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 Abstract 

 

 Thermogravimetric-Differential Scanning Calorimetry Analysis (TG-DSC) was applied to study non-

isothermal pyrolysis characteristics of oil shales, such as the starting point, stability, pyrolysis interval and 

product release using Fuyu and Huadian oil shale samples. Results show that with the increase of heating 

rate, oil shale pyrolysis moves to higher temperature zone. This trend is more noticeable at higher oil 

content. The pyrolysis stability of the oil shale is related to oil content and pyrolysis atmosphere. The 

higher the oil content, the more stable the pyrolysis of the oil shale. Under nitrogen atmosphere, the 

pyrolysis interval of oil shale is more concentrated, air prolongs the pyrolysis interval, and the pyrolysis 

stability index decreases. In addition, the increase of heating rate favours the release characteristic index 

of the product, which is not practically affected by oil content. The release characteristic indices of 

pyrolysis products from oil shale under nitrogen atmosphere are higher than those under air atmosphere. 

The optimum heating rate that produces the highest oil product yield for pyrolysis progress of Huadian oil 

shale is 20 oC/min, and Fuyu oil shale is 40 oC/min. 

 

 Keywords:  Oil shale; TG-DSC; Pyrolysis characteristics; Product release characteristic index; Heating rate 
and atmosphere 
 

 
 
 
 
1. Introduction 

 
 Unlike traditional fossil energy sources such as coal, oil and natural gas, oil shale belongs to 
unconventional oil and gas resources. Oil shale is rich in kerogen, but it is a type of immature 
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material for hydrocarbon generation. High temperature pyrolysis can produce oil and gas 
products (Omar S et al., 2010). The types and maturity of kerogen in oil shale vary across different 
areas, so the hydrocarbon generation characteristics of kerogen are different under high 
temperature pyrolysis. In aerobic condition, oil and gas products can participate in the pyrolysis 
process further, resulting in serious product dissipation with low oil content and low recovery 
efficiency for oil and gas. Anaerobic pyrolysis is a process of kerogen pyrolysis, where no oxygen 
is involved and hence no organic matter is oxidized. Compared with aerobic pyrolysis, anaerobic 
pyrolysis can improve the recovery efficiency of kerogen pyrolysis products. Thermogravimetric-
differential scanning calorimetry analysis (TG-DSC) provides general information about the 
overall reaction kinetics. This method has been widely used to investigate isothermal and non-
isothermal pyrolysis characteristics of fossil fuels. While dealing with uncertainties of oil shale 
pyrolysis intervals has always remained one of biggest challenges in oil shale research, today 
fuzzy intervals have been used to handle uncertainties of pyrolysis intervals. Pyrolysis kinetics 
was also investigated by TG-DTG (Bai et al., 2017; Xiong et al., 2015; Wang et al., 2012). These 
techniques cannot fully explain the relationship between maturity, oil content and temperature 
distribution of oil shale pyrolysis. Zhang et al. (2018) showed that the range of variability in the 
principal activation energy is 200–242 kJ mol-1, with most samples being in the middle half of that 
range, and the most-likely range of frequency factors is 1012-1016 s-1, with most values being in 
the middle half of that range. Sun et al. (2015) studied pyrolysis kinetics of multi-stage parallel 
reaction for Huadian oil shale at different heating rates and particle sizes. The results showed 
that increases in particle size or heating rate shifted the combustion process to a higher 
temperature, because of mass transfer resistance and thermal hysteresis. Juliana et al. (2017) 
studied the devolatilization kinetics in pyrolysis of oil shale from the Irati Formation in Brazil. The 
results showed that kinetic parameters were determinable over the temperature range of 323–
1173 K by dynamic thermogravimetric analysis using different model-free methods. 
 
