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Abstract: We conducted an experimental study on the breakdown process of oil shale by high-
voltage power frequency electric heating in-situ pyrolyzing (HVF) technology to examine the impact
mechanisms of the electric field intensity, initial temperature, and moisture content on a breakdown,
using Huadian oil shale samples. A thermal breakdown occurred when the electric field intensity was
between 100 and 180 V/cm. The greater the electric field intensity, the easier the thermal breakdown
and the lower the energy consumption. The critical temperature of the oil shale thermal breakdown
ranged from 93 to 102 °C. A higher initial temperature increases the difficulty of breakdown, which
is inconsistent with the classical theory of a solid thermal breakdown. The main factor that affects the
electrical conductivity of oil shale is the presence of water, which is also a necessary condition for
the thermal breakdown of oil shale. There should be an optimal moisture content that minimizes
both the breakdown time and energy consumption for oil shale’s thermal breakdown. The thermal
breakdown of oil shale results from heat generation and dissipation. The electric field intensity only
affects the heat generation process, whereas the initial temperature and moisture content impact both
the heat generation and dissipation processes, and the impacts of moisture content are greater than
those of the initial temperature.

Keywords: oil shale; in-situ pyrolysis; high-voltage power frequency electric heating technology;
thermal breakdown; electric field intensity; initial temperature; moisture content

1. Introduction

As an unconventional energy source rich in organic matter [1-4], oil shale has a great
potential to become an alternative to conventional fossil fuel energy because of its abundant
reserves worldwide [2,4-8]. There are two ways to exploit oil shale: the aboveground ex-
ploitation and the underground in-situ exploitation; the latter has become the key direction
for future development and utilization due to its advantages of environmental friendliness
and low cost [4,6,9,10].

High-voltage power frequency electric heating in-situ pyrolyzing (HVF) technology is
a novel oil shale underground in-situ exploitation method. In general, HVF processing can
be divided into three processes [11]: (1) breaking down oil shale with high-voltage power
to form a conductive channel which converts oil shale from an insulator to a conductor;
(2) heating oil shale with frequency power through the Joule heating effect of the conductive
channel so that kerogen in oil shale is pyrolyzed and converted into oil and gas; (3) the
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heating and pyrolyzing area expands to the periphery, resulting in a large volume of
pyrolysis. This process is shown in Figure 1.
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Figure 1. Schematic diagram of high-voltage power frequency electric heating in-situ pyrolyzing
(HVF) processes for oil shale.

A breakdown determines the implementability and efficiency of HVFE, which rep-
resents an essential process requiring further investigation. HVF technology is derived
from the mechanism of a solid dielectric breakdown, which can be classified into three
types—electrical, thermal, and electrochemical breakdown [12-15]—according to the re-
lationship between the electric field intensity and the electric field action time, as shown
in Figure 2. (1) An electrical breakdown is a phenomenon where the dielectric is directly
damaged and loses its insulation property due to the action of the electric field because
the charged particles in the medium connect instantaneously after the energy accumula-
tion [16,17]. The electric field intensity of the electrical breakdown is generally high, about
10°-107 V/cm, for a very short time, generally 108 s [15]. There are many theories about
electrical breakdowns, including the avalanche breakdown theory [18-21], the charge trap
theory, the collision ionization breakdown theory, etc. [19]. (2) A thermal breakdown occurs
at a relatively lower electric field intensity, which is insufficient to induce an electrical
breakdown. When the heat generation caused by the dielectric loss is greater than the heat
dissipation, the temperature of the dielectric will continuously rise, causing decomposition
and carbonization of the dielectric and resulting in insulation failure [17,22-24]. Tempera-
ture is an important factor affecting a thermal breakdown, and increasing the temperature
of the dielectric would reduce the breakdown field intensity, according to Wagner’s theory,
which is a classical theory of thermal breakdown [25,26]. (3) An electrochemical breakdown
refers to the irreversible deterioration of the dielectric chemical properties due to a partial
discharge in the dielectric under the long-term action of a low electric field intensity, which
gradually reduces the insulation performance and causes a breakdown [27-29].

