radicals, and the creation of
different products through interactions between fragments and
free radicals are some examples of the reactions observed in more
than 500 distinct kerogen model compounds in various settings
(Zhang et al., 2020). The general structure in bond dissociation
energy (BDE) values for important bond types is as follows:
C-S < C-N =~ C-0 < C-C < C-H < C=(, even though the data show a
wide range and some overlap. This pattern can be used to deter-
mine the kerogen pyrolysis order of bond cleavage. Therefore, BDE
depends not only on the stability of fragments of free radicals but
also on the chemical environment of the investigated bond. By
looking at multiple bonds in the macromolecular model of
kerogen, one can determine the order in which bonds break during
kerogen pyrolysis. According to the three-phase kerogen pyrolysis

Minerals I

Aliphatic

.,
J

Kerogen
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theory, strength is the main factor influencing where chemical
bonds break in the kerogen structure (Wang et al., 2024). The
proposed first-order fractured chemical bonds have low bond
dissociation energy (BDE) and predict the thermodynamic analysis
of kerogen reaction activity. However, intricate free radical in-
teractions are a part of the kerogen pyrolysis process itself. Bond
energy alone is insufficient to identify the location of broken bonds
(Lu et al., 2019). By assessing the kerogen molecular model’s
electronic properties, one can ascertain the properties of hetero-
cyclic compounds, their orbital characteristics, and the electronic
density distribution. This eases the kerogen pyrolysis process’s
chemical reaction.

3.3. Critical temperature and effective pyrolysis energy

Oil shale undergoes four endothermic modifications during the
retorting process. The initial phase, known as the dehydration
phase, occurs at 100 °C (Li and Yue, 2003; Zafar et al., 2020c). The
heat from free water vaporization plus the heat from dry-basis
heating add up to the heat capacity of oil shale, which is equal to
the shale’s inherent moisture content. The oil shale’s heat capacity
rises quickly as the free water vaporizes at around 100 °C. The
second stage, the heat absorption stage, occurs between 100 °C
and the first critical temperature Tci, where the organic matter
that is included starts to pyrolyze. A linear relationship between
reservoir temperature and heat capacity can be observed at this
point. The third stage, sometimes referred to as the organic matter
pyrolysis stage, starts at Tci and ends at the final critical temper-
ature Tcf, marking the completion of the pyrolysis of enclosed
organic matter. Pyrolysis induces both organic matter chemical
reaction heat (AHc) and dry-basis endothermic energy (AHt)
within this temperature range. According to Qing et al. (2009),
Huadian oil shale has a pyrolysis activation energy of 240 kJj/mol;
however, no studies on the alteration of AHc in Huadian oil shale
have been published. Specifically, oil shale can only begin to py-
rolyze when the heat carriers' temperature exceeds Tci, irre-
spective of the oil shale pyrolysis technology employed. The term
“effective pyrolysis energy” (EPE) refers to the rise in heat carrier
energy when the temperature surpasses Tci. In other words, shale
oil cannot be produced by pyrolyzing the organic materials in oil
shale with any energy below Tci. The fourth stage, referred to as
the breakdown of the inorganic carbonates (Li and Yue, 2003), is
the temperature range from the final stage of oil shale pyrolysis to
higher temperatures. Several aboveground retorting methods
assist in this process. The temperature must reach 900 °C for the
inorganic carbonates to burn and release heat energy (Qing et al.,
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Fig. 7. Kerogen pyrolysis model (Wang et al., 2024).
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2009). This step only generates energy, not shale oil. Kang et al.
(2020a) studied the fluid heating pyrolysis energy consumption
of Jimsar oil shale, and its total moisture content was 5%. Fig. 8
illustrates the energy usage of water steam-heated oil shale py-
rolysis at different temperatures and various pressures, and the
water and oil shale quality are set at 1.0 kg.

As Fig. 8 illustrates, the energy needed to pyrolyze and heat oil
shale progressively rises with temperature. This is especially true
during the organic matter pyrolysis stage, when Tci is 405 °C and
Tcf is 500 °C, and at 100 °C when free water evaporation consumes
a high amount of heat. Due to its enormous latent heat, oil shale
requires much less energy to heat and pyrolyze at a given tem-
perature than water steam. However, oil shale’s organic materials
cannot be pyrolyzed, and water vapor’s energy delivery is useless
as long as it is below Tcis. Energy consumption calculations were
performed, starting at 400 °C (Kang et al., 2020a).

4. Distillation technologies for oil shale in situ conversion

Qil shale in situ mining technology involves hydraulic frac-
turing, in which fractured oil shale is heated using different
techniques, including superheated steam injection, electricity
combustion, and radiation (Al Rassas et al., 2020b; Liu, 2019). Shale
oil and hydrocarbon gases are produced when the kerogen in oil
shale undergoes pyrolysis at high temperatures (Kang et al., 2022;
Xie et al., 2021). Table 1 summarizes the features of various in situ
conversion oil shale technologies. Different technologies are used
in oil shale reservoirs in China and other countries due to the
different types of rock found in the shale resources of these res-
ervoirs. The in situ conversion process (ICP) is generally used in oil
shale technology in foreign countries; on the other hand, near-
critical technology (NCW) is used. ICP technology is used to drill
wells that produce heat in shale rock formations. The process uses
electric heaters placed close together within the drilled wells.
These heaters warm the shale to the temperature required to break
it, allowing for effective oil and gas extraction (Xie et al., 2021).
Downhole electric heaters are necessary for the ICP technology,
which must be durable, able to withstand high temperatures, and
compatible with the formation. The resulting oil content and oil
shale thickness should not be less than the technical-economic
lower limit. ICP technology can be applied to Chinese oil shale
formations that are buried deep, have low thickness, and are of
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Fig. 8. Energy requirements for using steam to heat and decompose oil shale at
various levels of steam pressure (Kang et al., 2020a).
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Fig. 9. Visual representation of Shell’s ICP. The black wavy arrows indicate the flow
direction of oil and gas. The red horizontal lines indicate the flow channels of oil and
gas (Chen et al., 2024).

low-o0il grade. An example of this is the scenario of short (dry)
horizontal well technology (Hou et al., 2022). China is currently
working on developing technology to extract oil from shale. For
instance, the NCW developed by ]Jilin University has shown a
desirable in situ conversion effect (Kang et al., 2022). The near-
critical method employs a downhole heating system to raise the
temperature of water injection to a near-critical temperature
(around 380 °C). The NCW then acts as a medium to transfer,
permeate, and cause the oil shale formation to swell while frac-
turing the kerogen of oil shale. This process facilitates the
extraction of oil and gas from oil shale. NCW’s advantages include
strong heat transfer capabilities, less harm to the environment,
and high activity (Wang et al., 2024).

Four main types of in situ oil shale conversion that have been
studied thus far are discussed as follows; these types are classified
according to the mode of heat application. The first is conduction
(e.g., Shell’s ICP or ExxonMobil’s Electrofrac™), in which heat
moves very slowly through direct touch. The second type is based
on convection and uses flowing fluids, such as superheated steam
or air, to more efficiently transfer heat (e.g., AMSO’s method, MTI’s
steam injection used in Chevron’s Crush, Taiyuan University of
Technology, and Petro Probe superheated air). The third variety
employs radiant heating or in situ combustion, such as Raytheon'’s
RF process, which heats the shale with energy waves to release its
potential, and microwave technology. The fourth type is combus-
tion heating technology, such as Topochemical Synthesis-Air (TS-
A) and True in situ (TIS) (Crawford and Killen, 2010). Additionally,
emerging methods such as nitrogen injection, near-critical water,
and terahertz spectroscopy are being explored (Kang et al., 2020a).

