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Abstract. In this work, the thermal behavior of Nong’an oil shale of China 
was investigated and its pyrolysate analyzed in order to provide optimal 
pyrolysis parameters for the oil shale in-situ pyrolysis pilot project. Through 
thermogravimetric analysis (TGA) it was noted that the main mass loss of oil 
shale was in the temperature range of 310–600 °C and the maximum mass 
loss temperature was 465 °C. The retorting experiments showed that tem-
perature had an important influence on shale oil yield and the maximum oil 
yield was obtained at 550 °C. The oil yield was reduced at higher tempera-
tures, resulting in an increase in gas yield. According to the analysis of shale 
oil composition the high pyrolysis temperature could promote the formation 
of short-chain hydrocarbons. Meanwhile, more alkenes and aromatics and 
less heteroatomic compounds were found at high temperature. The long-
chain hydrocarbons and heteroatomic compounds were proved to be 
secondary products decomposed at higher temperature. In addition, the 
results of nitrogen adsorption/desorption and scanning electron microscopy 
(SEM) indicated that the shale surface became more porous due to the 
decomposition of kerogen and more micro- and mesopores were found after 
the treatment at high temperature. 
 
Keywords: Nong’an oil shale, pyrolysis process, shale oil, heating 
temperature. 

1. Introduction 

With the rapid development of the world economy, energy demand is grow-
ing quickly. Oil shale, as an alternative source of energy, is a fine-grained 
sedimentary rock containing organic matter which is distributed in the 
framework of inorganic mineral. The countries that use oil shale refining are 
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mainly China, Estonia and Brazil. China’s oil shale resources are abundant, 
proven reserves converted into shale oil are about 133 billion tons [1] and 
are mainly distributed in the country’s eastern regions, in the Songliao Basin, 
the Huadian Basin and the Fushun Basin. The Songliao Basin is a large 
Mesozoic oil-gas-bearing rift basin located on the Paleozoic suture basement 
of North China, Siberia and Jiamusi Massif [2, 3]. It contains abundant oil, 
gas and oil shale resources [4, 5]. The Nenjiang and Qingshankou Forma-
tions of the Upper Cretaceous are the main source rocks in the Songliao 
Basin [6]. The Nong’an region, which is located in the southeast uplift area 
of the southern Songliao Basin (Fig. 1), is one of the four large oil shale 
deposits discovered in China [1]. Nong’an oil shale is also developed in the 
Upper Cretaceous Qingshankou and Nenjiang Formations. Based on the 
National Cooperative Innovation Project on Chinese Potential Oil and Gas 
Resources, the resource evaluation in the Nong’an region was conducted, the 
identified oil shale reserves are especially abundant in the Nong’an mining 
area with a high potential for exploitation, while proven reserves are 
estimated at approximately 27.75 billion tons. However, the oil yield of 
Nong’an oil shale is low (4–5% on average), which will make the con- 
 
 

 

Fig. 1. Location of Nong’an oil shale (modified from [12]). 
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ventional development method too costly. Moreover, the surface above the 
oil shale resources is fertile farmland in the Nong’an region, so in-situ 
exploitation would be a suitable way to develop this kind of resource. 

Many in-situ pyrolysis techniques have been proposed, including ICP 
(Shell) [7], ElectrofracTM (ExxonMobil) [8], AMSO (EGL) [9], in-situ con-
vective heating process (Taiyuan University of Technology) [10], subcritical 
water extraction technology (Jilin University) [11], etc. Especially ICP and 
AMSO technologies have been applied to the in-situ pilot experiments. 
However, for the low-quality oil shale resources of the Songliao Basin, the 
ICP technology based on the heat conduction heating method is obviously 
not economic. Recently, the oil shale topochemical reaction method pro-
posed by Jilin University has been investigated as a low-energy input 
method, which is characterized by the introduction of air during the 
pyrolysis process. Therefore, Jilin University has put forward the idea of in-
situ development of Nong’an oil shale resources through this technology, 
and the pyrolysis characteristics of Nong’n oil shale will be the first to be 
clarified. 

