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Abstract. It is well known that the process of oil shale pyrolysis is extremely 
complicated, for several competing or parallel reactions occur simultaneously, 
and various products are continuously generated, serving as new reactants. 
In this work, it is assumed that there occur two parallel reactions in the 
devolatilization of organic matter, one represents the volatilization of bitumen 
and the other represents the pyrolysis of kerogen. Kinetic triplets for the 
competing or parallel reactions are different from each other. To investigate 
the pyrolysis mechanism of Jimsar oil shale of Xinjiang Province, China in 
more detail, the bi-Gaussian distribution method, a multi-stage parallel 
reaction model and two master plots methods are adopted to determine the 
kinetic models in this work. The apparent activation energy (E) is calculated 
by the Flynn-Wall-Ozawa (F-W-O), Kissinger-Akahira-Sunose (K-A-S) and 
Friedman methods. According to the results, it can be concluded that heating 
rate exerts little influence on the kinetic parameters but has some impact on 
the pyrolysis process as a whole. The results of this work reveal the pyrolysis 
characteristics of oil shale to a certain extent.

Keywords: Jimsar oil shale, pyrolysis mechanism, master plots method, 
activation energy.

1. Introduction

Due to the finite reserves of conventional fossil fuels and increasing demand 
for energy resource, oil shale has been paid more and more attention as an 
alternative energy source in recent times. In order to obtain shale oil gas, liquid 
and solid products from oil shale, pyrolysis is almost the only recommended 
method. The kinetics of oil shale pyrolysis and the influence of process 
conditions are of great importance as they can help researchers or engineers 
to predict the rate of decomposition as well as design efficient thermal 
decomposition reactors for engineering applications. The oil shale resource 
in the Jimsar oil shale mineralized belt, Xinjiang Province, China is about 
1.15 × 1010 tons [1, 2]. Hence, it is necessary to study the kinetic parameters 
(the apparent activation energy (E), the pre-exponential factor (A) and the 
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reaction mechanism function (f(α))) to predict the process of Jimsar oil shale 
pyrolysis. Various researches using thermogravimetric analysis (TGA) have 
been performed to study the effects of heating rate, temperature, particle size 
and processing data on the process of oil shale retorting [3–10]. According 
to the results, it is well known that the pyrolysis of oil shale can be divided 
into three stages: evaporation of free water, pyrolysis of organic matter and 
decomposition of inorganic minerals. Oil production takes place mainly 
in the second stage, pyrolysis of organic matter. As is known, the organic 
matter of oil shale mostly consists of bitumen and kerogen, the content and 
structure of which have been widely studied [11–13]. Bitumen, a term for 
nonpolymeric compounds, is soluble in common organic solvents and is a 
minor component; kerogen, which is the main component of oil shale organic 
matter, is insoluble in solvents due to its highly cross-linked macromolecular 
structure [14]. The process of oil shale pyrolysis is extremely complicated, 
because several competing or parallel reactions occur simultaneously, and 
various products are continuously generated and serve as new reactants. Many 
researchers have evidenced that there are more than two competing or parallel 
reactions in this stage. Li and Yue [15] developed a kinetic model of 11 
parallel reactions, assuming that all the parallel reactions are first-order, and 
their apparent activation energies and apparent frequency factors are different. 
Bar et al. [16] assumed that there are three parallel first-order reactions in the 
pyrolysis process. Wang et al. [17] studied North-Korean oil shale, assuming 
that six parallel first-order reactions take place during the pyrolysis process. 
One obvious common point of these studies is that they consider each parallel 
reaction as a first-order reaction. Wang et al. [18] discovered that the pyrolysis 
process of oil shale could not be actually described by a simple first-order 
reaction. Moreover, the International Confederation for Thermal Analysis and 
Calorimetry (ICTAC) suggested that it should be better to separate the multi-
steps entirely and analyze their kinetics individually [19]. In this paper, it is 
assumed that there are two parallel reactions in the devolatilization of organic 
matter, representing the volatilization of bitumen and pyrolysis of kerogen. 
The kinetic triplets of each reaction and the two stages are studied.

