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Abstract: Petroleum was the most-consumed energy source in the world during the past century.
With the continuous global consumption of conventional oil, shale oil is known as a new growth
point in oil production capacity. However, medium-low mature shale oil needs to be exploited after
in situ conversion due to the higher viscosity of oil and the lower permeability of shale. This paper
summarizes previous studies on the process of kerogen cracking to generate oil and gas, and the
development of micropore structures and fractures in organic-rich shale formations during in situ
conversion. The results show that the temperature of kerogen cracking to generate oil and gas is
generally 300450 °C during the oil shale in situ conversion process (ICP). In addition, a large number
of microscale pores and fractures are formed in oil shale formation, which forms a connecting channel
and improves the permeability of the oil shale formation. In addition, the principles and the latest
technical scheme of ICP, namely, conduction heating, convection heating, reaction-heat heating, and
radiation heating, are introduced in detail. Meanwhile, this paper discusses the influence of the
heating mode, formation conditions, the distribution pattern of wells, and catalysts on the energy
consumption of ICP technology in the process of oil shale in situ conversion. Lastly, a fine description
of the hydrocarbon generation process of the target formation, the development of new and efficient
catalysts, and the support of carbon capture and storage in depleted organic-rich shale formations
after in situ conversion are important for improving the future engineering efficiency of ICP.

Keywords: shale oil; in situ conversion; hydrocarbon generation; micropore structures; carbon
capture and storage

1. Introduction

The latest energy outlook of the EIA (2022) indicates that petroleum will remain the
most-consumed energy source all the way through to 2050. With increasing petroleum
consumption, shale oil may become an important global source of energy, and one of the
frontiers and bright spots of the petroleum industry [1-3]. It is estimated that shale-oil
reserves are as high as 670 billion tons, which is four times the global recoverable oil
reserves (approximately 170 billion tons) [4]. According to thermal evolution maturity,
shale-oil resources are divided into low-medium mature shale o0il and medium-high
mature shale oil [1-3,5]. Medium-high mature shale oil can generally be exploited directly
through hydraulic fracturing due to its good fluidity, while medium-low mature shale
oil needs to be exploited after in situ conversion due to the higher viscosity of oil and the
lower permeability of shale. China is one of the most successful countries in the world in
achieving the commercial-scale exploitation of continental shale oil. In 2021, its production
of medium-high mature continental shale oil was approximately 272.3 x 10* t [3]. The total
amount of shale-oil resources that can be generated from medium-low mature shale oil in
China through in situ conversion is 1016.2 x 10® t (oil equivalent), including 704.2 x 10% t
of liquid hydrocarbon and 312 x 10% t (oil equivalent) of gaseous hydrocarbon, which is
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far greater than the total geological resources of medium-high mature continental shale oil
((130~163) x 108 t) [1-3,6]. Therefore, shale oil developed from medium-low mature shale
via in situ conversion has significant oil and gas resources, and may become an important
growth point of the petroleum industry.

Organic-rich shale, including oil shale, is a fine-grained sedimentary rock that contains
a great quantity of kerogen [2]. When the maturity of organic-rich shale is low, most of the
organic substances are kerogen, which is insoluble in traditional organic solvents; when the
maturity of the shale is high, kerogen is cracked to produce oil or natural gas [7]. Therefore,
the acquisition of medium-low mature shale-oil resources requires the artificial pyrolysis
of kerogen to convert it into gaseous or liquid resources. Kerogen cracking to generate oil
and gas is a complicated chemical process that is mainly affected by kinetic effects [8,9].
A large number of pyrolytic experiments have been conducted in closed, semiclosed, or
open systems to investigate the hydrocarbon generation process and calculate the kinetic
parameters [7,10-16]. These studies indicated that petroleum products generated from
organic-rich shale depend on the features of shale and pyrolytic conditions. This means that
petroleum products during organic-rich shale in situ conversion can be predicted under
certain pyrolytic conditions after the appropriate kinetic model is established.

In a natural state, medium-low mature organic-rich shale is dense and impermeable,
and there are few naturally developed pores and fractures [17,18]. However, the micro-
pore structure and permeability of these shales significantly change during in situ shale
conversion, which is crucial to the heat conduction and flow of oil and gas [17,18]. There-
fore, it is very important to determine the evolutionary pattern of the pore structure, and
form a mathematical model for medium-low mature organic-rich shale in situ conversion
(ICP) [19,20].

There are various methods for heating shales during in situ conversion processes. Ac-
cording to their heating principle, they can be divided into four types: conductive heating,
convection heating, reaction heating, and radiation heating (Table 1). There is no doubt
that shale-oil exploitation technology after in situ conversion is feasible [21-27]. However,
because the in situ conversion of oil shale oil is a very energy-consuming process, the heat-
ing mode, distribution pattern of wells, and catalysts can significantly affect the economy
of oil shale in situ conversion. In the present study, the principle and technique actuality of
oil shale in situ conversion, the changes in petroleum products, and the evolution of the
micropore structure and fracture characteristics during low-maturity organic-rich shale in
situ conversion are summarized.

Table 1. Summary of the classification and status of oil shale in situ conversion technologies.

Heating Method Process Last Status Reference
In situ conversion process (ICP) Demonstration [19,20,28]

Conduction Electrofrac™ Planned field experiment [20,29]
Geothermic fuel cell (GFC) Laboratory simulation [20,30,31]

High voltage—power frequency electric heating (HVF) Laboratory simulation [32,33]

CRUSH Abandon [20,34]

CCR Abandon [34]

Convection In situ vapor extraction (IVE) Field experiment [20,35]

MTI Planned field experiment [20,36-40]

Near-critical water (NCW) Field experiment [34,35,41]
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Table 1. Cont.