Evaluation and validation were performed for pyrolysis at 673 K for 3 h. It was found that the 
activation energy depended on the extent of conversion. Activation energy increased in the 

ranges 215–255 kJ mol- 1 and 0.15 ≤α ≤0.55 for conversion, where α=1 for pyrolysis at 1173 K. 
Bao et al. (2019) conducted detailed study of the enhanced oil recovery techniques focusing on 
the recent ten years. As an important flow and oil recovery mechanism, molecular diffusion was 
studied and empirical correlation and experimental measurements were carried out. The 
influence of the structure of the porous media on the calculation results of the model was also 
considered. Oil shale is a low-quality oil and gas resource with low oil content. Only when the 
economic cost of investment is low, can it have exploitation value. Therefore, understanding and 
modeling the relationship between kerogen maturity, oil content and pyrolysis interval of oil 
shale under different atmospheric conditions and heating rates is a key element of any control 
process of oil shale, including in-situ pyrolysis temperature and the pyrolysis dissipation, for 
improving oil and gas recovery efficiency. In situ pyrolysis of oil shale triggered by topo chemical 
reaction is a complex chemical reaction process. At the initial stage, the pyrolysis of kerogen is 
caused by the introduction of high temperature nitrogen gas, and then the nitrogen gas is 
switched to air to promote further decomposition of kerogen. During this stage, oxidation 
reaction occurs and a large amount of heat is released, which continuously enhances the 
pyrolysis of oil shale in the formation process. This involves the precipitation properties of 



3 
 

products in different combustion intervals. Therefore, the pyrolysis properties of oil shale in Fuyu 
and Huadian areas of Jilin Province were studied by TG-DSC. The specific objectives are: 1. 
Introducing pyrolysis stability and product release characteristics to explain the reaction process 
and results in the pyrolysis interval of oil shale at different heating rates. 2. Studying effects of oil 
content, heating rate and pyrolysis atmosphere (nitrogen and air) on the starting point, pyrolysis 
stability, pyrolysis interval and product release characteristics of oil shale pyrolysis. 3. Calculating 
the exothermic behavior (exothermic and exothermic rate) of pyrolysis zone, which is influenced 
by oil content, heating rate and pyrolysis atmosphere, using DSC analysis. This can provide a 
reference for in-situ pyrolysis of local chemical oil shale. 
 
2. Materials and methods 

 
2.1. Materials 
 
The Huadian oil shale samples used in the experiment are from the 9–13 layers of brown oil 
shale in Gongchengtou mining area, Huadian, Jilin Province. Gonghuangtou mining area is 
located in Huadian Basin. Its sedimentary thickness is 240–350 m. The upper part is pyrite 
deposit, and the lower part is carbonaceous mudstone deposit. It belongs to horizontal bedding 
development. Fuyu oil shale samples come from 466 to 487 m interval of FK-3 Well in Fuyu-
Changchunling area of Songliao Basin. The oil shale in this section has been developed in the 
Upper Cretaceous Qingshankou Formation, which belongs to the semi-lake-deep lake 
environment and presents horizontal bedding. The samples were ground before the test. In 
order to avoid the influence of different particle sizes on the test results, the grinded oil shale 
samples were sieved into uniform particle sizes. The samples were dried at a constant 

temperature 60 oC oven to a constant weight, and then stored in a dryer for later use. The results 
of Proximate analysis, Element analysis and Fisher analysis are shown in Table 1. 
 
Table 1 Analysis of oil shale in Fuyu and Huadian. 
 

