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Abstract. Oil shale is a potential strategic reserve resource and a significant
supplementary energy source due to its huge reserves and numerous utilization
methods. The study of oil shale thermophysical properties can provide
significant guidance for proposed in-situ mining. Taking the oil shale in
Jimsar, Xinjiang as an example and using thermophysical experiments, this
paper studies the variation in thermophysical properties of oil shale with
temperature. The results show that the specific heat capacity of oil shale
increases with increasing temperature below 390 °C, but the change decreases
with increase of temperature;, however, when the temperature exceeds 390 °C,
the specific heat value change fluctuates irregularly. At 31-720 °C, the thermal
expansion of oil shale indicates obvious anisotropy. Namely, in the vertical
bedding direction, the thermal expansion rate manifests a typical two-stage
increase, while in the parallel bedding direction, the thermal expansion
coefficient exhibits an overall increasing trend but fluctuates significantly due
to the reaction of components within the oil shale.

Keywords: thermophysical properties, Jimsar oil shale, specific heat capacity,
thermal expansion, anisotropy.

1. Introduction

2022 is a year of intertwined crises, which reinforces the need for balance
in the dimensions of energy security, affordability, and sustainability. The
need to balance energy security, equity (affordability) and environmental
sustainability has never been more pressing, and the diversity of challenges
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faced by countries is clearer than ever [1]. As energy resource depletion is
impending, oil shale has become an important strategic energy source due
to its large reserves, great potential and numerous methods of utilization [2].
China’s oil shale reserves are approximately 330 billion barrels, ranking
second in the world. Therefore, there is a great potential for the exploitation
and utilization of this energy in China [3].

The methods of oil shale conversion can be divided into dry distillation and
underground in-situ mining. However, considering the advantages of large
recoverable depth, high oil recovery rate, land occupation, and environmental
protection, the in-situ mining has become a new trend in the development of
oil shale mining technology. Regardless of the mining method, the output of
shale oil and gas is always related to the pyrolysis of the solid kerogen [4—6].
In-situ mining refers to the process of pyrolysis of the solid kerogen into
liquid or gaseous hydrocarbon at high temperatures underground by means
of electricity [7, 8], fluid [9], or gas [10]. Due to the pyrolysis of kerogen
and the thermal reaction of inorganic minerals, the thermophysical properties
of oil shale, such as thermal conductivity, specific heat capacity and thermal
expansion coefficient, are bound to change accordingly, which directly affects
the rock’s pyrolysis efficiency and, consequently, the output of shale oil and
gas.

In the in-situ mining by superheated steam, the thermal expansion of
oil shale has a great influence on its stability during this process, while the
variation in specific heat capacity directly determines the oil shale heating
capacity. This has attracted a lot of scholars to undertake research in the
respective field. Compared with other rocks such as sandstone and granite, oil
shale contains a unique organic matter, kerogen. With increasing temperature,
oil shale will be pyrolyzed to generate shale oil and gas. The pyrolysis process
can be divided into three stages [11-15] and is also affected by many factors,
such as the heating rate [16—-18], the size of oil shale particle [19] and the
degree of oil shale metamorphism [20, 21]. Many investigators have studied
the variation in the thermophysical properties of rocks with temperature. It
is found that the thermal conductivity and thermal diffusivity of rocks are
mostly anisotropic [22-24] and the variation in their anisotropy coefficients
is also different. Even though the specific heat capacity of most rocks is
positively correlated with temperature, thermal conductivity and thermal
diffusion coefficient are often negatively correlated with temperature [24-28].
It is also found that minerals, pores, temperature, and pressure are the
factors determining the specific heat capacity [29-31]. However, due to the
characteristics of high-temperature pyrolysis of oil shale, the current studies on
its thermophysical properties are generally conducted in the low-temperature
region (31-390 °C), or the specimens are heated to the target temperature and
kept for a certain period of time and then their thermophysical properties are
measured after they have been moved and cooled down to room temperature.
It was found that the specific heat capacity of oil shale increased first and then
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decreased with increasing temperature, and the thermal conductivity shows
an overall decreasing trend [24, 32, 33]. In the in-situ mining, the thermal
expansion of oil shale has a great influence on the rock stability [34]. In this
regard, many scholars have found that due to the thermal expansion properties
under thermal action, new pores could be produced in the rock to strengthen
its internal connectivity [35-38]. Also, some sensitive temperature ranges
for thermal expansion of certain rocks could be determined [39, 40], while
significant differences in this parameter exist among the rocks parallel and
vertical to the bedding [41-44]. Because of the pyrolysis characteristics of oil
shale at high temperature, the variation in the thermal expansion at this stage
is highlighted in real-world engineering applications.