Heating Method Process Last Status Reference
Ture in situ (TIS) Abandon [20,42,43]
Modified in situ (MIS) Abandon [20,42,43]
Reaction Autothermic pyrolysis in situ conversion (ATS) Field experiment [18,44,45]
Reaction heat of calcium oxide and water Thesis [46]
. Radio frequency and supercritical fluid (RF/CF) Laboratory simulation [20,47]
Radiant Microwave Planned field experiment [20,47,48]

2. Pyrolytic Process of Organic-Rich Shale

According to the reported in situ conversion experiments of organic-rich shale, the
thermogravimetric (TG) curve and differential thermogravimetric (DTG) curve share simi-
larities [20,25,49-53]. On the basis of the TG and DTG curves (Figure 1), organic-rich shale
in situ conversion can be divided into three stages: low-, medium-, and high-temperature.
Although there are different types of shale and different heating rates, the temperature
threshold of the three zones has slight changes, each stage has the same change trend,
and the physicochemical reaction process and mechanism of each stage are also very
similar [25,53].
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Figure 1. TG (black line) and DTG (red line) curves of oil shale (modified from [25]).
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2.1. Low-Temperature Stage

The low-temperature stage ranges from the beginning of heating to the initial cracking
temperature (ICT) when kerogen in the shale begins to pyrolyze [25,49,50]. The value
of the initial critical temperature is generally approximately 300 °C [44,50,52,53]. At the
low-temperature stage, water inside the shale vaporizes, and little adsorbed gas escapes.
Before 200 °C, the reduction in shale mass is mainly due to the evaporation of free water
and adsorbed water. Between 200 and 300 °C, the reduction in shale mass is mainly due to
the evaporation of crystal water in minerals. In this process, the transformation of water
into gas requires considerable energy, which reduces the heating efficiency [20]. Meanwhile,
inorganic minerals undergo a certain deformation and increase the pore volume under
thermal expansion [52,54]. Therefore, the low-temperature stage is mainly thermophysical
evolution, and there is essentially no oil and gas generation.

2.2. Medium-Temperature Stage

The medium-temperature stage covers the range from organic-matter pyrolysis at ICT
to the final cracking temperature (FCT) (approximately 450 °C), when the kerogen in the
shale was completely depleted [20,25,49,50]. During this stage, a great quantity of shale oil
and gas is generated.

To explore the generation process of oil and gas, the evolution of kerogen pyrolytic
products in a closed system was studied in detail [7,12,14,54]. In general, pyrolytic products
generated from kerogen can be described as follows [7,10-16]:

Kerogen—Cj_5 + Non—HC gases + Cg_14 + Cy5: + NSOs + solid residue 1
NSOs—Cj_5 + Non—HC gases + C¢_14 + Cy5, + solid residue 2)
Ci5:—Cq_5 + Cg_14 + solid residue 3)

Cp_14—C1_5 + solid residue 4)

Cy_5—Cq + solid residue 5)

Figure 2 shows the change in the relative mass content of different products dur-
ing the nonisothermal pyrolysis of a typical kerogen [7]. At the early mature stage
(Easy%Ro < 0.80%), NSO content visibly increases and is higher than the generated HC
component. This result indicates that, at the early stage of primary kerogen cracking,
NSO is mainly produced, followed by Cis5,, C¢_14, and less gas. When Easy%Ro > 0.90%,
the content of NSO decreases significantly, while amounts of Cys,, C4_14, and C;_5 com-
ponents continuously increase. The content of Cys5, and C¢_14 components reaches the
maximum when Easy%Ro is approximately 1.0% and 1.4%, respectively. Therefore, the
content and composition of petroleum products constantly change during pyrolysis. This
shows that, in the process of organic-rich shale in situ conversion, we should select the
right time to collect oil and gas in order to obtain products with the best economic benefits.
The factors affecting the efficiency of in situ conversion mainly include the final pyrolytic
temperature, heating rate, and constant temperature time [7,55]. From the experimental
simulation and field experiments, it can be concluded that the pyrolysis of kerogen has
an initial temperature (ICT) regardless of what kind of shale-oil conversion technology is
used [7,11,20,44,45,49-51,55-57]. Therefore, only when the temperature exceeds the ICT is
the increase in heat carrier energy called effective pyrolysis energy [20]. In other words, the
heating power needs to be high enough during the in situ conversion process.
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Figure 2. Evolution of the mass contents of pyrolytic products from s typical kerogen with
Easy%Ro [7].

2.3. High-Temperature Stage

The high-temperature stage covers the range from the end of the kerogen cracking
reaction until a higher temperature is reached [20,25,49,50]. The high-temperature stage
mainly involves the thermal decomposition of inorganic minerals. At the high-temperature
stage, the pyrolysis of kerogen ends, some clay minerals are dehydrated, and some carbon-
ate minerals are decomposed [25]. However, in situ organic-rich shale conversion is not
heated to this temperature.

3. Evolution of Pore Structure and Fractures during Organic-Rich Shale Pyrolysis

In a natural state, organic-rich shale is compact and impermeable, with almost no
naturally formed pores and fractures [17,18]. This leads to a key problem in shale oil in situ
conversion: how do oil and natural gas products generated by shale migrate within the
shale formation? Although there are relatively mature fracturing technologies that could
form artificial fractures, the economic burden is large. Oil shale has a layered structure,
so hardness perpendicular to the bedding is stronger than that parallel to the bedding,
and the heat transfer coefficient perpendicular to the bedding is lower than that parallel
to the bedding direction [58]. This layered structure of shale provides extremely good
physical conditions for horizontal fracture generation [17,18]. A large number of pores and
fractures are formed during the in situ conversion process [17,18]. Therefore, generated oil
and gas products can be transported to the surface through these fractures and pores. This
requires a detailed study of the evolution and distribution of pore structures and fractures
during in situ conversion. Niu et al. studied the evolution of pore structures and fractures
during Minhe organic-rich shale pyrolysis through three-dimensional surface scanning
imaging and micro-CT imaging technology [17]. They used three-dimensional surface
scanning imaging to obtain the fracture evolution of Minhe shale at temperatures from 185
to 600 °C, and then used microscopic CT imaging to obtain the pore evolution (Figure 3).
The study found that there were almost no fractures, and very few pores in the shale
sample at the low-temperature stage. At the medium-temperature stage, fractures develop
along the bedding and are uniformly distributed in the shale. The number and width of
fractures increase strikingly, with a fracture width of up to 1 mm and a fracture density
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of over 10/cm?. Meanwhile, the porosity increases significantly and reached 30% during
the pyrolytic process. At the high-temperature stage, a large number of early fractures
gradually widen and extend, and partial penetrating fractures are generated that connect
adjacent fractures to form a high-permeability fracture system. The total porosity at the
high-temperature stage is also larger than that in other stages, increasing from 30% to
40% [17]. Many studies reported that the porosity caused by organic-rich shale in situ
conversion is usually in the range of 10-50%, with an average of 36% [17,18,52,59]. The
difference is related to the composition of oil shale because the pore structure is formed by
removing oil, water, carbonate decomposition, and microexpansion fractures [52,60].