Yang initially researched HVF, finding that oil shale could be broken down, and
demonstrated the relationship between voltage, current, and electrode distance versus
the breakdown time [11]. Li discovered that there was a specific critical breakdown tem-
perature for oil shale under aerobic conditions, although no breakdown existed for oil
shale in an anaerobic environment because the heat generation was always lower than the
heat dissipation [30]. These studies focus on the impact of external factors without fully
considering the impact of oil shale itself on a breakdown.

This study addressed this research gap by investigating a wide range of factors, includ-
ing the electric field intensity, initial temperature, moisture content, and their combined
effects on the breakdown characteristics of oil shale, to determine the overall breakdown
mechanism. The findings will provide theoretical support for improvement in the break-
down efficiency of HVF technologies.
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Figure 2. Relationship between the electric field intensity and the action time related to the
breakdown types.

2. Materials and Methods
2.1. Apparatus and Materials

Figure 3 shows the HVF experimental platform, including an HVF regulator, a reactor,
a vacuum pump, temperature sensors with a measurement accuracy of +1 °C, a data
recorder, graphite electrodes, oil shale samples, etc.
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Figure 3. Schematic diagram of the HVF experimental platform.

The HVF regulator could achieve 0-8000 V AC breakdown and 220 V AC power
frequency electric heating; the reactor was equipped with electric heaters to maintain a
specific environmental temperature; the shells of the temperature sensor were insulated
with corundum armor; the data recorder was used to collect data from all sensors; and the
electrodes were made of graphite with a melting point of up to 3850 &+ 50 °C.

The oil shale samples were taken from the Huadian formation in the Huadian Basin of
Jilin Province, China. The samples were fresh, intact, and close to in situ conditions, and each
piece was not smaller than 20 cm x 15 cm x 10 cm, because a larger dimension would bring
the experiment closer to the in-situ state of oil shale. Organic elements, Fischer assay analysis,
compositions and mineral components of the samples are shown in Tables 14, respectively.
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Table 1. Organic elements of Huadian oil shale.
Elements %
H/C o/C
N C (0] H S HF
2.36 59.60 7.82 7.16 0.57 14.65 1.44 0.10
Table 2. Fischer assay analysis (wt. %).
Shale Oil Gas Water Residue
18.32 5.27 5.99 70.42
Table 3. Composition of the Huadian oil shale.
Si02 A1203 TFe203 CaO MgO Kzo NaZO Ti02 P205 MnO LOI Sum
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
52.73 15.75 5.77 1.74 211 3.38 2.15 0.58 0.33 0.06 15.16 99.76
Table 4. Relative content of the mineral components determined by the X-diffraction for Huadian
oil shale.
Q (%) Fs (%) P1 (%) Cc (%) Do (%) Sid (%) Fy (%) Ana (%) 1/S (%) I (%) K (%)
29.0 6.0 10.0 12.0 3.0 4.0 2.0 2.0 10.0 20.0 6.0

Note: Q—Quartz, FS—Alkaline Feldspar, Pl—Plagioclase, Cc—Calcite, Do—Dolomite Sid—Siderite, Ana—
Analcime, I—Illite, K—Kaolin, I/S—Illite /smectite formation.

2.2. Experimental Methods
2.2.1. Experimental Procedure

The experimental procedure consisted of the following processes:
(1) Oil shale samples with different initial temperatures and moisture contents were prepared.

The samples were preheated to the specified initial temperatures by the reactor within a
nitrogen environment, following the subsequent steps: the reactor was pumped to vacuum
conditions, and nitrogen was injected into the reactor until it reached a normal pressure;
the nitrogen was heated in the reactor with the electric heaters to heat the oil shale; then,
the oil shale was heated to the required initial temperature at a heating rate of 50 °C/h for
6 h. The purpose of pre-heating was to verify whether the thermal breakdown of the oil
shale conforms to Wagner’s theory, which states that increasing the initial temperature will
reduce the electric field intensity of a thermal breakdown.

The original oil shale sample with a moisture content of 3.1% was desiccated at 300 °C
for 10 h in a nitrogen environment in the reactor to obtain a dried oil shale sample with a
moisture content of 0 when conducting the breakdown experiment with different moisture
contents. Then, a vacuum water-saturated device was used to prepare the saturated oil
shale samples by soaking them in a 0.8 MPa pressure environment for 24 h. As a result, the
water-saturated oil shale sample obtained here had a moisture content of 5.8%.

