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Abstract: The feasibility of the autothermic pyrolysis in situ conversion (ATS) process for low-grade
oil shale (OS) has not been determined. In this research, the pyrolysis and combustion properties
of Tongchuan OS, with a 4.04% oil yield, were systematically analyzed. The findings revealed
that temperatures between 350 and 425 ◦C favored oil production, while temperatures from 450 to
520 ◦C resulted in a higher rate of gaseous generation. At 300 ◦C, the volume expansion and
ignition coking caused by the large amount of bitumen generated resulted in severe pore plugging,
which significantly increased the combustion activation energy of the residue, while the presence of
substantial flammable bitumen also significantly decreased the ignition and combustion temperatures.
From 300 to 520 ◦C, the combustion performance of residue decreases continuously. In addition,
pyrolysis residues of Tongchuan exhibited a slightly higher calorific value, between 425 and 520 ◦C,
owing to its higher fixed carbon content (10.79%). Based on the ideal temperature screening method
outlined for Tongchuan OS, the recommended preheating temperature for Tongchuan OS was 425 ◦C,
while the optimum temperature for the retorting zone should be 510 ◦C, considering a heat utilization
rate of 40%. These findings contribute valuable insights for the application of the ATS process to
low-grade OS.

Keywords: low-grade oil shale; ATS process; Ordos Basin; temperature parameters; kinetic analysis

1. Introduction

Oil shale (OS), a kind of sedimentary rock rich in macromolecular organic matter,
represents a form of unconventional fossil energy [1,2]. With the current energy crisis
and the depletion of conventional oil sources, OS has gained significant interest, given its
substantial reserves and widespread distribution [3,4]. Typically composed predominantly
of a substance known as kerogen, alongside an inorganic mineral framework, OS presents
unique challenges for extraction [5,6]. While it is resistant to solvent extraction, the large
kerogen molecules can be transformed into liquid shale oil and gaseous products through
heating at 300–550 ◦C [7,8]. Possessing properties akin to petroleum, shale oil exhibits
versatile applications across various sectors, including transportation, medicine, agriculture,
and the chemical industry, making it a viable substitute for petroleum [9,10]. Globally, OS
deposits have the potential to yield approximately 411.1 billion tons of shale oil reserves,
with China ranking second worldwide with reserves estimated at 60.8 billion tons [11]. As
such, OS has the potential to become a viable substitute for petroleum as a source of energy,
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and its development and utilization carry immense significance in mitigating the energy
crisis [12–14].

China’s OS resources are primarily concentrated in the east, central, and west regions
of the country, accounting for 62%, 17%, and 8% of the converted shale oil resources,
respectively [15]. Moreover, most of China’s OS deposits exhibit oil yields ranging from 4%
to 10%, with few basins exceeding 10% oil yield [11,15]. According to research conducted
by Liu et al., OS resources with less than 10% oil yield make up 87% of China’s total
resources [15]. Consequently, China’s OS resources are characterized by wide distribution
and low-grade quality. The Ordos Basin, which includes eight OS-rich regions symbolized
by Tongchuan, is host to the majority of central China’s OS resources. In the Ordos Basin,
OS thickness generally ranges from 0.79 to 13.9 m, with an oil yield of 6.12% on average
and 9.25% on maximum [15,16].

Currently, two major extraction technologies for OS are in use: surface retorting and
underground in situ conversion [17,18]. Thanks to its cost-effectiveness, environmental
friendliness, and ability to access deeper layers of OS without mining, the underground
in situ conversion technology has emerged as a preferred method for extracting OS re-
sources [19,20]. Over the past few years, numerous in situ OS conversion technologies
have been developed [21]. In addition, the combination of in situ conversion with some
EOR methods, such as catalysts, can facilitate the production of hydrocarbons, further
increasing its application potential [22,23]. Among them, the autothermic pyrolysis in
situ conversion (ATS) process represents one of the most promising techniques for OS
extraction [24,25]. This method involves injecting oxygenated gas underground, utilizing
the exothermic nature of residual carbon by-products in the pyrolysis residue to generate
heat, heating subsequent layers to promote kerogen pyrolysis, and ultimately initiating an
autothermic pyrolysis chain reaction in situ to produce hydrocarbons [26,27]. Successful
field pilot experiments employing the ATS process have been conducted in Nong’an and
Fuyu, Jilin, China, resulting in significant recoveries of shale oil and gas. These endeavors
have conclusively demonstrated both the theoretical and technical feasibility of the ATS
process [28,29].