4.1. Conduction retorting technology

Electric heating in situ conversion involves the use of conduc-
tive proppants to fill and form an electric heater. These electrically
conductive proppants are used to heat transfer onto the oil shale
through heating wells, causing kerogen to convert into shale oil
and flammable gas, which are extracted from production wells
(Lee et al.,, 2017). Shell first proposed an in situ electric heating
system for oil shale conversion in the 1970s. Shell has since applied
for patents for its ICP in several countries (Prats et al., 1977). Shell’s
technique consists of drilling wells, placing electric heaters, and
heating the shale to 600°C-700 °C, triggering pyrolysis and the
thermal cracking of kerogen to expel oil and gas (Fig. 9). Such
heating deforms the shale’s structure, creating pores and fractures
that facilitate hydrocarbon migration (Kang et al., 2020a). Shell ICP
employs closely spaced vertical wells in patterned arrangements
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Table 1
Overview of in situ conversion technologies of oil shale.
Heating Method Technology/Process Developer Advantage Disadvantage End Status Reference
Heat of Heating via in situ ~ United States Enhances energy High operational costs  Pilot Plan (Burwell et al., 1973;
reaction combustion Bureau of Mines efficiency and and complex process Bai, 2015a)

TSA technology Jilin University enhances heating control Pilot Plan
TIS LETC speed Lab
MIS LLNL Lab

Conduction ICP Shell High flexibility; Slow heat transfer and Demonstration (Jagodzinska et al.,
Electrofrac™ ExxonMobil straightforward long heating Pilot Plan 2021; Kang et al.,
GFC IEP management Lab 2020a; Symington
HVF Jilin University Lab et al,, 2010; Yang et al.,

2014)

Convection CRUSH Chevron High heating Must separate the Abandon (Wang et al., 2013;
CCR American Shale Oil efficiency; facilitates significant heat loss Abandon Fang and He, 2009;
[IST-VTPC AsiaA.D.C. the production of oil and the generated gas  Lab Kang et al., 2020a; Sun
Superheated air PetroProbe and gas products; during the conveying Lab et al,, 2021; Chen et al,,
IVE Mountain West allows for the recycling process Pilot plan 2024)

Energy of fracturing gas
MTI Taiyuan University Pilot plan
of Technology

SCw Jilin University Lab

Radiant Radio wave Lawrence Livermore High energy Radiated energy of Lab (Chen et al., 2024;
RF/CF Schlumberger consumption when technology: limited Lab Wang et al.,, 2013,
EOR IITRI selecting the heating and immature Lab 2024)
Microwave Phoenix Wyoming, Inc. area transmission range Pilot

and has evolved to incorporate horizontal wells and advanced
electric heating technologies to improve low-temperature pyrol-
ysis (Kaminsky and Symington, 2008; Prats et al., 1977). Le Doan
et al. (2013) performed a pyrolysis analysis of Green River oil
shale in partially open conditions and obtained equivalent findings
with Shell ICP: high-quality shale oil can be produced over time
under low temperatures and proper pressure conditions (Zafar
et al., 2020d).

Other conduction heat technologies include ExxonMobil’s
Electrofrac™, which forms electrically conducting fractures
through a proppant-like material, allowing for resistive heating for
in situ pyrolysis (Symington et al., 2010). Electricity is transmitted
from one side of the fracture to the opposite side, which causes the
fracture to resist heating. Heat travels from the fracture into the oil
shale formation. This process causes solid organic matter within
the oil shale to transform into liquid gas and oil. The fractures
formed using horizontal wells create a transmissive zone that in-
creases the temperature of oil shale to a pyrolysis temperature. Gas
and oil are brought to the surface via horizontal wells separated by
vertical producing wells (Kang et al., 2020a; Tanaka et al., 2011).
Martemyanov et al. (2016) also documented a new approach to
electric thermal technology that is identical to Electrofrac™
technology. Independent Energy Partners' geothermal fuel cell
(GFC) technology, which employs fuel cells buried underground,
generates a self-contained heat source with low emissions and
energy consumption (Crawford et al., 2008; Crawford and Killen,
2010). Within the IEP system, high-temperature fuel cells are
placed underground to heat kerogen and release hydrocarbons.
Unlike traditional processes, this GFC technology is self-contained,
requires minimal external energy, and achieves a 174 kWh/bbl oil-
to-electricity conversion ratio with minimal emissions (NOx, SO,
particulates, or toxins) (Kang et al., 2020a). The different compu-
tational simulations evaluated the effects of vertical heater tem-
perature, hydraulic fracture spacing, and horizontal production
well placement for the Shell ICP, Steamfrac, and ExxonMobil
Electrofrac™ methods. Hascakir et al. (2008) also investigated
electrical heating for oil recovery from four oil shale samples that
were taken from various Turkish deposits. They blended experi-
ments and computational simulations, including the addition of
three types of iron powders to improve oil production by reducing
its thickness and attaining effective heat transmission.
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In general, as with most types of rocks, oil shale is an insulator
of heat; thus, for any electric heating method for oil shale, the in
situ retorting rate is slow, and the preheating period typically lasts
over a year before any oil and gas are generated, leading to lower
productivity (Council We, 2004). Approximately 5% of the kerogen
in oil shale undergoes complete pyrolysis at ~500 °C to produce oil
and gas flow that enables conductive heat transfer; furthermore,
the thermal energy produced from the hydrocarbons generated is
roughly 5% of the energy required for pyrolysis per unit mass.
Thus, the remaining 95% of electrical heating’s energy consump-
tion is lost as conduction, forming the primary basis for gradual
electrical heating. In addition, producing electrical energy requires
an extensive power supply, and the costs associated with perpet-
ual in situ electrical heating over a prolonged period frame are
high.

4.2. Radiant retorting technology

A significant amount of research focused on using radio fre-
quency (RF) energy to enhance the process of oil shale retorting
(Crawford and Killen, 2010; Tahir et al., 2020b) has been published
since the 1970s. RF energy in oil shale development can be applied
in various forms. Microwaves play a key role in radiation heating
technologies, as they transfer electromagnetic energy that affects
molecules, which in turn heats rocks and helps break down
kerogen into gas and oil. Conventional heating methods are used
to retrieve kerogen from the surface without relying on thermal
conduction, and certain fluids are injected to aid in this process
(Zhu et al., 2021). The reservoir temperature can rapidly increase
due to the microwaves' heating power and high radio frequency.
The two most advanced radiation heating systems, in theory, are
the radio frequency (RF) technology developed by the Lawrence
Livermore National Laboratory (LLNL) and the radio frequency-
critical fluids (RF/CF) in situ mining technology created by
Schlumberger. Although there is still a lack of widespread com-
mercial use, these technologies show superior heating mecha-
nisms and efficiency in experimental and pilot studies. As a result,
they are still technologically sophisticated but not yet well-
established in regular field operations (Chen et al., 2024).

Raytheon Corporation, along with its technical partner CF
Technologies, is now part of Schlumberger. Raytheon has
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developed an innovative extraction method known as RF/CF
technology. This technique utilizes critical fluids (CF) to move the
gases and oil produced to production wells and employs radio
frequency (RF) to increase the temperature of the shale to that
necessary for pyrolysis. This process involves sending RF energy
through adjustable RF antennas, or transmitters, that are inserted
into the ground to heat the subsurface shale. After the heating and
pyrolysis processes are complete, supercritical carbon dioxide is
introduced into the shale formations to retrieve the oil from the
rock and transport it to an extraction well. Meanwhile, oil and gas
are transformed into fuels and other aboveground products, and
the carbon dioxide is removed and redirected back into injection
wells (Crawford and Killen, 2010; Zhang, 2009).

Phoenix Wyoming, Inc. used microwave heating technology in
a borehole (Crawford and Killen, 2010). Shale can be heated with
microwave technology up to fifty times faster than traditional
electric conduction methods used in situ. To showcase the corpo-
rate potential of borehole microwave technology for oil shale
advancement, Phoenix Wyoming Inc. is investing $15 million into
the construction of a pilot plan (Dammer et al., 2007). Further-
more, various experimental studies have shown that using pyrol-
ysis and microwave heating on oil shale can yield premium oil
products with impressive heating efficiency. For instance,
Mokhlisse et al. (2000) conducted experiments with Moroccan
oil shale subjected to pyrolysis by microwave radiation and
developed a microwave heating system. Their findings indicate
that microwave heating is not only feasible but also results in
lower levels of sulfur and nitrogen compared to traditional py-
rolysis methods. Other related research has also revealed that oil
produced through microwave radiation tends to have higher
concentrations of aromatics and saturated alkanes while con-
taining fewer nitrogen and sulfur compounds than oil obtained
from conventional heating methods (Wang et al., 2023; Yang et al.,
2017).