 
Kerogen in oil shale is mainly filled with inorganic mineral skeleton. FTIR and XRD are often used 
to characterize organic and inorganic minerals in oil shale samples. Molecular structures of the 
samples are analyzed by investigating different groups of characteristic peaks (Bai et al., 2013; 
Sun et al., 2014).  
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Fig. 1 (a) shows the infrared spectra of Fuyu and Huadian oil shale. The mineral peaks are the 
most obvious in the spectra of the two kinds of oil shales, and their shapes are similar, which 
indicates that the mineral composition and content of the two kinds of oil shales are similar. The 
stretching vibration peak of Si–O bond is 1170–1060 cm-1, which is formed by the overlapping 
absorption bands of quartz and clay minerals kaolinite, illite and montmorillonite in the oil shale. 
The characteristic absorption peaks are 804–780 cm-1 for quartz, 520-480 cm-1 for kaolinite, illite 
and montmorillonite, and 1430 and 877 cm-1for calcites, respectively. Because the mineral 
content in oil shale was much higher than that of organic matter, the characteristic peaks of a 
large number of minerals could cover up part of the organic matter peaks. In the infrared spectra 
of Fuyu and Huadian oil shale, there are many vibration peaks of organic and mineral groups. 
The most obvious absorption peaks of these two kinds of oil shale organic matter were 2925 and 
2850 cm-1. That was the characteristic absorption peaks of aliphatic hydrocarbons, indicating 
that the main component of organic matter in oil shale is aliphatic hydrocarbons. The skeleton 
vibration of aromatic ring was 1620 cm-1  and the stretching vibration of C–O group was 1710 
cm-1. Vibration intensities of aliphatic transmission peaks and aromatic characteristic peaks were 
related to the content of kerogen in samples and the maturity of oil shale. This indicates that the 
kerogen of Fuyu and Huadian oil shales was mainly composed of aliphatic group, but not very 
mature. They were lacustrine deposits (Altun et al., 2009; Dong et al., 2018). 
 

 
 
Fig. 1. FTIR and XRD maps of Fuyu and Huadian oil shales. 
 

XRD and FTIR results of oil shale samples were mutually correlated, especially in the context of 
their inorganic minerals. As shown in Fig. 1 (b), the main mineral compositions of Fuyu and 
Huadian oil shale were: quartz, calcite, pyrite, feldspar and immense mixtures. Except that 
calcite was a carbonate mineral, other minerals are silicate minerals (Xie et al., 2011). Quartz 
was the main inorganic mineral, followed by carbonate and clay minerals, and a small amount 

of pyrite. In addition, the spectra from 5o and 29o also have the superposition of amorphous 
organic minerals. Generally speaking, compared to Huadian oil shale, the XRD diffraction peaks 
of inorganic minerals in Fuyu oil shale have sharp peaks, larger peaks, larger Full width at half 
maximum (FWHM) values and more inorganic minerals. Fuyu oil shale has better crystallization 
than Huadian oil shale, but its characteristic peaks have more overlaps. The peaks of the 
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diffraction peaks of quartz, calcite, pyrite and feldspar in Fuyu oil shale are obviously stronger 
than those in Huadian oil shale, indicating a more orderly arrangement of inorganic mineral 
grains in Fuyu oil shale, with more crystal planes in the same direction, and more obvious 
sedimentary features. The FWHM of inorganic minerals is affected by the grain size. The FWHM 
of quartz in Fuyu oil shale is larger than that in Huadian oil shale, which indicates that the quartz 
grain in Fuyu oil shale has large size. The grain size of other inorganic minerals is almost the same 
as that of inorganic minerals in Huadian oil shale. Moreover, the peak area of inorganic minerals 
in Fuyu oil shale is larger than that in Huadian oil shale, indicating more crystal planes and larger 
cell volume of different inorganic minerals and thus higher degree of crystallization in Fuyu oil 
shale. 
 
2.2. Methods 
 
The TG-DSC study of pyrolysis characteristics, kinetic parameters and product release properties 
of oil shale is of great significance to the optimum in-situ pyrolysis process for identifying process 
parameters to maximize oil yield. It is helpful to understand the effects of different heating rates, 
types and maturity of kerogen on pyrolysis characteristics, such as starting point, exothermic 
heat and pyrolysis stability of oil shale. 
 
