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Abstract. In-situ thermal injection is an effective development method for low-value unconventional resources. The nonisothermal pyrolysis
characteristics of Tongchuan oil shale and tar-rich coal were investigated by TG-DTG extrapolation. In addition, the pyrolyzed shale oil was
analyzed. The results show that the pyrolysis of oil shale and tar-rich coal can be divided into three stages. The pyrolysis temperature intervals
of both can be consistent. Compared with the oil shale, the ignition temperature of the mix decreased by 2.3%, and the burnout temperature
increased by 1.4%. The pyrolysis index increased by 40.3%, the pyrolysis stability increased by 66.7%, and the content of oxygenated compounds
increased by 552.4%. The conversion of oxygenated compounds to phenolic compounds was inhibited at the 20°C/min heating rate. In the air,
the excessively fast heating rate caused the tar to condense earlier and coke on the sample surface. The pyrolysis index of the mix decreased from
3.2 to 1.8 times, while the pyrolysis stability increased by 6.7 times, respectively. The introduction of excessive oxygenated groups by the air
increased the content of oxygenated compounds in the mix by 485.44% while the aromatic hydrocarbons decreased by 17.97%. It can be seen
that the co-pyrolysis of oil shale and tar-rich coal can improve the ignition characteristics of oil shale. The co-pyrolysis of oil shale and tar-rich
coal not only conforms to the distribution characteristics of both but also greatly cooperates with the topical chemical reaction method.
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1. INTRODUCTION
China’s energy structure is characterized as “rich in coal, poor
in oil, and low in gas.” The country’s insufficient oil and gas
supply and demand is exacerbated by the country’s rapid eco-
nomic expansion [1]. Hydrocarbons can be produced by py-
rolyzing the solid organic materials in oil shale at high tem-
peratures [2, 3]. Tar-rich coal contains significant levels of tar
(7% to 12%), which can be pyrolyzed at high temperatures
to release hydrocarbon compounds [4–6]. The majority of oil
shale in China is produced from continental deposits. During
the deposition process, buoyancy drives the formation of oil
shale reservoirs, which possess complex pore structures and of-
ten accumulate oil and gas within the reservoir or in near-source
accumulations [7–11]. This uneven distribution of oil shale re-
source grades is a result of the geological processes. Addition-
ally, coal and oil shale deposits are interconnected, with tar-rich
coal seams often occurring above or below oil shale [12] like,
for example, in Tongchuan City in China Shaanxi Province.

Numerous academics studied the co-pyrolysis of coal and oil
shale to achieve hydrogen transfer and create a synergistic effect
that will increase production [13, 14]. Miao et al. [15] selected
coal samples from various mining areas for co-pyrolysis with oil
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shale. The results indicated that, at the same mixing ratio, low-
rank coal with high volatile matter, low moisture, and low ash
content was more likely to produce a synergistic effect with oil
shale, whereas co-pyrolysis of high-moisture coal and oil shale
was less favourable for achieving this effect. Dong et al. [16] in-
vestigated the co-pyrolysis properties of coal and oil shale using
microwave heating. They also examined the composition distri-
bution at various mixture ratios and the yield of pyrolysis prod-
ucts. The results revealed that microwave pyrolysis increased
both the tar yield and the amounts of combustible gases in the
produced gas. Chun et al. [17] studied the effects of different oil
shale blending ratios on the pyrolysis properties and gas compo-
sition of the co-pyrolysis process, using TG-FTIR, by mixing oil
shale with bituminous coal and lignite in an inert environment.
The findings showed a synergistic effect between the two pyroly-
sis processes and an increase in the liquid and gas products when
the oil shale content was 50%. However, bituminous coal hin-
dered the pyrolysis of oil shale during their co-pyrolysis. Murat
et al. [18] investigated the pyrolysis properties of co-pyrolysis
using lignite combined with two oil shales in a fixed-bed reac-
tor. The results demonstrated a strong synergistic effect between
lignite and oil shale, along with an improvement in the yield and
quality of tar as the oil shale blending ratio increased.