The ATS process encompasses three main stages: preheating, initiation, and reaction,
as shown in Figure 1 [30]. In the preheating stage, the targeted in situ layer is electrically
heated to reach the desired temperature. Following this, oxygen-containing gas is injected
to initiate the target layer, facilitating the oxidation reaction between oxygen, pyrolysis
hydrocarbon products, residual kerogen, and residual carbon present in the residue. The re-
sulting heat is then released to heat the subsequent layer, constituting the initiation stage. By
controlling parameters such as oxygen concentration and gas flow rate, it becomes possible
to completely consume the injected gas’s oxygen within the combustion zone, generating
substantial amounts of CO2 and water products. Subsequently, a high-temperature gas
mixture comprising injected nitrogen, produced CO2, and water vapor moves backward
into the retorting zone. Hence, the oxidation reaction primarily occurs in the combustion
zone, whereas anaerobic pyrolysis of organic matter takes place predominantly in the
retorting zone. The combustion heat of residue in the combustion zone is transferred
forward, heating the subsequent OS layers. The hydrocarbon products produced within
the retorting zone continue to be delivered to the extraction well, as the entire reaction
zone proceeds forward, forming an underground chain reaction—the reaction stage. In
this stage, all the heat required for in situ production derives from combustion reactions of
residual organic matter and residual carbon within the OS residue [30,31].
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Figure 1. Schematic diagram of the different stages in the construction of the ATS process [28]. 
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OS have now been reported [32–38]. The results of the ambient-pressure kinetic studies 
indicate that the atmosphere of 30% O2/70% CO2 is the preferred environment for the com-
bustion of OS and that the combustion process consists of multiple reaction stages. More-
over, the variety of organic and mineral compositions in oil shale has considerable influ-
ence on the thermal behavior and kinetic characteristics of oil shale [32,33]. While at 5 
MPa, OS was susceptible to significantly higher heat release in the low-temperature oxi-
dation (LTO) region than in the high-temperature oxidation (HTO) region, shortening the 
oxidation induction time of the OS [34]. In addition, three reaction stages were observed 
during the oxidative reaction of bitumen, i.e., low-temperature oxidation, fuel deposition, 
and high-temperature oxidation. Whereas for kerogen, two major stages occurred, which 
were considered as fuel deposition and high-temperature oxidation [35,36]. Furthermore, 
the mineral matrix in oil shale has an obvious catalytic effect on the thermo-oxidative de-
composition of kerogen [37,38]. 

In our prior work, we investigated the combustion characteristics of pyrolysis resi-
dues obtained from high-grade Huadian OS samples (oil yield is 14.91%), as well as the 
heat supply-demand relationship during the reaction process, determining the optimal 
temperature parameters for the reaction. Results demonstrated that residues obtained 
from the pyrolysis of high oil yield samples still fulfill the required combustion heat sup-
ply during the reaction stage while achieving higher oil and gas yields. However, as men-
tioned earlier, much of China’s OS is low-grade. Compared to high-grade OS samples, 
pyrolysis residues from low-grade OS contain fewer residual organic matter and residual 
carbon by-products. Consequently, the potential residual heat in these residues is signifi-
cantly lower, leaving uncertainty regarding their ability to meet the production require-
ments of the ATS process. Present research on ATS primarily focuses on high-grade OS, 
with limited attention given to its low-grade counterparts. Therefore, it is of utmost im-

Figure 1. Schematic diagram of the different stages in the construction of the ATS process [28].

As mentioned above, the combustion characteristics of the residue in the reaction
process and whether the residue combustion heat can satisfy the heat required for the
pyrolysis of OS are the keys to the success of the implementation of the reaction stage
during the ATS process. In recent years, several studies on the combustion properties of
OS have now been reported [32–38]. The results of the ambient-pressure kinetic studies
indicate that the atmosphere of 30% O2/70% CO2 is the preferred environment for the
combustion of OS and that the combustion process consists of multiple reaction stages.
Moreover, the variety of organic and mineral compositions in oil shale has considerable
influence on the thermal behavior and kinetic characteristics of oil shale [32,33]. While
at 5 MPa, OS was susceptible to significantly higher heat release in the low-temperature
oxidation (LTO) region than in the high-temperature oxidation (HTO) region, shortening
the oxidation induction time of the OS [34]. In addition, three reaction stages were observed
during the oxidative reaction of bitumen, i.e., low-temperature oxidation, fuel deposition,
and high-temperature oxidation. Whereas for kerogen, two major stages occurred, which
were considered as fuel deposition and high-temperature oxidation [35,36]. Furthermore,
the mineral matrix in oil shale has an obvious catalytic effect on the thermo-oxidative
decomposition of kerogen [37,38].

In our prior work, we investigated the combustion characteristics of pyrolysis residues
obtained from high-grade Huadian OS samples (oil yield is 14.91%), as well as the heat
supply-demand relationship during the reaction process, determining the optimal temper-
ature parameters for the reaction. Results demonstrated that residues obtained from the
pyrolysis of high oil yield samples still fulfill the required combustion heat supply during
the reaction stage while achieving higher oil and gas yields. However, as mentioned earlier,
much of China’s OS is low-grade. Compared to high-grade OS samples, pyrolysis residues
from low-grade OS contain fewer residual organic matter and residual carbon by-products.
Consequently, the potential residual heat in these residues is significantly lower, leaving
uncertainty regarding their ability to meet the production requirements of the ATS process.
Present research on ATS primarily focuses on high-grade OS, with limited attention given to
its low-grade counterparts. Therefore, it is of utmost importance to explore the combustion
characteristics and the heat supply-demand relationship of low-grade OS and its pyrolysis
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residues during the ATS process in order to expand the technology’s applicability and
assist in the extraction of low-grade OS.

This study presents an investigation into the combustion activation energy, combustion
properties, and product release characteristics of Tongchuan OS samples obtained from
the Ordos Basin in China, which has an oil yield of 4.04%. The aim is to systematically
explore the heat supply-demand relationship of low-grade OS and its pyrolysis residues
during the reaction stage of the ATS process. By comparing the results with those of high
oil yield Huadian OS, the feasibility of applying the ATS process to low-grade OS and the
influencing factors are discussed. The findings contribute to the understanding of utilizing
the ATS process for the extraction of low-grade OS, offering insights for in situ extraction
efforts targeting low-grade OS in China and worldwide.