There are basically two kinds of methods for evaluating the kinetic triplets, 
model free methods and model fitting methods [19]. Model free methods, 
such as the Flynn-Wall-Ozawa (F-W-O) [20], Kissinger-Akahira-Sunose 
(K-A-S) [21] and Friedman [22] methods, assume that the reaction rate is 
only a function of temperature at constant conversion, therefore, the apparent 
activation energy is independent of the reaction mechanism [19]. In contrast, 
model fitting methods, such as Satave, Popescu and master plots methods 
[23–25], are capable of identifying multi-step reaction models suitable for 
the description of complex kinetics [19]. However, being based on a single 
heating rate value only, model fitting methods are considered unreliable.

In the present study, the multi-stage parallel reaction model is used to 
describe the decomposition of organic matter. The bi-Gaussian distribution 
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method [26] is adopted to fit the overlapping peak of TGA curves. For each 
reaction (subreactions and the total process reaction), E is calculated by the 
F-W-O, K-A-S and Friedman methods, and two master plots methods are 
adopted to obtain the reaction mechanism function.

2. Experimental
2.1. Oil shale samples

The oil shale used in this work was obtained from the Jimsar oil shale 
mineralized belt, Xinjiang Province, China. The raw samples were crushed 
and screened to 60 mesh size. The proximate and elemental analyses were 
performed according to the National Standards of China, as shown in  
Table 1. The dominant mineral phases of Jimsar oil shale identified are quartz, 
dolomite and a variety of clay minerals.

Table 1. Characteristics of Jimsar oil shale, wt%a

Oil shale sample Average δ Standard

Proximate analysis

Moisture 1.88 0.024 GB/T 212-2008

Volatile matter 18.03 0.039 ISO 11722:1999

Fixed carbon 3.15 0.021 ISO 1171:1997

Ash 76.94 0.037 ISO 562:998

Elemental analysis

C 15.78 0.014 GB/T 476-2008

H 2.55 0.025 GB/T 19227-2008

O 4.54 0.021 GB/T 214-2007

N 0.40 0.021 ISO 333:1996

S 0.35 0.001 ISO 334:1992
a All the results are the mean of three experiments.
δ is the standard deviation of the three experiments.

2.2. Experimental procedure
The thermogravimetric analysis and differential thermal analysis (TGA/DTA) 
experiments were performed using a thermogravimetric (TG) analyzer 
(Netzsch STA 449C/6/MFC/G Jupiter). The samples were dried for 3 h at  
101 °C under vacuum to remove free water before experiments. Approximately 
20 mg of each oil shale sample was heated from room temperature to 1000 °C 
at heating rates of 1, 5, 10, 20 and 30 °C/min. The pyrolysis experiments 
were conducted in argon atmosphere and the purge gas flow rate of argon was  
100 ml/min. The sample weight loss and the heat flow during the pyrolysis 
process were continuously recorded as a function of temperature and time by 
the TG analyzer.
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3. Theory
3.1. Theoretical background and the apparent activation energy

The reaction rate of a solid-state reaction can be described as follows:

                            (1)

where dα/dt is the reaction rate, α is the reacted fraction, A is the pre-
exponential factor, E is the apparent activation energy, R is the gas constant,  
T is temperature, and f(α) is the kinetic model.

Many differential equations based methods of calculating apparent 
activation energy can be obtained by different arrangements of Equation (1). 
As mentioned above, model free methods assume that the reaction rate is 
only a function of temperature at constant conversion, therefore, the apparent 
activation energy is independent of the reaction mechanism. In this work, 
the F-W-O, K-A-S and Friedman methods are used to calculate the apparent 
activation energy. Table 2 is a summary of these methods; by plotting the 
regression lines of Y vs X, the apparent activation energies can be obtained 
from the slopes.

