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ABSTRACT

As an unconventional resource, oil shale possesses abundant reserves and significant potential for in-
dustrial applications. The rational and efficient development of oil shale resources holds immense
importance in reducing national energy demand. In-situ catalytic technology, characterized by its high
efficiency, low pollution, and minimal energy consumption, represents a key direction for future oil shale
development. This paper provides a comprehensive review of research progress in in-situ oil shale
mining technology, oil shale pyrolysis catalysts, the pyrolysis mechanism of kerogen, and the compati-
bility of different heating processes and catalysts. Furthermore, the paper proposes future research di-
rections and prospects for oil shale in-situ catalytic technology, including reservoir modification, high-
efficiency catalyst synthesis, injection processes, and high-efficiency heating technology. These in-
sights serve as valuable technical references for the advancement of oil shale in-situ catalytic technology.
© 2023 The Authors. 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/

Kerogen pyrolysis mechanism
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1. Introduction

In the face of the critical situation regarding oil and gas re-
sources, finding diverse and suitable alternatives to replace the
depleting reserves has become a crucial strategic concern for na-
tional energy development. Oil shale, a solid combustible organic
sedimentary rock with high ash content and oil content exceeding
3.5%, can be obtained through low-temperature distillation, typi-
cally possessing a calorific value higher than 4.18 M]J/kg. It is cate-
gorized as an unconventional oil and gas resource (Hou et al. 2022;
Hu et al., 2014). In China, the geological resources of oil shale have
reached 719,937 million tons, including approximately 47,644
million tons of convertible shale oil, making it a significant strategic
resource for China's energy security. Consequently, oil shale is
considered a vital energy source for future oil and gas replacements
(Aurela et al., 2021; Can et al., 2020; Kalu et al., 2022). China pos-
sesses the world's second-largest oil shale resources, with shale oil
conversion equivalent to 62% of the country's conventional oil re-
sources. Efficient and environmentally friendly utilization of oil
shale resources has thus become an urgent issue.

According to statistics, China's oil shale reserves are abundant
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and widely distributed, totaling 7.2 x 10'! tons. However, based on
the exploration of oil shale quality and maturity, the oil content of
Chinese oil shale is moderately high, with a small proportion of
high maturity. Extracting oil shale is challenging, resulting in an
annual production of only 7.8 x 10° tons in China (Hou et al., 2022;
Fu et al., 2021). To expedite the application and transformation of
oil shale, research efforts are underway both domestically and
internationally. These efforts primarily focus on: (1) high-efficiency
heating technology with composite heating, high-efficiency
downhole heaters, and catalytic enhancement as the core compo-
nents; (2) horizontal well guidance drilling technology with rotary
guidance drilling and precision ranging as the central elements;
and (3) composite reservoir modification technology with CO, dry
fracturing, acid fracturing, and gas drive water sealing as the
essential components.

QOil shale organic matter primarily consists of immature kerogen,
which is a solid material that cannot be directly extracted. To obtain
oil from oil shale, it needs to undergo low-temperature dry distil-
lation (450—500 °C). Pyrolysis technology for oil shale conversion
includes ex-situ and in-situ methods (He et al., 2022). Ex-situ
methods involve extraction, grinding, screening, and pyrolysis of
oil shale. This approach is typically used for mining shallow de-
posits, offering advantages such as low cost and high safety factors.
However, ex-situ mining can only be conducted in open areas,
leading to land occupation and severe ecological damage (Hu et al.,
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2022). The pyrolysis process of oil shale has low conversion effi-
ciency, resulting in resource wastage. Moreover, incomplete pyro-
lytic conversion of casein in oil shale leads to unstable quality and
high viscosity of shale oil. In-situ conversion mining technology for
oil shale involves artificially heating the underground oil shale
reservoir, cracking the solid casein inside the oil shale in-situ into
oil and gas, and then extracting them through specific processes.
This technology offers advantages such as environmental protec-
tion, a small footprint, low development cost, and the ability to
extract deep oil shale resources, making it the future trend in the oil
shale industry (Kang et al., 2022).

Although in-situ mining technology for oil shale has high effi-
ciency and environmental benefits, it consumes a significant
amount of energy with low energy utilization. Catalysts, which can
regulate the reaction process and alter the energy required for
chemical reactions, present a solution to the high energy con-
sumption in in-situ oil shale conversion. Hence, in-situ oil shale
catalytic technology is proposed. In this technology, catalysts are
injected into the reservoir to fully interact with the oil shale,
enabling pyrolysis reactions under the temperature and pressure
conditions of the reservoir, thereby extracting oil and gas from the
formation (Sun et al,, 2019, 2021). It combines in-situ oil shale
extraction technology with catalytic dry distillation technology. In
recent years, scholars have shown significant interest in in-situ
catalytic modification technology for oil shale due to its technical
advantages and promising application prospects.