In numerous studies the pyrolysis characteristics of oil shale have been 
investigated, to determine optimal pyrolysis parameters, such as heating tem-
perature and rate, pyrolysis atmosphere, particle size and mineral content. 
Thermogravimetric analysis (TGA) is widely used to find out mass loss with 
changing temperature in the dehydration and decomposition of organic 
matter. Jiang et al. [13] found that retorting temperature could obviously 
influence the shale oil yield in the study of Huadian oil shale. Kok [14] 
investigated the thermal behaviour of Seyitomer oil shale by using the 
thermogravimetry-differential scanning calorimetry (TG-DSC) method. The 
results showed that higher heating rates led to higher reaction temperature. 
Nazzal and Williams [15] studied the influence of temperature and steam on 
the products from the flash pyrolysis of Jordan oil shale and found that the 
presence of steam could improve the oil yield. Ahmad and Williams [16] 
reported that increasing the particle size resulted in the increase of oil yield. 
Gai et al. [17] indicated that pyrite could promote the conversion of oil shale. 
In addition to thermogravimetric analysis, methods such as gas chromato-
graphy-mass spectroscopy (GC-MS) [18], Fourier transform infrared 
spectroscopy (FTIR) [19, 20], nitrogen adsorption/desorption [21] and 
scanning electron microscopy (SEM) [22] were used to characterize the 
changes in pyrolysate composition and pore structure before and after 
pyrolysis of oil shale. Niu et al. [23] applied GC-MS to investigate the 
characteristics of shale oil, and finally provided reference for the design of 
experimental parameters. Tiwari et al. [24] pointed out that the evolution of 
pore structure was important for gas and liquid production and heat transfer. 
Sun et al. [25] analyzed the characteristics of Huadian oil shale products by 
using the topochemical method in combination with the above-mentioned 
methods. 
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However, so far, studies have mainly focused on high-quality oil shales, 
such as Huadian [26, 27] with an oil yield of 19%, Green River [20, 28] with 
a TOC content of 14%, Jordan [15, 29] with an average organic content 
between 9% and 13%, and Estonian oil shales containing a relatively high 
amount of hydrogen [30, 31] and some having the TOC content of up to 22% 
[32], while low-grade oil shales such as Nong’an have been dealt with  
very rarely. Although recent studies have revealed that oil shale in the 
Qingshankou Formation has a high TOC content [5, 33], the Nong’an area 
contains more low-quality oil shale resources. Research and utilization of 
low-oil-yield oil shale will further increase the development potential and 
value of the Nong’an mining area. Therefore, the relatively low-quality oil 
shale of the Nong’an area was selected for research in order to facilitate the 
comprehensive development and utilization of oil shale. 

In this work, samples of Nong’an oil shale with a TOC value of 5.23% 
were used to explore its pyrolysis behavior and product distribution charac-
teristics. The pyrolysis experiments were carried out at different tempera-
tures in the open system. TGA, GC-MS, FTIR, nitrogen adsorption/desorp-
tion and SEM were employed to investigate the physical and chemical 
changes in oil shale during the thermal degradation. A comparison of the 
properties of products obtained at different temperatures was made using 
various combinations of the above methods. This work aims to study the 
influence of pyrolysis temperature on the thermal degradation of Nong’an oil 
shale. It is expected that the results will provide some references for further 
in-situ simulation experiments of Nong’an oil shale under formation pressure 
and high-pressure atmosphere. 

