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Abstract. In the engineering of oil shale, in situ extraction technology using
electric heating involves heating the oil shale reservoir with an electric
heater at high temperatures to convert the solid kerogen in oil shale into
liquid hydrocarbons. These liquid hydrocarbons are then extracted from
underground using traditional oil and gas drilling and production techniques.
This paper discusses the pyrolysis mechanism, pore evolution, mineral
transformation, and classification of electric heating technology for oil shale.
It also summarizes research progress aimed at improving in situ extraction
technology for oil shale, providing valuable insights for further research and
development in this field.
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1. Introduction

Energy and the environment form the foundation of human social activities,
with ample energy and a healthy environment serving as essential guarantees
for a country’s prosperity and long-term stability. As traditional fossil
fuel reserves, such as coal, oil, and natural gas, continue to diminish, it is
increasingly important to focus on unconventional energy sources due to the
inability of new energy sources to immediately compensate for the shortfall
[1]. After the COVID-19 pandemic, global economic recovery and sustained
growth have driven global oil demand to reach a new peak. In 2023, global
oil demand surged by 2.1 million barrels per day compared to the previous
year, reaching 101.7 million barrels per day and surpassing the pre-pandemic
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Fig. 1. Global oil demand and incremental changes in 2005-2023 [2].

level of 100.8 million barrels per day in 2019 [2], as shown in Figure 1.
Unconventional oil reserves have thus emerged as a significant global energy
source, prompting countries to progressively intensify their exploration of
these resources.

Unlike conventional oil and gas reservoirs, unconventional oil and gas
reservoirs are mainly distributed continuously in slopes or protrusions of
sedimentary basins [3]. Oil shale, formed by the deposition of organic matter
over millions of years, is an extremely important part of unconventional oil
and gas resources. Rich in organic matter and inorganic minerals, oil shale’s
main component is kerogen, which is distilled and heated to produce shale oil
[4, 5].

Initially, dry retorting technology for oil shale focused on crushing the
shale into small pieces and heating it in a specific space to obtain shale oil.
However, field tests revealed poor economic benefits, prompting the need
for in situ dry retorting technology [6]. This approach involves heating the
oil shale in its formation using electric heaters, high-temperature fluids, and
injected air to ignite the shale, causing it to crack and produce shale oil and
pyrolysis gas [7-9]. These products are then transported to the surface through
production wells.

Various technical prospects have been explored in the development,
research, and industrial application of in situ dry retorting technology, leading
to the development of many feasible technologies. However, due to cost issues,
most of these technologies have only advanced as far as laboratory research and
pilot testing. One exception is the ICP (in situ conversion process) technology,
which has been proven feasible for oil shale in situ mining through electric
heating through more than 20 years of on-site testing [10]. Furthermore, this
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method offers advantages that other in situ mining technologies cannot match:
its relative maturity ensures easy control over the heating process, despite
slower speed and considerable heat loss.

Compared to traditional surface retorting methods, electric heating-based
in situ extraction is less harmful to the environment and consumes less water.
Additionally, it can increase the value added of mineral resources by opening
new growth points and prolonging the service life of mining areas. The quality
of oil produced from oil shale using electric heating technology is suitable for
large-scale industrial applications and enables extraction from deeper layers.

This paper presents an in-depth exploration of in situ oil shale extraction
technology utilizing electric heating, as well as an analysis of the oil shale
pyrolysis mechanism and associated technical advancements. Through a
comprehensive examination of the pyrolysis mechanism, pore evolution,
and mineral transformation within oil shale, this study identifies key
factors influencing the pyrolysis efficiency of electrically heated oil shale.
Furthermore, it outlines the technical enhancements implemented based on
these critical factors.

2. Pyrolysis mechanism, pore evolution, and product evolution of
oil shale

In the process of in situ oil shale thermal decomposition using oil shale electric
heating technology, as the temperature of the electric heater increases, the outer
layer adjacent to the heater initiates pyrolysis, leading to concurrent pyrolysis
within the interior of the oil shale. This results in the generation of shale oil,
pyrolysis gas, and residual carbon through fissures and pores. Therefore, when
discussing the pyrolysis mechanism of oil shale, it is imperative to consider
not only its chemical evolution but also the structural changes in pores and
fissures during this process.