O — — i (b)

MIN-$ 400

MIN-%

mES IR

Figure 3. Macroscale 3D surface scanning of (a) fracture development and (b) micro-CT scans
of microfractures and pore development during the heating of Minhe oil shale [17]. (a-h) in (a,b)
Scanned images of samples at temperatures of 185, 300, 350, 400, 440, 475, 500, and 520 °C, respectively.

Many studies have also investigated the evolution of permeability during in situ
organic-rich shale conversion. The evolutionary trends of permeability that is perpendicular
to the shale bedding plane (PEBP) and porosity are different (Figure 4), and the correlation
between porosity and permeability (PEBP) is not high. The sharp increase in porosity
does not correspond to an increase in permeability, indicating that the increase in porosity
has little effect on permeability, which can maintain good vertical sealing ability of the
formation during the pyrolytic process. However, the formation permeability that is parallel
to the shale bedding plane (PABP) is particularly important for the transportation of oil and
gas. Bai et al. reported that the permeability (PABP) of Huadian organic-rich shale after
pyrolysis reached 1.3 mD [18]/ Kang et al. reported that the PABP of Fushun organic-rich
shale after pyrolysis reached 0.2 mD [61]. The permeability values obtained in these studies
differ greatly because different examples, equipment, and experimental parameters were
used, and the permeability of the samples was closely related to the confining pressure and
fluid pressure. According to the ICP field test, the horizontal permeability of the core in the
heating area is approximately 0.1-10 mD, and the corresponding porosity is between 15%
and 25% [62].
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Figure 4. Porosity and permeability (PEBP) of oil shale and solid residues [18]. K represent perme-
ability (PEBP).

The threshold temperature at which pores and fractures sharply increase corresponds
to the ICT of kerogen pyrolysis. When the temperature exceeds the cracking temperature,
kerogen begins to crack, and a great quantity of pores and fractures are produced in the
skeletal structure of the shale that provide a way to transfer the generated petroleum
products [60]. In conclusion, the results of the organic-rich shale pyrolysis experiment
indicate that a great quantity of pores and fractures from micro to macro scales are generated
during in situ conversion, which transforms organic-rich shale from almost impermeable
to permeable. The above review shows that pores and fractures formed in the process of in
situ conversion can support the exploitation of oil and natural gas.

4. Present Situation of In Situ Conversion Technology
4.1. In Situ Conductive Heating Technology

The Shell in situ conversion process (ICP) technology is currently the most mature in
situ conversion technology. ICP technology consists of using an electric heater installed in
a well to heat the target organic-rich shale, so that kerogen in the shale can be cracked to
generate oil and gas (Figure 5). During the heating process, a great quantity of pores and
fractures is produced in oil shale, forming a good horizontal transport channel that can
transport petroleum products to the production wells. Shell successfully exploited high-
quality shale oil in the Colorado Green River, Jordan, and the Mahogany Demonstration
Project using ICP technology [19,20]. The conduction efficiency of using ICP technology
alone to heat organic-rich shale formations is low, which slows down the heating rate.
Generally, it takes one to two years to produce oil, and the heating process consumes a
great amount of energy [28]. A variety of auxiliary processes have been developed, such
as nitrogen assistance and adding a catalyst (porous silicate), which could improve the
heating efficiency [14,63]. Shell also developed the freezing-wall technology to reduce the
loss of heat energy caused by groundwater circulation during heating [64]. Field tests have
confirmed that ICP technology is feasible and has good development prospects, but it has
not been certified on a commercial scale.
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Figure 5. Schematic diagram of Shell’s ICP [34]. Black wavy arrows represent the flow direction of
oil and gas. Red horizontal lines represent the flow channel of oil and gas.

The ExxonMobil Electrofrac™ technology first fractures organic-rich shale with hy-
draulic fracturing, fills the fracture with conductive materials to form thermal resistance,
and lastly applies voltage to the resistance to make the resistance give out heat. After
enough heat energy is transferred to the shale, the kerogen starts to crack and convert
into shale oil and natural gas, which is produced from the production well. Electrofrac™
technology solves the problem of heating device life and increases the heating body area,
but it requires a high-fracturing technology. The Electrofrac™ technology was tested in
a shale-oil field in Coronay Mine, Colorado, USA in 2007, and preliminarily verified the
feasibility of Electrofrac™ technology, but did not produce shale oil [29].

Independent Energy Partners (IEP) proposed a geothermic fuel cell heating technology
(GFC) that uses heat generated by solid oxide fuel cells to heat organic-rich shale. Solid
oxide fuel cells are installed into the target formation through a well. Heat energy released
by the fuel cell heats the shale formation and promotes kerogen cracking. The produced
natural gas can provide fuel to the nearby solid oxide fuel cell to ensure the continuous
operation of fuel cells [30]. GFC technology requires less external energy and releases little
toxic gas [31]. However, the heating efficiency of GFC technology is lower than that of
the ICP technology, and the heating device is complex. The GFC technology is still at the
laboratory demonstration stage.