Therefore, co-pyrolysis of different types of coal and oil shale
can improve oil and gas production. However, tar-rich coal and
oil shale contain hydrocarbon components, if co-pyrolysis of
both will generate a synergistic effect does not have relevant
research results.
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Thermogravimetric-differential scanning calorimetry (TG-
DSC) provides comprehensive insights into overall reaction ki-
netics. This method has been widely used to study the isothermal
and nonisothermal pyrolysis properties of fossil fuels [19–21].
The kinetics of oil shale pyrolysis were investigated using TG-
DTG, which effectively explained the relationship between ma-
turity and the temperature distribution during oil shale pyroly-
sis [22]. Bao [23] conducted a comprehensive study of enhanced
recovery technologies over the past decade. Molecular diffusion
was examined as a key mechanism in seepage and oil recovery
through empirical correlations and experimental measurements.
Sun et al. [24] investigated the pyrolysis kinetics of multi-stage
parallel reactions of Huadian oil shale at various heating rates
and particle sizes. The results indicated that increasing particle
size or heating rate shifted the combustion process to higher
temperatures due to mass transfer resistance and thermal lag.
Both oil shale and tar-rich coal are unconventional oil and gas
resources with low oil content, making them valuable for de-
velopment only if the economic investment cost is low [25].
Therefore, understanding the relationship between the pyrolysis
characteristics and segments of oil shale and tar-rich coal under
varying atmospheric conditions and heating rates is crucial for
achieving in situ thermal injection mining and enhancing oil and
gas recovery.

The technique of triggering in-situ pyrolysis of oil shale
through topo-chemical reactions is a complex chemical pro-
cess [26]. In the initial stage, solid organic matter pyrolysis
is induced by introducing high-temperature nitrogen. Subse-
quently, the nitrogen is replaced with air to further promote
the decomposition of solid organic matter [27]. Oxidation re-
actions release large amounts of heat and continuously accel-
erate the pyrolysis of oil shale during its formation [28]. The
source of combustion in the oxidation reaction is the fixed car-
bon in the oil shale. A low concentration of fixed carbon cannot
initiate a topo-chemical reaction. The high carbon content in
tar-rich coal compensates for the inadequately fixed carbon in
oil shale. Therefore, this paper takes the geological characteris-
tics in Tongchuan as the research object, adopts the TG-DTG
extrapolation method and low-temperature dry distillation ex-
periments to study the pyrolysis characteristics and pyrolysis oil
of oil shale and tar-rich coal, exploring the pyrolysis character-
istics of the co-pyrolysis and the distribution characteristics of
the oil products in different pyrolysis atmospheres. The results
of this study provide technical support for exploring the feasi-
bility of in-situ heat injection of oil shale and tar-rich coal in
Tongchuan.

2. MATERIAL AND METHODS
2.1. Material
Tongchuan oil shale used in the experiments was sourced from
a depth of 150–200 m in the Jiaoping coal mine, located in
the Ordos Basin, with a sedimentary thickness of 10–15 m. The
upper layer consists of siltstone deposits, while the lower layer is
composed of grey mudstone. The tar-rich coal was also sourced
from the Jiaoping mining area, buried at a depth of 160–300 m
with an average thickness of 10.4 m. It is primarily composed

of semi-bright and semi-dark coals, interspersed with lumpy
structures. The fracture density in the coal seam ranges from 5
to 50 per 5 cm.

The samples were ground and sieved to approximately 80
mesh before testing. Then, they were placed in a constant-
temperature drying oven, dried at 80◦C until reaching a con-
stant weight, and subsequently sealed for storage. The results of
proximate and element analyses of the oil shale are presented in
Table 1.

Table 1
Analysis of oil shale and tar-rich coal

Attribute
region

Proximate analysis (wt. %)

Moisture Ash Volatiles Fixed carbon

Oil shale 0.86 78.22 18.14 2.78

Tar-rich coal 5.45 5.60 41.50 47.45

Attribute
region

Element analysis (wt.c%)

H C N S O

Oil shale 3.18 9.22 0.72 0.29 0.36

Tar-rich coal 5.36 77.42 1.52 0.42 15.28

The experiment was divided into three groups: (1) oil shale,
(2) tar-rich coal, and (3) a homogeneous mixture of both, with
each component comprising 50% of the mixture. To facilitate
discussion, these groups are referred to as T1, T2, and T3, re-
spectively.