2.1. Pyrolytic properties of oil shale

The pyrolysis of oil shale occurs at elevated temperatures, initiating a series
of intricate physical and chemical reactions. Throughout this process, various
phenomena, such as the cleavage of cross-linked bonds and reorganization of
products, are observed [11]. Thermal cracking leads to the transformation of
organic matter in oil shale into shale oil, thermal cracking gas, semi-coke solid
residue, and residual carbon. The mechanism of thermal cracking involves
the medium-temperature cracking reaction of organic matter in oil shale,
comprising two primary components: the thermal cracking of oil shale organic
matter (kerogen) into asphalt and subsequent conversion of asphalt into shale
oil, shale gas, and residual carbon [12, 13].
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2.2. Pore evolution during oil shale pyrolysis

The porosity and permeability of oil shale are usually very poor. However,
pyrolysis can greatly improve the storage capacity of oil, though this increase
in porosity does not occur immediately during the process [14]. The vaporized
shale oil, converted from kerogen, is not released continuously or steadily.
When the pyrolysis time is short or the heating temperature is low, only a
small part of the organic matter can be released, and the residual solidified
colloidal substances after decomposition and shale oil components within the
semi-coke particles may block the pores and cracks [15]. As pyrolysis time
and temperature increase, the organic matter blocked in the particle pores is
pyrolyzed into low molecular weight compounds, and finally vaporizes from
the particles and opens the blocked orifice. Pores become larger [16].

Saif et al. used micro-CT to study the pyrolysis process of the Green River
oil shale and confirmed this observation [17, 18]. Even after observing different
pyrolysis temperatures, they found that the number of pores increased sharply
when the critical temperature reached 390-400 °C, which was basically
consistent with the onset of kerogen cracking. Tiwari et al. used micro-CT
and lattice Boltzmann simulation to observe the pores of oil shale before and
after pyrolysis [19], and found that the porosity of oil shale depends on the
distribution of kerogen [20]. In light oil shale, rich in kerogen, porosity can
reach up to 38%, while in dark oil shale, rich in minerals, porosity is only
12%.

As the heating temperature continues to increase, reaching 520 °C, kerogen
gradually matures during the heating process, leading to the production of low
molecular weight hydrocarbons. In the test conducted by He et al. on Fuyu
and Nong’an oil shale samples, the methane content reached an astonishing
98.09 and 98.69%, respectively [21], and the porosity continued to increase.
Bai et al. found that when the temperature reached 800 °C, the porosity of
Huadian oil shale semi-coke soared to an impressive 60% [22], which is much
higher than the porosity observed at 500 °C in Huadian oil shale, as tested by
Kang et al. [23]. The reason is that the fixed carbon in oil shale is completely
pyrolyzed at 800 °C, which leads to significant pore development in the semi-
coke. These studies describe the characteristics of oil shale pyrolysis and
kerogen cracking, proving the feasibility of in situ oil shale mining through
electric heating.

2.3. Product evolution in oil shale pyrolysis

During pyrolysis, the decomposition of kerogen and hot asphalt does not
occur simultaneously; rather, it takes place at distinct temperature intervals
under different pyrolysis conditions. The speed and rate of product formation
in oil shale at various temperatures can be categorized into three stages [21]:

1) Low-temperature mass loss stage: typically occurs from room
temperature to 200-300 °C, accounting for approximately 3% of total mass
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loss. This stage is primarily attributed to water evaporation, with a minor
contribution from the decomposition of salts, such as sodium bicarbonate.

2) Medium-temperature mass loss stage: generally observed between 200—
300 °C and around 600 °C, representing about 20% of total mass loss and
serving as the principal phase in oil shale decomposition. During this stage,
the kerogen within the organic matter undergoes extensive thermal cracking,
leading to a series of intricate physical and chemical transformations that
yield oil and thermal cracking gas. Notably, the oil yield exhibits a significant
increase as the temperature rises from 430 to 460 °C. Furthermore, there is a
marginal rise in the overall oil yield within the temperature range of 460 to
520 °C, as depicted in Figure 2.

3) High-temperature mass loss stage: typically occurs above 600 °C,
constituting roughly 3% of total mass loss. The predominant processes during
this phase involve the fracturing of carbonate minerals, such as calcite,
dolomite, and iron-rich dolomite. Concurrently, the fixed carbon present in the
oil shale undergoes high-temperature carbonization, producing CO,, which
reacts with fixed carbon to generate limited amounts of volatile gases, such
as CO.