Jilin University and the Tomsk University of Technology jointly developed a high-
voltage-power frequency electric heating (HVF) technology [32]. This method consists of
first using a high voltage level to cause partial discharge in the shale formation to form a
plasma channel that reduces the resistance of the two electrode areas, and then electrifies
the plasma channel to heat the shale formation. The heating rate of the HVF technology is
very fast. In the laboratory, a 15 cm shale column was heated by HVF technology, and oil
and gas could be generated within 10 min [33]. Similar to GFC technology, HVF technology
is still at the stage of laboratory demonstration.

In short, due to the poor conductivity and heat transfer of organic-rich shale, conduc-
tive heating technology generally takes a long time during in situ shale conversion. In
addition, only a small part of the heat energy is used for the pyrolysis of kerogen, and other
heat energy is lost during the heating process. With the current price of electricity in China,
the cost of electric energy consumed for calculation is higher than the value of the obtained
products, and commercial exploitation cannot be carried out.
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4.2. In Situ Convection Heating Technology

Another direction of in situ conversion is to inject thermal fluid into shale formations
to heat the shale. Chevron first proposed Chevron’s technology for the recovery and
upgrading of oil from shale (CRUSH) that uses artificial fractures to inject high-temperature
fluid media (hot steam, natural gas, CO,) into organic-rich shale formations [34]. The
continuous injection of high-temperature gas heats the shale formation. Chevron planned
to test the feasibility of the technology in the laboratory, but the project was abandoned in
2012 [20].

The American Shale Oil Company proposed the Conduction, Convection, and Reflux
(CCR) technology that uses boiling oil as a convective heating carrier, and comprehensively
uses heat conduction and thermal convection to heat shale formations. CCR technology
first drills a horizontal heating well and a horizontal production well into the shale, and
the heating well is below the production well. The kerogen around the heating well cracks
first, and the generated high-temperature gaseous hydrocarbons flow upward along the
fractures in the shale, and disperse the heat into the formation [34]. Due to the decrease in
international crude oil prices, research on this technology has been discontinued.

The Western Mountain Energy Company developed the in situ vapor extraction (IVE)
technology [35]. IVE technology uses high-temperature gas to heat shale oil in shale
formations and vaporize it, and then the gas carries the evaporated shale oil to the surface.
IVE transports oil to the surface in the gas state, so that the oil and gas generated by
pyrolysis can be more easily extracted. The process was initially tested in the Shannon
formation of the Teapot Dome oil field in the United States. The results showed that, after
30 days of steam injection, a large number of bubbles appeared at the wellhead of the
production well [20].

Kang et al. developed the in situ steam injection technology (MTI technology proposed
by the Mining Technology Institute) [36-38]. The MTI technology consists of using mul-
tiwell hydraulic fracturing technology to connect a heat injection well with a production
well, and then injects a high-temperature-superheated water steam (>550 °C) into the shale
formation along the heat injection, so that the kerogen can be cracked after being heated,
and oil and gas can be carried to the surface through the water steam (Figure 6). After
the waste-heat recovery of the steam, gas, oil, and water are separated by the condensing
system to obtain petroleum products. However, in order to prevent the loss of heating
fluid, MTI has a high requirement for sealing above and below the target formation. Al-
though the energy consumption of heating organic-rich shale with high-temperature and
high-pressure N, CO,, and hydrocarbon gases is lower than that of water steam, primitive
coal energy can be used to generate high-temperature and high-pressure water steam, and
the cost of coal is much lower than the cost of electricity [36]. Meanwhile, in the process of
heating with water steam, high-temperature water steam can provide hydrogen for kerogen
cracking, which increases the output of oil and light components [39,40]. The feasibility
experiment of MTI technology was completed in the laboratory [36], and a pilot test of in
situ mining is planned to be carried out in Fukang, Xinjiang.

Wang et al. developed the near-critical water (NCW) in situ conversion technology [34].
The NCW technology heats water injected underground to a near-critical or supercritical
state through a downhole heater, and then uses the near-critical water as the heat transfer
medium and extraction agent to heat the target formation and carry the petroleum products
to the surface [35]. The process was tested in the laboratory on oil shale samples from
Huadian, Wangging, Fuyu, and Nong’an, and a more than 90% oil yield was obtained [41].
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Floor

Figure 6. Shale in situ convection technology using injected superheated steam (MTI) [37]. Red
horizontal lines represent fractures during the hydraulic fracturing process. The blue and red arrows
represent the flow direction of gas.

4.3. In Situ Reaction-Heat Heating Technology

In the last century, the Laramie Energy Technology Center (LETC) and the Lawrence
Livermore National Laboratory (LLNL) proposed the Ture in situ (TIS) and modified in
situ (MIS) technologies, respectively [42,43]. Both technologies obtain the heat required for
kerogen cracking with the in situ combustion of some organic substances in organic-rich
shale, and exploit shale oil and gas [43]. However, owing to the rising estimate of the project
cost and the oil price downturn, the development of both technologies was essentially
terminated [20].

Guo et al. developed the autothermic pyrolysis in situ conversion process (ATS) for oil
shale in situ conversion, which is a topochemical reaction method [44,45]. The topological
chemical reaction is a chemical heat enhancement process rather than a simple combustion
process. It can achieve the in situ cracking of kerogen without continuous external heating.
TSA technology releases enough heat energy through the topological chemical reaction
between the input limited oxygen and kerogen, so that the kerogen can be cracked to
generate oil and gas under low energy input. TSA technology has a faster heating rate
and less external energy demand, so it is easier to obtain higher economic effects. Due to
the low demand for external energy consumption, TAS technology can also be applied to
low-grade oil shale formation. However, the reaction process of TSA technology is complex
and difficult to control (Figure 7). In 2016, an ATS in situ conversion pilot project was
carried out in the Songliao basin of China to perform technical preparations for commercial
ATS technology application [18]. However, the production yield was very unstable and
produced 1.68 tons of oil in three months [45].
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Figure 7. Optical photos of half-sections of samples after in situ conversion experiments with
ATS [44]. (a) High-temperature nitrogen with a gas flow of 65 L/min is used for heat injection. After
preheating the sample to 300 °C using high-temperature nitrogen with a gas flow of 40 L /min, ambient
temperature oxygen-containing gas with a constant flow rate (5 L/min-21% O; for (b) and 5 L/min-
16% O, for (c)) is injected to trigger the autothermic reaction. The red arrows represent the injection
direction of gas. (1) Residual zone after the oxidation reaction; (2) autothermic zone undergoing the
exothermic reaction; (3) incomplete conversion zone without exothermic oxidation reaction.