Dry distillation tests for T1, T2, and T3 were conducted us-
ing a DC-GJ-4 dry distillation furnace. Each sample weighed
80 g. The heating rate was set at 5◦C/min, with the temperature
gradually increasing from 25 to 600◦C, followed by a 30-minute
hold at the final temperature.

The experiment generated liquid oil, pyrolysis water, and solid
residue. The liquid oil was then analyzed using GC-MS. The dry
distillation results of oil shale and tar-rich coal are presented in
Table 2.

Table 2
Result of cryogenic dry distillation test

Region Tar
(wt.%)

Total
moisture
(wt.%)

Semicoke
(wt.%)

Gas + loss
(wt.%)

Oil shale 5.48 9.06 82.81 2.65

Tar-rich coal 10.65 6.54 73.46 9.35

2.2. Method

The TG-DTG analysis of the co-pyrolysis and product release
characteristics of oil shale and tar-rich coal is crucial for as-
sessing the feasibility of in-situ co-pyrolysis in Tongchuan and
optimizing crude oil production. It aids in understanding how
different pyrolysis atmospheres affect key characteristics, such
as in-situ pyrolysis temperatures and pyrolysis stability.
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Fig. 1. The experimental group for extrapolation calibration under nitrogen atmosphere (20◦C/min)

Fig. 2. The experimental group for extrapolation calibration under air atmosphere (20◦C/min)

2.2.1. Pyrolysis characterization parameters

Using the TG-DTG extrapolation method, the initial pyroly-
sis temperature can be determined by analyzing the TG-DTG
curve [29]. The DTG curve shows that the weight loss rate is
highest at point B, which vertically intersects the TG curve.

The tangent to the TG curve at point B intersects the extended
line from the initial point A of the TG curve at point A1. This
intersection represents the temperature corresponding to the ig-
nition point of the oil shale. After reaching the maximum weight
loss rate, the DTG curve shows a steady decrease at point C,
which marks the end of the second stage on the TG curve. The
tangent line at point B intersects at point C1, which represents
the final pyrolysis temperature of the organic matter. The py-
rolysis interval diagrams for Tongchuan oil shale, tar-rich coal,
and their mixture, under nitrogen and air conditions, were de-
termined through extrapolation and are presented in Fig. 1 and
Fig. 2.

2.2.2. Pyrolytic stability analysis

Using the measured data for pure carbon and the TG-DTG
curves from the experiments, pyrolysis stability was compared
using the pyrolysis index 𝐶, the pyrolysis stability 𝑆 and com-
prehensive pyrolysis index 𝑅𝑤 [30].

𝐶 =
(𝑑𝑚/𝑑𝑡 )max

𝑇2
𝑖

, (1)

𝑅𝑤 =
655
𝑇𝑖

× 763
𝑇max

× (𝑑𝑚/𝑑𝑡 )max
0.00582

, (2)

where 𝑇𝑖 is the initial pyrolysis temperature, ◦C; (𝑑𝑚/𝑑𝑡 )max is
the maximum weight loss rate, %/min; 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; and
𝑇max is the corresponding temperature of the maximum weight
loss rate, ◦C.

𝑆 =
(𝑑𝑚/𝑑𝑡 )max (𝑑𝑚/𝑑𝑡 )mean

𝑇2
𝑖
𝑇𝑐

, (3)(
𝑑𝑚

𝑑𝑡

)
mean

=
(𝑑𝑚/𝑑𝑡 )𝑖 (𝑑𝑚/𝑑𝑡 )𝑐

2
, (4)

where 𝑇𝑐 is the burnout temperature, ◦C; (𝑑𝑚/𝑑𝑡 )𝑖 is the pyrol-
ysis rate of ignition point, %/min; (𝑑𝑚/𝑑𝑡 )𝑐 is the pyrolysis rate
of burnout temperature, %/min.

2.2.3. Release characteristics of products

The degree of product release concentration 𝑟 characterizes the
pyrolysis product release properties and differences between
experimental groups under nonisothermal conditions. In this
paper, the release characteristics of pyrolysis products were cal-
culated for the experiment with 50% and 75% conversion in the
second stage.