80 ® . : $
a 6 a 12 5 :/'- N
L Data model
60 Data model 0 —e—Aliphatics
o —e—Char 3 0 —e—Aromatics
3\3 o —e—0il = 8 o —e—Nonhydrocarbons
b3 40 1 o —e—Gas ;_ ™ _ N °
- -]
T o —— © o o
2 =
> ° L] *
20 ® 4 °
3 °
‘ g 3 g —
D 1 't AL 1 1 1
420 450 480 510 420 450 480 510
Temperature, °C Temperature, °C
4% Datamodel o 3 o o .
0 —e—Hydrocarbon gas ° o 8
o o o o
3L o 2 Data model
° o —e—Co,
xX ) = o —e—CO
.§. E 0 —e—H,0
z 2t ° ° —-o % T o ° ° °
o — s L =
= > =z =
1 ° N o
o 0.2 g o} 2 2
420 450 480 510 420 450 480 510
Temperature, °C Temperature, °C

Fig. 2. Product distribution of Huadian oil shale at different temperatures in a fixed
bed [24]. The color figure is available in the online version of this journal.



262 Yi Pan et al.

3. In situ oil shale mining technology using electric heating and its
improvements

Electric heating is a process that transforms electrical energy into thermal
energy by stimulating molecules. The existing in situ extraction technologies for
oil shale using electric heating encompass the ICP, Electrofrac™, geothermal
fuel cell (GFC), and high-voltage power frequency electric heating (HVF). To
enhance the efficiency of oil shale pyrolysis and maximize economic benefits,
recent research has focused on optimizing well pattern distribution, refining
the material structure of electric heating devices, and enhancing cementing
materials.

3.1. Research methods for in situ oil shale transformation technology
using electric heating

In situ oil shale electric heating technology has been developed as a potential
alternative to the economically unfeasible oil shale surface retorting technology.
This method involves drilling into the deposit and utilizing electric heaters to
provide additional heat within the formation, enabling the on-site refinement
of oil shale to yield oil and natural gas. However, it should be noted that
this approach necessitates a longer processing time, with oil production
achievable after two years of heating and mining becoming feasible after five
years. Consequently, significant cost implications have arisen for research
endeavors in this area. As a result, many researchers are currently focusing
on small-scale experiments and simulations to investigate and refine electric
heating methods for oil shale.

3.2. Classification of in situ mining techniques for oil shale using electric
heating

The ICP technology utilizes subsurface in situ electric heating techniques.
Multiple wells are drilled into the ground, categorized as heating wells,
production wells, and monitoring wells. The electric heater within the
heating well is employed to transfer heat to the oil shale, yielding oil and gas.
Throughout the heating process, the fractured oil shale creates new pores and
fractures, allowing for the flow of shale oil and pyrolysis gas through these
channels to achieve enhanced thermal efficiency [25-28].

The Electrofrac™ technology is a specialized hydraulic fracturing
technique designed for oil shale formations, involving the subsequent injection
of conductive materials to create a resistive heating element. Upon application
of electricity, the oil shale undergoes thermal cracking, yielding oil and gas,
which are then recovered via production wells [28, 29].

The GFC technology utilizes the heat generated by solid oxide fuel cells
to heat oil shale. Unlike other methods, this technology does not require large
amounts of external energy, as it can provide its own energy [6, 28].
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The HVF technology involves placing electrodes in the oil shale formation
and applying high-voltage electricity to generate plasma and carbonized
conductive channels within the oil shale. Subsequently, these conductive
channels are heated by connecting the formation to a high-frequency electrical
source, leading to the pyrolysis of the oil shale [28, 30, 31].

3.3. Improvement of in situ oil shale exploitation technology

The ICP technology, being the most widely utilized electric heating method,
exhibits the highest feasibility. Consequently, efforts to enhance electric
heating technology primarily center on refining the ICP technology. Wang et
al. conducted simulations and comparisons of the mitsui-hole and four-hole
well types as well as a six-hole well type to ascertain variations in heating
efficiency, ultimately determining that the six-hole well type demonstrated
the swiftest temperature rise rate [32]. As shown in Figure 3, Fan et al. also
found through simulation that the hexagonal well pattern achieves higher
heating efficiency, with maximum efficiency obtained at a 2.5-meter heater
spacing and a temperature of 340 °C [33]. Xia et al. supported this finding
and proposed that heaters with smaller well spacing and higher power offer
greater efficiency [34]. However, Li presented different views, finding that the
optimal well spacing changes with heating time, and has a certain stage, which
always increases with extended heating time [35]. These findings indicated
that well structure exerts a significant influence on the heat conduction within
electric heaters, thereby impacting the efficiency of the ICP technology for oil
shale mining. This offers valuable insights for determining the optimal well
type and spacing in future ICP technology production.
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Some researchers have also used the method of adding catalysts to improve
the ICP technology. Pei et al. proposed to increase convective heat transfer
by adding easily available and inactive nitrogen (N,) into the reservoir [36],
which had little effect on the downhole equipment and was easy to separate.
After simulation, it was found that when the injection rate reached 400 m*/d,
it could obtain 1.17 times the conventional ICP oil production. Additionally,
adding porous aluminum silicate to promote the secondary decomposition of
asphalt produced by oil shale has been shown to improve the conversion rate
of hydrocarbon generation [37]. Sun et al. found that the exchange of heating
and production wells can save the time required for heating and energy
consumption, and is conducive to the improvement of the oil production rate
[38]. Their research supports optimizing convective heating after the thermal
cracking of oil shale, introducing catalysts for the promotion of thermal
cracking, and transitioning heating and production wells to minimize heating
duration.