2. Materials and methods 
2.1. Material 

The samples used in this study were taken from the planned pilot zone of the 
Nong’an area, Yongping Township, Nong’an County, Jilin Province, China 
(Fig. 1). In the pilot test area, Nong’an oil shale is mainly buried in shallow 
layers, and the depth of the target layer is evaluated to be between 63 and 
73 m with the whole thickness of 54.4 m. Prior to the experiment, the sample 
was first pulverized and sieved to a grain size of 1–2 mm. The basic 
characteristics of Nong’an oil shale are presented in Table 1. The X-ray  
 

Table 1. Physical properties of Nong’an oil shale 

Ultimate analysis Fischer assay analysis Proximate analysis 
Component Content, wt% Component Content, wt% Component Content, wt% 

C 6.33 Shale oil 2.71 Moisture   4.22 
H 1.37 Water 6.71 Volatile matter 12.94 
N 0.50 Residue 87.68  Ash 82.99 
S 1.10 Gas 2.90 Fixed carbon   6.26 
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diffraction analysis (XRD) pattern of raw oil shale is depicted in Figure 2. 
As can be seen from the figure, quartz is the main mineral in Nong’an oil 
shale. Carbonate, clay minerals and pyrite are also present in different 
proportions. 
 
 

 
Fig. 2. XRD spectra of raw Nong’an oil shale. 

 
 
2.2. Experimental apparatus and analysis methods 

The schematic diagram of the experimental apparatus and analysis methods 
is shown in Figure 3. The pyrolysis experiments were carried out in a tube 
furnace under different temperatures (400–600 °C). During each experiment, 
20.0 g of oil shale sample with a particle size of 1–2 mm was first placed in 
the middle of the tube furnace and plenty of nitrogen was introduced to 
remove the air. Then the tube furnace was heated to the specified tem-
perature at 10 °C/min and held at said temperature for 2 hours to ensure the 
complete pyrolysis of oil shale. The gas sample was collected at 30 minutes 
after oil shale was heated to the specified temperature. The liquid collection 
device was placed in a constant temperature cold water bath to condense the 
generated oil and gas and water vapor. The residues were collected when the 
reactor was cooled to room temperature. The yields of shale oil, water, solid 
semi-coke and gas were calculated by the following formulas: 
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where oY , wY , sY and gY  are the yields of shale oil, water, semi-coke and gas, 
respectively; lM , sM and M represent the masses of oil-water mixture, 
semi-coke and the original oil shale sample, respectively, wV is the volume 
of water and wρ  is the density of water. In order to ensure the accuracy of 
the experiment, each experiment was repeated at least 3 times under the 
same conditions, and the average oil yield was finally obtained. 

 
 

 
Fig. 3. The schematic diagram of experimental apparatus and analysis methods. 
 
 
The TGA test was carried out using the Netzsch STA449F3 Synchronous 

Thermal Analyzer at a rate of 10 °C/min, in a high purity nitrogen atmo-
sphere of 60 ml/min. The GC-MS test was performed using the Agilent 
7890B-5975C gas chromatograph-mass spectrometer (USA). When the yield 
of shale oil was measured, the oven temperature was kept at 5 °C for  
5 minutes and then raised to 280 °C at a rate of 10 °C/min followed by 
insulation for 12 minutes. In the shale gas yield measurement, the oven 
temperature was increased from 50 °C to 80 °C at a rate of 20 °C/min and 
then to 190 °C at 30 °C/min until the final temperature which was held for 
9 minutes. The experiments were carried out several times to ensure repro-
ducibility. The Agilent 7890A equipped with a thermal conductivity detector 
(TCD) and a flame ionization detector (FID) was used to identify the com-
position of the gas products. The oven temperature was kept at 40 °C for 
2 minutes, and then increased to 150 °C at a rate of 20 °C/min until the final 
temperature hold for 13 minutes. FTIR was performed using the Nicolet 
iS10 FTIR Spectrometer (USA). The test sample was milled from about 
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1 mg of sample and 100 mg of dry KBr, then mixed evenly and compressed 
under a tablet press machine. The instrument used in the nitrogen adsorption 
and desorption experiments was the SSA-7000 specific surface area and pore 
size analyzer (China). The particle size of the sample used in the experiment 
was less than 100 µm, and the sample was degassed under vacuum at 180 °C 
for 3 hours before the nitrogen adsorption experiment. The surface porosity 
of raw oil shale and residues was investigated by SEM with the Hitachi  
S-4800 Field-emission Scanning Electron Microscope (Japan). 