According to Noble et al. (1981) and Wang and Noble (1983),
the results of shale oil yields using microwave radiation at 450 W
are similar to those achieved using traditional heating methods.
However, once 600 W of microwave radiation is reached, oil
output starts to drop. Their work demonstrates that the rapid
temperature increase during the pyrolysis of kerogen leads to the
pyrolysis reaction of shale oil and the generation of gas. Interest-
ingly, the levels of asphaltene and polar molecules in shale oil
produced through microwave radiation are lower compared to
those produced by conventional heating (Chen et al., 2024).

Radiant retorting technology requires a significant amount of
electrical energy to generate RF energy, which can drive up
development costs to reach levels similar to those of Shell ICP.
However, if electricity is produced from renewable energy sources
such as solar, wind, and geothermal energy for oil shale in situ
radiation retorting, radiant retorting could have a promising future
(Kang et al., 2020a).

4.3. Convection retorting technology

Currently, in-situ retorting methods of oil shale require
injecting intense fluids into the formation to improve the pro-
duction of shale gas and oil. CRUSH (Chevron’s technology for the
Recovery and Upgrading of oil from Shale), a process developed
by Chevron, involves the use of heated gas injection, initially
natural gas and then CO-, through natural or induced fractures to
heat kerogen. The process was designed for the creation of a
crushed zone with an area of 4000-20,000 m? and 15 m thick for
efficient pyrolysis. Although lab and small field tests had been
planned, the program was discontinued in 2012 (Crawford et al.,
2008; Crawford and Killen, 2010). Numerous companies have
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investigated various in-situ methods for extracting oil from oil
shale. Petro Probe Inc. formulated the Petro Probe process of
injecting superheated air through a borehole into the shale,
thereby liberating hydrocarbons. This method has been shown to
generate light shale oil in laboratory tests but has never been
tested in the field. American Shale Oil (AMSO) employed a closed-
loop heating system utilizing a subsurface burner to heat the oil
shale deep beneath the surface. While this method was prom-
ising, it was characterized by a faster heating rate than Shell ICP
technology, which had suspended field testing because of trouble
with the downhole burner. In May 2016, it was announced that
the AMSO project was closed. Mountain West Energy (MWE)
developed an in situ vapor extraction process in which hot gas is
injected directly into the shale to vaporize oil, which is brought to
the surface and then condensed. This project offers an alternative
in situ retorting method since vapor rather than liquid oil is
brought to the surface. MWE computer modeling and partial field
trials produced a bubble of gas surrounding the well, and it is one
of the few companies testing unconventional oil recovery in the
field (Kang et al., 2020a).

In 2014, Unity & Strength Co., Ltd. efficiently produced China’s
inaugural in situ shale oil barrel from oil shale formation 300 m
below the ground in Songyuan, Jilin Province. The company is
working on a new in situ approach called in-situ fracturing
chemical-developing technology (ICFD) to recover oil and gas from
oil shales. This process includes igniting flammable gas in an
ignition chamber within the injection well to generate hot fluid
gas, which is forced through a small fracture (1-3 mm in length) in
the shale to decompose the kerogen (Ma et al., 2019).

MTI technology, which uses the process of steam injection for
oil shale in situ retorting, was conceived by Zhao et al. (2005) and is
defined as a steam injection method. Scientists are still looking
into the impacts of steam and other gases on oil production,
despite more conventional methods such as AMSO and CRUSH
having been abandoned. Steam injection was previously consid-
ered to be ineffective according to a 3D model in Turkey; however,
that particular study only tested low temperatures (Kok et al.,
2008). Later research found that steam enhances oil yield at
elevated temperatures. Experiments with Bulgarian oil shale, for
example, showed a 20% higher oil yield compared to traditional
methods (Razvigorova et al., 2008). Experiments on Jordanian oil
shale using gases including nitrogen, CO,, and supercritical fluids
revealed that supercritical water gave the best results, enhancing
oil yield by 50%, whereas supercritical CO, gave the worst yield
due to inefficient pyrolysis. Further studies on the integration of
Lignite and oil shale showed less water usage and more oil pro-
duction. Steam performed better than electric heating in hot-test
runs. Laboratory tests on Chinese oil shale revealed that steam
enhances oil yield and quality apart from facilitating the breaking
down of the shale, especially when metallic ions act as catalysts.
Ultimately, steam is effective as a chemical agent and a source of
heat to promote shale oil recovery from oil shale (Kang et al.,
2020a).

Several studies on fluid-fracturing techniques in oil shale res-
ervoirs have enhanced operational practice. To ensure system
balance, Chen et al. (2017) created a method in which high-
pressure nitrogen drives out fissure groundwater from fissures.
Pulse power fracturing (PPFT) is another such method, which was
effectively tested in Maoming and showed the capability to frac-
ture shale as far as 15 m (Gao et al.,, 2016). One method that
involved mixing superheated steam and horizontal fracturing
helped in the extraction of shale oil from depths of 300-1000 m at
Huangxian (Wang et al., 2014a). Zhao (2016) pioneered and
patented processes involving horizontal and vertical wells,
combining fracturing with chemical heating to yield
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hydrocarbons. The structure of the rock changes during the
transformation of kerogen to gas and oil, resulting in complex
mechanical behavior. Zhang and Parker (2010) created a model
that shows how physical factors play a role in how heat moves
from fissures to rock. Zhao (2016) contributed to a method for
creating more cracks and allowing gas and oil to flow, finding that
the internal pressure of the reservoir must be higher than the
breaking point of the rock. While this is difficult to apply in
practice, Zhao (2016) recommended the use of compressed air to
break up big shale blocks into pieces earlier on in the open-hearth
process.

Many scientists have examined how oil shale degrades (pyrol-
ysis) under heat by fluids. Chen et al. (2016) discovered that the
minerals present in oil shale accelerate the transformation of
kerogen to bitumen and that the reaction is better facilitated
compared to pure kerogen. Several experiments have also inves-
tigated how heating rates influence the quality of oil obtained. Lan
et al. (2015) found that an increased amount of shale oil was
produced with an increase in thermal range from 475 °C to 1000 °C
and that the gas contained slightly more alkenes. Allawzi et al.
(2011) attempted to extract oil from Jordanian shale with super-
critical CO, and solvents such as hexane and acetone and achieved
the best results at 450 °C and 3200 psi. This combination enhanced
oil extraction by increasing kerogen’s solubility. Another study
created a model demonstrating oil shale’s behavior under the
application of heat and pressure (Allawzi et al., 2011). Two
bacteria-based bioleaching enhanced oil yield by 15% and mini-
mized gas loss (Zhang and Li, 2017). Computer simulations by
Youtsos et al. (2013) demonstrated that when heating, the zone
of chemical reaction follows the wave of heat. A study in China
concluded that currently, only shale with high oil content (above
18%) is appropriate for in situ fluid heating (Ahmad et al., 2021;
Kang et al., 2020a).

4.4. Combustion heating technology

In situ combustion methods employ the use of some of the
shale itself to heat the remainder of the formation. The United
States began applying oil shale in situ combustion demonstration
projects for gas and oil recovery as early as the 1970s in locations
south of Vernal, Utah (Hutchinson, 1980) and near Rock Springs,
Wyoming (Burwell et al., 1970). The oil shale is first set on fire
within the injection wells and subjected to a constant injection of
air to develop and sustain a burning front following the fracturing
of the oil shale using hydraulic fracturing and an eruption to
develop permeable pathways. Based on the test results, an oil
shale self-sustaining combustion zone can be created. This process
generates shale oil, which can have adverse consequences on the
environment. The low world oil price and increasing project cost
estimates resulted in the abandonment of the development of oil
shales in most of the United States by the mid-1980s (Crawford
et al.,, 2008).