2.2.1. Pyrolysis characteristic parameters 
 
According to the extrapolation method of TG-DTG, the initial pyrolysis temperature of oil shale 
can be determined by plotting the TG-DTG curve of oil shale through the following steps (Bai et 
al., 2015a). On the DTG curve of oil shale, the vertically intersected point B with the TG curve at 
the point where the weight loss rate is the highest. The tangent of the TG curve is made through 
point B. The tangent intersects with the extension line of the initial missed point A of the TG 
curve at point C. The temperature corresponding to point C is the ignition point of the oil shale. 
After the maximum weight loss rate of DTG curve, the weight loss rate decreases steadily at D 
point after the second stage of TG curve. The tangent line passing through point B intersects 
with point E, which is the final pyrolysis temperature of organic matter. As shown in Fig. 2 below, 
the pyrolysis interval diagrams of Fuyu and Huadian oil shales under nitrogen and air conditions 
are calibrated by extrapolation method. 
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Fig. 2.  Schematic diagram of extrapolation method to calibrate the pyrolysis interval of oil shale 

(10 
o
C/min). 

 
2.2.2. Pyrolysis stability and exothermic analysis 
 
Based on the measured data of pure carbon and the TG-DTG curve of oil shale samples, the 
evaluation index Rw and comprehensive pyrolysis index S are used to compare the pyrolysis 
stability of oil shale samples (Zhao et al., 2003). 
 

𝑅𝑤 =
655

𝑇𝑖
×

763

𝑇𝑚𝑎𝑥
×

(𝑑𝑚/𝑑𝑡)𝑚𝑎𝑥

0.00582
 (1) 

 
where, 655 is the ignition point of pure carbon, oC; 763 is the temperature corresponding to the 
maximum weight loss rate (0.00582) of pure carbon, oC; Ti is the initial pyrolysis temperature of 
oil shale, oC; (dm/dt)Max is the maximum weight loss rate of oil shale, %/min; and Tmax is the 
corresponding temperature of the maximum weight loss rate of oil shale, oC. 
 
 

𝑆 =
(𝑑𝑚/𝑑𝑡)𝑚𝑎𝑥(𝑑𝑚/𝑑𝑡)𝑚𝑒𝑎𝑛

𝑇𝑖
2𝑇𝑐

  (2) 
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𝑑𝑚

𝑑𝑡
=

𝑚2−𝑚1

𝑡2−𝑡1
 (3) 

 
𝑑𝑚

𝑑𝑡
=

(𝑑𝑚/𝑑𝑡)𝑖+(𝑑𝑚/𝑑𝑡)𝑐

2
 (4) 

 

Tc is the burnout temperature, oC; (dm/dt)i is the pyrolysis rate of ignition point, %/min; (dm/dt)C 
is the pyrolysis rate of burnout temperature, %/min. The relationship between endotherm and 
exotherm during oil shale pyrolysis can be obtained by analyzing DSC curve of oil shale pyrolysis , 
as shown in Fig. 3. (Xie et al., 2017). 
 

∆𝐻 = 𝛽 ∫ [∆𝑇 − (∆𝑇)𝑐
𝑡0

0
] = 𝛽𝑆 (5) 

 
where, ΔH is the accumulated exothermic process during the second stage of oil shale pyrolysis, 
J/g. β is 1, a dimensionless proportional constant, i.e. the effective heat transfer constant of 
proportionality between oil shale samples and measured metals. ΔT is the temperature 

difference between oil shale samples and reference metals, oC, i.e. the baseline of differential 
thermal curve. ΔTC is the temperature difference between the oil shale sample and the baseline 

of differential thermal analysis curve (DTC) curve, oC.  S is the area of differential thermal peak 
of DSC curve, J/g. 
 
2.2.3. Index and degree of pyrolysis 
 
The pyrolysis index can be used to assess the pyrolysis performance of oil shale (Hong et al., 
2016), which is defined as Ce. 
 