2. Materials and Methods
2.1. Materials

The raw OS used in this study was obtained from Tongchuan, Ordos Basin, China.
The proximate, ultimate, and Fischer assay analyses of the raw OS are presented in Table 1.
The proximate analysis of the samples was carried out according to GB/T 212-2008 [39]. A
vario MICRO cube elemental analyzer (Elementer, Frankfurt, Germany) was utilized for
the ultimate analysis. The working temperature inside the combustion furnace was 960 ◦C,
while the pressure of O2 was 0.20 MPa. Fischer analysis was carried out with reference
to SH/T 0508-1992 [40]. These analyses were conducted in triplicate, and the average
values were used. Prior to the experiment, the OS samples were crushed and screened to
achieve particles sized between 0.4 and 1.7 mm. Subsequently, before conducting further
experiments, it was thoroughly mixed and dried for ten hours at 80 ◦C in the oven.

Table 1. The physical properties of Tongchuan OS samples.

Proximate Analysis (wt.%) a Sd b Ultimate Analysis (wt.%) c Sd b

Moisture 0.78 0.01 C 16.83 0.13
Volatile matter 16.10 0.02 H 1.67 0.04

Ash 72.33 0.14 N 1.42 0.03
Fixed carbon 10.79 0.14 O 7.97 0.04

S 6.61 0.17
Fischer Assay Analysis (wt.%) a

Shale oil 4.04 0.06
Water 2.22 0.06

Residue 89.81 0.11
Gases + loss 3.93 0.07

Note: a air-dried; b standard deviation; c dried.

2.2. Experiments

The experimental apparatus used in this study is depicted in Figure 2, and the experi-
mental procedure followed is as described in our previous study [30]. Initially, 20 grams of
OS sample was positioned within a quartz retort fitted with a wire mesh to facilitate the
purging of nitrogen, enabling the extraction of oil and gas products. Subsequently, the OS
specimens underwent gradual heating from room temperature (20 ◦C) to target tempera-
tures (300, 325, 350, 375, 400, 425, 450, 475, and 520 ◦C) at a heating rate of 10 ◦C/min using
an external heating system in N2. Upon reaching the desired temperature, the samples
were subjected to a 2 h holding period to ensure thorough pyrolysis. A consistent nitrogen
flow of 50 mL/min was maintained through a flow controller to ensure efficient extraction
of oil and gas products from the retort, and to prevent temperature fluctuations caused by
heat absorption.
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Figure 2. Schematic diagram of the device used for the Tongchuan oil shale pyrolysis experiments.

Throughout the experimental process, the generated liquid products were condensed
and recovered in a condensation vessel maintained at −10 ◦C, employing an aqueous
solution of ethylene glycol. As the device had cooled to room temperature after the
experiment, the liquid by-products and OS residues were collected and weighed. The oil-
water mixture was weighed and subsequently separated using a toluene-water azeotrope
to determine their respective yields, with the gas yield computed differentially. To ensure
reliability and consistency, each experiment was replicated a minimum of three times under
identical conditions. Yields deviating by less than 5% across the repetitions were retained,
and the average values were designated as the final results.

The original Tongchuan OS was denoted as Sraw, with the resulting residues at distinct
pyrolysis temperatures labeled as SR300, SR325, SR350, SR375, SR400, SR425, SR450, SR475,
and SR520, correspondingly. The prefix “R” was indicative of residues from pyrolysis,
whereas the succeeding number represented the pyrolysis temperature.

2.3. Analytical Methods

Thermal analyses, encompassing thermogravimetric (TG) and differential scanning
calorimetry (DSC), were executed using an STA 449F3 thermal analyzer from Netzsch,
Bavaria, Germany. Nitrogen assumed the role of the protective gas at a flow rate of
20 mL/min, with N2 or air operated as carrier gases at a flow rate of 80 mL/min. Heating
rates of 2, 5, and 10 ◦C/min were applied. Approximately 20 mg of powdered sample
was utilized in each test to mitigate temperature gradients and heat and mass transfer
distortions. Preceding the TG/DSC analysis, the OS sample was finely pulverized and
mixed to ensure sample uniformity. To guarantee precision and reproducibility, duplicate
trials were conducted, with discrepancies in mass loss and temperature maintained below
0.5 wt% and 1 ◦C, respectively.

3. Results and Discussion
3.1. The Pyrolysis Behavior of Tongchuan OS
3.1.1. Yields of Pyrolysis Products

Figure 3 illustrates the yields of different pyrolysis products obtained from Tongchuan
OS at varying temperatures. The results demonstrate a consistent increase in the yields of
oil, gas, and water with higher pyrolysis temperatures, while the yield of residue exhibits a
decline. The distribution of product yields exhibits a distinct three-stage pattern, and the
corresponding temperature intervals for each stage are summarized in Table 2.
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Figure 3. The yields of different pyrolysis products of Tongchuan OS at different temperatures.

Table 2. Temperature intervals corresponding to the different yield stages of various pyrolysis
products of Tongchuan OS.

Products
Stage I Stage II Stage III

Yield (wt.%) Temp. (◦C) Yield (wt.%) Temp. (◦C) Yield (wt.%) Temp. (◦C)

Oil 0.27–0.34 300–325 0.34–3.56 325–475 3.56–4.04 475–520
Gas + loss 0.91–1.00 300–350 1.00–3.22 375–450 3.22–3.93 475–520

Water 0.12–0.36 300–350 0.36–1.96 375–425 1.96–2.22 450–520
Residue 98.70–98.53 300–325 98.53–89.81 325–520 89.81 520