Jilin University came up with an alternative technique for
extracting oil from oil shales buried underground, known as Top-
ochemical Synthesis-Air (TS-A) technology (Sun et al., 2017). This
technique involves the use of a hot mixture of air and nitrogen to
cause a chemical reaction underground that emits heat. The oil
shale consists of kerogen; it breaks down by heat to extract oil. The
reaction gradually propagates through the rock, and the oil is
pumped to the surface via wells. In 2014, this technique was
experimented with in Jilin Province, China, and effectively yielded
1.649 tons of shale oil, with an impressive oil production rate of
78.5% (Kang et al., 2020a; Sun et al., 2017). TS-A is unique because it
employs a chemical heat-generating process that conserves energy
and allows more oil to be extracted from the shale. Many
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experimental and theoretical studies have focused on pyrolytic
impact, semicoke properties, and oil products in distinct combus-
tion routes (Branch, 1979). Branch (1979) noted issues such as how
unpredictable kerogen and other materials can be broken down.
Experiments on Huadian oil shale revealed that pyrolysis predom-
inantly occurs between 400 °C and 500 °C (Jiang et al., 2007). The
rate at which combustion weight changes with temperature in TS-A
technology is less than that of pyrolysis. (300°C-500 °C).

Kok and Bagci (2010) investigated the Beypazari oil shale’s
combustion pyrolysis process, which is categorized into two
distinct zones of temperature: the zone of decomposition by
combustion and the zone of oxidation at high temperatures. The
oil shale deposit in this area is believed to be appropriate for
mining with in situ combustion technology. Moreover, Zhao et al.
(2013) concluded that the temperature of oil shale must exceed
1000 °C, which is necessary for oil and gas recovery, after con-
ducting an underground co-gasification model test to determine
whether in situ exploration of oil shale via underground coal
gasification is feasible. Martins et al. (2010) examined the chemical
characteristics of Timahdit oil shale and the gaseous byproducts of
thermal degradation, finding that around 52% of the organic
matter in oil shale was transformed into liquid oil and that the gas
produced had a reduced calorific value of 53.9 kJ/mol. Martins
et al. (2010) also characterized the geometry of a combustion
front transmitting with a co-current descending air supply in
Timahdit oil shale as the porous medium, discovering that the
combustion zone spread horizontally as a planar circle with a
maximum temperature of 1100 °C and an estimated heat loss of
42%. Additionally, Guo et al. (2016) determined that the oil shale
retorting depends on the calorific value of the semicoke of
remaining carbon after combustion above 500 °C. A simulation
study completed on the in situ combustion of oil shale described
the underlying behaviors of multiple gases in and through chem-
ical pathways that occur during the process of simulating in situ
combustion in underground rock strata, the results from this study
showed that the volumes of gas injected and the levels of oxygen
are significant considerations in facilitating effective transitions
from simulation studies to real-life testing (Zheng et al., 2017).
Water and specialized chemicals (catalysts) are also significant in
this process because they lower the temperatures needed for
kerogen breakdown and provide the temperature needed to heat
the rock for a shorter amount of time (Kar and Hascakir, 2017;
Zheng et al., 2017). Solum et al. (2014) used a model consisting
of four reactions to examine the thermal oxidation of organic
matter observed in oil shale. Heavy oil (bitumen) was the first
model reaction, while the second model reaction addressed the
gaseous components of kerogen. The third model reaction focused
on larger macromolecules (the physical size of those larger than
kerogen molecules), and the fourth model reaction addressed solid
carbon, which makes up the fixed carbon mass. The researchers
sought to examine the impacts of the chemical structure of oil
shale on the degradation of oil shale once heated (Fletcher et al.,
2014; Hillier et al., 2013). However, the entire process is chal-
lenging to manage, as it is difficult to maintain the proper under-
ground combustion level and to move the heat exactly where it is
needed. Additional effort and research will be needed before in situ
combustion can be viably used for oil shale extraction (Kang et al.,
2020a).

5. Injection technologies for oil shale in situ conversion
5.1. Nitrogen injection technology

In situ conversion is an advanced technology used to create oil
shale and ultra-heavy oils that are impossible to extract using
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traditional methods (Pei et al., 2018). ICP technology employs the
cracking of light oils and gases from kerogen or heavy components.
This process is achieved by pyrolysis and underground heating. Gas
injections are the most popular technique for enhanced oil recovery
(Vinegar, 2006), while nitrogen injection is the most common and
economically friendly method used for ICP, which, depending on the
oil’s composition and pressure, can be either miscible or immiscible
(Economides et al., 2012; Taber et al., 1997). Nitrogen injections
were first introduced in the 1940s, and the first nitrogen injection
project began in the West Texas tight reservoirs in 1945 (Mogensen
and Xu, 2020). The Nitrogen-Assisted In-situ Conversion Process
(NAICP) combines electrical heating with nitrogen injections to
facilitate the movement of the reservoir oils. Kerogen and other
heavy organic hydrocarbon components are pyrolyzed during
NAICP and ICP, according to the work of Braun and Burnham (1992).

Nitrogen injections are conducted by placing electric heaters
hexagonally to pyrolyze kerogen. Injections are then initiated 90
days after heating, which improves convection-based heating and
aids in pressurization and the displacement of retorted oil from oil
shale. Nitrogen increases heating rates by 65% (Liu et al., 2009). At
low injection rates and moderate heating temperatures, NAICP
showed significantly more energy preservation than regular ICP.
Along with the pyrolysis and fluid expansion caused by heating, oil
shale’s porosity and permeability can change during ICP and
NAICP. Oil shale usually has a permeability of 0.0001-0.1 milli-
darcies (mD) and an initial porosity of 0%-5%. However, following
kerogen pyrolysis, permeability can reach about 1 mD, and
porosity can rise to 30%, improving the flow of the produced oil
through the fractured rock (Kibodeaux, 2014). Moreover, heating
thermal flux is boosted by nitrogen injections. To increase the ef-
ficiency of kerogen conversion, the NAICP technology uses heat
convection from gas injections to speed up thermal conduction.
The injected gas flows more quickly than the gases produced in
situ, and the heat transfer rate shortens effective processing time
and increases production efficiency. The accelerated heat transfer
resulting from this technology leads to a faster in situ kerogen
conversion rate and more effective permeability porosity of rock,
as well as fluids. The average formation temperature evolution for
pure NAICP and ICP is shown in Fig. 10. The convection heat
transfer effect brought on by the nitrogen injection is reflected in
the difference between these two temperature profiles. The S1/S2
ratio is an indicator of how nitrogen-driven convective heat
transfer affects the rate at which the formation temperature rises.
Fig. 11 shows the results of the simulation, which examined heater
thermal range (300°C-600 °C) and nitrogen injection rates
(50-1600 Sm>/day).

The S1/S2 ratio can reach a maximum of 0.65 when the nitro-
gen injection rate reaches 1600 Sm>/day, indicating a possible 65%
increase in heat transfer efficiency as a result of nitrogen injection.
The effect of convective heat transfer intensifies as the nitrogen
injection rate rises in an almost linear upward trend. Furthermore,
higher heater temperatures yield greater S1/S; values than lower
temperatures for a given nitrogen flow rate. Based on the pressure
at reservoir temperature, nitrogen injection can either be miscible
or immiscible. A nitrogen injection is miscible when there is no
interfacial region between the displacing phase and the reservoir
(Fathinasab et al,, 2015). The ability of nitrogen injection to
attenuate irreducibility has led to its prioritization over other EOR
methods. Nitrogen injections offer several advantages over other
EOR methods. For example, modern, affordable technologies make
it simple to remove nitrogen from the atmosphere. As nitrogen is
an inert gas, it has a very low effect on the pyrolysis of kerogen, and
it also prevents the corrosion of downhole equipment and pipes.
Additionally, nitrogen gas is less expensive than other gases, has a
minimal corrosion effect on downhole pipes and equipment, and is
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easy to process post gas because of its lower solubility (Pei et al.,
2018; Su et al., 2020).