This paper provides a review of the current status of in-situ
mining technology for oil shale, the mechanism of casein pyroly-
sis, and the research status of oil shale catalysts. It summarizes the
compatibility of different heating methods and pyrolysis catalysts.
Furthermore, it offers suggestions and perspectives on the appli-
cation of in-situ catalytic technology for oil shale, focusing on oil
shale catalyst development, reservoir fracturing technology, related
injection technology, and efficient heating technology.

2. 0il shale in-situ mining technology

The technology for in-situ conversion of oil shale is based on
hydraulic fracturing, whereby the fractured oil shale is subjected to
heating through methods such as hot steam injection, electricity,
combustion, and radiation (Liu, 2019). At elevated temperatures,
the kerogen within the oil shale undergoes pyrolysis, resulting in
the production of shale oil and hydrocarbon gases (Kang et al.,
2020; Hou et al.,, 2022; Xie et al., 2021). The characteristics of
both domestic and foreign oil shale in-situ conversion technologies
are presented in Table 1 in this study.

The differences between shale reservoirs in China and foreign
shale reservoirs have resulted in the adoption of different oil shale
extraction technologies. Currently, abroad, the generally used
technology is ICP (In-situ Conversion Process), whereas in China,
NCW (Near-Critical Water) technology is employed. Among the
most developed in-situ heating technologies for shale reservoirs is
Shell's ICP technology. This technique involves drilling heating and
production wells into shale formations and utilizing downhole
electric heaters with small spacing to uniformly heat the formation
through conduction, reaching temperatures suitable for shale
fracturing. Depending on the well spacing and heating rate, it can
take two to four years for the formation to reach the required
temperatures for extracting shale oil and combustible gas from the
production wells (Xie et al., 2021). ICP technology necessitates
downhole electric heaters capable of withstanding high tempera-
tures and having a long lifespan, as well as specific requirements for
formation suitability. The product of oil content and oil shale
thickness must meet the lower techno-economic limit. Given the
deep burial, thin thickness, and low oil content of Chinese oil shale
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reservoirs, ICP technology is applicable when short horizontal well
technology is required. Currently, China is actively conducting field
research on oil shale extraction technology. For instance, Jilin
University has developed the Near-Critical Water Shale In-situ
Conversion Technology (NCW method), which has shown prom-
ising results (Kang et al., 2020), as depicted in Fig. 1. The NCW
method involves using a downhole heater to heat the injection
water to near-critical water conditions (374 °C, 22.1 MPa) or a su-
percritical state. The near-critical water is then employed as a heat
and mass transfer medium and extractant to penetrate, permeate,
and swell the oil shale formation, while simultaneously fracturing
the kerogen's organic matter within the oil shale. This process al-
lows the generated oil and gas products to be extracted from the
wellbore. Furthermore, near-critical water possesses advantages
such as high activity, strong heat and mass transfer capabilities, and
environmental friendliness. Therefore, it represents a green and
energy-saving new technology for the subsurface in-situ trans-
formation of oil shale.

3. Mechanism of kerogen pyrolysis

The main constituent of oil shale is kerogen, which is tightly
bound with inorganic minerals and requires physical and chemical
methods for separation from the oil shale. Kerogen is a highly
complex organic polymer with an average molecular weight of
several thousand daltons, and is insoluble in organic solvents. The
conversion of kerogen is responsible for the production of fractured
shale oil (Jagadisan and Heidari, 2022; Ma ]. et al., 2022; Thana
et al, 2022). Fig. 2 illustrates molecular simulations of kerogen
from Estonia and China's Huadian region. The molecular model of
kerogen in the figure reveals that the carbon content of Chinese
shale kerogen is significantly lower, while the sulfur content is
higher, as compared to foreign kerogen. Therefore, it is important to
elucidate the pyrolysis mechanism of kerogen based on its unique
characteristics.

Different in-situ oil shale extraction techniques employ various
heating methods, but they all rely on the thermal cracking of
organic matter within the oil shale to produce shale oil. Zhang et al.
(2023) elucidated the molecular structure of kerogen through
elemental analysis and '>C nuclear magnetic resonance (>C NMR),
and developed four representative molecular models of kerogen. To
further investigate the pyrolysis mechanism of kerogen, re-
searchers utilized these average molecular structures to calculate
and analyze reactive sites and pyrolysis behavior by constructing
two-dimensional (2D) and three-dimensional (3D) reaction models
of kerogen. As aresult, they proposed a three-stage pyrolysis theory
for kerogen (Qing et al., 2022; You et al., 2019; Zhang et al., 2021).