Li el at. proposed a new thesis in which calcium oxide (CaO) powder is injected into
shale formations. The reaction of calcium oxide and water (H,O) releases heat that could
heat shale and cause kerogen to crack [46]. Meanwhile, the calcium hydroxide (Ca(OH),)
generated by the reaction of calcium oxide and water has a pore structure that not only
improves the permeability of the reservoir, but also fills the gap generated by the pyrolysis
of kerogen, which increases the stability of the shale [46]. However, the technology is still
at the theoretical stage.

4.4. In Situ Radiant Heating Technology

Raytheon Company proposed radio frequency heating and supercritical fluid extract-
ing technology (RF/CF). The principle of radio frequency heating is that microwaves make
the positive and negative poles of material molecules vibrate and change. The intensity of
this vibration and polarity change heat the molecules up due to collision and friction [47].
RF/CF technology places the RF transmitter in the shale, heats the shale formation with
RF, and then injects supercritical CO; into the shale formation as a carrier to bring the
generated oil and gas to the surface. In addition, Phoenix Wyoming also developed bore-
hole microwave heating technology to heat shale. Many experiments have proven that
high-quality oil products can be obtained when using microwaves to heat shale [47,48].
Compared with traditional heating, the microwave heating of organic-rich shale has the
advantages of short-time consumption, uniform heating, and selective heating. Radiant
heating technology has greatly shortened the heating time and significantly improved the
energy utilization efficiency. However, the equipment cost is high, and much electric energy
still needs to be consumed to generate RF, which also leads to higher economic costs.
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In summary, conductive heating technology is currently the most mature technology
in engineering, with the outstanding advantages of a simple principle and low equipment
cost. However, the outstanding disadvantage is that this method mainly depends on heat
conduction, and the heating rate is slow, which leads to a large amount of heat loss. Convec-
tion heating technology uses the convection of high-heat fluid and heat conduction to heat
the formation, and can also rotate the heat-injection and production wells, which can greatly
shorten the heat conduction distance and improve heating efficiency. Reaction-heat heating
technology uses the energy of organic matter in the shale to heat the formation, which
greatly reduces the consumption of external energy, so that the technology can be applied
to lower-grade oil shale. However, the reaction process of organic-matter combustion is
complex and in a dispersed state. How to initiate the reaction at a fixed point and conduct
it in a controlled and efficient manner remain to be explored. Radiant heating technology
has the characteristics of instantaneous and integral heating, so that the radiant heating
of oil shale has high heating speed, low heat loss, and high heating efficiency. However,
the disadvantage of radiant heating is that the direct heating range of microwaves is small.
Shale beyond this range still needs to rely on inefficient heat conduction. In addition,
microwave transmission equipment is precise, expensive, and large. The development
of these technologies mainly solves two problems: how to speed up the heating rate and
increase the heating efficiency, and how to efficiently transport the generated oil and gas
to the ground. Therefore, in the process of developing these technologies, more consid-
eration should be given to these two issues. Although the maturity of the latter three
types of heating technology is lower than that of the conductive heating technology, they
are worth exploring because they have great potential for improving heating speed and
heating efficiency.

5. Factors Affecting the Economic Benefits of In Situ Organic-Rich Shale Conversion

On the basis of the verification of various laboratory simulations and field pilot
production, academic and industrial circles have agreed on the technical feasibility of
shale-oil exploitation after organic-rich shale in situ conversion. However, the kerogen
cracking process is an endothermic reaction that needs to consume a certain amount of
energy. In addition, during the heating process, inorganic minerals and water in the shale
are heated synchronously and consume a significant amount of heat energy. Meanwhile,
due to the long heating time, much of the heat energy of shale is also dissipated into the
surrounding rock through heat conduction. In addition to the high heating costs, the
required equipment for in situ conversion is more expensive. Therefore, many experts and
companies are concerned about the economic feasibility of in situ conversion. The economic
feasibility of oil shale in situ conversion depends on whether the energy consumption ratio
(value of produced oil and gas products/(heating energy consumption cost + engineering
costs)) is higher than 1. Only when the value of the produced petroleum products is
significantly greater than the cost of heating energy consumption can it be expected to
realize economic benefits through large-scale commercial development, the dilution of
engineering, and other costs. Therefore, improving the ratio of the value of oil and gas
products to the cost of heating energy consumption is very important. Since the current
ICP technology is the most mature, the following mainly regards the economic effects of oil
shale in situ conversion with the ICP technology.

5.1. Influence of Heating Mode

Early experiments verified that the cracking reaction process of kerogen is controlled by
the reaction temperature and time, and that the time and temperature have complementary
effects when the temperature exceeds the critical temperature of the reaction [8,9]. Under
geological conditions, the temperature of kerogen cracking to generate oil and gas is
generally 50-150 °C [65,66], but this kerogen cracking process generally lasts for thousands
or several millions of years, which is evidently too long for industrial production. In
order to ensure that the hydrocarbon generation reaction of kerogen can occur in large
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quantities in a short period of time, a higher reaction temperature is generally maintained
in in situ conversion engineering to reduce the reaction time. Therefore, when a large
amount of hydrocarbon is generated from kerogen, it cannot be determined solely via
temperature, and the kinetic parameters and heating rate need to be considered. Many
semiopen, open, and closed kerogen cracking simulation experiments have proven that
higher temperatures can greatly shorten the reaction time of kerogen cracking [7,16,67-69].
However, too high of a reaction temperature not only unnecessarily increases energy
consumption, but also leads to the cracking of large amounts of liquid hydrocarbons into
gases, which reduces the economic benefits. Therefore, an appropriate heating temperature
or heating mode can be determined to obtain the highest hydrocarbon (HC) yield with the
minimal energy consumption.