Typically, the kerogen in OS is first converted to bitumen, after which the bitumen
continues to crack to produce hydrocarbon products [8,14]. Table 2 reveals that during
Stage I, the oil yield ranges from 0.27% to 0.34%, corresponding to a temperature range
of 300–325 ◦C. Simultaneously, the gas yield falls between 0.91% and 1.00%, within the
temperature range of 300–350 ◦C. At these lower temperatures, only a portion of the free
bitumen in the OS is released. The temperature in Stage I does not reach the pyrolysis
temperature of kerogen, preventing its cracking and subsequent hydrocarbon production,
leading to low oil and gas yields. In Stage II, which spans the temperature interval
of 350–425 ◦C, the oil yield ranges from 1.09% to 3.44%, while the gas yield stands at
1.25–1.51%. During this stage, the pyrolysis temperature prompts kerogen cracking and
the consequent generation of a considerable amount of oil and gas. The rapid increase in oil
yield compared to the slower increase in gas yield suggests that kerogen tends to crack and
produce oil to a greater extent within this temperature range. In Stage III (450–520 ◦C), the
oil yield ranges from 3.56% to 4.04%, while the gas yield falls within the range of 3.22–3.93%.
This stage indicates that the pyrolysis of kerogen within the OS has reached completion,
and the primary reaction involves a secondary cracking of residual heavy hydrocarbons in
the matrix to generate gaseous products, with relatively slower oil production but faster
gas production rates.
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Additionally, the water yield shows a continuous increase with temperature, exhibiting
three distinct stages: low, medium, and high. The water yield is lower in Stage I, higher
in Stage II, and reaches its peak in Stage III. Generally, water primarily originates from
interlayer and bound water within clay minerals. The observed phenomenon suggests that
the evaporation of water from clay minerals exhibits three distinct stages corresponding to
temperature variations. Moreover, the yield of residue gradually decreases with increasing
temperature. The decline is gradual in Stage I (300–325 ◦C), faster in Stage II (325–520 ◦C),
and stabilizes near Stage III (520 ◦C). This trend can also be observed in the TG curve
depicted in Figure 4a.
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3.1.2. Residual Organic Matter in Residues

Figure 4a presents the TG/DTG curves of Tongchuan OS under different atmospheres
with increasing temperatures, while Figure 4b displays the TG curves of OS and pyrolysis
residue in air at different temperatures. The TG/DTG curves can be categorized into
three parts: (i) below 250 ◦C, mainly representing the evaporation of free bitumen and
water, including interlayer water from clay minerals; (ii) ranging from 250 to 600 ◦C,
primarily attributed to kerogen pyrolysis and the oxidative reaction between organic
matter and residual carbon; and (iii) above 600 ◦C, associated with clay minerals and
carbonate decomposition. In this case, the weight loss in part ii under nitrogen denotes the
hydrocarbon generation potential of kerogen within the OS, while the weight loss under
air represents the content of organic matter and residual carbon in both the OS and residue.
The weight losses of the OS and pyrolysis residue in part ii were calculated, and the results
are illustrated in Figure 5.
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Figure 5. The weight losses in part ii of TG curves in N2 and air for Tongchuan OS and residues
obtained at different temperatures.
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As depicted in Figure 5, the weight loss of Tongchuan OS in part ii of the TG curve
under nitrogen is 13.51%. However, when exposed to air, the weight loss increases to
24.92%, indicating an 11.41% difference compared to nitrogen. This discrepancy can be
attributed to the oxidation of heavy hydrocarbon components and residual carbon present
in the OS matrix after kerogen pyrolysis. The oxidation process in air consumes these
components, leading to a higher weight loss. Moreover, as the pyrolysis temperature rises,
the weight loss of the pyrolysis residue in part ii decreases due to the release of significant
hydrocarbon products. At a pyrolysis temperature of 520 ◦C, the residue still contains
substantial amounts of residual carbon and heavy hydrocarbon components, indicating its
high heat potential.

3.2. Analysis of Reaction Activation Energy
3.2.1. Kinetic Model

In order to investigate the kinetic properties of Sraw and different residues, kinetic
analysis and calculations were performed on the TG results. The rate equation for the
reaction based on the Arrhenius equation was employed to analyze and calculate the
reaction kinetics, as follows [14,33]:

dα/dt = A exp(−Eα/RT) f (α), (1)

where α is the conversion rate; t is time, min; A is the pre-exponential factor, s−1; Eα denotes
the apparent activation energy, kJ/mol; R is the universal gas constant, 8.314 J·mol−1·K−1;
T is the reaction temperature, K; f (α) is a reaction model function that specifies the reaction
rate’s dependency on the extent of the reaction.

The conversion rate α can be expressed as [14,33]:

α = (m0 − mt)/(m0 − m∞), (2)

where m0 denotes the sample’s initial mass, mt denotes the sample mass at t, and m∞
denotes the sample’s final mass.

The heating rate, β, is defined as:

β = dT/dt (3)

The parameters E, A, and f (α) of the kinetic triplet are determined by the following
three methods in this study [14,30]. The Flynn-Wall-Ozawa (FWO) method is described in
Equation (4):

ln β = ln
AE

Rg(α)
− 5.331 − 1.052

E
RT

(4)

Friedman’s method is a type of differential method, as shown in the following equation:

ln
(

β
dα

dT

)
= ln A f (α)− E

RT
(5)

The following expression is used in the Kissinger-Akahira-Sunose (KAS) method:

ln
β

T2 = ln
AR

Eg(α)
− E

RT
(6)

where g(α) is a similar reaction model to f (α). The slope under the same conversion at
various heating rates yields the estimations of E based on each conversion degree. The
FWO method’s lnβ vs. 1/T, the Friedman method’s ln[β(dα/dt)] vs. 1/T, and the KAS
method’s ln(β/T2) vs. 1/T are the regression lines [14,33]. The FWO, Friedman, and KAS
methods are all common modeless function methods. In general, Friedman is considered
to be the most accurate method, but it is very sensitive to experimental noise, meaning that
the results are often unstable. Doyle’s approximation is often used in FWO, but its accuracy
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has been questioned, and it is generally considered to be credible when 32 < E/RT < 45
is satisfied. The KAS method adopts the Murray-White approximation, which is used in
the range of 20 < E/RT < 50. Usually, the KAS method calculates more accurate results
than FWO [41–44]. The TG data therefore yielded the corresponding kinetic parameters, as
shown in Figure 6b–d.
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Figure 6. (a) The TG/DTG curves of Tongchuan OS at different heating rates and the calculation
procedures via the (b) FWO, (c) Friedman, and (d) KAS methods.