𝐶𝑒 =
𝑓1.𝑓2

𝑡0
 (6) 

 
𝑓2 = 𝑓 − 𝑓1  (7) 
 
Among them, f1 is the ratio of organic matter content in oil shale to sample weight loss 
corresponding to ignition point on TG curve of oil shale. f1 reflects the relative content of organic 
matter in oil shale. The higher the content of organic matter is, the better the pyrolysis 
performance is. t0 is the time consumed during the pyrolysis of organic matter in oil shale on 
DTG curve. f is the total pyrolysis rate, i.e. the ratio of organic matter content to total weight loss 
in oil shale at t0 moment of TG curve.  
 
By analyzing the thermogravimetric curves of oil shale pyrolysis comprehensively, the pyrolysis 
degree Ci is constructed to characterize the pyrolysis process, which includes all the 
characteristic parameters for the whole of oil shale pyrolysis. The larger the value, the better the  

flammability and the fuller of the pyrolysis process (Khan, 1988). 
 

𝑐𝑖 =
(𝑑𝑚/𝑑𝑡)𝑚𝑎𝑥

𝑚0𝑇𝑖𝑇𝑐
 (8) 
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where, m0 is the initial mass of the sample. 
 

 
 
Fig. 3. DSC curves of Fuyu and Huadian oil shale under different atmospheres. 

 
2.2.4. Release characteristics of products 

 
In this paper, volatile release index I and reactivity index Ra are used to describe the difference 
of pyrolysis product release characteristics and conversion rate of oil shale in different areas 
under non-isothermal conditions (Ollero et al., 2002; Gomez-Barea et al., 2006; Gomez-Barea et 
al., 2006). In this paper, the release characteristics of oil shale pyrolysis products with conversion 
of 50% and 75% in the second stage are calculated. 
 

𝐼1/2 =
𝑅𝑎

𝑇𝑚𝑎𝑥𝑇𝑖𝑇1/2
 (9) 

 

∆𝑇1/2 →
𝑑𝑚/𝑑𝑡

𝑅𝑎
=

1

2
 (10) 
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𝐼3/4 =
𝑅𝑎

𝑇𝑚𝑎𝑥𝑇𝑖𝑇3/4
 (11) 

 

∆𝑇3/4 →
𝑑𝑚/𝑑𝑡

𝑅𝑎
=

3

4
 (12) 

 

𝑅𝑎 = −
1

𝑚−𝑚∞

𝑑𝑚

𝑑𝑡
=

1

1−𝑎

𝑑𝑎

𝑑𝑡
 (13) 

 

a=
𝑚𝑜−𝑚

𝑚0−𝑚∞
 (14) 

 
where, ΔT1/2 is the temperature range corresponding to 50% conversion, oC, also known as half 
peak width; ΔT3/4 is the temperature range corresponding to 75% conversion, oC. a is the 
conversion rate. m0 represents the initial weight of the oil shale pyrolysis in second stage. mꝏ 
represents the final weight of the oil shale pyrolysis in second stage. m represents the weight at 
any time during the second stage of oil shale pyrolysis. Therefore, the above announcement 
reflects the characteristics of volatile matter released by instantaneous organic matter 
transformation during oil shale pyrolysis. 
 
3. Results and discussion 
 
3.1. Pyrolysis characteristic parameters 
 
When the heating rates are 10 oC/min, 20 oC/min, 30 oC/min, 40 oC/ min and 50 oC/min, 
respectively, the TG-DTG curves of Fuyu and Huadian oil shales were measured in air and 
nitrogen atmosphere, as shown in Fig. 4 below. The pyrolysis parameters of Huadian and Fuyu 
oil shales obtained by extrapolation method are shown in Table 2 and Table 3 below. 
 