In summary, the majority of previous studies focus on the thermophysical
properties of shale and sandstones or on those of oil shale in the low-temperature
stage. At the same time, studies regarding the thermophysical properties of the
latter in the high-temperature pyrolysis stage are scarce in the literature. In the
in-situ mining, the thermophysical properties of oil shale at high temperature
are crucial to its stability and the exploitation of oil and gas, while the specific
heat capacity and thermal expansion of the rock directly affect the evolution
of oil shale pore space. Therefore, the purpose of this study is to research
the real-time variation in the specific heat capacity and thermal expansion of
Jimsar oil shale with temperature, and provide the theoretical basis for the oil
shale in-situ mining.

2. Materials and methods

2.1. Preparation of oil shale samples

Oil shale samples were collected from the Shichanggou Mine of Jimsar
County, Xinjiang, China, and sealed immediately using paraffin wax to
avoid weathering and deterioration. Raw oil shale samples were gathered,
crushed and cut along parallel and vertical bedding directions into the size of
3 mm X 3 mm x 25 mm, and then subjected to thermal expansion experiments.
Later, some of the samples were ground and sieved to a grain size below
75 wm [45], according to the National Standards of China (DZ/T 0276), and
then dried for 8 h at 70 °C in an oven, and finally stored in a desiccator for the
specific heat capacity experiments.

According to Liu et al. [14], the primary mineral components of Jimsar
oil shale are quartz, plagioclase and dolomite, followed by sanidine, calcite,
clay minerals and smaller amounts of pyrite and gypsum. The results of the
thermogravimetric (TG) experiment showed that the total weight loss of oil
shale was 20.4% in the temperature range of 31-800 °C, and the pyrolysis was
a typical three-stage process. The first stage was conducted at 31-390 °C, with
a weight loss of about 1.3%. The second stage was carried out at 390—540 °C.
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This stage was further divided into two substages, I and II. The weight loss
at stage [ (399488 °C) was about 12.2%, and at stage II (488-540 °C) 2.3%.
The third stage was performed at 540-800 °C, with a weight loss 0f 4.6%. The
results show that the TG curve is closely related to the organic and inorganic
mineral composition of oil shale [11].

2.2. Experimental process

The specific heat capacity of oil shale was measured in the laboratory, using a
differential scanning calorimeter (DSC200F3) (Fig. 1). The thermal expansion
experiment was conducted using a thermal dilatometer (DIL402PC) (Fig. 2).

In the specific heat capacity experiment, approximately 20 mg of oil
shale powder was evenly distributed at the bottom of the thermogravimetry
crucible, and then heated to 720 °C at a rate of 0.5 °C/min using Ar gas as a
protective gas at a flow rate of 100 ml/min. Later, the variation in the specific
heat capacity from 31-720 °C was obtained with Origin 2021 software.

In the thermal expansion experiment, the DIL402PC resolution was 8 nm.
The specimens with parallel and vertical beddings were placed in the heating
furnace in turn for the experiment. Under the protection of Ar gas, the
specimens were heated from room temperature to 720 °C at a heating rate of
3 °C/min. Then the variation in the thermal expansion coefficient and thermal
expansion rate at 31-720 °C can be obtained by the Origin 2021 software.
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Fig. 1. DSC200F3 differential scanning calorimeter.
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Fig. 2. DIL 402 PC thermal dilatometer.