(2) Electrodes and temperature sensors were arranged in the oil shale samples.

The electrodes were arranged perpendicular to the direction of the oil shale bedding,
and the distance between the electrodes and the edge of the oil shale was no less than 5 cm,
with the electrode arrangement at a depth of 7 cm. The depth of 7 cm has several purposes:
(i) to ensure a good contact between the graphite electrode and the oil shale; (ii) to make
the breakdown occur inside the oil shale as much as possible, not at the edge, so that its
temperature change is less affected by the external ambient temperature. One temperature
sensor was arranged at the electrodes” midpoint, and another, on the mid-perpendicular
point of the two electrodes’ connection 5 cm away from the midpoint, as shown in Figure 4.
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Figure 4. Arrangement of the electrodes and the temperature sensors in an oil shale sample.

(38) The sample was placed in the reactor, the electrodes were connected to the power
supply, and the temperature sensors were connected to the data recorder.

(4) The reactor was sealed and set to the designed gas environment.

(5) The breakdown experiments were carried out. The HVF regulator was adjusted to
the breakdown mode and the voltage was set to the initial value. If the current did
not surge after applying the voltage for some time, and the temperature of the oil
shale did not rise continuously, it was judged that the oil shale could not be broken
down under this voltage; when the current increased sharply, the HVF regulator was
switched to 220 V AC power frequency heating mode. If the oil shale could be heated
continuously, it was judged that the oil shale was broken down; otherwise, it was not.
At this time, the breakdown voltage was increased and the experiment was continued.

2.2.2. Experimental Parameters

The experimental parameter variations are described below.
(1) Electric field intensity

Taking the electric field intensities of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 140, 180,
200, 300, and 400 V/cm, the oil shale breakdown experiments were carried out with an
electrode distance of 10 cm, an initial voltage of 100 V, an initial temperature of the oil shale
of 21 °C, ambient temperature of 21 °C, and moisture content of the oil shale of 3.1%.

(2) Initial temperature

Experiments were carried out based on the initial temperatures of 160 °C and 260 °C for
the sample, where the electric field intensities were 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 140,
180, 200, 300, and 400 V/cm, the electrode distance was 10 cm, the initial voltage was 100 V,
the ambient temperature was 21 °C, and the moisture content of the oil shale was 3.1%.

(3) Moisture content

With moisture contents of 0%, 3.1%, and 5.8% as the parameters, the breakdown experi-
ments were carried out where the electric field intensities were 70, 100, and
140 V/cm, the electrode distance was 10 cm, the initial voltage was 70 V, the initial temper-
ature of oil shale was 21 °C, and the ambient temperature was 21 °C.

3. Results and Discussion
3.1. Effect of the Electric Field Intensity on the Oil Shale Breakdown

The effect of the electric field intensity on the oil shale breakdown was evaluated from
the perspectives of temperature change, heat generation power, energy consumption, and
breakdown time. Heat generation power refers to the electric power consumed by oil shale
and is equal to the product of the voltage applied to the oil shale and the current through
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the oil shale. The energy consumption is the integral of the heat generation power over
time, and can be calculated as follows:

to
Q= /O Urdt, )

where Q is the energy consumption, J; U is the voltage applied to the oil shale, V; I is the
current through the oil shale, A; ¢ is the time, s; and ¢ is the breakdown time, s.

In the experiments where the electric field intensities were 10-60 V/cm, no break-
down or significant temperature change occurred in the oil shale, which will not be
discussed in detail.

In the experiments with the electric field intensities of 70, 80, and 90 V/cm, no break-
down occurred, while the temperature showed a slow rise and then tended to be stable;
the stable temperatures gradually increased with the increase in the electric field intensity
and were 65, 81, and 82 °C, respectively, as shown in Figure 5. The heat generation power
exhibited a rapid increase at first and then a slow decline; with the increase in electric field
intensity, heat generation power gradually increased to 67, 89, and 138 W, respectively, as
shown in Figure 6.
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Figure 5. Temperature changes of the oil shale with time under different electric field intensities.
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Figure 6. Variation in heat generation power with time under different electric field intensities.