The first stage involves the breaking of chemical bonds, with
weaker bonds being broken first, including —C—0—, —C—S— con-
nected —C—C— bond bridges, and heteroatoms such as N and S
within aromatic structures. In the second stage, the pyrolysis of
broken kerogen fragments occurs, primarily involving the substi-
tution of aromatic structures with hydrocarbons, long straight-
chain hydrocarbons, and cyclic chain hydrocarbons, which
possess greater stability compared to the first stage. The third stage
involves the recombination of aromatic rings and the crosslinking
of free radicals. Fig. 3 illustrates the kerogen pyrolysis model.

Based on ReaxFF molecular dynamics simulations, Zhao H. et al.
(2022) discovered that water molecules may participate in chem-
ical reactions during kerogen pyrolysis under super-heated steam
conditions. These reactions include the decomposition of carbon
and heavy shale oil, ring-opening reactions of heterocyclic com-
pounds, transfer and exchange of OH radicals, and the formation of
various products (e.g., hydrocarbons, alcohols, NH3, H,S, and Hj)
through the attack of free radicals or fragments. Zhang et al. (2022)
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Table 1
Technical characteristics of oil shale in situ conversion.
Heating Technology  Unit On- Advantages Disadvantage References
method site
trial
Heat of In-situ U.S. Bureau of Mining Yes Fast heating speed; energy high utilization Complex control process Feng et al. (2011);
reaction combustion Bai (2015)
heating
TSA Jilin University Yes
Technology
Conduction ICP Shell Corporation Yes Flexible heating method; the equipment is Heat transfer is slow; long heating time  Jagodzinska et al.
heating Technology relatively simple; easy to control (2021)
Electrofrac™ Exxon M. / Symington et al.
Corporation (2010)
GFC IEP Corporation No Kang et al. (2020)
Technology
HVF Jilin University No Fast heating Research and development stage, short Yang (2014)
Technology heating distance
Convection CRUSH Chevron Corporation No High heating efficiency; oil and gas products are Great heat loss in the conveying process; Wang et al. (2013)
heating Technology easy to produce; cracking gas can be recycled the produced gas needs to be separated
CCR American Shale Oil |
Technology  Corporation
IVE Western Mountain  No Fang et al. (2009)
Technology  Energy Corporation
MTI Taiyuan University of No Kang et al. (2020)
Technology  Technology
NCW Jilin University No Sun et al. (2021)
Technology
Radiant RF/CF Raytheon No The heating area can be selected; high energy The technology is not mature; the radiated Wang et al. (2013)
heating Technology  Corporation utilization energy has a limited transmission range
LLNL Lawrence Livermore No Sun et al. (2021);
Technology  National Laboratory Yang et al. (2021)
Microwave  Phoenix Wyoming No
Technology  Corporation
Water
Controller I Gas

Oil & gas

Estonia Cyz1He3sNO44S4Cl

Huadian CassHassNsO25S;

Fig. 2. Molecular structure of kerogen (You et al., 2019; Tian et al., 2022).
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Fig. 3. Pyrolysis model of kerogen (Lai et al., 20173, b).

analyzed over 500 unique kerogen model compounds in different
chemical environments.

The results indicate that although the bond dissociation energy
(BDE) values for each key bond type exhibit a wide range of values
and overlap, the trend follows
C—S < C—N < C—0 < C—C < C—H < C=C. This trend can serve as a
reference for the order of bond cleavage during kerogen pyrolysis.
However, it should be noted that apart from the stability of free
radical fragments, the BDE also relies on the chemical environment
of the bond under investigation. Therefore, investigating different
bonds within the kerogen macromolecular model can help unveil
the sequence of bond cleavage during kerogen pyrolysis. The active
sites of chemical bond cleavage in the three-stage theory of kerogen
pyrolysis primarily depend on the stability of bonds within the
kerogen structure. The proposed first-order broken chemical bond,
based on bond energy, exhibits low BDE and predicts the reaction
activity of kerogen from a thermodynamic perspective. However,
during the actual pyrolysis process, kerogen pyrolysis involves
complex free radical reactions, and considering only the position of
broken bonds based on bond energy is incomplete (Liu et al., 2022).
Instead, the fracture tendency and capability of each reaction site
within the molecular structure should be analyzed. By calculating
the electronic properties of the kerogen parent material's molec-
ular structure model, information regarding the electron density
distribution of the carbon skeleton and heteroatomic compounds,
as well as the frontier orbital characteristics of the molecular
model, can be obtained. This enables a discussion of the chemical
reactivity of the kerogen parent material, ultimately revealing the
true chemical reaction mechanism during the pyrolysis process.