Structural optimization of electric heaters is also an area of focus. Yue et
al. found that shale oil yield increases with higher heating rates by studying
the correlation between shale oil yield, temperature, and pyrolysis residence
time of Yaojie oil shale [39]. Wang et al. studied the heating rates of Huadian
oil shale in the range of 10—100 K/min across temperatures from 25 to 900 °C,
finding consistent weight loss rates at basically all temperatures. With further
research on the pyrolysis temperature of oil shale [40], new progress has been
made in temperature optimization for the ICP electric heating technology [41].
New thermal conductive materials [42] and new wire mesh reactors [43] have
been successfully used for in situ oil shale mining using electric heating [44].

Sandberg et al. used an improved ceramic material technology to make
the heater work at a higher voltage, and also matched the casing technology
used to increase the total length of the heater, which improved the work
efficiency in the well site [44]. Zeng et al. selected copper, stainless steel,
and nickel-chromium alloy to make an axisymmetric U-tube and vacuum
heating tube heater, so that it could inject and extract fluid while heating [36].
Evidently, the optimization of electric heating technology cannot be limited
to electric heaters. From the perspective of cementing, Hao et al. developed
a heat-resistant cementing material with a temperature tolerance of 600 °C,
a compressive strength of more than 60 MPa, and an elastic modulus as low
as 12 GPa [45]. Gao also expressed the corresponding view that composite
materials should be used for cementing, and pre-stressed cementing should be
added with thermal insulation measures to reduce the thermal stress of casing
[46].

The flow form of the shell side of the electric heater is similar to that of a
shell-and-tube heat exchanger. Therefore, the technology applied in the shell-
and-tube heat exchanger can be used in the continuous helical baffle downhole
electric heater. Different from the segmental baffles used in traditional heat
exchangers, Liu et al. employed a helical baffle heat exchanger with a higher
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heat transfer coefficient. Without considering the cost, the double-layer helical
baffle heat exchanger has better comprehensive performance [47]. Wang et al.
confirmed these findings through verification [48].

Building on this, Jian et al. investigated the spiral angles of discontinuous
helical baffles, comparing the heat transfer performance of 20, 30, 40, and
50° spiral angles, and concluded that the heat exchanger with a spiral angle
of 40° has the best performance [49]. However, Xiao pointed out that the
40° conclusion is only applicable to cases where water is the shell-side fluid;
for fluids with a larger Prandtl number, a smaller angle scheme would be a
better choice [50]. Furthermore, Yang et al. found that keeping the 40° angle
unchanged while increasing the number of sealing strips can improve heat
transfer performance [51]. Wang et al. proposed the use of baffles to block the
triangular leakage zone between two adjacent flat baffles [52]. Dong et al. and
Chen et al. suggested using a three-point circumferential overlapping baffle
scheme with a 20° inclination angle [53, 54]. This is because the shape of the
three-point baffle is highly suitable for the equilateral triangular arrangement
of tubes, and there is a row of tubes in each circumferential overlapping area
of adjacent baffles to suppress the leakage flow [55-57]. By adopting a single-
side shell-and-tube heat exchanger with double-layer continuous helical
baffles without inner and outer sleeves, Yang et al. placed the inner and outer
continuous helical baffles on different helical surfaces to ensure the formation
of complex flow fields in the shell side [58].

Maakoul et al. improved the helical baffle design by developing a three-
leaf-hole baffle with better heat transfer performance and greater pressure
[59]. Dong et al. further modified the three-point circumferential overlapping
baffle, using the least rods to support the inclined baffle, which simplified
the manufacturing process of the jumper and effectively inhibited the reverse
leakage in the triangular area between adjacent baftles [60]. Yang et al. connect-
ed the continuous helical baffles in series with the conventional segmental
baftles. This configuration featured an arched inner shell side and continuous
helical outer shell side, resulting in a better heat transfer coefficient [61].
Chen et al. further investigated the efficiency of three-point circumferential
overlapping baftles, finding that when the baffles were designed with 16 root
canals and a 12° inclination angle, both the shell-side heat transfer coefficient
and the overall comprehensive index were well improved [62].