3.2.2. Reaction Activation Energy

Figure 7 displays the combustion activation energies of Sraw and pyrolysis residues
at different temperatures by the three methods. The activation energies obtained from all
three methods exhibit consistent trends. It is observed that SR300 exhibits a significant
increase in combustion activation energy compared to Sraw. At 300 ◦C, the solid kerogen
inside the oil shale begins to crack to form liquid bitumen. The organic matter expands in
volume as a result, clogging the pores [11,19]. In addition, the bitumen tends to coke during
ignition, further clogging the pores [45,46]. Severe pore clogging due to volume expansion
and bitumen coking can negatively affect the ignition characteristics of the residue and
raise the combustion activation energy. This phenomenon aligns with previous studies
conducted by our group [30].
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3.3. Analysis of Combustion Properties
3.3.1. Parameter Acquisition and Calculation

In evaluating the combustion property parameters of Sraw and its various residues,
the TG-DTG extrapolation approach from references [30] was applied, employing a series
of procedural steps. In Figure 8, an initial action involves drawing a vertical line through
the peak weight loss rate point on the DTG curve to intersect with point H on the TG curve.
Subsequently, the temperature associated with this intersection, denoted as Ti, serves as
the ignition temperature of the sample. This temperature is identified as the tangent line
originating from point H, intersecting the baseline extension at the initial absent point I
within part ii of the TG curve. The weight loss eventually begins to decrease steadily at
point E, which is near the end of part ii within the TG curve. The burnout temperature
of the sample, Te, is determined by the meeting point of the tangent line passing through
point H and the extension from point E at this junction.
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on the TG curve at 5 ◦C/min.

3.3.2. Combustion Property Parameters

Table 3 presents the combustion property parameters of various samples at different
temperatures. It is observed that SR300 experiences a significant reduction in Ti and
Te compared to Sraw. This reduction is due to the large amount of flammable bitumen
generated during heat treatment at 300 ◦C. However, other combustion property parameters
remain relatively unchanged, since the total organic matter of SR300 is essentially equivalent
to that of Sraw.
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Table 3. Sraw and different residues’ combustion property parameters.

Sample Ti (◦C) Te (◦C) ∆T a (◦C) Tmax
b

(◦C)
(dm/dt)max

c

(%/min)
(dm/dt)mean

d

(%/min)

Sraw e 361 512 151 462 0.8169 0.3560
SR300 348 498 150 451 0.8057 0.3509
SR325 379 523 144 486 0.7985 0.3199
SR350 395 531 136 496 0.7918 0.3161
SR375 407 540 133 497 0.7134 0.2796
SR400 411 541 130 498 0.6978 0.2567
SR425 414 542 128 499 0.6944 0.2506
SR450 417 544 127 500 0.6894 0.2477
SR475 427 545 118 501 0.6748 0.2339
SR520 436 546 110 507 0.6725 0.2130

a ∆T= Te–Ti; b Tmax is the temperature that corresponds to the greatest weight loss rate, ◦C; c (dm/dt)max is the
greatest weight loss rate, %/min; d (dm/dt)mean is the mean weight loss rate during the second stage, %/min;
e dry basis.

As the pyrolysis temperature increases from SR300 to SR520, Ti, Te, and Tmax gradually
increase, while ∆T, (dm/dt)max, and (dm/dt)mean continuously decrease. The increase in
temperature leads to the cracking of organic matter into bitumen, which subsequently
converts into oil and gas products that escape the system. As a result, the remaining organic
matter within the residue decreases, while the proportion of heavy products and residual
carbon by-products increases. These changes deteriorate the combustion behavior of the
residue and alter the combustion process from homogeneous to non-homogeneous.

3.3.3. Combustion Property Indices Analysis

Based on the TG/DTG results, the combustion index C, the combustion stability
index Rw, and the comprehensive combustion index S are utilized to deeper evaluate the
combustion properties of different samples [30].

The initial phase of combustion is reflected by the combustion index C, which is
defined as follows:

C =
(dm/dt)max

T2
i

(7)

where Ti, and (dm/dt)max have meanings consistent with Table 3. The higher the C, the
better the sample’s combustibility.

Rw stands for the combustion process’s stability, which is defined as:

Rw =
655
Ti

× 763
Tmax

× (dm/dt)max
0.00582

(8)

where 655 is the ignition point of pure carbon, ◦C; 763 is the temperature corresponding to
the maximum weight loss rate (0.00582) of pure carbon, ◦C; Ti and Tmax have meanings
consistent with Table 3. As Rw rises, the samples’ combustion stability gets better.

The S index can assess the ignition, combustion, and burnout characteristics of the
sample, calculated as follows:

S =
(dm/dt)max(dm/dt)mean

T2
iTc

(9)

dm
dt

=
m2 − m1

t2 − t1
(10)

where (dm/dt)max, (dm/dt)mean, and Tc have meanings consistent with Table 3. The
sample’s reaction performance is preferred when S is higher.