4. Research and development of oil shale pyrolysis catalysts

During the pyrolysis process of oil shale, the low conversion
efficiency of kerogen in oil shale can have a negative impact on the
quality of shale oil, leading to oil instability and high viscosity.
Therefore, various catalysts have been used in catalytic pyrolysis
experiments to promote the conversion of kerogen and improve its
efficiency, as depicted in Fig. 4. Currently, research on oil shale
pyrolysis catalysts is still in the laboratory stage and mainly in-
volves the use of metal salt, mineral, and molecular sieve catalysts.
This review provides a summary and analysis of the progress made
in the research and development of oil shale pyrolysis catalysts, and
concludes by highlighting the future development direction of oil
shale catalysts.
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4.1. Transition-metal salts

Transition-metal salt catalysts are widely used in oil shale py-
rolysis due to their ability to form complexes and break bonds (Pan
et al,, 2021; Jiang et al., 2015). Metal oxides such as Fe, Co, Zn, and
Ni, as well as chlorides, have been found to improve the pyrolysis
efficiency of oil shale, generate hydrogen-free radicals, and increase
the yield of shale oil (Chen et al., 2022). As illustrated in Fig. 5, the
study conducted by Song (2016) explores the catalytic thermal
decomposition effects of different transition metal salts on oil
shale. The findings reveal that these metal salts serve as effective
catalysts, significantly reducing the pyrolysis temperatures across
various thermal breakdown intervals of the oil shale. Notably, co-
balt salts exhibit the most pronounced effect, decreasing the acti-
vation energy required for oil shale pyrolysis by approximately 20%.
Jiang et al. (2020) investigated the coupling of montmorillonite and
CoClye6H,0 and found that it significantly affected the pyrolysis
behavior, product distribution, and liquid fuel characteristics. The
presence of CoCl,e6H,O and montmorillonite increased the
decomposition temperature of kerogen and decreased the apparent
activation energy, with the average apparent activation energy
reduced by approximately 122.42 kJ/mol. Pan et al. (2006) studied
the pyrolysis effect of inorganic salts in the formation of kerogen
and found that most inorganic salts had catalytic effects, while only
a small number of chlorinated salts inhibited the pyrolysis of
kerogen. Kang et al. (2021) studied the reaction of Huadian oil shale
in FeCl, solution at 350 °C and found that FeCl; played a crucial role
in promoting the cracking of kerogen heteroatomic bonds and the
transport of asphalt in shale matrix. Zhang et al. (2020) found that
under the action of the Ni—Mo/Al,03 catalyst, 84.6% of sulfur was
removed from shale oil at 380 °C, and the yield of modified oil was
higher. Jiang et al. (2015) used a thermogravimetric analyzer to
conduct thermogravimetric experiments on oil shale treated with
different transition-metal salts as catalysts and natural catalysts.
The results showed that all of these substances can promote the
secondary cracking of shale oil. Metal salts can also catalyze the
aromatization of aliphatic hydrocarbons to aromatics. The effects of
metal salts on the deactivation energy of the three stages of oil
shale pyrolysis were different, and the catalytic effects of different
types of catalysts on oil shale were compared. For example,
MnSO4eH;0 and CoCl,e6H,0 can reduce the temperature of the
first stage of oil shale pyrolysis. When 0.1 wt% MnSO4eH;0 and
CoCl,e6H,0 were added, the activation of the second stage of py-
rolysis (430—520 °C) was reduced by 3.621 and 5.964 kJ/mol,
respectively, and the oil yield was increased by 0.44% and 0.53%,
respectively. In addition, NiCl,e6H,0 reduced the activation energy
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Fig. 5. Catalytic effect of different types of transition metal salts on oil shale (Song, 2016).

of oil shale pyrolysis and promoted the conversion. FeCl,-4H;0 and
ZnCl;, had little effect on the decomposition behavior of oil shale.
Metal salts also promote the aromatization of aliphatic hydrocar-
bons into aromatics.

4.2. Natural minerals

As previously mentioned, oil shale is comprised of both organic
and inorganic minerals. Inorganic minerals typically constitute
50%—85% of oil shale, primarily consisting of silicates, carbonates,
quartz, and pyrite (Thiéry et al., 2015; Yan et al., 2013). The presence
of inorganic compounds tightly bound to organic matter increases
the challenge of organic decomposition (Lu et al., 2019). Yan et al.
(2022) investigated the influence of mineral content on the acti-
vation energy of oil shale pyrolysis. They treated the oil shale with
hydrochloric acid (HCl) and hydrofluoric acid (HF) to obtain
kerogen, and conducted thermogravimetric analysis using a ther-
mogravimetric analyzer. The results demonstrated that inorganic
minerals in oil shale can exert a catalytic effect on pyrolysis. Wang
et al. (2014) and Alstadt et al. (2012) examined the impact of
minerals on the volatile yield and composition of oil shale. Their
findings revealed that hydrofluoric acid elution of oil shale en-
hances the pyrolysis conversion of organic matter, while hydro-
chloric acid elution reduces the pyrolysis conversion. Nitric acid
elution, however, has no effect. Pyrolysis of acid-treated shale
indicated that carbonate minerals exhibit a catalytic effect on
organic pyrolysis, while silicate minerals have an inhibitory effect,
with the inhibition effect surpassing catalysis. Furthermore,
experimental results confirmed that different alkali metal carbon-
ates have varying catalytic effects on oil shale. Magnesium car-
bonate (MgCOs3;) demonstrated outstanding catalytic effects on
organic matter during the initial stage of pyrolysis compared to
other alkali metal carbonates (Pan et al., 2009; Kang et al., 2020). In
order to gain a better understanding of the interaction between
organic matter and minerals during oil shale pyrolysis, Huadian oil
shale was treated with a mixture of hydrochloric acid and
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hydrofluoric acid. The results indicated that mineral compounds
have minimal impact on the decomposition of organic matter but
do influence volatile reactions. Calcium carbonate (CaCO3),
kaolinite, and titanium dioxide (TiO,) exhibited negligible effects
on volatile reactions, while potassium carbonate (K>COs3), sodium
carbonate (NayCO3), and manganese carbonate (MnCO3) promoted
volatile reactions.