The cumulative volumes of nitrogen produced and injected are
shown in Fig. 12, which shows that both curves completely over-
lap. This overlap indicates effective gas channeling and movement
within the oil shale reservoir’s fractures. Gas channeling enhances
the thermal interaction between the nitrogen and the oil shale,
which is beneficial in this situation despite it being typically
viewed as an undesirable outcome in conventional oil reservoirs
(Chen et al., 2014; Yuncong et al., 2014). The ability to fully recover,
recompress, and reuse the injected nitrogen for reinjection re-
duces overall operating costs (Fig. 12).

Determining the economic viability of thermal recovery tech-
niques such as the nitrogen injection-assisted in situ conversion
process (NAICP) requires an evaluation of energy efficiency. Two
important metrics were employed by Pei et al. (2018) in this re-
gard: energy conversion ratio (ECR) and cumulative energy-to-oil
ratio (CEOR). Their simulations demonstrated that, especially un-
der moderate conditions (300°C-400 °C) and rates of nitrogen
injection of (50-400 Sm?/day), NAICP reduces energy consumption
at a considerably higher rate compared to conventional ICP. The
energy conversion ratio increased to 9.5 under these conditions,
demonstrating effective oil production (Fig. 13). Higher injection
rates, however, decreased efficiency because of diminishing
returns and heat loss. This emphasizes how optimizing injection
and heating parameters for operations that are both economical
and energy-efficient is crucial (Pei et al., 2018).

5.2. Steam injection technology

Steam injections constitute a convection-based heating tech-
nology that is particularly used for heavy oil reservoirs (0il shale),
where it is applied to enhance the oil’s viscosity and improve the
movement through the reservoir (Vega Riveros and Barrios, 2011).
This technique includes the injection of high-quality saturated
steam into the reservoir, which enables the transportation of large
quantities of thermal energy with minimal temperature waste
(Thoram and Ehlig-Economides, 2011). Petro Probe Inc. developed
an injection system for superheated air (the Petro Probe process)
(Crawford et al., 2008; Zafar et al., 2021). Air with a regulated
oxygen content is thermally energized in a burner and released
into the ground, works as a heating agent, and blows a well. This
air scours the surfaces of the rock, with the shale and most of the
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water carried back to the surface by the exhaust gases. Light hy-
drocarbon gases and liquids are produced by the condensation of
the hydrocarbons that rise to the surface. No testing has been
conducted in the fields yet, but oil with 45 API gravity has been
measured in the lab using this technology (Kang et al., 2020a).
Research on the technology and theory of the oil shale under-
ground retorting alongside experimental research work has been
conducted by researchers of TYUT over the previous several decades
(Geng et al., 2017; Wang et al., 2018c). In 2010, the TYUT team was
awarded a Chinese patent for their method of extracting oil and gas
from oil shale by convection heating (Zhao et al., 2005). The organic
components contained in oil shale are highly sensitive to variations
in thermal conditions because they are likely to undergo a strong
thermal degradation reaction, which can lead to the production of
high amounts of shale gas and oil at times when the temperature
rises from 350 °C to 550 °C (Dog;an and Uysal, 1996). The use of
superheated steam injection for oil shale in situ retorting, also named
modified thermal injection (MTI) technology (Wang et al., 2019c¢), is
a productive approach for the acceleration of the recovery from oil
shale resources whose operational stages can be outlined as follows:

1) There are more than 50 m between the numerous boreholes
that are drilled into the ground and the oil shale formation.
Fracturing methods can improve connectivity between pro-
duction and injection wells.
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Fig. 13. Impact of nitrogen injection rate on ICP and NAICP energy conversion ratios
(ICP projects are indicated by a nitrogen injection rate of zero) (Pei et al., 2018).

2) 0Oil shale deposits are injected with superheated steam of
temperatures greater than 500 °C. via specified injection wells
using an underground piping network. This injection heats the
deposit as well as degrades organic matter, thus producing
various oil and gas products.

3) Gas and oil products are carried out via low-temperature steam
(or condensed water), typically in the range of 100°C-200 °C,
from production wells toward the surface and through a sep-
aration process toward final gas and oil product recovery, fol-
lowed by the purification and recycling of condensed water
(Kang et al., 2020a, 2020b). Fig. 14 presents a diagram of MTI
technology and its main operating principle.

Through the constant pressure of heat, oil shale is subject to
continuous thermal cracking and pyrolysis, forming a significant
number of fractures and new pores and an interconnected oil and
gas flow network as a result. The heated fluid flows through each
part of the deposit of o0il shale and is handled by a perforated pipe.
Oil shale continues to undergo pyrolysis while producing oil and
gas. Kang et al. (2020b) conducted a pilot test from 2014 to 2016
using 2.2 m oil shale samples, which verified the strong prospects
of commercial oil shale development utilizing MTI technology. The
pressure of injected steam in the reaction zone during the in situ
conversion process is purposefully kept below 25% of the over-
burden stress to prevent fracturing and guarantee process control.
The sequence of variations in pressure and temperature is
completely controlled by steam seepage (Kang et al., 2020a). Ad-
vancements in steam injections, in contrast, have been relatively
limited, but the technology still holds considerable potential. The
results of the experimental tests show that superheated steam
injection can attain temperatures higher than 426 °C, and oil re-
covery factors in a range between 60% and 95% have been observed
for lighter shale oil (Kang et al.,, 2020a; Yang et al., 2021). Ulti-
mately, superheated steam was verified to be the most used
thermal transfer fluid in in situ oil shale pyrolysis.

The technical specifications of this invention are as follows. A
properly constructed system of wells spaced 50-200 m from one
another, set to drill horizontal hydraulic fractures, is designed for
optimal drilling and maximum ore control. The anisotropic
strength of oil shale allows for hydraulic fractures to propagate
along bedding planes, improving well connectivity using hori-
zontal hydraulic fracturing in a controlled manner, based on
existing patents. The walls of the larger fractures provide an effi-
cient path for heat to flow and to pyrolyze sustainably.
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Fig. 14. The injected superheated steam (MTI) in situ convection technology for oil shale: (a) hydraulic fracturing; (b) MTI system schematic (Kang et al., 2020a).

Superheated steam at temperatures above 500 °C breaks down
organic matter. Each of the wells can be used to alternate and
inject steam or be produced, allowing for the flexible control of the
pyrolysis zone (Britton et al., 1981; Eseme et al., 2007). The energy
utilization ratio and gas and oil output rate both rise as the steam
temperature rises when MTI technology is used. On the other
hand, most in situ retorting systems for oil shale prefer to inject N»,
CO,, and other gases at high pressures and temperatures.The
quantitative comparison summarized in Table 2 demonstrates
notable differences between nitrogen injection and steam injec-
tion technologies for in situ oil shale conversion, particularly with
respect to conversion efficiency and resource utilization.

6. Emerging diagnostic and analytical methods for oil shale
6.1. Sub- and near-critical water methods

In situ techniques may be conducted underground without
shale mining and can be used to successfully extract oil from oil
shale within subcritical and near-critical water. Due to its wider
scope and experimental conditions, subcritical water is more often
used in the extraction of oil shale than near-critical water. Students
and teachers at Jilin University are among the main researchers of
oil shale extraction using near-critical and subcritical water (Deng
et al., 2011). Wang and Li (2019) classified superheated water
(water at temperatures ranging from 150 °C to 374 °C and pres-
sures from 0.4 MPa to 22.1 MPa) as near-critical water. Subcritical
water, also known as low-temperature superheated water, is at
similar pressures but temperatures slightly below the critical point
(100 °C-374 °C). Both states of water are environmentally friendly,
non-toxic, and cheap solvents; therefore, they are attractive

Table 2

alternatives for oil extraction (Wang and Li, 2019). Subcritical
water recovered roughly 7% of oil in 2-5 h at 260 °C and at 15 MPa,
while near-critical water recovered as much as 1%-18% in 70 h,
indicating it to be superior to traditional methods according to
laboratory tests. The experiments employ reactors at high tem-
peratures and pressures, and sophisticated analytical equipment
such as GC-MS is used to examine the composition of the produced
oil (Wang and Li, 2019).