Before the two oil shale samples reach the ignition point, it is the first weight loss stage, mainly 
the dehydration process. Because the water content of both oil shales is less than 4%, the 
dehydration is slow at this stage. After reaching the ignition point, the second stage of weight 
loss begins. The pyrolysis rate of kerogen increases obviously and the weight loss process is rapid. 
With the increase of heating rate, the pyrolysis zone of kerogen moves to the high temperature 
zone. In addition, compared to nitrogen, air helps to reduce the ignition point of oil shale and 
broaden the pyrolysis zone of organic matter. The third weight loss stage is the decomposition 
stage of clay minerals. Although the clay minerals are decomposed, other substances are not 
volatilized except bound water, so the weight loss stage is stable (Bai et al., 2015a, Bai et al., 
2015; Liu et al., 2014. Jiang et al. (2006), Liu et al. (2014), and Yan et al. (2009) found similar 
results for Huadian oil shale. The phenomenon that the characteristic temperatures increase 
with the increase of heating rate is related to the heat transfer lag, and the higher the oil content, 
the more obvious the trend is. 
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Fig. 4. TG-DTG curves of oil shale at different heating rates and atmospheres. 

 
Table 2 Pyrolysis Characteristics of Oil Shale at Different heating Rates in Nitrogen Atmosphere. 
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Table 3 Pyrolysis characteristics of oil shale under different heating rates in air atmosphere. 
 

 
 
3.2. Pyrolysis stability and exothermic analysis 

 
In the second stage of pyrolysis, the calculation results of the evaluation indices RW and S for the 
pyrolysis stability of oil shale samples under different atmospheres and heating rates are shown 
in Fig. 5. Under these two atmospheric conditions, with the increase of heating rate, the 
evaluation indexes of oil shale pyrolysis stability decrease in varying degrees. Because the 
pyrolysis of oil shale moves to high temperature zone, and the corresponding ignition 
temperatures and the temperatures at the maximum pyrolysis rate increase. 
 
 Besides, oil content also affects the pyrolysis stability of oil shale. Under the same atmosphere, 
the pyrolysis stability of Huadian oil shale is higher than that of Fuyu oil shale because the oil 
content of Huadian oil shale is higher and the distribution of kerogen is more uniform. At the 
same heating rate, the temperature corresponding to ignition point and maximum pyrolysis rate 
is lower than that of Fuyu oil shale. With the same oil content, i.e. when the types of oil shale 
remain unchanged, the pyrolysis stability evaluation parameters of oil shale under nitrogen 
atmosphere are higher than those under air atmosphere. This is because the pyrolysis interval of 
oil shale is expanded and the maximum pyrolysis rate of oil shale is reduced under air atmosphere. 
However, under nitrogen atmosphere, the pyrolysis interval of oil shale is compact, and the 
maximum pyrolysis rate of oil shale is higher. 
 
The peak area IDSC of the DSC curve can be obtained by integrating the curve, as shown in Fig. 6. 
The pyrolysis process of oil shale is exothermic, and the oil content has a certain influence on the 
exothermic process. Fuyu oil shale has a low oil content, and its exothermic process is lower than 
that of Huadian oil shale. Moreover, the exothermic process from oil shale pyrolysis under air 
atmosphere is higher than that under nitrogen atmosphere because oxygen in the air participates 
in the pyrolysis process of oil shale, and the oil and gas products by kerogen pyrolysis react  



12 
 

further to an oxidation that releases heat. However, under nitrogen atmosphere, the produced 
oil and gas products do not further oxidize, so the exothermic process is lower than that in air 
atmosphere.  
 

 
 
Fig. 5. Oil shale pyrolysis stability varies with heating rate and atmosphere. 

 
The pyrolysis of oil shale is mainly concentrated in the second stage, but the pyrolysis interval of 
kerogen under nitrogen atmosphere is higher than that under air atmosphere. The pyrolysis 
reaction is more intense and the length of the interval is shortened. The exothermic activity is 
mainly concentrated in the pyrolysis stage of kerogen, i.e. the second stage of oil shale pyrolysis. 
With the increase of heating rate, the exothermic rate of oil shale also increases, as shown in Fig. 
7, because when the heating rate is low, with the increase of temperature, part of the exothermic 
process from the thermal interpretation of kerogen is used for the orderly removal of chemical 
bonds, functional groups and side chains (branched chains) in molecular structure and the 
decomposition of clay minerals in oil shale.  
 