3. Results and discussion

3.1. The variation in specific heat capacity with temperature

The specific heat capacity (C) is the heat absorbed (or released) by a unit mass
of rock when the temperature rises (or drops) by 1 °C. Figure 3 shows the
variation in the specific heat capacity of oil shale as the temperature increases,
during which the actual test temperature is 31-600 °C because oil shale
pyrolysis products will pollute the detector probe when it exceeds 600 °C.

3.0 —C
Polynomial fitting

2.5
C =1.54¢37°-1.30e°7* + 4.35¢>T + 1.00

Specific heat capacity, J/(g-°C)

0 100 200 300 400 500 600
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Fig. 3. Oil shale specific heat capacity versus temperature.
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As shown in Figure 3, the specific heat capacity of oil shale increases with
temperature before 390 °C, but the value variation scales down; however,
when the temperature exceeds 390 °C, the specific heat capacity fluctuates
irregularly. In the temperature range of 31-390 °C, the specific heat capacity
of oil shale increases with ascending temperature. At 31 °C, the specific heat
capacity is 1.11 J/(g-°C). The value increases by 47.7% at 390 °C, reaching
1.64 J/(g-°C). During this process, the moisture inside oil shale has a little
effect on its specific heat capacity, mainly because the sample has been dried
at 75 °C for 3 hours before the test [46, 47]. The reason for the increase of
the specific heat capacity with the temperature rising from 31 °C to 200 °C is
that the water with a high specific heat evaporates from the gypsum and fills
the pores [46, 48]. As the temperature increases, the evaporation of mineral
crystalline water from oil shale causes a steady decrease in the slope of the
specific heat capacity curve.

However, in the temperature range of 200-390 °C, the slope of the curve
is roughly constant, and the growth of the specific heat capacity tends to be
more regular. By fitting the curve of this temperature range, the corresponding
function is obtained and shown in Formula (1):

C=1.00+4.35%103T —1.30X10 °T2+1.54 X107 373 (1)
R=0.998 ’

where C is the specific heat capacity, J/(g-°C), and T is the temperature, °C.
After the temperature exceeds 390 °C, the specific heat capacity of oil shale
indicates erratic variations, which suggests that some reactions inevitably take
place inside the rock. As the temperature grows from 390 °C to 540 °C, the
specific heat capacity of oil shale first surges to a characteristic peak value of
2.01 J/(g-°C) at 453.5 °C. It is mainly attributed to the fact that substantial
energy is required for the pyrolysis of kerogen within oil shale to generate
gas, and aliphatic and aromatic compounds in stage I [49]. The comprehensive
pyrolysis of kerogen leads to a decline in the specific heat capacity of oil
shale. However, the release of the generated gas creates new pores in oil shale
[50-52] while the aliphatic and aromatic compounds fill some of these pores
in preparation for secondary reactions in stage II, bringing about an increase
of the specific heat capacity of oil shale [11]. Moreover, as the temperature
rises, the specific heat capacity of inorganic minerals contained in oil shale
also increases [11]. Thus, with the interaction of these reactions, the specific
heat capacity exhibits an overall ascending trend in stage I and reaches a peak
value of 2.25 J/(g-°C) at 488.5 °C. From 490 °C to 527 °C, the specific heat
capacity of oil shale decreases significantly, reaching a minimum value of
1.25 J/(g-°C) at 514.5 °C. It is mainly ascribed to the secondary reaction of
aliphatic and aromatic compounds in stage II, during which these compounds
crack and generate a large amount of gas. Consequently, the original pores
recover and oil shale expands to a certain extent, forming some new pores.
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In the temperature range of 540—600 °C, the specific heat capacity curve
of oil shale first rises, then dips and thereafter climbs again to the peak of
3.06 J/(g-°C) at 552 °C, but afterwards, a trough of 1.49 J/(g-°C) emerges
at 565.5 °C. Combined with the mineral fraction of oil shale, the pyrite in it
needs to absorb a large amount of heat before decomposition, resulting in a
bulge in the specific heat capacity of the rock. However, after the temperature
reaches 552 °C, the specific heat capacity of oil shale decreases rapidly, but
still remains higher than 1.25 J/(g-°C). It is because other inorganic minerals
in oil shale are relatively stable before 565.5 °C, and its specific heat capacity
still increases with increasing temperature [11]. After the temperature reaches
565.5 °C, the specific heat capacity of oil shale continues to increase. The
reason is that the o and £ phase transformation of quartz at 574 °C necessitates
a tremendous accumulation of energy and the heat energy absorbed is turned
into activation energy for the reactions [53].