By obtaining the kinetic parameters of hydrocarbon generation, Hou et al. [7] simulated
the in situ conversion process of organic-rich shale at heating rates of 0.5, 1, 5, and 10 °C/d,
and found that the temperatures at which Chang?7 kerogen produced the maximal HC yield
were 330, 338, 358, and 368 °C, respectively (Figure 8). Meanwhile, when the temperature
exceeds the temperature at maximal HC yield, the HC yield generally exhibits a downward
trend, but the gas/oil ratio (GOR) increasingly grows. Song et al. studied the organic-matter
evolution of lacustrine shale in the Qingshankou Formation of the Songliao Basin and the
Chang 7 Member of the Ordos Basin using a semiclosed heating system under a constant
temperature [70]. Considering the quality and quantity of the produced oil, the conversion
degree of kerogen, and the efficiency of hydrocarbon expulsion, the optimal temperature
ranges of the Chang? shale and Qingshankou shale are 400-450 and 350425 °C during oil
shale in situ conversion, respectively [70]. This indicates that the pyrolytic processes of
different shales are distinct. Alhesan et al. conducted isothermal pyrolysis experiments
with E; Lajjun shale at different temperatures and times in a closed system, and good oil
production could be achieved at 280 °C for 14 days [67]. However, when the temperature
was lower than 300 °C, the sulfur content of the obtained product was high (12 wt % of
oil), but it could be significantly reduced to approximately 7 wt % when the temperature
was 300-320 °C [67]. Ma et al. used experiments to simulate the effects of different heating
temperatures, heating rates, and constant temperature times on the quality and quantity
of the produced oil. With an increasing heating rate, the total oil and gas yield gradually
decreased, and the relative content of the saturated hydrocarbon component decreased [71].
This may have been because kerogen in organic-rich shale does not have enough time to
participate in the reaction under a high heating rate. At a constant temperature of 350 °C
with increasing constant temperature time, the fuller the pyrolysis of oil shale organic
matter is, the higher the oil and gas yield is, and the saturated hydrocarbon component
of the produced oil increases slightly [69]. Moreover, experiments showed that, with
increasing constant temperature time, small pores gradually develop into relatively large
pores, and the permeability of the shale increases [72].

Therefore, during in situ shale conversion, it is necessary to fully consider the condi-
tions of the target formation and set up a reasonable heating mode to improve the energy
consumption ratio. For instance, at the low-temperature stage, the temperature can be
rapidly raised to make the kerogen reach the cracking temperature fast, avoiding excessive
heat conduction and heat dissipation; at the medium-temperature stage, the temperature
should be raised slowly to ensure that the kerogen and NSO compounds can be fully
cracked and reduce the content of C4_14 cracking, which can increase the quality and
yield of the shale oil. Meanwhile, this heating mode can, to some extent, alleviate the
phenomenon of an uneven pyrolysis reaction process caused by the uneven heating of the
target layer.
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Figure 8. Calculated oil and gas yields during ICP of the Chang 7 shale at different heating rates [7].
(a—d) Calculated oil and gas yields at heating rates of 0.5, 1, 5, and 10 °C/d, respectively.

5.2. Influence of Formation Conditions

Previous simulation experiments found that Types I and Ila (a subtype of Type II)
kerogen are more inclined to generate oil, Types IIb (a subtypes of Type II) and III kerogen
are more inclined to generate gas, and the main oil generation period of different kerogen
types is 0.7-1.35 Easy%Ro [12,73]. When the maturity of the kerogen is greater than
1.35 Easy%Ro, its oil generation potential is basically exhausted. Moreover, there are
discrepancies in the kinetic parameters between different kerogen types, so the evolutionary
process during in situ conversion is also different [7,73]. The activation energy of Types
II and III kerogens covers a wide distribution range, while Type I a narrow one, and the
average activation energy of kerogens follows the order of Type III > Type II > Type L
This shows that the potential of kerogen cracking to generate oil and gas is controlled by
the maturity and kerogen type. A hydrocarbon generation simulation experiment found
that the presence of some minerals could catalyze the kerogen cracking reaction. For
example, carbonate (dolomite) promotes oil generation to a certain extent, but inhibits gas
generation, while for silicate (feldspar, quartz, and clay), this is the opposite [21,74]. Pyrite
is generally beneficial to oil and gas generation [21], and some findings suggest that the rate
of petroleum formation depends critically on the concentration of sulfur radicals generated
during the initial stages of thermal maturation [75]. Moreover, mineralogical composition
determines the brittleness index of the shale. The higher the brittleness index of the shale
is, the easier fracturing is, which is conducive to the formation of fractures.

The influence of the water content in shale on the energy consumption ratio of in situ
conversion mainly has two aspects. On the one hand, water consumes large amounts of
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heat energy during heating and vaporization due to its large specific heat capacity [20]. On
the other hand, in the presence of water, kerogen in shale can not only undergo thermal
cracking reactions, but also chemical reactions with high-temperature water in the gas
or liquid phase due to the high temperature [39,76]. In hydrothermal cracking reactions,
high-temperature water may participate in the reaction as a catalyst, reactant, and/or
solvent. In addition, water can provide H* and OH™ as reactants that can improve the oil
and gas yield of organic-rich shale in situ conversion [39,71,76].