An experiment of this type would typically require a reactor
capable of maintaining the experimental generator at a high
temperature and pressure. The uninterrupted extraction was
accomplished for multiple hours in near-critical and subcritical
water, and the extract components were analyzed. The gathered
experimental data were sufficient to analyze and demonstrate the
findings. Fig. 15 shows the complete experiment. Wang et al.
(2014c) carried out an experiment using near-critical water to
withdraw organic matter from oil shale. The experimental work
studied the effects of factors such as temperature, shale asphaltene
content, and porosity on yields. Wang and Li. (2019) concluded
that near-critical water extraction can be effective with the Hua-
dian oil shale attaining up to 18.1% oil recovery for the experi-
mental conditions used and over 70 h, more than conventional
extraction (Wang and Li, 2019). Wang et al. (2014c) screened
several larger blocks of oil shale and demonstrated that near-
critical water can be particularly effective at extracting oil shale
oil, again suggesting the potential of an underground in situ oil
shale extraction process. Alhesan et al. (2019) extracted marine oil
shale using the traditional HCI-HF method; they also compared
their observed results with the NaOH-HF extraction and discov-
ered that near-critical water recovery was more effective than
NaOH-HF extraction at oil recovery. This comparison provided

Quantitative comparison of nitrogen injection and steam injection technologies for in situ oil shale conversion.

Parameter Nitrogen Injection

Steam Injection

Heating mechanism
(NAICP)
Temperature range 300°C-600 °C
Porosity & permeability change
(Kibodeaux, 2014)
Heating rate efficiency

Oil recovery factor

Energy efficiency

Advantages Low cost, inert, easy to separate and recycle, and
environmentally safer
Limitations Efficiency declines at high injection rates due to heat loss

Convection-based gas injection (N3) + electric heating

Porosity of up to 0.30; permeability of up to ~1 mD

Increases heating rate by ~65% (Liu et al., 2009)
Depends on injection rate and temperature; efficiency
increases up to the optimal level and then declines
Energy conversion ratio of up to 9.5 (Pei et al., 2018)

Convection-based fluid injection (superheated steam)

350°C-550 °C (superheated steam >500 °C)

Significant pore and fracture development; up to 60-95% recovery
observed

Steam enhances pyrolysis and improves recovery efficiency
60%-95% recovery observed in pilot tests

High thermal efficiency, continuous heating, and recycling of
condensed water
Strong heat transfer, effective pyrolysis, and high oil recovery

Requires high steam temp (>500 °C), risk of fracturing, and high water
consumption
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Fig. 15. Stepwise diagram illustrating how the extraction experiment is undertaken
and how findings are evaluated and analyzed (Wang and Li, 2019).

evidence that near-critical water recovery was more productive
and promising for organic matter extraction from oil shale.

Previous research has demonstrated that oil shales from
different areas have unique physical properties, resulting in vari-
ation of extraction results (Dyni, 2003; Jin et al., 2012). No general
approach that works for all oil shale conditions currently exists, as
they are all inherently different. Oil shales are also subjected to
high enough temperatures during the pyrolysis process that the
physical attributes of the oil shale are often overlooked before the
extraction process. The final objective of the use of near-critical
and subcritical water is the implementation of this technology
for the in situ (underground) oil shale method. Research in this
area, however, is still quite limited, with major challenges such as
the different underground conditions of temperature, how much
range heat can be extended, how water should be used, and
whether the flow works underground. A single temperature
change has implications for permeability and porosity, which are
directly correlated to the flow and recoverability of oil and gas
products. As noted earlier, laboratory experiments are constrained,
and researchers must use simulations to model and understand
phenomena.

To date, near-critical and subcritical water has been used in lab
experiments based on current research to recover organic matter
from oil shale (Gu et al., 2024; Sun et al., 2019b). Chemical ex-
periments were used to evaluate the process and examine the
products in these studies. These products are typically evaluated
using GC-MS analysis, and they are sometimes studied in the same
way as ground distillation. A thermal gravimetric analysis evalu-
ation has also been conducted throughout an experiment to
observe long-term process evaluations (Wang and Li, 2019).

6.2. Terahertz spectroscopy in oil shale

Oil shale contains many interacting parts that mix in complex
ways, such as organic materials and minerals. This complexity
makes it difficult to clearly understand how much oil can be
produced from oil shale and how this production process func-
tions. This has made it challenging to determine the most effective
methods for developing oil shale (Han et al., 2009; Saif et al., 2019).
Several methods have been used to evaluate oil shale, including
thermogravimetry analysis (TGA), Raman spectroscopy, X-ray
diffraction, well logging, mass spectroscopy, Fourier transform
infrared spectroscopy (FTIR), and nuclear magnetic resonance
(NMR) (Bai et al., 2015; Lin et al., 2016). Methods such as trans-
mission electron microscopy (TEM), scanning electron microscopy
(SEM), and computed tomography (CT) have been employed for
the compositional analysis of kerogen and pores in oil shale (Wang
et al., 2018d; Zhan et al., 2020a). Terahertz (THz) spectroscopy is
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currently regarded as a crucial cutting-edge technology, as it offers
features such as fingerprint spectroscopy, a broad frequency range,
and low energy penetration. Poor chemistry between molecules,
dipole rotation, macromolecule skeleton vibration, single phase,
the lattices' moderately low-frequency oscillations, and the oper-
ation assimilation of all the crystals, all match the terahertz band
range, which is ideal for macromolecules' large and slow move-
ment and for a strong response to polar compounds (Miao et al.,
2018; Xie et al.,, 2014). Relating optical parameters to physical
properties based on the interactions of THz waves with various
materials enables the improvement of the characterization and
analysis of the structural, compositional, and physical character-
istics of the oil shale material. Investigating ultrafast dynamics can
be achieved in picoseconds in the presence of stimulated or
external field conditions. Furthermore, the THz spectrum dem-
onstrates the alterations in the electric potential field over time
and has been used in fields such as the characterization of material
properties (Cheikh Moine et al., 2016; Su et al., 2014). Terahertz
technologies make up a developing analysis approach in the oil
and gas technology industry and have proven their scientific and
practical value in various aspects of describing the structure of gas
and oil reservoirs. Dorney et al. (2001) used a single-iteration THz-
simulated acquisition using generated pulses and image refine-
ment in geologic surveys, achieving precise reconstruction of the
position and shape of the detection target (Yasir et al,, 2020a).
Greeney and Scales (2007, 2012) simulated a rock surface by
employing a conical dielectric waveguide as an examination sub-
terahertz wave vector network analyzer. The assessment of
geologic diagenesis, the theory of evolution, oil-bearing reservoir
rock, rock porosity, oil and water dispersion in the core with low
permeability, well forecasting, crude oil emulsion process, and
pattern change have been explored in recent years through the use
of THz time-resolved spectroscopy (Meng et al., 2022; Miao et al.,
2017a).