Yang et al. made a new attempt on the structure of helical baffles. They
designed a new type of countercurrent U-tube heat exchanger — a single-sided
trapezoidal helical baffle heat exchanger —, which is superior to traditional heat
exchangers in terms of heat transfer coefficient, resistance, anti-vibration, and
anti-fouling [63]. Gu et al. manually reduced the wear of the sharp angle of the
inclined baffle hole made by the two-dimensional laser beam cutting machine
to the pipeline, and adopted the axial separation of the small inclined angle
spiral baffle, which had obvious advantages for the heat transfer coefficient,
overall comprehensive index, and temperature uniformity compared to the
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traditional segmented baftle [64]. Building on these advancements, Guo et al.
simulated continuous spiral schemes with different pitches (50, 110, 160, and
210 mm), and found that an electric heater with a 110 mm pitch had the best
overall comprehensive performance, with efficiency improvements ranging
from 2.79 to 3.75 times compared to an electric heater with a 210 mm pitch
[65]. Through continuous improvement and simulation of the structure of the
heat exchanger, Wang et al. developed a continuous helical baffle double-
shell downhole electric heater. Experimental results indicated that while
the influence of pitch, mass flow, and heating power on the electric heater
gradually decreased, the pitch remained a significant factor affecting the
heating efficiency of this advanced downhole electric heater [66].

Shinde et al. improved the heat transfer coefficient of the new baffle
material FRP (fiber reinforced plastic) by 8—10%, and discovered that larger
helix angles (30, 38, and 50°) led to lower heat transfer and reduced pressure
drop, while smaller helix angles (10, 19, and 21°) resulted in higher heat
transfer and increased pressure drop [67]. Cao et al. proposed an improved
scheme of hexagonal helical baffles to reduce the triangular leakage loss
at the connecting groove of the adjacent baffles of the commonly used
quadrilateral helical baffles, which provided a theoretical basis for the design
and optimization of the new heat exchanger [68]. Chen et al. verified this by
simulating the performance characteristics of hexagonal spiral heat exchangers
with two different angles, and comparing them with trisection heat exchangers
with the same pitch or the same tilt angle. Their findings showed that the
performance of the heat exchanger is related to its pitch and has nothing to
do with the tilt angle of the baffle [69]. Furthermore, Chen et al. used a new
type of single-sided trapezoidal helical baffle shell-and-tube heat exchanger to
replace the traditional segmental baffle shell-and-tube heat exchanger. Their
results demonstrated that the heat transfer coefficient of the unit pressure drop
shell side was 151.9-176.4% higher than that of the segmental baftle [70].

In conclusion, optimizing the composition and configuration of electric
heaters can effectively enhance the efficiency of electric heating technology.
While current advancements in technology primarily rely on simulations and
lack practical validation, ongoing research endeavors will enable researchers
to further optimize the economic viability of in situ oil shale electric heating
technology, leading to its widespread adoption in oil shale mining. In the
future, in situ oil shale mining technology will integrate multiple in situ
mining techniques to achieve heightened thermal efficiency.

4. Conclusions

This article commences with an exploration of the background of oil shale
resource development, and presents the significance and benefits of using
electric heating in situ conversion technology. It subsequently outlines the
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thermal decomposition mechanism, pore and mineral evolution, scientific

research methodologies pertaining to electric heating in situ conversion

technology, as well as the categorization of this technology. Lastly, it delves
into research on enhancing oil shale electric heating technology.

1. Oilshale can create numerous pores and fractures ranging from microscopic
to macroscopic scales through thermal cracking and kerogen pyrolysis.
These pores and fractures facilitate the extraction of oil and gas, as well
as the establishment of fluid pathways from heating wells to production
wells, thereby enhancing shale oil pyrolysis.

2. Although current electric heater heating efficiency optimization relies
heavily on digital simulation, the potential enhancement of this efficiency
lies in optimizing well geometry and refining electric heater material and
structure. As research progresses, these advancements will be integrated
to develop more efficient and cost-effective in situ oil shale mining
technologies. These technologies may not solely rely on electric heating
but could also involve a combination of multiple in situ mining techniques.
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