As mentioned above, when the energy consumption of heating shale is less than
the energy of producing oil, project and other costs need to be diluted by the scale of
exploitation, which renders it necessary to consider its scale when selecting the target
formation. Therefore, shale for the commercial development of underground in situ
conversion should meet the following conditions: (1) the TOC value of the shale must be
more than 6%, mainly consisting of Types I and Ila organic matter; (2) the Ro value must be
0.5%-1.0%; (3) the thickness must be more than 15 m; (4) the burial depth must be less than
3000 m, and the area more than 50 km?; (5) the roof and floor of the shale section must be
well-sealed; (6) the formation water content must be less than 5% [1,2,6].

5.3. Distribution Pattern of Wells

Fan et al. observed that heating well spacing significantly impacts shale formation
temperature through analog computation [11,68]. The larger the spacing of the heating
wells is, the earlier and sharper the peak of the oil and gas yield is. This may be because the
larger heater spacing allows for the reservoir to heat more evenly, which shortens the time
interval of kerogen decomposition [11,68]. However, exorbitantly heating the well spacing
lengthens the heating time too much to perform industrial production, and renders the
kerogen conversion rate relatively low. Huang et al. [11] considered that, with the same
well spacing, if the production period is shorter than 400 days, and a higher heating rate is
needed, a more intensive heating well pattern, such as a triangular well pattern, should be
selected. If the energy consumption ratio is given priority, and the heating period is longer
than 800 days, then the hexagonal well pattern is better (Figure 9). In the process of in situ
shale conversion, the energy consumption ratio of horizontal well heating is significantly
higher than that of vertical well heating because horizontal well heating can significantly
reduce the consumption of heat energy in the surrounding rock. Lu et al. calculated with
a simulation that, when the well spacing of horizontal wells is half the thickness of the
shale formation, the energy consumption ratio is the highest, and smaller and larger well
spacing leads to a reduction in the energy consumption ratio [77]. When the well spacing is
significantly greater than the thickness of the shale half layer, the surrounding rock also
reaches a higher temperature during the heating process, which causes a considerable
amount of heat energy to be transferred into the surrounding rock. However, under the
condition of small well spacing, when the temperature near the production well reaches
the effective cracking temperature, the temperature at the edge of the shale is still low, and
the organic matter in the shale does not start to effectively crack, which reduces the oil and
gas yield. Therefore, the well spacing should be determined on the basis of the thickness of
the target formation. Meanwhile, small well spacing and horizontal wells mean increasing
drilling costs and reducing the final benefits after considering the engineering operation
costs. Ground conditions are also an important reference indicator for the distribution
pattern of wells, and horizontal wells can be considered for areas that are not suitable for
construction. In summary, the combination of horizontal well and multiwell methods can
slightly reduce the heating cost and significantly reduce the time cost, but this increases
the drilling cost. Therefore, it is necessary to comprehensively consider the heating and
time costs, ground conditions, and engineering cost in the future, and conduct overall
quantitative optimization to determine the distribution pattern of the wells.
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Figure 9. (a) Cumulative oil production and the production period of different well patterns;
(b) energy ratio and predominance period of different well patterns [11].

5.4. Catalytic Agent

The simulation calculation results of the kinetic hydrocarbon generation experiment
show that, under other conditions being unchanged, with the reduction in activation energy
of the kerogen cracking reaction, lower temperature or shorter heating time was required
for the effective pyrolysis of kerogen [8,9]. In the process of in situ shale conversion, this
principle is the same. In industrial production, adding a catalyst is an effective technology
to reduce the reaction activation energy. Moreover, the catalyst can accelerate the breaking
of long-chain molecules, and convert solid or heavy organic matter into light hydrocarbons,
which improves the fluidity and quality of oil [78-82]. Therefore, adding a catalyst is one
of the efficiency enhancement methods of in situ shale conversion.

Song et al. used natural clay, attapulgite, and 3-mercaptopropyltrimethoxysilane
(MPTMS) to optimize the preparation of catalyst SO3H-APG, which can reduce the py-
rolytic temperature and activation energy of shale, improve the hydrocarbon yield, and
reduce the content of oxygen- and nitrogen-containing compounds [78]. Chang et al. used
transition metal salts to catalyze the pyrolysis of shale. The results showed that both CoCl,
and NiCl, could promote the pyrolysis of organic-rich shale and the secondary pyrolysis
of generated oil [82]. Yu et al. proposed a clin/SBA-15 catalyst prepared with clinoplite
and conducted indepth research on the catalytic behavior of oil shale in situ conversion.
The results showed that the saturated hydrocarbon content of the oil produced by the
clin/SBA-15 catalyst increased, the H/C ratio increased, and the O/C ratio decreased [83].
In addition, Clin/SBA-15 did not exhibit activity attenuation in the seven-day shale py-
rolysis test [83]. Sun et al. found that the addition of CrCls reduced the temperature
of shale pyrolysis and the activation energy. In addition, the CrCl; catalyst reduced the
content of oxygen-contained compounds, and increased the content of hydrocarbons and
short-chain aliphatic hydrocarbons in shale oil [84]. Furthermore, many catalysts, such as
liquid acid, organometallic complexes, NiMo, CoMo, CoCl, 6H;0O, dodecane, diatomite,
and zeolite molecular sieves, have been proven in the laboratory to change the quality
or yield of generated oil [78-82]. As mentioned above, water can provide H* and OH"
as reactants in the cracking reaction. Therefore, high-temperature water can be used as a
catalyst to improve the hydrocarbon yield and prevent coking during the process of in situ
conversion [39,56].

Generally, the catalyst should come into contact with the reactants, which requires the
catalyst to be widely distributed in shale formations. For some solid catalysts, it is difficult
to achieve this goal with existing engineering techniques. Evidently, conductive heating
technology and radiant heating technology hinder achieving this goal, but convection
heating technology can carry the catalyst through the fluid when the catalyst is easily carried
by the fluid. Therefore, when studying catalysts for kerogen hydrocarbon generation
reactions, it is necessary to consider the applicability of the catalysts. In addition, an
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experimental study found that the temperature required for shale pyrolysis decreased
when the shale was heated by microwaves, which indicates that microwave heating may
accelerate the kerogen cracking reaction [47,48].