Numerous techniques, such as X-ray microscope imaging,
acoustics, conductivity, and anisotropy of magnetic susceptibility
(AMS), can be used to detect oil shale’s anisotropic behavior and
textural composition, which are associated with the physical
characteristics of the rock, such as texture, composition, and
porosity (Bhargava et al., 2005; Jia et al., 2012). However, due to
technological challenges, dielectric constant measurement
methods have not yet been the subject of widespread adoption.
Recent studies have revealed limitations to the Terahertz time-
domain spectroscopy (THz-TDS) tests used to measure shale
anisotropy (Liu et al., 2023). Sanjuan et al. (2022) retrieved a 3D
dielectric permittivity fabric from the anisotropy THz data (Zhan
et al., 2020b). The mechanical characteristics of oil shale that are
associated with drilling success and good stability are partially
influenced by OM, the earliest material exhibiting significant
variability within fractures, pores, and matrix (2,6,66,67) (Liu et al.,
2023). Assessing the organic matter distribution and content when
developing geological models (Guo et al., 2015; Wang et al., 2014b)
is crucial. To ascertain the fundamental properties of a typical
sedimentary rock, the elements, organics, and minerals of a typical
oil shale (sedimentary rock rich in kerogen) have been examined
using IR, XRD, SEM, TEM, and energy dispersive X-ray spectroscopy
(Zhan et al., 2020a, 2020b). Since the change of n is equal to the
THz characteristic index(n) of the medium, THz parameters can be
used to better determine the mechanical properties of oil (Miao
et al., 2017b; Schwerdtfeger et al., 2013). Diagenesis, meta-
morphism, and metamorphism are the three stages of the hy-
drocarbon evolution of sedimentary OMs like kerogen (Durand,
2003). At different stages of evolution, the composition and
structure of kerogen undergo significant changes with the gener-
ation of oil and gas. This process alters the THz absorption
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coefficients of gas and oil, which are strongly influenced by the
level of kerogen evolution. To elucidate how kerogen evolves and
its ability to produce hydrocarbons, Bao et al. (2013) employed
THz-TDS, a preservation-friendly and contactless technique. The
THz value represents the Kerogen maturation process at various
pressures and temperatures (Durand, 2003). Kerogen maturity
levels were classified as immature (IM), early mature (EM), middle
mature (MM), late mature (LM), and over mature (OM) at varying
simulated temperatures (TS). The stages of hydrocarbon evolution
were found to correlate with the THz optical constant curve of
kerogen. Vitrinite reflectance (R,) is a measure of how much light
reflects off a smooth vitrinite surface. This reflection changes as
the vitrinite matures over time and is a common method of
determining the maturity level of kerogens, which are organic
materials found in rocks (Dorney et al., 2003; Zich et al., 2013).

THz’s capacity to simultaneously characterize the zone of nat-
ural gas and the main oil generation zone through THz spectros-
copy, which is challenging to obtain with traditional techniques
like RO%, constitutes a significant breakthrough in THz wave
exploration. This contrasts with the primary hydrocarbon gener-
ation zone, which can be immediately identified using R,. Addi-
tionally, a correlation between the oil content of semicoke and THz
absorption can be drawn: the key threshold of THz absorption
closely matches the rate of oil production (Bao et al., 2016; Huber
et al,, 2008). Techniques such as THz prospecting and thermal
terahertz analysis (TTA) were previously used to detect organic
matter and explore desert reservoirs, respectively (Liu et al., 2023).
Unconventional oil and gas reservoirs are characterized by low
porosity, low permeability, and high density, suggesting that im-
provements in nanoscale resolution are crucial for using THz
technology to characterize these unconventional hydrocarbon re-
sources. THz dispersion at nanoscale probes has been found to
allow terahertz near-field imaging to achieve ultrafine resolutions
(Ma et al., 2013; Riley et al., 2012).The applications of THz spec-
troscopy are shown in Fig. 16.

Although the direct in situ application of terahertz (THz) tech-
nology for oil shale remains underexplored, several studies have
demonstrated its potential under laboratory conditions. Zhan et al.
(2015) applied THz-TDS to monitor oil shale pyrolysis stages,
linking spectral changes with kerogen and mineral decomposition,
validated against TGA, MS, SEM, and XRD (Liu et al., 2023). Qin
et al. (2021) introduced TTA to detect trace organic matter dur-
ing pyrolysis in the range of 300°C-600 °C. More recently, Liu et al.
(2023) reviewed advances in oil shale pyrolysis, highlighting the
role of THz in tracking organic matter evolution and kerogen
degradation. Most studies remain laboratory based, although
recent advances suggest promising pathways for future in situ
applications. These studies provide a foundation for THz-based
pyrolysis analysis despite true in situ implementation in reser-
voir conditions remaining a future challenge.

7. Environmental difficulties of in situ conversion
technology for oil shale

Comparing the oil shale in situ conversion technology to con-
ventional aboveground retorting techniques, it can be found that
the former has several benefits over the latter (Al-Ayed et al., 2010;
Yang et al., 2016b). The in situ conversion technology does not
require mining or crushing rock; this lowers costs and makes it
technically appropriate for thin or deep oil shale layers (Jaber and
Probert, 1999; Routson et al., 1979). Additionally, this method
produces far fewer hazardous gases and liquids than traditional
techniques, lowering its air pollution and impact on the sur-
rounding environment by eliminating the need to handle large
amounts of solid waste (Crawford and Killen, 2010; Raukas and
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Punning, 2009).

The in situ conversion technology still results in several envi-
ronmental issues. Hazardous compounds such as sulfides, nitrides,
BTEX (benzene, toluene, ethylbenzene, and xylene), total organic
carbon (TOC), and total petroleum-based hydrocarbon (TPH) (Hu
et al., 2019; Yang et al., 2018) are released during the heating
process, also known as pyrolysis. These contaminants can poten-
tially seep into groundwater, or underground water. Moreover,
these contaminants are hazardous and could impact local sources
of drinking water. Additionally, the heating process breaks the
solid shale and creates pores and cracks, rearranging it into a loose
formation. These fissures may result in contamination, and could
allow oil to seep into lower water zones and gases to rise into
upper water layers (Wang et al., 2018e). At the same time, these
fissures could allow groundwater to enter the heating zone,
thereby reducing oil production efficiency. As a result, the primary
environmental challenge of in situ conversion involves isolating
the heating zone from the surrounding groundwater and estab-
lishing a sealed system (Kang et al., 2020a; Yasir et al., 2020b).

Companies and researchers have created various sealing tech-
nologies to solve this problem. Shell employs a technique known
as the freeze wall method. In this method, the ground surrounding
the oil shale zone is frozen to create a barrier that prevents
groundwater from entering. However, this free wall can take up to
two years to build, and it is very costly, particularly for large pro-
jects (Brandt, 2008; Ryan et al., 2010). An additional technique is
the grouting curtain, which is similar to the way in which dams
prevent water leaks. Cement slurry is injected in pores and frac-
tures in the ground surrounding the heating zone (Rafi and Stille,
2015). When the cement solidifies, it creates a water-blocking wall.
According to several tests, this wall’s sealing effect is improved
when the injection wells are arranged in a hexagonal pattern,
particularly when the wells are spaced about 3 m apart. While this
approach works well, it is quite expensive (Canoglu, 2019; Guo
et al,, 2020). To decrease costs, Jilin University came up with a
new idea known as marginal gas injection, this approach involves
injecting high-pressure gas through wells surrounding the heating
zone, the gas forms a sealed area by pushing groundwater away;
this method minimizes groundwater entry into the heating zone
by balancing gas pressure, water pressure, and capillary force, and
can effectively and economically restrict water according to
several tests and simulations (Liu et al., 2020; Sun et al., 2019a).

In summary, the in situ conversion is easier and cleaner in
places without groundwater nearby. However, additional re-
searches are required to identify more affordable, environmentally
friendly, and easily implementable sealing techniques for areas
with groundwater, so that this in situ conversion can be used safely
and cost-effectively on a large scale.