The first is the chain breaking of weak chemical bonds and the precipitation of small molecules, 
especially gaseous products. With the increase of temperature, the precipitated organic 
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compounds are further decomposed, and these decomposition reactions are endothermic 
reactions. When the heating rate increases, the temperature gradient increases. The amount of 
pyrolysis of kerogen increases in unit time, and the side chains and the partially removed small 
molecular structures are displaced before further decomposition, so both the exothermic rate 
and the exothermic heat are increased. Similar results have been obtained by Kok (2007); Kok 
and Pamir (2003), where the effect of heating rate on the dynamics of oil shale was studied. 
 

 
 
Fig. 6. Accumulated exothermic varies with heating rate and atmosphere. 
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Fig. 7. Exothermic rate varies with heating rate and atmosphere. 
 

3.3. Index and degree of pyrolysis 
 
The higher the absolute value of pyrolysis index, the better performance of the pyrolysis. With 
the increase of heating rate, the ignition delay occurs, but the time consumed in the second 
stage of oil shale pyrolysis is greatly reduced. Therefore, with the increase of heating rate, the 
pyrolysis index of oil shale in the second stage increases.  
 
As shown in Fig. 8, the pyrolysis index of Huadian oil shale with higher oil content is superior to 
that of Fuyu oil shale under both atmospheric conditions with different heating rates. This is 
because the oil content of Huadian oil shale is as high as 18.7%, and the distribution of kerogen 
is more average. The pyrolysis process is relatively stable and affected by the pyrolysis time. The 
oil content of Fuyu oil shale is only 4.7%, and the distribution of kerogen is not uniform, so the 
pyrolysis trend is not significant. In addition, the pyrolysis index is also affected by pyrolysis 
atmosphere. Generally speaking, the pyrolysis index under air atmosphere is higher than that 
under nitrogen atmosphere due to the combustion-supporting effect from oxygen in air. At the 
same heating rate, the consumption of kerogen per unit time in the second stage of oil shale 
pyrolysis increases, and the pyrolysis time decreases, so the pyrolysis index increases. 
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Fig. 8. Pyrolysis indices of oil shales at different heating rates and atmospheric conditions. 
 

Oil shale is a complex mixture of various minerals and organic matter. The content and type of 
organic matter affect the difficulty and speed of pyrolysis. The heating rate has similar effect on 
the maximum pyrolysis rate and degree of oil shale. As shown in Fig. 9, The maximum pyrolysis 
rate and degree of Fuyu oil shale reach the maximum when the heating rate is 40 oC/min. When 
the heating rate is 20 oC/min, the pyrolysis degree of Huadian oil shale reaches its maximum 
value, and the maximum pyrolysis rate still increases with the increase of heating rate. The 
maximum pyrolysis rate reaches the maximum when the heating rate reaches 50 oC/min. The 
main reason for this phenomenon is due to the difference of oil contents of these two types of 
oil shales. Fuyu oil shale has low oil content and uneven distribution of kerogen. When the 
pyrolysis rate increases, the pyrolysis time of the second stage decreases, so the pyrolysis of 
kerogen is more concentrated, showing a better pyrolysis trend. Huadian oil shale has a high oil 
content. In theory, the increase of heating rate leads to the decrease of pyrolysis time. Huadian 
oil shale has a better pyrolysis degree. However, due to the high oil content of Huadian oil shale 
and the uniform distribution of kerogen, the whole pyrolysis process of Huadian oil shale is 
uniform and slow. With the increase of heating rate, pyrolysis time decreases, leading to 
concentrated pyrolysis of Huadian oil shale and non-uniform heat flux profiles, and thus resulting 
in incomplete pyrolysis of the oil shale. Therefore, the pyrolysis degree tends to decrease with 
the increase of heating rate. Under nitrogen atmosphere, Huadian oil shale has the best pyrolysis 
degree only when the heating rate is between 20 and 30 oC/ min. Under air atmosphere, the 

optimum pyrolysis state can be achieved at the heating rate of 20 oC/min, which is due to the 
combustion-supporting effect of oxygen. Nitrogen has no combustion-supporting effect, so the 
heating rate is slightly higher than 20 ℃/min before reaching the optimal pyrolysis state. 
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Fig. 9. Degree of oil shale pyrolysis varies with heating rate and atmosphere. 