Δ𝑇1/2 →
(𝑑𝑚/𝑑𝑡 )

(𝑑𝑚/𝑑𝑡 )max
=

1
2
, (5)

𝑟1/2 =
(𝑑𝑚/𝑑𝑡 )max
𝑇max𝑇𝑖Δ𝑇1/2

, (6)

Δ𝑇3/4 →
(𝑑𝑚/𝑑𝑡 )

(𝑑𝑚/𝑑𝑡 )max
=

3
4
, (7)

𝑟3/4 =
(𝑑𝑚/𝑑𝑡 )max
𝑇max𝑇𝑖Δ𝑇3/4

, (8)
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where Δ𝑇1/2 is the temperature range corresponding to 50%
conversion, ◦C, also known as half peak width; Δ𝑇3/4 is the
temperature range corresponding to 75% conversion, ◦C; 𝑟1/2
and 𝑟3/4 denote the concentration of pyrolysis product release at
50% and 75% conversion, respectively.

3. RESULTS AND ANALYSIS

3.1. TG test result analysis

This study aims to evaluate in-situ heat injection mining of the
interbedded oil shale and tar-rich coal strata in the Tongchuan
area using the topo-chemical situ reaction method. To achieve
this, nitrogen and air were used as the primary parameters for
comparative analysis. TG analysis was conducted on Tongchuan
oil shale (T1), tar-rich coal (T2), and both homogeneous mixture
(T3) at a heating rate of 20◦C/min.

The maturity of the solid organic matter in the oil shale
exhibits significant variation due to differences in the gene-
sis environment. Consequently, the temperature intervals in the
TG curves and the magnitude of weight loss differ. To more
clearly demonstrate the relationship between the weight loss of
Tongchuan oil shale and the pyrolysis interval during heating,
and to facilitate comparison with previous research, the tem-
perature curve is blurred to a certain extent here. For instance,
the pyrolysis temperature range of 354◦C∼625◦C is modified to
350◦C∼620◦C.

As illustrated in Fig. 3, the pyrolysis of Tongchuan oil shale
in nitrogen can be broadly divided into three stages. The first
stage (25–300◦C) primarily involves the drying and dehydration
of the oil shale. The liquid water trapped in pore fractures starts
to vaporize depending on the energy required. Following, the oil
shale takes a dehydration reaction, releasing bound water from
the rock structure. In the second stage (300–480◦C), the solid
organic matter begins to soften and undergo pyrolysis. This solid
organic matter is treated as a large organic functional group with
significant variability in maturity. The temperature required for
the thermal evolution process varies. This stage represents the
primary interval for hydrocarbon production. In the third stage
(480–900◦C), the weight loss rate stabilizes, indicating that the
solid organic matter is fully pyrolyzed. A fluctuation in the TG

Fig. 3. TG-DTG curves of experiments in the nitrogen atmosphere

Fig. 4. TG-DTG curves of experiments in the air atmosphere

at 520◦C is observed, likely due to the thermal decomposition
of clay minerals.

Figures 3 and 4 represent the TG-DTG results of different
experimental groups in the nitrogen and air atmospheres, re-
spectively. The weight loss of T2 is greater than T1 in all cases.
The weight loss of T3 is in between. Tar-rich coals have a higher
carbon content and are pyrolyzed to a greater extent in high-
temperature environments. This phenomenon is more obvious
as the pyrolysis temperature moves towards the high tempera-
ture. Comparing the maximum weight loss of T3 in the different
atmospheres, the weight loss of T3 decreased from 80% to 60%.
The presence of tar-rich coal prolongs the second stage of oil
shale pyrolysis, which is the main hydrocarbon interval. The
carbon-rich and porous structure of tar-rich coal extends the
heating time, allowing both to be cracked to a higher degree and
the heavy components to be cracked more fully. In particular, in
the air atmosphere, oxygenated gases oxidize and exothermically
react with the fixed carbon, resulting in a significant decrease
in weight loss. It is important for triggering and maintaining
topical chemical reactions.