Hu et al. (2014) conducted a study on the co-pyrolysis behavior
of kerogen and montmorillonite. The results revealed that mont-
morillonite exhibited significant catalytic activity during the py-
rolysis of kerogen, leading to enhanced shale oil formation and
reduced residue yield. Consequently, montmorillonite can be
regarded as a promising natural catalyst. Additionally, it was
observed that the presence of kaolin facilitated the conversion of
kerogen into low molecular weight shale oil, while calcite hindered
the formation of shale oil. Li et al. (2022) and Yan et al. (2013)
discovered that pyrite promoted the pyrolytic transformation of
oil shale. When 8% pyrite was added, the yield of pyrolytic oil and
gas from oil shale increased by 4.5% and 3.3% respectively. Lai et al.
(2017) investigated the catalytic pyrolysis of shale ash on oil shale
and observed that as the pyrolysis temperature increased from
465 to 525 °C, the utilization of shale ash significantly increased the
content of light oil by 10.24%, reduced the content of heteroatomic
compounds, and facilitated the transformation of aliphatic hydro-
carbons to aromatic hydrocarbons.

4.3. Molecular sieves

Molecular sieves, as a novel catalyst with a unique pore struc-
ture, have gained widespread application in the chemical process
industry. Currently, the commonly utilized molecular sieves
include SAPO-11 molecular sieve, aluminum phosphate molecular
sieve, ZSM-5 molecular sieve, TS molecular sieve, MCM molecular
sieve, SBA molecular sieve, among others (Zhang et al., 2017).
Molecular sieves possess several advantages such as a uniform pore
size, large specific surface area, and stable structure, making them
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highly effective in catalyzing oil shale (Huang et al., 2020). Fig. 6
depicts the catalytic mechanism of the SAPO-11 molecular sieve.
The presence of acidic sites within the SAPO-11 framework facili-
tates the catalytic cracking and isomerization of hydrocarbon
molecules. These acidic sites donate the requisite protons for such
reactions, resulting in the cleavage of carbon-carbon bonds and the
reorganization of the hydrocarbon molecular structure.

Kaur and Kumar Chopra (2023) discovered that MCM-41 ex-
hibits catalytic properties in the pyrolysis of oil shale and is
extensively employed in hydrocarbon conversion processes such as
aromatic dealkylation, cracking, and hydrocracking. MCM-41 also
demonstrates unique cracking selectivity, leading to increased
shale oil production. Park et al. (2021) employed gas
chromatography-mass spectrometry to investigate the catalytic
pyrolysis of acidic zeolite mixed with black pine wood (BPW) and
Cook oil shale (KOS). The findings indicate that in non-catalytic
pyrolysis, the production of oxygen compounds and light hydro-
carbons primarily originates from BPW and KOS. However, during
catalytic pyrolysis, these substances are transformed into aromatic
hydrocarbons on acidic zeolites. BPW and KOS can yield up to 56%
aromatic hydrocarbons during the pyrolysis process. Heracleous
et al. (2019) examined the impact of ZSM-5 zeolite catalyst on py-
rolysis temperature, residence time, and catalyst regeneration on
the yield and composition of shale oil. The results indicate that the
addition of the catalyst increases the content of gas products and
shale semi-coke while reducing the yield of shale oil. This promotes
the conversion of long-chain alkanes and olefins into low-
molecular-weight, short-chain alkenes, and significantly reduces
the total nitrogen and sulfur content in the catalytic oil. The catalyst
can be recycled, and regeneration up to five times has minimal
effect on the catalytic pyrolysis performance. Fan et al. (2023)
investigated the influence of AI-SBA-15 molecular sieve catalyst
on pyrolysis temperature and the reduction of pyrolysis activation
energy. The results reveal that the activation energy for organic
matter conversion in shale decreases from 113.80 to 37.28 kJ/mol
with the addition of the catalyst. Consequently, the transformation
temperature of shale oil decreases, the reaction rate increases, and
the energy consumption for in-situ upgrading diminishes.