In summary, the variation in the specific heat capacity of oil shale is closely
related to its material composition. At 31-390 °C, the components of oil shale
are stable and its specific heat capacity increases in a certain pattern with
rising temperature. However, at 390-600 °C, the specific heat capacity curve
shows irregular fluctuations under the combined effect of kerogen pyrolysis,
pyrite thermal decomposition and other factors. This indicates that the material
composition of oil shale determines its thermophysical properties.

3.2. The variation in thermal expansion with temperature

In general, the thermal expansion of oil shale is greatly influenced by its
components. With the increase of temperature, the components of oil shale
undergo a series of physical and chemical changes, which directly affect its
thermal expansion and evolution of internal pore space. Figure 4 illustrates
the variations in the thermal expansion rate and coefficient of oil shale with
temperature in parallel and vertical bedding directions.
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Fig. 4. Curves of oil shale thermal expansion versus temperature in (a) parallel bedding
direction and (b) perpendicular bedding direction.

Figure 4a shows the variation in the thermal expansion coefficient and rate
of oil shale with temperature in the parallel bedding direction. At 31 °C, the oil
shale thermal expansion coefficient (K is 0.186 x 10%/°C. K, then increases
as the specimen is heated to 180 °C, peaking at 164.5 °C with a value of
2.9 x107°/°C. Subsequently, in the temperature range of 180-390 °C, K, shows
a descending trend and fluctuations, with one peak of 2.52 x 10-5/°C appearing
at 282 °C and another peak of 2.25 x 105/°C at 340 °C, the minimum value
being 1.77 x 10%/°C at 390 °C. Between 390 °C and 540 °C, K, first increases
sharply and then undergoes a drastic decline, reaching a peak value of
2.96 x 10°%/°C at 437 °C and a minimum value of —0.862 x 105/°C at 493 °C.
In the temperature range of 540-720 °C, K, first increases and then decreases
stepwise, peaking at 555 °C with a value of 1.88 x 105/°C and smoothing
out at around 660 °C with a value of 0.484 x 105/°C. When the temperature
is higher than 708 °C, K, is less than 0. Therefore, it can be deduced that K,
basically remains greater than 0, indicating that between 31 °C and 720 °C, oil
shale is mainly in a state of expansion in the parallel bedding direction.

According to Figure 4a as well as the variation in K, the thermal expansion
rate of oil shale primarily shows an increasing trend in the parallel bedding
direction. In the temperature range of 31-100 °C, the expansion rate curve is
concave. Based on the above analysis of the specific heat capacity, the main
reason is that the dehydration of gypsum in oil shale at the initial stage of
heating lowers the internal temperature and the mineral particles have not
yet fully expanded [11, 46]. As a result, the expansion rate of oil shale grows
slowly, which is consistent with the variation in its specific heat capacity in
this temperature range. With the evaporation of mineral crystalline water, the
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internal temperature of oil shale gradually stabilizes. In the temperature range
of 100-390 °C, the oil shale internal components are less constrained due to
the presence of the original pores inside it, and keep expanding when the rock
is heated, so the K, value rises [44, 54]. However, as the thermal expansion
intensifies, the constraint between the components strengthens, leading to a
decrease in K, which agrees with the fluctuation of K, in this temperature
range. After the temperature exceeds 390 °C, the thermal expansion rate
increases with temperature and reaches a peak value 0f9.91 x 103% at 484 °C.
Combined with the specific heat capacity analysis, it is evident that when
the gas generated in stage I is released, numerous new pores form, which
weaken the mineral skeleton strength of oil shale. Meanwhile, the generated
aliphatic and aromatic compounds block some pores [55, 56], and with rising
temperature, the expansion force is enhanced, leading as a result to the fracture
of the original bedding structure of oil shale and damage to its mineral skeleton
[57]. From 484 °C to 540 °C, the aliphatic and aromatic compounds undergo
secondary and pyrolysis reactions and are transformed into shale oil and gas
to escape from the pores inside oil shale. At the same time, the pores expand
and the pore connectivity is improved to promote oil and gas transport [51],
while the mineral skeleton produces a certain degree of shrinkage, which is
the difference in thermal expansion between oil shale and other rocks, during
which the expansion rate of oil shale decreases and reaches a trough value of
9.8 x 103% at 506 °C. Therefore, under the combined effect of these factors,
the oil shale structure may fracture during the in-situ mining, blocking the
transport of the heat transfer medium and terminating oil shale pyrolysis. In
the temperature range of 527-720 °C, the thermal expansion rate of oil shale
continues to grow, but the K, value gradually decreases. It is mainly due to
the decomposition of pyrite and illite within the weakening local parts of oil
shale [54]. Meanwhile, as the main inorganic mineral within oil shale at this
stage, quartz undergoes o and B phase transformation at 574 °C and expands
in volume [53], thus strengthening the rock stability. However, when the
temperature is higher than 600 °C, carbonate minerals such as dolomite in oil
shale are decomposed [11, 12], and the partial collapse of the mineral skeleton
further slows down its expansion rate. This explains K, being less than 0 after
the temperature reaches 708 °C [50].