The T2 and T3 curves show an ascending and then a de-
scending trend in the 210–250◦C temperature interval (shown
in Fig. 4). This is the adsorption of coal for oxygen atoms in
the air, and the more reactive hydroxyl and carboxyl groups in
the coal skeleton, forming temporary chemical bonds and inter-
mediates, which make the weight of the sample increase. With
the increase in temperature, the oxidation reaction is enhanced
and the coal starts to decompose [14]. Therefore, oil shale and
tar-rich coal remain relatively consistent in the main pyroly-
sis temperature interval, which means that synchronized in-situ
heat injection of both can be achieved.

3.2. Pyrolysis characterization

The TG-DTG curves for T1, T2, and T3 were measured under
both nitrogen and air at heating rates of 10◦C/min and 20◦C/min.
The pyrolysis parameters were then derived through TG-DTG
extrapolation, as detailed in Tables 3 and 4.

As discussed in Section 3.1, the first stage of the TG curve
corresponds to the dehydration and weight loss of the sample.
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Table 3
Pyrolysis characteristics of the experiment under nitrogen

Region
Heating

rate
(◦C/min)

𝑇𝑜
(◦C)

𝑇𝑖
(◦C)

𝑇max
(◦C)

(𝑑𝑚/𝑑𝑡 )max
(%/min)

𝑇𝑐
(◦C)

T1 232 425 465 0.091 511

T2 10 207 416 462 0.143 520

T3 216 415 459 0.114 519

T1 234 438 472 0.095 520

T2 20 229 427 465 0.147 535

T3 232 428 470 0.119 527

Table 4
Pyrolytic characteristics of experiment under air

Region
Heating

rate
(◦C/min)

𝑇𝑜
(◦C)

𝑇𝑖
(◦C)

𝑇max
(◦C)

(𝑑𝑚/𝑑𝑡 )max
(%/min)

𝑇𝑐
(◦C)

T1 224 410 532 0.091 568

T2 10 207 439 526 0.493 586

T3 197 400 529 0.316 578

T1 227 418 555 0.087 601

T2 20 224 454 575 0.343 646

T3 214 409 546 0.246 614

Before reaching the ignition point, the dehydration rate is slow
due to the sample water content being less than 4%. Once the
ignition point is reached, the pyrolysis rate of the solid organic
matter accelerates significantly, and the weight loss becomes
more pronounced (Figs. 3 and 4). As shown in Table 3, the ig-
nition temperature of T3 is significantly lower than that of T1,
with a decrease of about 2.3%, and the burnout temperature of
T3 increases by about 1.4%, which contributes to the in-situ
heat injection. This phenomenon does not change as the heat-
ing rate increases, and the experimental sample temperature is
transferred mainly by convective heat transfer in the nitrogen at-
mosphere. This transfer process is simply physical, and the free
hydrocarbons and tars contained within the sample are removed
from the sample with the experimental circulating medium with-
out combustion [31].

As shown in Table 4, the ignition temperature of T1 decreases
by 15–20◦C and the ignition temperature of T2 increases by 23–
27◦C in comparison to the nitrogen atmosphere, which is mainly
since the free hydrocarbons in the pores are favourable for the ig-
nition of the sample as the pyrolysis temperature reaches 350◦C.
On the contrary, in the oxygenated gas atmosphere, a large
amount of tar is adsorbed on the sample surface and coking,
closing the pore space [32]. In addition, there is a significant
relationship between the increase in burnout temperature and
the heating rate, with a doubled heating rate resulting in a 36◦C
increase in burnout temperature. This situation is somewhat dif-
ferent from that in a nitrogen atmosphere, which is the result of

the concentration of oxygenated gas leading to an enhanced in-
tensity of the oxidation reaction and an increase in the oxidative
exothermic time [31].

It can be seen that the presence of tar-rich coal contributes to
the improvement of the pyrolysis characteristics of oil shale in
nitrogen and air atmospheres. This improvement is mainly ex-
pressed in two aspects. First, the high carbon content of tar-rich
coal in the nitrogen atmosphere helps to provide sufficient com-
bustibles, i.e., fixed carbon, with the initial triggering of topical
chemical reactions. Second, both oil shale and tar-rich particles
can be regarded as porous media, which provide a carrier for the
full pyrolysis of tar, making the pyrolysis of tar more adequate,
and avoiding the early condensation reaction between tar and
solid organic matter in the oxygenated atmosphere, leading to
coking of the samples or asphaltene blockage of the pores. In
conclusion, the co-pyrolysis of oil shale and tar-rich coal can
improve the ignition characteristics of both and increase the
success probability of in-situ heat injection.