Petroleum Science 21 (2024) 1385—1395
5. Uniformity of catalyst and heating mode

Shale oil is subjected to various heating methods, necessitating
the compatibility between catalysts and heating techniques. For
instance, electric heating involves filling fractures with conductive
proppants to create an electric heater. Heat is then transferred to
the oil shale through these electrically conductive proppants via
heating wells, resulting in the conversion of kerogen into shale oil
and combustible gas, which are subsequently recovered from
production wells (Kyung et al., 2017). Therefore, the catalyst should
not compromise the conductivity of the proppants used in con-
vection heating, which is crucial for the formation of shale oil and
combustible gas carried by low-temperature steam. Ideally, the
catalyst should enhance proppant conductivity while ensuring its
catalytic effectiveness. Metal salts and certain metal oxides are
examples of such catalysts. In convection heating technology, high-
temperature steam (400—700 °C) is injected into the oil shale for-
mation through heat injection wells, leading to the cracking of
kerogen and the release of oil and gas, which are then extracted to
the surface through production wells for separation (Hou et al.,
2022). In this case, there should be minimal interaction between
the catalyst and high-temperature steam to prevent catalyst
poisoning and deactivation. Alternatively, high-temperature steam
can be used to inject the catalyst into the formation. Thus, for the
use of convection heating technology, the catalyst should possess
characteristics such as small size, high-temperature resistance, and
low reactivity with high-temperature steam. Molecular sieve cat-
alysts are an example of such catalysts. The implementation of
radiative heating technology involves placing a radio-frequency
emitter in the oil shale layer to heat it, followed by the injection
of supercritical CO; as a carrier. This process transports the oil and
gas generated from the oil shale to the production well for recovery
(Liu et al., 2009). In this case, the catalyst is required not only to
enhance the radio-frequency heating effect but also to improve
catalytic cracking. Fe304 is an example of such a catalyst. Reaction
heating technology involves improving the permeability of the
formation through fracturing or explosion after surface drilling,
followed by heating the oil shale to crack and burn it, and
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ultimately extracting shale oil and gas from the production well
(Wang et al,, 2013). This technology does not impose stringent
catalyst requirements; rather, it necessitates a catalyst with good
catalytic effectiveness that can be easily injected into the formation.

6. Research prospect of in situ catalysis technology under oil
shale

Currently, in China, the in-situ catalytic technology for oil shale
extraction is still in the research stage, lacking fundamental theo-
retical research, technological research, and field application.
Building upon previous research findings, future efforts should
focus on enhancing the understanding of the mechanism behind
kerogen thermal transformation and investigating new catalysts
suitable for in-situ oil shale conversion, as well as exploring related
injection processes. This paper presents the prospects of in-situ
catalytic technology for oil shale in the future, encompassing four
key aspects: catalyst development, reservoir reconstruction tech-
nology, catalyst injection technology, and high-efficiency heating
technology.

6.1. Development of new catalysts

Experiments have demonstrated that the utilization of catalysts
can effectively reduce the cracking temperature of kerogen,
enhance in-situ conversion efficiency, and improve oil quality. This
approach serves as an effective means to reduce production costs
and increase oil recovery. Currently, research on oil shale pyrolysis
catalysts remains primarily in the laboratory stage, both domesti-
cally and internationally, with limited investigation into their
applicability and effectiveness in the in-situ conversion process.
Consequently, there is a pressing need to develop catalysts that are
facile to employ and exhibit high efficiency. The catalytic process of
oil shale involves the coexistence of catalytic cracking reactions and
thermal cracking reactions, representing a scenario where both
positive carbon ion mechanisms and free radical mechanisms are at
play. As a result, it is imperative that the pyrolysis catalysts possess
acid catalytic properties (Li D. et al., 2021).

In the future, catalysts will emerge as the primary focus of
catalytic pyrolysis of oil shale. Firstly, abundant nano-catalysts will
be developed. Nano-catalysts can readily penetrate the reservoir,
while their surface active sites provide the necessary conditions to
significantly enhance reaction efficiency, control reaction rates, and
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even enable previously unattainable reactions (Davoodi et al.,
2022; Simao et al., 2022), as depicted in Fig. 7. Secondly, building
upon existing knowledge, supported catalysts incorporating mo-
lecular sieves, biomass, montmorillonite, and Al,O3 as supports will
be developed. The active component and support comprise the
loaded catalyst, wherein the dispersion of the active component is
improved upon loading the support. This approach allows for
reduced catalyst dosage, effective mitigation of active component
aggregation through the pore structure of the support, and syner-
gistic effects between the catalyst carrier and active component in
specific reactions. These exceptional characteristics have led to a
rapid increase in research interest in supported catalysts. Thirdly, to
enhance the applicability and effectiveness of the in-situ conver-
sion process, it is crucial to independently research and develop
water-soluble, micro/nano-sized effective catalysts that can be
easily transported. Moreover, a feasible in-situ catalyst injection
process should be developed (Fig. 7).