Figure 4b illustrates the variations in the oil shale thermal expansion
coefficient and thermal expansion rate with temperature in the vertical bedding
direction. At 31 °C, the thermal expansion coefficient of oil shale (K)) is
1.87 x 107/°C. As the temperature is raised to 190 °C, K, initially rises
sharply and then decreases, reaching a peak value of 20.3 x 10/°C at 96.5 °C.
Afterwards, K, plunges to 0.662 x 10/°C at 190 °C. In the temperature range
of 190-720 °C, K, maintains a value of 0.707 x 10~/°C.

Within 31-720 °C, the oil shale thermal expansion rate in the vertical
bedding direction exhibits a typical two-stage growth trend (Fig. 4b).
Specifically, this rate increases sharply at temperatures between 31 °C and
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115 °C, while the increase rate slows down after the temperature exceeds
115 °C. When the temperature of oil shale is between 31 °C and 115 °C,
the mineral crystalline water generated inside it boils and expands, creating
interlayer fractures that dramatically accelerate the oil shale expansion in
the vertical bedding direction [58], and facilitating subsequent oil and gas
transportation. In the temperature range of 115-720 °C, the components of
oil shale expand thermally. When the expansion direction crosses the bedding
vertically, oil shale is pulled, while pore fissures, gas, and water get non-
uniformly distributed in the bedding. Additionally, microstructural planes,
which are obliquely intersected with the bedding direction, and secondary
structure surfaces are generated with elevating temperature. The formation
of these structures provides the space for oil shale expansion. The expansion
rate of oil shale deaccelerates, promoting the formation of more interlaminar
fissures, thereby boosting the transportation of oil and gas in it. Hence, the
thermal expansion rate of oil shale shows continuous slow growth [50].
Based on the above analysis, it is evident that temperature has a considerable
impact on the anisotropy of the thermal expansion coefficient of oil shale,
which is expressed as anisotropy coefficient (K,/K ). The variation in the
K, /K, value with increasing temperature is depicted in Figure 5. The overall
variation in K, /K, with temperature consists of 4 stages. In the first stage, in
the temperature range of 31-119 °C, K, /K, preliminarily decreases slowly
and then increases dramatically, and the minimum value of 0.1116 is achieved
at 98.5 °C. In the second stage, when the specimen is heated from 119 °C to
390 °C, K, /K, initially increases rapidly from 1.1195 to 4.2213, but after the

Anisotropy coefficient

Anisotropy coefficient
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0 100 200 300 400 500 600 700