3.3. In-situ pyrolysis characterization

The pyrolysis index 𝐶, the pyrolysis stability 𝑆 and compre-
hensive pyrolysis index 𝑅𝑤 for the experiment under various
atmospheres and heating rates are calculated, as illustrated in
Figs. 5–7.

Fig. 5. Pyrolysis index 𝐶 under different experimental conditions

The pyrolysis index 𝐶 indicates the early pyrolysis perfor-
mance of the experiment, specifically the ignition ability of oil
shale and tar-rich coal in situ. As can be seen from Table 3, the
ignition characteristics of T1 are all maintained at a low level,
which indicates that the oil shale has poor thermophysical prop-
erties as compared to T2 and T3. In previous studies [33], oil
shale had low permeability and low calorific value, which deter-
mined the difficulty of triggering topical reactions in oil shale
reservoirs. In the nitrogen atmosphere, the pyrolysis indices of
T2 and T3 were greater than T1 with an increase of 50% and
40%, respectively, and the structure of tar-rich coal was looser
compared with oil shale, and the high-temperature environment
promoted the pyrolysis of coal. This advantage becomes even
greater in the air atmosphere. At 10◦C/min, the pyrolysis indices
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of T2 and T3 were 4.2 and 3.2 times that T1. The increase of
pyrolysis index was about 2.4 and 1.8 times at 20◦C/min, which
was the result of fast heating rate that led to the early conden-
sation of tar and coking on the samples surface resulting in the
decrease of pyrolysis efficiency [34].

Fig. 6. Pyrolytic stability 𝑆 under different experimental conditions

𝑆 represents the pyrolysis stability of T1, T2, and T3 during
pyrolysis, which is crucial for maintaining a continuous pyrol-
ysis reaction in oil shale. From Fig. 6, the pyrolysis stability of
T1 is lowest. In particular, there is a greater feasibility of in-
terrupting autonomous pyrolysis when higher flowrate of air is
injected. On the contrary, the coal structure ensures more ther-
mal stability. The pyrolytic stability of T3 is enhanced by about
66% in nitrogen atmosphere and 6.7 times in air atmosphere
with respect to T1, which indicates T3 can significantly improve
oil shale pyrolysis stability. This enhancement depend on the
combustibility of coal and the oxidative exotherm reaction [35].
In addition, with the increase of heating rate, a large amount of
asphalt in the tar-rich coal was rapidly generated and released,
which led to a combustion reaction in which oxygenated gases
could not come into contact with the combustible matter in the
experiment. A large number of free radicals were generated by
the breakage of bridge bonds during coal pyrolysis, and the
heating rate was fast, which led to the early occurrence of the
condensation reaction [36]. As a result, controlling injection pa-
rameters is significantly important for the continuity of in-situ
heat injection [37]. When organic matter is excessively con-
verted to coke or heavy tar, these accumulate in the reservoir,
affecting the subsequent migration of light oil and gas [38].

Oil shale is a nonconventional energy source rich in ash
and solid organic matter, making its pyrolysis challenging to
achieve [39]. According to the extrapolation analysis results in
Tables 3 and 4, T2 outperforms T1 in ignition point, burnout
temperature, pyrolysis index 𝐶, and comprehensive pyrolysis
index 𝑅𝑤 (Figs. 5 and 7). Consequently, T3, with 50% tar-rich
coal, exhibits a lower ignition point, higher burnout tempera-
ture, and improved, more stable pyrolysis characteristics. This
indicates that Tongchuan oil shale and tar-rich coal can achieve

Fig. 7. Comprehensive pyrolysis index 𝑅𝑤 under different experimental
conditions

in-situ co-pyrolysis and maintain a more stable continuous py-
rolysis reaction, indirectly enhancing the overall economic effi-
ciency of in-situ pyrolysis. The comprehensive pyrolysis index
𝑅𝑤 provides a more balanced view of the benefits of co-pyrolysis
(Fig. 7), with these benefits being more pronounced in air. The
in-situ pyrolysis of Tongchuan oil shale with tar-rich coal aligns
well with the topo-chemical reaction method, significantly en-
hancing the likelihood of successful in-situ pyrolysis.