6.2. Reservoir fracturing technology

Oil shale in-situ catalysis technology primarily involves thermal
catalysis, thus the construction of fracture networks in oil shale
reservoirs should facilitate heat transfer while minimizing heat
loss. Shale reservoirs are characterized by their continuous distri-
bution, low porosity, ultra-low permeability, and high brittleness
(Kang et al., 2022; Ma T. et al., 2022; Tang et al., 2022). The distri-
bution of organic matter within oil shale directly impacts the mode,
speed, and efficiency of shale gas and oil extraction (Zamiri et al.,
2022). The extraction of oil and gas derived from kerogen trans-
formation relies on pore and fracture networks, and the develop-
ment of these networks determines the difficulty of oil and gas
exploitation (Yuan et al., 2021; Huang et al., 2022). The connectivity
between pores and fractures in oil shale is a crucial factor in the
effectiveness of in-situ oil conversion technology. Therefore,
reservoir transformation is an essential step in the in-situ conver-
sion of oil shale. Additionally, the connectivity between pores and
fractures also determines the feasibility of catalyst injection into
the formation.

Currently, fracturing technology is a viable method for trans-
forming oil shale reservoirs to meet the technical requirements of
in-situ conversion and controllable exploitation. Multi-process
fracturing technology is employed to achieve accurate volume
reservoir transformation, considering the multi-section thin layer
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distribution of oil shale deposits. Fracturing strength is designed
based on mineral deposit storage conditions and the heating range
of in-situ conversion technology. Real-time monitoring and control
of the expansion direction of dominant fractures ensure optimal
economic benefit development through fracturing. It is crucial to
improve the compatibility of fracturing fluid, ensuring the flow
channel for oil and gas output in oil shale reservoirs with strong
water sensitivity and clay mineral expansion during pyrolysis
production (Liang et al., 2017; Qun et al., 2019; Zhao et al., 2019;
Chen et al., 2021).

Shale gas well fracturing typically involves large-scale opera-
tions with a significant amount of sand and low sand ratios. Hori-
zontal well completion and multi-segment cluster perforation,
along with drill-type bridge plug sealing segmented fracturing,
have become key technologies for modifying shale gas reservoirs
(Sun et al., 2011). The industry is currently exploring high-precision
fracturing technology and fabric seam optimization technology
guided by big data and artificial intelligence. However, further
research is required to develop fracturing technologies that truly
meet the demands of the field. Quantico Energy Company in the
United States has utilized artificial intelligence technology to
closely integrate static models with geophysical interpretations and
quality control of data, resulting in a high-precision prediction
model for fracturing design. This model has been successfully
applied to over 100 wells in the Permian Basin and the Bakken
Oilfield, showcasing increased production by 10%—40% and effec-
tive reduction of overall fracturing operation costs (Fig. 8) (Jiang
et al,, 2022).

In the future, improvements to existing fracturing technologies
are necessary. To meet the technical requirements of in-situ
transformation and controlled production of oil shale, multi-
process fracturing technology should be employed to achieve
reservoir transformation. The development of intermediate and
low-maturity shale resources also necessitates the combination of
volume fracturing of horizontal wells and in-situ conversion tech-
nology (Huang et al., 2022; Sun et al., 2022). Close-cutting frac-
turing of horizontal wells, CO, dry fracturing, acidification
fracturing, and in-situ transformation technology should be
comprehensively applied to monitor and control the expansion
direction of dominant fractures in real-time, enabling economic
and efficient development (Clarkson et al., 2016; Song et al., 2014;
Wang et al.,, 2022; Zhao F. et al., 2022; Ren et al., 2021).

Fig. 8. High-precision intelligent fracturing schematic (Jiang et al., 2022).
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6.3. Relevant injection processes