Figure 9 displays the results of these indices at different heat treatment temperatures.
It is observed that all three combustion property indices exhibit a similar trend as the
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heat treatment temperature increases. From Sraw to SR300, a small decrease occurs in
all three indices. The generation of a significant amount of bitumen within the residue
at 300 ◦C lowers the ignition point of SR300, but the resulting pore plugging (due to
volume expansion and coking) adversely affects the combustion properties. Pore plugging
dominates over the generation of bitumen, which causes a minor reduction in combustion
properties. Subsequently, with the heating temperature increases, the continuous cracking
of organic matter into oil and gas products reduces the residual organic matter content and
increases the content of heavy oil and residual carbon. These changes lead to a decrease in
the combustion properties of the residue.
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3.3.4. Release Characteristics Analysis of Combustion Products

In addition, the release characteristics of combustion products and reaction rates were
analyzed using the product release index r. With reaction rates of 50% and 75% in part ii,
the index r could be calculated as follows [30]:

r1/2 =
(dm/dt)max

TmaxTi · ∆T1/2
(11)

∆T1/2 → dm/dt
(dm/dt)max

=
1
2

(12)

r3/4 =
(dm/dt)max

TmaxTi · ∆T3/4
(13)
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∆T3/4 → dm/dt
(dm/dt)max

=
3
4

(14)

where Ti, (dm/dt)max, and Tmax have a similar definition as the one stated previously;
∆T1/2 is the temperature width at (dm/dt)/(dm/dt)max=1/2; ∆T3/4 is the temperature
width at (dm/dt)/(dm/dt)max = 3/4. They both show the Sraw or residual combustion
product release concentration. The OS or residues’ combustion characteristics improve
with increasing r.

The r1/2 and r3/4 indices for Sraw and various residues are shown in Figure 10. The
findings indicate that the product release characteristics follow a similar pattern as the
combustion property indices. From Sraw to SR300, there is a slight decrease in the product
release characteristics, followed by a continuous decrease as the heat treatment temperature
increases. These trends correspond to the phenomena described in Section 3.3.3.
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3.4. Optimization of Extraction Temperature Parameters
3.4.1. Heat Absorption for OS Pyrolysis

Figure 11a depicts the DSC curve of Sraw under a nitrogen atmosphere. The curve
showcases a distinct three-phase variation. In phase a (<400 ◦C), a linear increase is
observed, suggesting that heat is absorbed for the evaporation of interlayer water, the
internal energy boost of OS, and the kerogen cracking. Subsequently, phase b (400–520 ◦C)
displays a stabilizing trend, indicating that kerogen pyrolysis is almost at its peak and that
a substantial quantity of heat is removed by the produced hydrocarbon products. The DSC
curve increases quickly, achieves its maximum value, and then starts to drop, while staying
at a higher level in phase c (>520 ◦C). The decomposition of carbonate and clay minerals
absorbs heat, which accounts for this behavior [20,23].
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Moreover, integrating the DSC curve allows for the examination of heat absorption
variation from 30 ◦C to different target temperatures, as presented in Figure 11b. It should
be noted that the experimental result of 5 ◦C/min was selected for integration to obtain
the variation of heat absorption of Tongchuan OS with temperature. This heating rate
is slow enough to allow the temperature of the sample to rise steadily according to a
predetermined procedure, which reduces the effect of temperature hysteresis in the sample
during rapid heating. In addition, the use of powdered samples in the tests also reduces
the effect of heat transfer within the particles. As a result, a more accurate heat absorption
curve for Tongchuan OS can be obtained. It is evident that heat absorption increases
with temperature, with a slower rate at lower temperatures and a faster rate at higher
temperatures. Notably, Tongchuan OS, characterized as low-grade, exhibits a significantly
lower heat absorption rate and overall heat absorption compared to the high-grade Huadian
OS. Additionally, the initial temperature, ending temperature, and temperature interval
of phase b in the DSC curve are notably lower for Tongchuan OS. Table 1 explains this
difference as a result of lower organic matter content and discrepancies in mineral fractions,
including a higher concentration of pyrite, within the Tongchuan OS.

3.4.2. Combustion Heat of the Residue

By integrating the DSC curves corresponding to the region before part iii of TG
(<600 ◦C) under air, the calorific values of Sraw and various residues were identified, as
illustrated in Figure 12. The findings reveal that the residue’s calorific value increases a
little at 300 ◦C, followed by a rapid decrease from 300 to 450 ◦C, and eventually stabilizes
after 450 ◦C. This observation suggests that at 300 ◦C, heat is absorbed by the OS, causing
the conversion of internal kerogen into pyrolytic bitumen. However, further hydrocarbon
production does not occur. The calorific value of SR300 experiences a slight increase
compared to Sraw as the potential heat within the OS rises. Subsequently, the pyrolysis