Temperature, °C

Fig. 5. Anisotropy coefficient versus temperature.
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temperature reaches 164.5 °C, its value displays a downward trend. There are
two abrupt changes in K, /K, in the temperature range of 164.5-390 °C, and
two peak values of 3.9623 and 3.3534 are achieved at 282 °C and 345 °C,
respectively. In the third stage, within 390-540 °C, K, /K, first increases to a
peak value 0f 4.2363 at 435.5 °C, then decreases rapidly to —1.2141 at 493 °C,
increasing finally again. In the fourth stage, as the temperature rises from
540 °C to 720 °C, K, /K, first increases from 2.1833 to 2.5546 at 550.5 °C
and then decreases to —0.6068. Therefore, it can be concluded that in the
temperature ranges of 119-484 °C and 510.5-618.5 °C, K, is far larger than
K. In the other two temperature ranges, K, is higher than K .

The variation in K, has poor regularity, which brings great inconvenience
to the subsequent processing and practical application of material. By
comparison, the fitting curve has better stability, for which the Boltzmann
equation is adopted to fit the thermal expansion rate curve (Fig. 4a).

The temperature derivative curve fitting results are summarized in Figure
6a. Since the variation in K, is regular, it is fitted directly; the results are
shown in Figure 6b. The corresponding functions are represented by Formula
(2) and Formula (3), respectively:
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Fig. 6. Fitting curves of oil shale thermal expansion versus temperature in the (a)
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where K, is the thermal expansion coefficient in the direction of parallel
bedding, 10°/°C, K, is the thermal expansion coefficient in the direction of
vertical bedding, 10%/°C, and T is the temperature, °C.

In summary, the specific heat capacity and thermal expansion of oil shale
play a vital role in in-situ mining by superheated steam. The variation in the
specific heat capacity directly determines the heating capacity of oil shale.
The thermal expansion exhibits significant variability due to the anisotropy
of oil shale, and the variation in thermal expansion in parallel and vertical
bedding directions straightly affects the transfer of the heat transfer medium
in oil shale and the transportation of oil shale products. Therefore, how to
maintain the stability of oil shale during pyrolysis is an urgent issue to be dealt
with in the process of its in-situ mining. In this section, the variations in the
thermal expansion and the specific heat capacity of oil shale with temperature
are analyzed, the results provide a scientific foundation for the design of in-
situ oil shale mining.
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4. Conclusions

In this paper, the results of experiments conducted to examine the variation

in the thermophysical properties of Jimsar oil shale with temperature are

presented. Meanwhile, the anisotropy of the thermal expansion of oil shale is
discussed. The following conclusions are drawn:

1. The experiment is carried out to investigate the variation in the specific
heat capacity of oil shale samples with temperature. The results show
that in the temperature range of 31-390 °C, the growth of the specific
heat capacity of oil shale with temperature is regular. However, as the
temperature increases from 390 °C to 600 °C, the specific heat capacity
of oil shale shows irregular fluctuations due to the pyrolysis of kerogen
and the reactions of inorganic minerals such as quartz. It demonstrates
that the material composition of oil shale determines its thermophysical
properties.

2. According to the thermal expansion experimental results, the thermal
expansion rate of oil shale in the vertical bedding direction shows a
typical two-stage growth trend. In the first stage, when the oil shale
sample is heated from 31 °C to 115 °C, the expansion rate soars, and
oil shale is stretched in the vertical bedding direction, facilitating the
production of secondary structural surfaces and interlayer fractures
and providing preconditions for oil and gas transportation. After the
temperature exceeds 115 °C, the increase speed of the expansion rate
slows down, but the interlayer fractures continue to propagate and
increase, which is conducive to the transportation of oil and gas.

3. In the parallel bedding direction, the thermal expansion of oil shale
shows an overall increasing trend and fluctuates in the temperature
range of 390-540 °C. Before the temperature reaches 540 °C, K,
decreases precipitously on account of further pyrolysis of kerogen in oil
shale, which promotes the generation of new pores and causes damage
to its mineral skeleton. After the temperature rises above 540 °C,
the thermal expansion rate of oil shale continues to grow, but its growth
rate decreases tremendously under the combined influence of inorganic
mineral reactions, the continuous growth of thermal stress and the
stabilized mineral skeleton.
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