6. Influence of oil Shale In Situ Conversion on a Groundwater Environment

The temperature of shale formation is generally greater than 300 °C during in situ
conversion, which may last for several years. During the heating process, the pyrolysis
of oil shale generates oil and natural gas, and produces sulfide, nitride, and benzene,
toluene, ethylbenzene, xylene (BTEX), a comprehensive indicator of the total organic matter
in water that directly reflects the degree of water pollution by organic matter and other
pollutants [20,56,64,85,86]. Hu et al. found that high-temperature water—rock interactions
release more organic compounds, such as phenol, BTEX, and petroleum components, and
aggravate the organic pollution of groundwater. Among them, TOCyyater content (a com-
prehensive indicator of total organic matter in water) in the simulated aquifer water sample
after pyrolysis was 38.8 mg/L, approximately 30 times the initial concentration, which
is much higher than the general drinking-water quality standard (5 mg/L, China) [56].
Some of these pollutants flow out of the production well together with oil and gas, and
the other part remains in the shale formation. Oil, natural gas, and a series of pollutants
retained in shale formations are released into the groundwater environment under the
action of infiltration and pollute the groundwater [64]. In addition, as described in Section 3,
porosity and permeability grows much larger during in situ conversion, which changes
the shale formation from dense and impermeable to high-permeability. On the one hand,
oil, natural gas, and a series of pollutants retained in the formation are released into the
upper and lower aquifers. On the other hand, water can enter and exit the pyrolysis zone
through fractures. Therefore, groundwater pollution is inevitable. This may cause lasting
damage to the ecological environment of groundwater, and pollute drinking water in the
surrounding areas.

Therefore, to solve the groundwater pollution issue in the process of oil shale in situ
conversion, some sealing technologies that block the passage between the pyrolysis zone
and surrounding groundwater were proposed, such as the freeze-wall, grouting-curtain,
and marginal gas-injection technologies [34,87-90]. Shell developed the freezing-wall
technology, which uses the freeze wall formed by circulating a refrigerant to prevent
groundwater from entering the high-temperature cracking zone [87]. Before heating the
shale formation, the formation water in the reaction zone needs to be pumped out. After
shale-oil exploitation, clean water is used to wash pollutants in the high-temperature
reaction zone. However, it takes a long time to form a freeze wall, and the cost is high [87].
The grouting-curtain technology refers to pressing the cement slurry into the pores and
fractures of the formation, enabling it to block the flow path of the fluid in the formation
after solidification [88]. Although grouping technology can achieve a good water-stopping
effect, its project cost is still high [90]. Marginal gas-injection technology injects a certain
amount of gas pressure into the edge of the oil shale in situ conversion zone through
a borehole to form a high-pressure gas filling zone (Figure 10) that is used to block the
groundwater outside the shale formation from entering the oil shale in situ conversion
zone [89]. Due to the gas characteristics of low viscosity and strong fluidity, this technology
can obtain a large closed range, but it is necessary to reasonably control the gas injection
flow and pressure to achieve the water-stopping effect of the gas drive without affecting
the in situ heating and cracking process [89].
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Figure 10. Schematic of the method of water stopping via gas flooding [89].

In summary, oil shale in situ conversion and exploitation seriously impact the ecologi-
cal environment of groundwater. It is necessary to develop an environmentally friendly,
low-cost, and effective method for preventing groundwater pollution.

7. Prospects
7.1. Description of the Hydrocarbon Generation Process of Target Formation

The hydrocarbon generation process of organic-rich shales during in situ conversion
can be inverted by the kinetic parameters. This allows for us to predict the oil genera-
tion period, oil yield, and relevant parameters of oil shale in situ conversion. Whether
the obtained kinetic parameters can be successfully extrapolated to geological conditions
mainly depends on the approximation of thermal simulation testing and geological con-
ditions. Therefore, it is necessary to design a thermal simulation experiment according
to the technical conditions of oil shale in situ conversion to obtain the kinetic hydrocar-
bon generation parameters of the target shale. On the basis of accurately depicting the
hydrocarbon generation process of organic-rich target shales under the condition of in
situ conversion, the temperature and time of in situ conversion can be adjusted in real
time. Meanwhile, due to the uneven distribution of heat energy in the target layer during
heating, the basin modeling technology can be used to analyze the hydrocarbon generation
process of the entire target formation by integrating the dynamic parameters and formation
temperature distribution.

7.2. Developed New and Efficient Catalyst

In fact, the catalyst can reduce the activation energy of kerogen cracking and accelerate
the cracking of long-chain molecules, thereby reducing costs and increasing shale oil
production, which is one of the important research fields of oil shale in situ conversion. As
described in Section 5.4, some catalysts were proven in the laboratory to effectively reduce
the activation energy of kerogen cracking, but further research is needed. Meanwhile, the
catalyst should come into contact with the reactant, which makes the catalyst need to be
widely distributed in shale formations. It is difficult for some solid catalysts to achieve this
goal under existing technical conditions. Some scholars have applied nanotechnology to
transform catalysts into nanoparticles, which allows for them to be distributed in the target
layer through a fluid [91]. Therefore, the application of nanoparticle catalysts in oil shale
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in situ conversion can be further strengthened. Liquid catalysts or catalysts that are easily
soluble in solvents are also a research direction.

7.3. Supporting Carbon Storage Technology

As described in Section 2, organic-rich shale in situ conversion further develops the
pores and fractures of the shale formation, and the overall solid skeleton can shrink into
45% of the rock. Therefore, organic-rich shale formation after in situ conversion is good
for carbon storage. Carbon neutrality is globally imperative; therefore, carbon dioxide
can be stored in depleted organic-rich shale formations after in situ conversion, which
is greatly significant for carbon capture and storage (CCS), and further improves the
engineering efficiency of in situ conversion. Therefore, the pore structure of the target layer,
the sealing of the cover layer, and the CO, adsorption capacity of the target layer after in
situ conversion are important future research directions.
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