When the electric field intensities were 100, 140, and 180 V/cm, the breakdown of
the oil shale occurred after some time; the time gradually shortened—269, 53 and 20 s,
respectively, as shown in Figure 7. With the increase in the electric field intensity, the
heating of the oil shale was gradually accelerated; in contrast, the energy consumption
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gradually decreased, with the values of 22,152, 16,475, and 8610 ], respectively, as shown in
Figure 7. The temperatures of the oil shale breakdown were 102, 95, and 93 °C, respectively,
as shown in Figure 5.
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Figure 7. Changes in the breakdown time and energy consumption with different electric field intensities.

As shown in Figure 6, in the experiment where the electric field intensity was
100 V/cm, the heat generation power increased rapidly to approximately 100 W, then
decreased slowly and surged to about 950 W before breakdown. In the experiments with
an electric field intensity of 140 V/cm, the heat generation power rose rapidly and surged
to about 1520 W before breakdown. When the electric field intensity reached 180 V/cm, the
heat generation power increased more rapidly and surged to approximately 1505 W before
breakdown. With the increase in the electric field intensity, the oil shale heated up faster
and the heat generation power increased because a higher electric field intensity would
generate a higher current in the oil shale.

For all of the electric field intensity experiments, the heat generation power increased
rapidly in the first 60 s, and then decreased. The increase is due to the increase in tempera-
ture, the activity of the conductive ions in water increases, and the conductivity increases.
The reason for the decrease is that with the increase in temperature, water evaporation
decreases, and the conductivity of the oil shale is reduced when the moisture content
decreases to a certain level.

In the experiments with electric field intensities of 200, 300, and 400 V/cm, the oil
shale samples were broken down instantaneously with no temperature change, indicating
that the breakdown should be electrical. Thus, we could conclude that the critical electric
field intensity of the thermal breakdown for oil shale is between 100 and 180 V/cm.

When the electric field intensity increased, the breakdown time decreased, finally
approaching 0, meaning that the breakdown would occur instantaneously when the electric
field intensity is large enough. The main reason for the decreased breakdown time is that
with the rise of the electric field intensity, the Joule heat effect of the oil shale conductive
channel increases, generating more heat and causing the oil shale to rise faster to the critical
temperature for the breakdown.

As the electric field intensity rises, the energy consumption decreases because the
higher heat generation power caused by the higher electric field intensity leads to a smaller
and more concentrated heating area.

3.2. Effect of the Initial Temperature on the Oil Shale Breakdown

When the initial temperatures were 160 and 260 °C and the electric field intensities
were 10—400 V/cm, no significant current or temperature changes were detected, showing
that breakdown could not be realized. The resistance of the oil shale was still more than
40 MQ) after the experiments.
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During the temperature rise process, the composition of the oil shale changes, affecting
its macroscopic and microscopic characteristics, physical and chemical structures, and then
its electrophysical and thermophysical properties.

The critical electric field intensity of the general materials” thermal breakdown de-
creases with the temperature increase [25,31]; however, no thermal breakdown or significant
current occurred when the initial temperature rose to 160 or 260 °C, and the temperature
showed a downward trend and the decline was faster when the initial temperature was
260 °C, as shown in Figure 8. The main reasons are as follows: (1) Compared with the
initial temperature of 21 °C, when the initial temperatures are 160 and 260 °C, free water
evaporates from the oil shale, the dissolved mineral ions decrease, the electric conductivity
decreases, the dielectric constant of the oil shale decreases, and the heat generation power
decreases significantly. (2) When the temperature rises, the specific heat capacity of the oil
shale decreases, the thermal conductivity increases, and the temperature difference with
the environment increases, so the heat dissipation power of the oil shale increases. At this
time, the heat generation power is less than the heat dissipation power; thus, the internal
temperature of the oil shale cannot rise. (3) When the initial temperature increases from 160
to 260 °C, the small molecular free hydrocarbons in the pores of the oil shale are released,
usually saturated hydrocarbons such as methane and ethane, of which the presence reduces
the electrical conductivity of the oil shale and increases the thermal conductivity of the oil
shale. So, the contents of the hydrocarbon elements are reduced, the porosity increases,
the electrical conductivity improves, and the thermal conductivity reduces. However, the
temperature differences with the environment increase, which increase the heat dissipation
of the oil shale, and finally lead to an increased temperature drop.