3. Results and discussion 
3.1. The pyrolysis characteristics of raw oil shale and solid residues 

Figure 4 shows the thermogravimetry (TG) and differential thermogravi-
metry (DTG) curves for Nong’an oil shale under N2 atmosphere at a heating 
rate of 10 °C/min. According to the quality change of oil shale, its pyrolysis 
is divided into three stages [34, 35]. In the first stage, the temperature rises 
from room temperature to 310 °C, the small mass loss is mainly due to the 
evaporation of water, which mostly includes water and minerals in the clay 
mineral layer. The second stage is observed in a temperature range of  
310–600 °C, which is the main stage of oil and gas production. The mass 
loss is about 12.5%, which is due to the decomposition of organic matter in 
oil shale. The maximum mass loss temperature is 465 °C, which provides the 
basis for choosing the retorting temperature for the subsequent pyrolysis 
experiment. When the temperature is higher than 600 °C, the mass loss may 
be attributed to the pyrolysis of carbonate and clay minerals. In the third  
 
 

 
Fig. 4. TG and DTG results for raw Nong’an oil shale (heating rate: 10 °C/min). 
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stage, the mass loss of Nong’an oil shale is much smaller, about 1.72%. It 
can be observed that the mass loss of oil shales from different areas, like 
Huadian oil shale, in the third stage of pyrolysis is different, because 
different oil shales contain different inorganic minerals and some of the 
minerals have a catalytic effect on the oil shale pyrolysis [36]. Based on the 
analysis of TG results, the retorting temperatures of 450, 500, 550 and 
600 °C were selected for pyrolysis of Nong’an oil shale in order to determine 
the optimal final temperature. For convenience, raw Nog’an oil shale and 
residues are labeled Sraw, S450, S500, S550, S600. The subscript indicates raw oil 
shale or the specified temperature, i.e. S500 means the oil shale residue heated 
to 500 °C. 

Table 2 gives the mass loss of raw Nong’an oil shale and solid residues. 
It can be seen that the mass loss of raw oil shale is 14.01%, but after heating 
treatment at 450 °C, the mass loss of the S450 sample is significantly reduced, 
indicating that most of the kerogen has been cracked at about 450 °C. But  
as the heating temperature increases, the mass loss in the second stage 
gradually decreases, and there is almost no mass loss of S600, indicating that 
organic matter has been completely cracked. 

Table 2. Mass loss of raw Nong’an oil shale and solid residues 

Sample Temperature interval, °C Mass loss, % 

Sraw 310–600 14.01  
S450 369–603 2.10 
S500 377–609 1.77 
S550 392–600 1.50 
S600 403–609 1.37 

 
 
3.2. Influence of temperature on product distribution 

The pyrolysis experiment of Nong’an oil shale was carried out based on the 
TGA results. Figure 5 shows the pyrolysate yields obtained at different anti-
pyretic temperatures. It is clearly seen that the oil yield gradually increases 
with the rise of pyrolysis temperature and then decreases when the tempera-
ture increases to 600 °C. This is consistent with the organic matter cracking 
interval evidenced by the thermogravimetric results. At the same time, the 
yield of the residue gradually decreases. A similar phenomenon was also 
observed by Nazzal and Williams [15] when studying the pyrolysis of Jordan 
oil shale. A higher temperature can provide sufficient energy for cracking of 
kerogen and promote the production of oil and gas. At the same time, the 
yield of hydrocarbon gas increases with increasing pyrolysis temperature, 
which means that the high temperature is beneficial to production of more 
gas. In addition, the water yield is also increased at temperatures from 
450 °C to 600 °C, which may be attributed to the decomposition of oxygen-
containing heteroatomic compounds. Li et al. [37] also indicated that a lot of  
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Fig. 5. Distribution of products obtained from the pyrolysis of Nong’an oil shale at 
different temperatures. 
 