Energies 2024, 17, 3225 15 of 20

bitumen undergoes further pyrolysis, resulting in the generation and escape of oil and
gas. This leads to a significant decrease in the heat content of the residue. After 450 ◦C, as
depicted in Figure 3, the pyrolysis product output stabilizes, leaving behind a substantial
amount of residual carbon and by-products such as heavy bitumen within the residue.
These components act as the primary sources of heat generation for the pyrolysis residue
after 450 ◦C. The trend observed for low-grade Tongchuan OS aligns with our prior study
on high-grade Huadian OS with an oil yield of 14.91%. However, Tongchuan OS exhibits
the highest calorific value at a lower temperature range (300 ◦C) compared to Huadian
OS (330 ◦C) due to lower kerogen content and different properties. Additionally, the
calorific value of Huadian OS residue surpasses that of Tongchuan OS until 425 ◦C, while
Tongchuan OS residue exhibits a slightly higher calorific value between 425 and 520 ◦C.
Table 1 indicates that Tongchuan OS contains a higher proportion of fixed carbon (10.79%),
whereas Huadian OS exhibits low fixed carbon content (3.32%). From the TG curves under
nitrogen and air (Figure 5), it can be seen that the total residual carbon content from the
pyrolysis of Tongchuan OS is significantly higher than that of Huadian OS. The weight
loss of Tongchuan OS in part ii under air is 11.41% higher compared to nitrogen, while the
corresponding increase is 7.72% for Huadian OS. Consequently, this disparity results in a
substantially higher calorific value for the residue of Tongchuan OS than that of Huadian
after 425 ◦C.
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3.4.3. Analysis of Heat Supply and Demand

During the ATS process, the continuous chain reaction occurs as the residue in the
combustion zone continually ignites to supply heat for the OS in the retorting zone. This
leads to the continuous pyrolysis of OS, resulting in the production of hydrocarbons and
new residues. As depicted in Figure 1, except for the preheating stage, the ensuing initiation
and reaction stages require no external energy input. Thus, ensuring the combustion of
residues in the combustion zone generates adequate heat to elevate the OS temperature
in the retorting zone to the designated level is vital. This sustains a continuous reaction,
fostering significant product yields. To elaborate on the energy dynamics within the ATS
process, three energy concepts were previously outlined [30]:

Qend(OS) =


Qexo(SC),

Qvol(SC) = µyQexo(SC),
Qact(SC) = µeµyQexo(SC),

T = Tmas
T = Tvol
T = Tact

(15)

The endothermic quantity (Qend(OS)) delineates the heat necessary to elevate the
OS temperature from 30 ◦C to the specified level (T) per unit mass, quantified in J/g by
analyzing the OS DSC curve under nitrogen. On the other hand, the exothermic quantity
(Qexo(SC)) signifies the heat liberated from the complete combustion of residue per unit
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mass post full pyrolysis at T, determined in J/g through scrutinizing the Sraw and various
residues’ DSC curves in air. Furthermore, the exothermic quantity (Qvol(SC)) embodies the
heat emanating from the complete combustion of an equivalent mass of residue derived
from OS pyrolysis at T, measured in J/g. The yield coefficient (µy) characterizes the residue
yield at T (refer to Figure 3). Utilizing the combustion heat of the corresponding residue
mass to heat the OS in the retorting zone engenders the actual heat (Qact(SC)) in J/g. The
energy efficiency coefficient (µe) gauges the efficient utilization level of the combustion heat
from residues. The temperatures Tmas, Tvol, and Tact mark the points where Qexo(SC) equals
Qend(OS), Qvol(SC) hits Qend(OS), and Qact(SC) intersects with Qend(OS).

In light of Equation (15), upon reaching Tmas, the combustion heat generated by a unit
mass of residue produced at Tmas precisely meets the requirement for elevating a unit mass
of OS from 30 ◦C to Tmas. The lack of intersection between the Qexo(SC) curve and Qend(OS)
curve prior to 520 ◦C signifies a Tmas surpassing 520 ◦C. Post-pyrolysis, the reduced mass
and volume of OS yield a diminished heat value per unit volume compared to the initial
OS. For instance, following pyrolysis at 520 ◦C, the residue mass from 1 g of Tongchuan OS
amounts to 0.8981 g, as depicted in Figure 3. As such, the yield coefficient (µy) is pivotal
in adjusting the Qexo(SC) curve to derive the heat production curve per unit volume of
residue throughout the in situ conversion process, termed Qvol(SC). The temperature where
Qvol(SC) intersects with Qend(OS) is denoted as the volume equilibrium temperature of
heat, Tvol.

In addition, a variety of factors hinder the utilization of combustion heat and reduce
the efficiency of heat exchange in practical applications. Heat losses to the upper and lower
caprocks within the operational OS layer, lower injected gas temperatures compared to the
combustion zone, substantial heat carried by the exhaust gas, and uneven pore and fracture
distribution could lead to inadequate combustion in certain zones, resulting in diminished
combustion heat output.

Hence, due to these influencing factors, the full calorific value of residues remains
unrealized. Therefore, a heat utilization efficiency coefficient (µe) is formulated as the
ratio of the available combustion heat from residues for OS pyrolysis in the retorting
zone. The heat accessible for OS pyrolysis in the retorting zone, among the heat from
complete combustion of a unit volume of residue in the combustion zone, is identified as
the product of Qexo(SC), µy, and µe, termed as Qact(SC). When Qact(SC) aligns with Qend(OS),
the corresponding temperature designates Tact. In engineering applications, ensuring the
highest retorting zone temperature reaches Tact preserves the energy equilibrium for the
self-sustaining chain reaction during the ATS process. As demonstrated in Figure 13, when
µe ranges from 85% to 60%, the absence of intersection between Qexo(SC) and Qend(OS)
before 520 ◦C positions Tact at 510 ◦C when µe amounts to 40%.
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3.4.4. Optimization for Temperature Parameters

As described above and in our previous studies [30], to determine the optimal tempera-
ture parameters, an ideal temperature screening method is formulated, taking into account
the reaction characteristics and regulatory requirements at different stages of the ATS
process. Given the complexities involved, some foundational assumptions are imperative:

• Homogeneity in the layer’s regions concerning OS properties such as oil yield and density;
• OS distribution, as illustrated in Figure 1, uniformly spreads in the horizontal plane;
• The targeted OS layer has undergone reservoir stimulation pre-exploitation, nullifying

the impact of large fractures and subsurface water, ensuring the ATS process normalcy.