Initial temperature 160°C
— Initial temperature 260°C

Temperature (°C)
(5=
S
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Figure 8. Oil shale temperature changes with the initial temperatures of 160 °C and 260 °C.

When the initial temperature was 21 °C, the temperature of the thermal breakdown
of the oil shale was 93-102 °C, which has limited impacts on the oil shale’s physical and
chemical composition and properties. Consequently, the thermal breakdown is due to the
joint action of the temperature and the electric field intensity.

3.3. Effect of the Moisture Content on the Oil Shale Breakdown

Compared with the experiment where the initial temperature was 21 °C, when the
initial temperature was 160 and 260 °C, the maximum variable of the oil shale was the
moisture content, which significantly impacted the breakdown. Hence, the impacts of the
moisture content on the oil shale breakdown should be studied.

With an electric field intensity of 70 V/cm, the oil shale with all three kinds of moisture
content showed no breakdown. The temperature of the dried sample exhibited no change,
and the heating trend of the original and saturated samples was the same: both rose rapidly
at first and then tended to be stable. The saturated sample’s temperature was always
higher than that of the original sample, and the peak temperatures were 111 and 65 °C,
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respectively, as shown in Figure 9a. The heat generation power of the saturated and original
samples showed a downward trend. First, the heat generation power rose slightly at the
initial stage, declined slowly, and then showed a small peak, but finally approached 0.
The heat generation power of the saturated sample was consistently greater than that of
the original sample; the average values of the heat generation power of the saturated and
original samples in the initial flat section were about 220 and 45 W, and the values of peak
heat generation power were 266 and 68 W, respectively, as shown in Figure 10a.
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Figure 9. Oil shale temperature changes with time in the different moisture content experiments.
(a) Electric field intensity of 70 V/cm; (b) electric field intensity of 100 V/cm; (c) electric field intensity
of 140 V/cm.
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Figure 10. Heat generation power variation with time in the different moisture content experiments.
(a) Electric field intensity of 70 V/cm; (b) electric field intensity of 100 V/cm; (c) electric field intensity
of 140 V/cm.

The dried samples failed to break down with the electric field intensity of 100 V/cm,
whereas the original samples and saturated samples did. The breakdown time was 269 and
490 s, respectively; the corresponding breakdown temperatures were 102 and 150 °C. The
dried sample’s temperature did not change, and the saturated sample’s temperature was
consistently higher than that of the original sample. The temperature increases in both the
original and the saturated samples showed a steady upward trend, as shown in Figure 9b.
The heat generation power of the original and the saturated samples s displayed a trend of
a slight increase in the beginning, then declined, and eventually surged. The surge occurred
before the breakdown, and the heat generation power values of the water-saturated and
original samples were close, at 950 and 1089 W, respectively, as shown in Figure 10b.

The dried samples did not break down with an electric field intensity of 140 V/cm, but
the original and saturated samples did; the breakdown time of the original and saturated
samples was 53 and 448 s, and the corresponding breakdown temperatures were 95 and
176 °C, respectively. The temperature of the dried sample showed no change, and the
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temperature of the saturated sample was consistently higher than the original sample
before it reached 95 °C. When the temperature rose to 95 °C, the original sample broke
down, its heating rate increased sharply, and then its temperature exceeded the saturated
sample temperature, as shown in Figure 9c. The heat generation power of the saturated
samples decreased slowly and then increased sharply; the original sample’s heat generation
power increased rapidly at first and then surged. At the moment of breakdown, the heat
generation power of the original and saturated samples surged, with values of 1520 and
1547 W, respectively, as shown in Figure 10c.

In conclusion, comparing the breakdown experiments of the dried, original, and
saturated samples with the same electric field intensity, it can be seen that water compre-
hensively impacts the breakdown of oil shale.

As shown in Figure 10a—c, with the different electric field intensities, the heat genera-
tion power of the original and water-saturated samples showed a rapidly increasing trend
in the first 60 and 30 s, respectively. The water-saturated sample has a higher moisture
content and a better conductivity; therefore, the heat generation power increases more
rapidly, making water evaporate earlier, and eventually, the heat generation power peaks
sooner. As the temperature rises and the water evaporates continuously, the conductivity
of oil shale declines, and the heat generation power decreases steadily.