 
heteroatomic intermediates were formed in oil shale pyrolysis. These results 
show that an appropriate increase in temperature is advantageous to the 
complete pyrolysis of oil shale. For Nong’an oil shale, the retorting tempera-
ture between 500 °C and 550 °C is optimal to gain high oil yield. 
 
3.3. Pyrolysis products of Nong’an oil shale 

3.3.1. Shale oil 
 

Figure 6 shows the GC-MS results for shale oil of Nong’an oil shale. It can 
be seen that the main components of shale oil are alkanes, alkenes, aromatic 
hydrocarbons and heteroatomic compounds, and alkanes and olefins appear 
in the bimodal form in the spectra. With the increase of pyrolysis tempera-
ture, it can be found that more short-chain hydrocarbons were generated. 
Jiang et al. [13] noted that in the pyrolysis process, a long-chain alkyl radical 
would be cracked into an olefin. This is more likely to happen at higher 
temperature. 

Figure 7 shows the contents of the major components of the shale oil 
samples based on the normalization of the GC-MS peak area. With the 
heating temperature increasing from 450 °C to 600 °C, the area percentage 
of alkanes gradually drops from 73.58% to 53.60%, whereas that of alkenes 
and aromatic hydrocarbons increases from 15.84% to 27.33% and 1.32% to 
5.85%, respectively. These results suggest that high temperature is favour-
able for production of more alkenes/alkanes, which agrees with the finding 
of Nazzal and Williams [15] in the study of flash pyrolysis of Jordan oil 
shale. Moreover, the amount of heteroatomic compounds in the pyrolysis 
intermediates decreases at temperatures from 500 °C to 600 °C. This implies 
that the heteroatom-containing fragments in the organic matter, especially  
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Fig. 6. GC-MS of shale oil from Nong’an oil shale obtained between 450 °C and 
600 °C. 
 

 
Fig. 7. Area percentage of shale oil components obtained between 450 °C and 
600 °C based on GC-MS analysis. 
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oxygen-containing ones, are easily broken at a high temperature. This is 
another reason for the increase of olefins. At the same time, the removal of 
oxygen-containing groups also leads to the increase of water yield with 
increasing temperature. 
 
3.3.2. Shale gas 
 

The gas chromatograms of gases produced at different pyrolysis tempera-
tures between 450 °C and 600 °C are shown in Figure 8. The organic gas 
species were relatively abundant at 450 °C. When the temperature reached 
500 °C, 1-butene, 1-pentene and n-pentane began to decrease, because high 
temperature favours demethylation and the formation of methane. Above 
500 °C, 1-butene, butane, n-pentene and pentane showed a decreasing trend 
as the pyrolysis temperature increased [23]. More short-chain hydrocarbons, 
especially methane, and less C3+ were found with the rise of pyrolysis 
temperature. 
 
 