With the method below, the results above, and the stated assumptions accounted for,
optimal temperature parameters can be ascertained. During the ATS process’s preheating
stage, a critical temperature (T0) is selected to transit effectively from preheating to initiation
stages, necessitating substantial external energy input into the target layer to raise the OS
temperature. In the early initiation stage, residual oil and gas products remaining within the
OS layer, when ignited alongside residue post oxygen introduction, release heat exploitable
for OS pyrolysis in the retorting zone, resulting in an actual temperature above T0. Essential
conditions for T0 include:

• Exceeding the residue’s ignition temperature after OS pyrolysis at T0;
• Residue obtained at T0 has a lower activation energy;
• Residue obtained at T0 has better combustion performance;
• Residue obtained at T0 has better product release characteristics;
• T0 does not have to be lower than Tact.

Based on prior analyses, the optimal T0 for Tongchuan OS is established at 425 ◦C.
The pivotal element in the ATS process’s reaction stage is raising oil and gas yields

while sustaining autothermic pyrolysis below ground. Thus, regulating the maximum
temperature (T1) in the retorting zone during the reaction stage becomes paramount.
Ideally, T1 should meet certain benchmarks:

• Residue obtained at T1 has a lower activation energy;
• Residue obtained at T1 has better combustion performance;
• Residue obtained at T1 has better product release characteristics;
• T1 should be less or equal to Tact.

Notably, the most preferable T1 value appears aligned with Tact, influenced by µe.
Illustrated in Figure 13, with µe values spanning 85% to 60%, the absence of Qexo(SC) and
Qend(OS) intersection before 520 ◦C places Tact at 510 ◦C for µe of 40%. At 422 ◦C, oil yield
stands at 13.42%, with gas yield at 5.01%, accounting for 89.89% and 68.25% of the total oil
and gas yield, respectively. This underscores the ATS process’s capacity to extract oil and
gas even with meager combustion heat utilization, reinforcing the viability of employing
the ATS process for low-grade OS in in situ extraction efforts.

In summary, the ATS process in low-grade Tongchuan OS can still meet the energy
supply and demand requirements during the underground chain reaction process, while
ensuring high oil and gas recovery rates. Compared to Huadian OS with an oil yield
of 14.09%, Tongchuan OS, with lower kerogen content, produces less oil yield (4.04%)
during the pyrolysis process. However, its own low heat absorption during pyrolysis
and high fixed carbon content resulted in a higher calorific value of the residue obtained
from pyrolysis at high temperatures (>425 ◦C), which could meet the demand for in situ
production. Throughout the world, the OS samples in the Estonian and Green River Basin
of the United States have high volatile matter and oil yield, which is better than the Huadian
OS in China [46,47], whereas in some areas, such as Mongolia and North Korea, low-grade
OS similar to Tongchuan are widely distributed. Similar to the Tongchuan OS, these OSs
also have a high fixed carbon content within them, about twice the oil yield [48]. Therefore,
ATS technology has a large potential for application in these regions. However, before the
actual application, the method in this paper should be used to explore whether it meets the
heat demand in the extraction process of ATS technology.
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For the implementation of the ATS process in low-grade OS, this study offers initial
recommendations and support. In the actual production process, factors such as the
complex and variable distribution of the subsurface temperature field, preheating time,
layer conditions, and changes in stratum stress and thermal stress during construction also
need to be considered to ensure the successful implementation of the project [49–53].

4. Conclusions

To investigate the feasibility of applying the ATS process to low-grade OS and deter-
mine the optimal temperature process parameters, extensive analysis was conducted on
the pyrolysis and combustion properties of Tongchuan OS and its pyrolysis residues. The
key findings can be summarized as follows:

1. The product yield distribution during Tongchuan OS pyrolysis exhibited a three-
stage pattern. Temperatures ranging from 350 to 425 ◦C favored oil production by
facilitating kerogen pyrolysis, while temperatures from 450 to 520 ◦C resulted in a
higher rate of gaseous product generation.

2. The pyrolysis residue of Tongchuan OS displayed significantly increased combustion
activation energy at 300 ◦C. This result can be attributed to pore plugging caused
by bitumen volume expansion and bitumen coking during ignition. These effects
negatively impact the residue’s ignition characteristics, thus elevating its combustion
activation energy.

3. The presence of substantial flammable bitumen, generated during heat treatment at
300 ◦C, led to significantly lowered ignition and burnout temperatures of the pyrolysis
residue. As the pyrolysis temperature increased from 300 to 520 ◦C, the amount of
organic matter residue decreased while the proportion of heavy products and residual
carbon by-products increased. These changes adversely affected the combustion
behavior, leading to a transition from homogeneous to non-homogeneous combustion.

4. Tongchuan OS exhibited a slightly higher calorific value between 425 and 520 ◦C
compared to Huadian OS, owing to its higher fixed carbon content (10.79%).

5. The recommended preheating temperature for Tongchuan OS was found to be 425 ◦C,
based on the ideal temperature screening method described in this study, and the
ideal control temperature for the retorting zone was found to be 510 ◦C when taking a
40% heat utilization rate into account.

These findings contribute valuable insights for the application of the ATS process to
low-grade oil shale. They serve as a reference for optimizing extraction efforts and guiding
the utilization of ATS technology in the context of low-grade oil shale resources.
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