Due to the continuous distribution, low porosity, and ultra-low
permeability of shale reservoirs, injecting catalysts presents a
challenge. As shown in Fig. 9, Guo et al. (2016) proposed that cat-
alysts can be injected into the formation by utilizing fluid-carrying
nanocatalysts. In the technology of oil shale in-situ catalysis, the
injection of a catalyst directly determines the catalytic effect. Some
catalysts, such as water-soluble or liquid catalysts, can be injected
into the formation along with the fracturing fluid. For solid cata-
lysts, nano-type catalysts can be prepared using suitable methods,
allowing the nanoparticle catalysts to be distributed through the
porous medium. The injected catalyst can form a catalytic bed
around the injection well, spreading over a large range and aging
for an extended period (Wang et al., 2020). Gas carrying methods,
such as CO, injection, can also be utilized to deliver catalysts into
the formation. Furthermore, Zhao et al. (2021) conducted molecu-
lar dynamics simulations to study the CO,-kerogen interaction
dominated by countercurrent diffusion. They found that the inter-
action between kerogen and CO, is stronger than the interaction
between kerogen and hydrocarbons, resulting in a spontaneous
countercurrent diffusion process. This efficient extraction of hy-
drocarbons from kerogen improves the recovery of shale oil (Li H.
et al, 2021) and also indicates the significant potential for CO;
storage in shale formations (Zhou et al., 2022). Related injection
processes vary according to the injection pipeline, including in-
jection wells, Direct Push, pumping well groups, and groundwater
circulation wells. Injection types can be gravity injection or pres-
surized injection. Injection depths can be single-depth injection
wells or multi-depth injection wells. Depending on the specific
project, different combinations of methods are required (Wu et al.,
2021; Yang, 2019). For different blocks of oil shale, joint indoor
experiments and field experimental studies are necessary to
determine the optimal catalyst injection dosage based on the block
conditions. It is crucial to fully consider the characteristics of the
formation structure, determine the appropriate depth and location
of the catalyst injection well, and ensure thorough mixing of the
catalyst with the oil shale in the formation. However, the injection
of catalysts may introduce other safety hazards, such as formation
pollution, corrosion of mining equipment, and damage to gathering
and transportation pipelines. Therefore, before adopting oil shale
in-situ catalytic modification technology, it is essential to thor-
oughly identify, analyze, and evaluate the risk factors associated
with the mining process and formulate relevant improvement
measures and protective methods.

6.4. Efficient heating technology

Qil shale in-situ catalysis is essentially a thermal catalysis pro-
cess, and efficient heating technology is a crucial aspect of shale oil
extraction. Currently, the primary heating methods employed in
situ mining technology include reaction heating, conduction
heating, convection heating, and radiation heating. Regardless of
the heating method used, significant energy loss occurs. The Shell
ICP technology is a relatively mature in-situ heat generation tech-
nology for oil shale, which employs a single physical heat transfer
method but suffers from low thermal efficiency and high cost.
Similarly, alternative heating techniques may be integrated, such as
the synergistic application of surface and subsurface heating,
multi-stage physicochemical composite heating, and autogenous
heat-driven chain pyrolysis utilizing in-situ composite thermal
fluid heating technology. This integration aims to create comple-
mentary heating strategies that bolster efficiency, augment
resource utilization, and substantially diminish the costs associated
with in-situ development. However, it should be noted that not
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Fig. 9. Simulation of nano-catalyst injection into the formation (Guo et al,, 2016).

every combination of two or more single intensification techniques
can produce better heat transfer enhancement than a single
intensification technique. For example, studies have shown that the
average Nusser number of spiral coils with inner fins is lower than
that of ordinary spiral coils. To confirm the effectiveness of
enhanced heat transfer and obtain the best-enhanced heat transfer,
it must be tested in practice. In the future, wind, solar, hydro,
geothermal, and even nuclear energy will be applied to the in-situ
conversion process of oil shale to improve heating efficiency and
reduce energy loss. The development of oil shale resources using
renewable energy sources is crucial for environmental safety, cost
control, and carbon neutrality.

7. Conclusions

Oil shale resources exhibit three prominent characteristics:
extensive geological reserves, challenging development technol-
ogy, and significant development potential. The current under-
ground in-situ conversion mining technology faces drawbacks such
as low energy utilization and high energy consumption, and is still
distant from commercial application. In-situ catalytic technology
for oil shale involves injecting a catalyst into the reservoir to ensure
complete contact with the oil shale formation. Subsequently, under
the influence of temperature and pressure conditions within the
reservoir, a pyrolysis reaction takes place, enabling the extraction of
oil and gas from the formation. This technology represents one of
the future directions for shale oil extraction. The implementation of
oil shale in-situ catalytic technology is complex and demanding,
necessitating revolutionary advancements in theory, technology,
and equipment. Efficient heating technology, catalyst injection
technology, composite reservoir modification technology, and
catalyst development all require extensive research. Of utmost
importance is the identification of water-soluble and micro-nano
effective catalysts that are conducive to independent research
and development, as well as the establishment of a viable in-situ
catalyst injection process. The integrated development model
encompassing industrialization, environmental sustainability,
informatization, and intelligence is the primary approach for future
in-situ conversion and extraction of oil shale. The objectives of
commercial oil shale development are low cost, high yield, and
minimal pollution. Achieving these goals necessitates a compre-
hensive approach that integrates resources, technology, economy,
and society, requiring systematic research to obtain a comprehen-
sive solution.
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