 
Fig. 8. GC spectra of shale gas obtained at different pyrolysis temperatures. 
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The emission curves of specific gaseous products are shown in Figure 9. 
As seen from the figure, the concentration of hydrogen increases at tempera-
tures from 450 °C to 600 °C. This may be explained by that the dehydro-
genation reaction is easy to occur at high temperature. H2 originates from the 
condensation of free radicals, aromatic structures and hydrogenation of 
aromatic structures [25]. With rising temperature, the increase of CO2 is 
partly attributed to the bonds in aliphatic and aromatic hydrocarbons, as well 
as to the breakage of oxygen-containing functional groups in oil shale, while 
some of the broken carbonyl species are precipitated in the form of CO and 
some are bound to oxygen atoms in oil shale [38]. When the temperature is 
further increased, carbon dioxide reacts with fixed carbon to produce carbon 
monoxide. This may be the reason for the reduction of carbon dioxide. 
Meanwhile, methane, ethane and ethylene gradually increased with increas-
ing temperature and reached a maximum at 550 °C, which is due to the 
cleavage of aliphatic and arene side chain methyl functional groups. The 
results show that high temperatures promote the production of short-chain 
hydrocarbons. When the temperature is higher than 600 °C, all components 
except hydrogen and carbon dioxide tend to decrease. This is caused by the 
formation of a large amount of hydrogen and carbon dioxide, resulting in the 
reduction in hydrocarbon content. In addition, more H2S is produced at 
450 °C and 550 °C, which corresponds to the emission of organic sulfur and 
the decomposition of pyrite, respectively [17, 39]. Maaten et al. [40] con-
firmed that sulfur exists in the organic and mineral parts of oil shale. Gai et 
al. [17] suggested that the release of H2S at 515–540 °C was associated with 
the pyritic sulfur. 

 
 

 
Fig. 9. Emission curves of specific gaseous products. 
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3.3.3. Solid residue 
 

Figure 10 shows the FTIR spectra of raw Nong’an oil shale and solid 
residues treated at different temperatures. The functional groups displayed in 
these spectra can be used to determine the changes in the structure of oil 
shale during pyrolysis. Table 3 also gives the characteristic peaks of kerogen 
and inorganic minerals. The peaks at 2924 cm–1, 2852 cm–1 and 1460 cm–1 
belong to the C–H stretching bands of aliphatic compounds, asymmetric and 
symmetrical stretching vibrations and aromatic stretching vibrations of CH2, 
respectively. From Figure 10 and Table 3 it is obvious that the 2924 cm–1, 
2852 cm–1 and 1460 cm–1 peaks are attributable to the decrease of organics 
above 450 °C and its complete disappearance at 550 °C, indicating that 
organic matter is not completely cracked at 450 °C. On the other hand, it is 
also indicated that some reactions occur only when the temperature is higher 
than 500 °C, which may also be the cause of the irregularity in the com-
position of oil obtained at 450 °C and 500 °C. The peaks at 1089 cm–1, 
798 cm–1 and 778 cm–1 are mainly attributed to quartz, an important mineral 
component of oil shale. These results demonstrate that the chemical structure 
of oil shale is closely related to the pyrolysis temperature. This is also in 
accordance with the findings of Jia et al. [41]. Meanwhile, from the results 
of GC-MS and FTIR it can be deduced that there are obvious differences 
between pyrolysis reactions taking place at 450 °C and 500 °C. 

 
 

 
Fig. 10. FTIR spectra of raw Nong’an oil shale and solid residue treated at different 
temperatures. 
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Table 3. Major characteristic peaks in FTIR spectra of the main components of 
Nong’an oil shale 

Wavenumber, cm–1 Component 

3630, 3430, 1631, 510, 470 Montmorillonite 
2924, 2852, 1460, 1039 Kerogen  
1089, 798, 778 Quartz 
1164, 430 Pyrite 
1870 Silicate 
694 Calcite 

 
 
Figure 11 shows the pore size distribution of the residue obtained as it is 

and at different temperatures. Although the change in the curve at 450–
600 °C is not obvious, it can also reflect a certain trend. The micropores, 
especially of the size of 4 nm, gradually decrease as the pyrolysis tempera-
ture increases. 5–60 nm pores increase with increasing temperature, indicat-
ing that the pores are more developed during kerogen cracking. 

Figure 12 depicts the variation of average pore volume and total specific 
surface area with temperature. Above 450 °C, the total specific surface  
area increases from 15.55 to 25.31 m2/g and reaches a maximum at 500 °C, 
and then begins to decrease. The pore volume increases from 0.083 to 
0.147 cm3/g, and begins to decrease after reaching a maximum at 550 °C. 
This result is consistent with the conclusions of Bai et al. [42] and Wang and 
Cao [43]. 