8. Future research directions

Despite significant progress in this area, additional researches
are needed to allow in situ oil shale conversion technologies to
move from experimental ideas into use in large-scale applications.
Recent studies reveal the need to optimize nitrogen injection
pressure and temperature, which will improve sealing efficiency
and elucidate the long-term effects of nitrogen on reservoir geo-
mechanics and hydrocarbon recovery (Wang et al., 2024). Ongoing
challenges for steam injections include reducing thermal losses,
minimizing water demand, and decreasing corrosion. Research
also suggests that combining steam with solvents or catalysts may
improve overall conversion efficiency and lessen environmental
impact (Zhang et al., 2024). The application of THz spectroscopy is
still in its early stages; however, it holds great potential as a
diagnostic tool. Future efforts should focus on creating calibration
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Fig. 16. THz spectroscopy applications. (a) Dating sedimentary rocks using THz (Meng et al., 2022); evaluation of (b) porosity of rock, (c) petroleum products from various oil fields
(reproduced with permission of Zhan et al. (2015), Copyright 2015, Elsevier); (d) the demulsification process of crude oil emulsion; (e)-(f) moisture content of crude oil
(reproduced with permission of Song et al. (2016), Copyright 2016, American Chemical Society; reproduced with permission of Song et al. (2017), Copyright 2019, American
Chemical Society;, and (g) oil-water two-phase flow pattern transitions (reproduced with permission of Song et al. (2019), Copyright 2017, American Chemical Society).

models for kerogen decomposition, improving signal penetration
in varied formations, and incorporating THz data into real-time
monitoring systems to allow for better process control (Miao
et al., 2020).

Near-critical and subcritical water technologies require
detailed studies on catalytic stability, material performance under
extreme conditions, and ways to sustainably recycle water. Recent
researches show that while these methods improve pyrolysis re-
actions and hydrocarbon yields, there are still challenges in
designing large-scale equipment, resisting corrosion, and assess-
ing environmental impacts over the lifecycle (Wang and Li, 2019).
Broader research should not just focus on technology-specific
improvements but also on developing coupled thermo-hydro-
chemical-mechanical (THCM) reservoir models, using high-
resolution monitoring techniques, and conducting pilot-scale
demonstrations under various geological conditions (Mehmood
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et al,, 2026). Addressing these areas will provide the scientific
and technical foundation necessary to ensure that in situ conver-
sion becomes a commercially viable and environmentally
responsible method for extracting oil shale.

9. Conclusion

(1) Due to the global shift toward securing alternative energy
resources, oil shale has gained attention as a promising
unconventional hydrocarbon reserve. Extracting shale oil
without conventional surface mining is the focus of this
review paper, which has explored a wide range of in situ
conversion technologies (ICTs) and offered potentially scal-
able and more sustainable methods. The fundamental
problem of turning solid kerogen into producible hydro-
carbons deep within the reservoir is addressed by these
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technologies, which range from conduction- and
convection-based systems to newly developed radiant-
heating methods, chemical techniques, and diagnostic
tools. These technologies involve a combination of reservoir
physics, chemistry, geomechanics, and thermal engineering,
and each technology offers specific benefits and necessitates
a unique implementation approach based on geology and
economic conditions.

(2) Several conduction-based technologies use electric heating to

start kerogen pyrolysis, such as ExxonMobil's Electrofrac™
and Shell’s in situ conversion process (ICP). ICP uses electric
heaters in vertical or horizontal wells, whereas Electrofrac™
transfers heat by forming conductive fractures. Although
these technologies are slow and energy intensive, they offer
precise control. In convection-based techniques, such as
modified thermal injection (MTI) and nitrogen
injection-assisted in situ conversion process (NAICP), heat
transfer, pressure, and oil displacement are achieved by using
superheated steam or nitrogen gas. Among these, NAICP
stands out as particularly efficient, as it combines electric
heating with nitrogen injection to improve heat transfer and
lower energy usage. Radio frequency (RF) and microwave
systems are radiant heating technologies that use electro-
magnetic radiation to heat shale formations. Their high en-
ergy consumption and limited depth penetration currently
limit them to the experimental stage, despite their potential
for quicker heating and cleaner products compared to other
methods. The subcritical and near-critical water methods
break down kerogen and extract oil using high-temperature,
pressurized water; however, these chemically efficient and
environmentally friendly processes have only been validated
at the laboratory scale. Terahertz (THz) spectroscopy has been
presented as a diagnostic technique instead of a conversion
technique. An analysis of detection technologies demon-
strates how NMR, TGA, and IR can support the optimization of
in situ conversion strategies by offering crucial information
about kerogen decomposition temperatures and energy con-
sumption. THz spectroscopy offers high-resolution, real-time
analysis of kerogen structure, pore evolution, and thermal
behavior, allowing it to optimize other ICTs. In situ combus-
tion technologies produce heat underground by using a
portion of the shale as fuel. For example, while the TS-A
method from Jilin University has exhibited high oil recovery,
controlling underground combustion remains rather difficult.

(3) NAICP stands out as the most promising technology among

all those listed above. It effectively enhances heat transfer,
reduces energy consumption, and improves oil recovery
through the synergistic use of electrical heating and nitro-
gen injections. In contrast, THz spectroscopy remains the
least developed technology in terms of field deployment.
Despite its high value as a characterization tool, its appli-
cation in operational settings is still limited to the experi-
mental and research stages. However, as more attention is
paid to real-time reservoir diagnostics and efficiency opti-
mization, THz spectroscopy may play an increasingly critical
role in integrated ICT systems

(4) In summary, ICTs for oil shale include various thermal,

chemical, and diagnostic methods, each of which addresses
specific technical challenges. Although none of these tech-
nologies are fully ready for global commercial use, this in-
dicates that shale oil can be extracted in a cleaner, scalable,
and potentially cheaper manner than traditional surface
mining. NAICP currently leads these technologies in terms of
efficiency, while diagnostic techniques such as THz
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spectroscopy offer the potential to improve monitoring and
optimization over time.

In situ oil shale conversion technologies hold significant
potential but require further research to move from exper-
imental concepts toward commercial reality. Advancements
in injection strategies, diagnostic tools, and water-based
methods, together with robust THCM modeling and pilot-
scale demonstrations, are essential for improving effi-
ciency, ensuring sustainability, and establishing oil shale as
a viable and environmentally responsible energy resource.
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Abbreviation

AMS

Anisotropy of Magnetic Susceptibility

BDE Bond Dissociation Energy

CCR Control Convection Retorting

CEOR Cumulative Energy-to-0Oil Ratio

CRUSH Chevron’s technology for the Recovery and Upgrading
of Oil from Shale

CT Computed Tomography

ECR Energy Conversion Ratio

EM Early Mature

EOR Enhance Oil Recovery

EPE Effective Pyrolysis Energy

FTIR Fourier Transform Infrared Spectroscopy

GC-MS Gas Chromatography-Mass Spectrometry

GFC Geothermic Fuel Cell

HVF High-Voltage Power Frequency

ICFD In situ Fracturing Chemical-Developing technology

ICP In Situ Conversion Process

IEP In Situ Extraction Process

[IST-VTPC India Institute of Space Science and Technology-
Vacuum Thermal Pyrolysis Chamber

[ITRI [llinois Institute of Technology Research Institute

IM Immature (IM)

IR Infrared

IVE In-Situ Vapor Extraction

LETC Laramie Energy Technology Center

LLNL Lawarence Livermore National Laboratory

LM Late Mature

Micro-CT Micro-Computed Tomography

MIS Modified In Situ

MM Middle Mature

MTI Modified Thermal Injection

MS Mass Spectroscopy

MWE Mountain West Energy

NAICP Nitrogen-Assisted In-situ Conversion Process

NCW Near-Critical Technology

NMR Nuclear Magnetic Resonance

OM Over Mature
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RF Radio Frequency

RF/CF Radio Frequency/Critical Fluids
SCW Super Critical Water

SEM Scanning Electron Microscopy

Tci First Critical Temperature

Tcf Final Critical Temperature

TEM Transmission Electron Microscopy
TGA Thermogravimetry Analysis

THCM Thermo-Hydro-Chemical-Mechanical
THz Terahertz

THz-TDS Terahertz-Time Domain Spectroscopy
TIS True In Situ

TOC Total Organic Carbon

TPH Total Petroleum Hydrocarbons

TS Simulated Temperatures

TS-A Topochemical Synthesis-Air

TTA Thermal Terahertz Analysis

TYUT Taiyuan University of Technology
XuCT X-ray Microcomputed Tomography
XRD X-ray Diffraction
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