 
3.4. Release characteristics of products 
 
In the second stage of oil shale pyrolysis, the release characteristic index I0.5 and I0.75 increase 
almost linearly with the increase of heating rate. As shown in Fig. 10, this is because the increase 
of heating rate shortens the time of the second stage of oil shale pyrolysis, and the pyrolysis 
reaction is intensified and the product release is concentrated. 
 
The release indices of the products are different under two atmospheric conditions. Under the 
condition of nitrogen, the product release characteristic index of the same conversion rate is 
higher than that under the air. This is because when air is used, oxygen has combustion-
supporting effect, prolonging the pyrolysis interval of the second stage of oil shale. The oil shale 
in the same area has the same oil content. As the pyrolysis interval becomes longer, so is the 
product release interval, hence the maximum product release rate is reduced. Under nitrogen 
atmosphere, the interval of the second stage of oil shale pyrolysis is more intense than that 
under air atmosphere. This is conducive to the concentrated release of products, so the 
maximum release rate of products becomes higher. In addition, when the pyrolysis interval of 
the second stage of oil shale is prolonged, the half peak width ΔT1/2 and ΔT3/4 at 50% and 75% 
conversion rates is also increased. Combining these two characteristics, the index of product 
release characteristics under air condition decreases.  
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Moreover, under the same atmosphere, with the increase of pyrolysis conversion in the second 
stage of oil shale, the release characteristic index of products decreases. This is because with the 
increase of heating rate, the pyrolysis reaction of oil shale in the second stage moves to the high 
temperature zone, which leads to the increase of half peak width ΔT1/2 and ΔT3/4 corresponding 
to conversion of 50% and 75%. Although the maximum product release rate also increases, the 
degree of the increased product release rate is less than the degree to which the pyrolysis 
reaction moves to the high temperature zone. Therefore, with the increase of conversion, the 
release characteristic index of the product decreases. Liao and Ma (2010), Chen et al. (2011), 
Wang et al. (2013) reported the same finding in pyrolysis experiments of organic matter. 
 

 
 
Fig. 10. Volatile release characteristics in the second stage of oil shale pyrolysis. 
 

4. Conclusion 
 
Under non-isothermal conditions, increasing heating rate causes oil shale pyrolysis moving to 
higher temperature zone. This trend is more noticeable at the higher oil content. Higher oil 
content leads to more stable pyrolysis of oil shale. The pyrolysis under nitrogen atmosphere is 
more stable than that under air atmosphere. Air prolongs the pyrolysis interval of oil shale, which 
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leads to the decrease of maximum pyrolysis rate. Under nitrogen atmosphere, the pyrolysis 
interval of oil shale is more intense. The pyrolysis process of oil shale is exothermic, and the 
higher the oil content, the higher the exothermic rate. The starting temperature of the second 
stage pyrolysis of oil shale is lower under air atmosphere, and the combustion-supporting effect 
of oxygen makes the pyrolysis process to take on a more stable mode. Huadian oil shale has a 
higher oil content and a higher pyrolysis index than those of Fuyu oil shale. The pyrolysis index 
of oil shale increases with the increase of heating rate, and the degree of pyrolysis first increases 
and then decreases. The optimum heating rate that produces the highest oil product yield for 
pyrolysis progress of Huadian oil shale is 20 oC/min, and Fuyu oil shale is 40 oC/min. Under 
nitrogen atmosphere, the release characteristic index of products with the same conversion rate 
is higher than that under air atmosphere. In addition, with the increase of heating rate, the 
pyrolysis time of oil shale decreases and the products are released centrally, thus leading to 
increases of the release characteristic index of products. 
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