 
 

 
Fig. 11. Pore size distribution of oil shale and solid residue. 
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Fig. 12. Evolution of average pore volume and total BET specific surface area of oil 
shale and solid residue. 

 
 
Scanning electron microscopy is mainly used to characterize the macro-

pores which contribute less to the specific surface area. Figure 13 displays 
the SEM images of raw Nong’an oil shale and solid residues treated at 
different temperatures. Nong’an oil shale has typically characteristics of 
laminary sedimentary rocks which are possibly clay mineral aggregates, and 
some natural pores can be found on the surface (Fig. 13a). When treated at 
450 °C, kerogen is cracked with the release of shale gas and oil, resulting in  
 

 

 
Fig. 13. SEM photographs of raw Nong’an oil shale and solid residues treated at 
different temperatures: a) Sraw, b) S450, c) S500, d) S550, e) S600. 
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the formation of tearing holes [25]. The shale surface becomes porous in the 
decomposition of kerogen during pyrolysis, being more obvious with the  
rise of temperature. Plenty of macropores within the sample are obviously 
developed due to the decomposition of organic matter and the collapse and 
coalescence of adjacent micro- and mesopores, which may lead to the 
increase of the permeability of rock [42]. Bai et al. [44] and Tiwari et al. [24] 
investigated the pore structure and permeability of oil shale and indicated 
that the evolution of pore structure during the pyrolysis process was essential 
for the heat transfer, reactivity, and the flow of gas and oil, especially for the 
in-situ pyrolysis process of oil shale. In their study of coal, Cai et al. [45] 
established that macropores had a significant impact on gas flow. Therefore, 
it could be concluded that high temperature would favour the expansion of 
the reaction zone and promote the production of oil and gas. 

4. Conclusions 

In summary, various analytical methods, such as thermal analysis technol-
ogies, gas chromatography-mass spectroscopy, Fourier transform-infrared 
spectroscopy, N2 adsorption/desorption, and scanning electron microscopy, 
were employed to analyze the pyrolysis properties and pyrolysate of 
Nong’an oil shale. The decomposition temperature of the organic matter in 
Nong’an oil shale is 310–600 °C and the maximum mass loss temperature is 
465 °C. The optimal heating temperature should be 500–550 °C. Higher 
temperatures promote kerogen cracking and increase shale oil yield, but 
when the temperature is higher than 550 °C, the yield of shale oil begins to 
decrease due to the production of a high amount of gas. In addition, the 
content of alkanes gradually decreases whereas that of alkenes and aromatic 
hydrocarbons increases with the rise of temperature. There are obvious 
differences between pyrolysis reactions at the heating temperatures of 
450 °C and 500 °C. Some reactions may occur when the temperature is 
above 450 °C. The long-chain hydrocarbons and heteroatomic compounds 
decompose primarily at higher temperature. The demethylation and 
dehydrogenation reactions take place more easily with increasing tempera-
ture. Moreover, as the pyrolysis temperature increases, the specific surface 
area and pore volume of micro- and mesopores gradually increase at tem-
peratures up to 550 °C. Meanwhile, the macropores increase with increasing 
temperature, which may promote the cracking of organic matter and provide 
a channel for the spillage of oil and gas products. The development of the 
pore structure is very important for the migration of oil and gas in oil shale 
in the in-situ pyrolysis process and can also affect the diffusion of the 
reaction zone. Therefore, the optimal pyrolysis temperature of Nong’an oil 
shale might be 550 °C for either high oil yield or oil migration. 

The pyrolysis experiment in this study was carried out only in the open 
system. For the in-situ development pilot test, the pyrolysis experiment 
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under the conditions of formation pressure will be more instructive in the 
future. 
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