Figure 10a—c indicate that in the experiments with different moisture contents and
the electric field intensities of 70, 100, and 140 V/cm, there was an instantaneous surge
in the heat generation power of the original and saturated samples. When the electric
field intensity was 70 V/cm, the heat generation power decreased rapidly after the surge,
and the sample was not broken down. However, when the electric field intensities were
100 V/cm and 140 V/cm, the heat generation power surged, and the samples were broken
down. It can be seen that the water in the pores of the oil shale continues to heat up,
and when the temperature reaches the boiling point of water, the gaseous water fills the
pores. Under the effect of the electric field, the gaseous water is broken down instantly,
and the current increases rapidly, accompanied by the rapid decrease in the moisture
content of the oil shale. When the electric field intensity is 70 V/cm, the temperature in the
conductive channel increases because of the increased current but causes no irreversible
physical or chemical changes in the oil shale. When the heating continues, the moisture
content and heat generation power decrease, resulting in no breakdown. When the electric
field intensities are 100 and 140 V/cm, the current instantaneously increases exponentially,
resulting in the temperature of the conductive channel rising to the temperature where oil
shale undergoes irreversible physical and chemical changes, making the internal current in
the oil shale continue and breakdown occur.

It can be seen from Figure 10a—c that the overall trend in original oil shale’s heat
generation power under the electric field intensity of 140 V/cm differed from other exper-
iments because the electric field intensity was high enough that the conductive channel
temperature rose rapidly and the oil shale reached the critical breakdown temperature
before the negative effect of the water evaporation occurred.

Prior to the breakdown, the heat generation power of the saturated sample was con-
sistently greater than that of the original sample, as shown in Figure 10b,c. The breakdown
time is longer for the saturated sample than for the original sample because the heat loss is
much larger than the original sample due to more water evaporation.

Both the maximum temperature without breakdown and the critical temperature
of the breakdown for the water-saturated sample are higher than that of the original
sample because the evaporation process of water transfers heat to the oil shale around the
conductive channel in the form of convection. The water’s impacts on the water-saturated
sample are more significant than that of the original sample, resulting in a larger heating
volume of the water-saturated sample. The temperature of the original sample is relatively
more concentrated, leading to an early breakdown of the original oil shale.
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Compared with the original and water-saturated samples, the dried samples could
not be broken down even under 400 V/cm, indicating that water is the main factor for the
oil shale’s conductivity and a necessary condition for breakdown.

With the same electric field intensity, in terms of breakdown time and energy consump-
tion, an insufficient moisture content would lead to a longer breakdown time and more
heat dissipation, increasing the breakdown energy consumption; the excess moisture content
would also lead to a longer breakdown time, making water evaporation take away more heat
and eventually causing more energy consumption. Therefore, there should be an optimal
moisture content that minimizes both the breakdown time and energy consumption.

4. Conclusions

This study explored the impacts of the comprehensive factors on the oil shale break-
down characteristics and mechanisms through laboratory experiments. According to the
research results, the following conclusions can be drawn:

(1) Under the same experimental conditions, the thermal breakdown occurred when the
electric field intensity was between 100 and 180 V/cm. The greater the electric field
intensity, the easier the thermal breakdown and the lower the energy consumption. The
critical thermal breakdown temperatures of the oil shale were between 93 and 102 °C.

(2) A higher initial temperature increases the difficulty of breakdown, which is inconsis-
tent with the classical theory of the solid thermal breakdown because increasing the
initial temperature leads to a reduction in water in the oil shale, which significantly
affects the electrophysical properties of the oil shale. When the temperature rises, the
oil shale’s components change, affecting its macro and micro physical and chemical
structures and altering its electrophysical and thermophysical properties.

(3) The main factor that affects the electrical conductivity of the oil shale is the existence of
water, which is also a necessary condition for the oil shale’s thermal breakdown. In ad-
dition, there should be an optimal moisture content to minimize both the breakdown
time and the energy consumption.

(4) The thermal breakdown of the oil shale results from the heat generation and dissi-
pation, which are affected by many factors. The electric field intensity only affects
the heat generation process, whereas the initial temperature and the moisture content
impact both the heat generation and dissipation processes, and the impacts of the
moisture content are more significant than that of the initial temperature.
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