3.4. Pyrolysis product analysis

The GC-MS results of the pyrolysis products from T1, T2, and
T3 under both nitrogen and air are presented in Figs. 8 and 9.

A comparison of Fig. 8 (T1) and (T3) shows that during the co-
pyrolysis of Tongchuan oil shale and tar-rich coal in the nitrogen
atmosphere, the alkanes and olefins decreased significantly by
48.50% and 61.54%, respectively. The content of aromatic hy-
drocarbons and oxygenated compounds increased significantly
by 7.73% and 552.41%, respectively. As the temperature rises,
the long-chain aliphatic hydrocarbons in the sample is bro-
ken, generating short-chain aliphatic hydrocarbons and small-
molecule aromatic hydrocarbons in the nitrogen atmosphere.
Due to the low ignition point of aliphatic hydrocarbons, most of
the aliphatic hydrocarbons are ignited to release a large amount
of heat, which causes the breakage of oxygenated functional
groups such as hydroxyl and carbonyl groups in the coal [40].
These free radicals continuously collide with the coal molecules,
resulting in C-O bond breakage and generating large molecule
fragments, which convert some of the fragments into tar [41].
At the rapid heating rate of 20◦C/min, the conversion of oxy-
genated compounds to phenolic compounds is inhibited, which
promotes the interactions between free radicals and weakens the
occurrence of secondary cracking reaction [42]. Therefore, the
oxygenated compounds in the resulting tar are significantly im-
proved. It is shown that higher heating rates can reduce the extent
of dehydroxylation, deoxygenation, and cleavage of long-chain
aliphatic structures, which are favourable to the enhancement of
oxygenated compounds as well as polar compounds [43,44]. In
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Fig. 8. GC-MS results of experiments under nitrogen

Fig. 9. GC-MS results of experiments under air

addition, the faster heating rate favours the polycondensation re-
action, which is the main reason why the aromatic hydrocarbon
contents of T2 and T3 remain relatively levelled [45].

As shown in Fig. 9, compared to T1, the content of alkanes
and olefins, decreases to 21.94% and 30.84%, respectively. The
content of oxygenated compounds increases by 485.44%. It is
noteworthy that aromatic hydrocarbons decrease by 17.97%. It
is easily seen that the air atmosphere has a significant effect on
the characterization of pyrolysis products in T2 and T3, and on
the characterization of pyrolysis products in the experimental
group. According to aerobic pyrolysis, the oxidation reaction
makes aliphatic hydrocarbon groups, methyl groups, and other
aliphatic groups, form a large number of oxidized free radi-
cals, i.e., hydroxyl, carboxyl, aldehyde, and ether groups. These
functional groups have much lower activation energies which
make them highly accessible to exothermic reactions with oxy-
gen [46]. It allows the solid organic matter and carbon skele-
ton inside the sample to be completely oxidized. Leading to
secondary pyrolysis and cyclization of the pyrolysis products,
short-chain aliphatic hydrocarbons and small aromatic hydro-
carbons are produced. Some research [47,48] proves that aerobic
pyrolysis reduces the recovery efficiency in the excessive oxygen
content. In addition, with the increase in pyrolysis temperature,
the oxygenated functional groups are easy to be removed by
thermal pyrolysis at high temperatures, which should result in a
decrease of oxygenated compounds and an increase of phenolic
compounds. However, an increased trend in the content of oxy-
genated compounds in T3 is observed, indicating that an excess
of oxygenated groups is introduced for the pyrolysis reaction in

the air atmosphere. In pyrolysis, the oxygenated compounds con-
sumed are lower than the oxygenated compounds produced [49].

As shown in Figs. 10 and 11, the product release characteris-
tic 𝑟1/2 in the nitrogen atmosphere is larger than that in the air
atmosphere due to the dependence of the sample temperature on
the convective heat transfer of the heat-carrying medium in the
early period. Tar-rich coal is looser with better convective heat
transfer and is not affected by heat transfer hysteresis. Therefore,
the higher the content of tar-rich coal, the more concentrated the
product release characteristic 𝑟1/2. This phenomenon also ap-
pears in the product release characteristic 𝑟3/4 curve. Moreover,
the effect of heating rate on the product release characteristics

Fig. 10. 𝑟1/2 with different pyrolysis conditions
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Fig. 11. 𝑟3/4 with different pyrolysis conditions

is even more remarkable, which is more obvious in the air at-
mosphere. The 𝑟1/2 and 𝑟3/4 of T3 are better than T1, indicating
that the presence of tar-rich coal contributes to the product re-
lease from oil shale in the pyrolysis interval, which improves
the recovery efficiency.

4. DISCUSSION

The co-pyrolysis of oil shale and tar-rich coal is significant for
the in-situ synchronized mining of both. The pyrolysis intervals
of oil shale and tar-rich coal are the same, which makes it possi-
ble to synchronize the in-situ exploitation of both. The addition
of tar-rich coal greatly enhances the pyrolysis characterization
index of oil shale, especially in the air atmosphere. In addition,
the co-pyrolysis of both did not adversely affect the pyrolysis oil
quality. According to the principle of topical chemical reaction
method [50], the co-pyrolysis of oil shale and tar-rich coal is
the simultaneous exploitation of two resources, rather than the
exploitation of one at the expense of the other [51]. The co-
pyrolysis of both is not only in line with the characteristics of
the two resources but also highly compatible with the topical
chemical reaction method [52,53]. The co-pyrolysis of both has
a very high feasibility and development value [54].

5. CONCLUSIONS

Based on TG-DTG extrapolations, this paper presents the py-
rolysis characterization and product analysis of Tongchuan oil
shale, tar-rich coal, and their homogeneous mixture across three
experimental conditions with varying pyrolysis atmospheres and
heating rates, exploring the feasibility of simultaneous in-situ
pyrolysis of both. The results show that in-situ co-pyrolysis of
Tongchuan oil shale and tar-rich coal is highly feasible and
exhibits strong adaptability to the topo-chemical situ reaction
method. The specific conclusions are as follows:
• The thermogravimetric results of Tongchuan oil shale and

tar-rich coal can be roughly divided into three stages. The

addition of tar-rich coal makes both achieve higher crack-
ing degrees. In the air atmosphere, oxygenated gas occurs
oxidative exothermic reaction with fixed carbon, which is
important for triggering and maintaining the topical chemi-
cal reaction. Overall, oil shale and tar-rich coal are consistent
in the major pyrolysis interval. This means that simultaneous
extraction of both is possible.

• In a nitrogen atmosphere, the ignition temperature of T3 was
significantly lower than T1, while the burnout temperature
of T3 was higher than T1. The pyrolysis indexes of T2 and
T3 were greater than T2, with an increase of 50% and 40%,
respectively. The pyrolytic stability of T3 in the nitrogen at-
mosphere increased by about 66% compared to T1. In the
air atmosphere, a rapid heating rate leads to early condensa-
tion of tar and coking on the sample surface, resulting in a
decrease in pyrolysis efficiency. The pyrolysis index of the
comparative T1 decreased from 4.2 times vs. 3.2 times to
2.4 times vs. 1.8 times.

• In the nitrogen atmosphere, the alkanes and olefins of T3
showed a significant decrease. The contents of aromatic hy-
drocarbons and oxygenated compounds appeared to increase
by 7.73% and 552.41%. The conversion of oxygenated com-
pounds to phenolic compounds was inhibited at the rapid
temperature increase of 20◦C/min. The conversion of oxy-
genated compounds to phenolic compounds was inhibited
at the rapid temperature increase of 20◦C/min. A higher
temperature increase rate promoted the interaction between
free radicals and weakened the occurrence of secondary py-
rolysis. In the air atmosphere, the content of oxygenated
compounds increased the most, with a rise of 485.44%. The
decrease of aromatic hydrocarbons was 17.97%. The oxida-
tion reaction facilitated rapid oxidization of the sample, and
the air atmosphere introduced excessive oxygenated groups
for the pyrolysis reaction.
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