Table 2. Summary of kinetic methods

3.2. Kinetic mechanism

Master plots methods based on the differential and/or integral forms of 
Equation (1) employ reference theoretical curves which are characteristic 
curves independent of measurement conditions and can be easily obtained 
from experimental data. Recently, master plots methods have been successfully 
applied to analysis of solid-state reactions [7, 21, 27, 28]. Several master plots 
are always used together to distinguish the superimposed characteristic curves 
[27]. In this work, two master plots methods are employed to determine the 
kinetic model of Jimsar oil shale pyrolysis.
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3.2.1. Master plots based on the integral form of kinetic data

The integration form of Equation (1) can be expressed as follows [7, 21]:

              (2)

                          (3)

                               (4)

where p(u) is the temperature integral but has no analytical solution. In this 
work, the fourth rational approximation of Senum and Yang [28] is used to 
calculate the approximation of p(u):

                      (5)

The integral master plots formula for determining the kinetic model is:

                             (6)

The left side of Equation (6) can be calculated theoretically for a given 
α, while the right side of the equation can be obtained from experiment. If 
an appropriate kinetic model is used, the curves of          vs α and           vs α 
should be coincident.
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3.4. Multi-stage parallel reaction model 
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have evidenced that there are more than two competing or parallel reactions in this stage. To 
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composed of two parts: kerogen and lower molecular weight bitumen, which is trapped into 
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or parallel reactions in this stage. To predict the process of Jimsar oil shale 
pyrolysis, the kinetic model of each competing or parallel reaction should be 
identified. In this work, we think that the organic matter of oil shale is composed 
of two parts: kerogen and lower molecular weight bitumen, which is trapped 
into kerogen. Therefore, we assume that there are two parallel reactions in 
the organic matter pyrolysis process, one represents the volatilization of 
bitumen and the other represents the pyrolysis of kerogen. Figure 1 shows 
the reaction route of the assumption model. The multi-stage parallel reaction 
model considers the overall stage to be the result of combination of several 
independent pyrolysis reactions and neglects interactions between the reacting 
components [7, 19, 21]. Kinetic triplets for each reaction are calculated and 
the kinetic parameters for the overall pyrolysis process can be obtained by the 
weighted superposition method. The weighted factor is the ratio of mass loss 
of each parallel reaction to total mass loss.

In non-isothermal pyrolysis, the differential form of a kinetic equation for 
each reaction i can be expressed as:

                          (9)

The weighted factor of each reaction can be obtained by Equations (10) 
and (11):

                                 (10)

                                   (11)
where mio and mif are the initial and final masses of reaction i, respectively; 
mo and mf are the initial and final masses of the sample, respectively; m is the 
number of reactions, in this study, m = 2.

The conversion rate and the apparent activation energy of the overall 
pyrolysis process can be obtained by:

                        (12)

Fig. 1. The reaction route of the assumption model.
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where 𝑚𝑚6 is the sample mass at temperature 𝑇𝑇 and ri is the weight factor. 

3.5. Separation of overlapping peaks 

Peaks in the DTG curve represent the main weightlessness stages in the pyrolysis process of oil 

shale and result from several competing or parallel reactions. For example, we assume that in the 

2nd stage of weightlessness, there are two parallel reactions, therefore, the peak representing this 

stage should be the superposition of two subpeaks. 

The multi-peak fitting method is suitable for separating the overlapping peaks of the DTG 

curve into numerous subpeaks, which can represent the physical characteristics of the reaction. 
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                            (13)
where mT is the sample mass at temperature T and ri is the weight factor.

3.5. Separation of overlapping peaks

Peaks in the DTG curve represent the main weightlessness stages in the 
pyrolysis process of oil shale and result from several competing or parallel 
reactions. For example, we assume that in the 2nd stage of weightlessness, 
there are two parallel reactions, therefore, the peak representing this stage 
should be the superposition of two subpeaks.

The multi-peak fitting method is suitable for separating the overlapping 
peaks of the DTG curve into numerous subpeaks, which can represent the 
physical characteristics of the reaction.

When the difference between the experimental and fitted data (SS) is 
minimum, the subpeaks can be considered to be the most representative:

                        (14)

where n is the number of iterations, P is the matrix with three parameters: 
height, position and full width at half maximum (FWHM) of the peak.

Generally, in the Gaussian method, subpeaks are symmetrical, and the 
fitting accuracy is not as high as in the bi-Gaussian method [7, 21]. In this 
work, the bi-Gaussian multi-peak fitting method is used to separate the 
overlapping peaks of DTG curves. This method modifies the fi function (Eq. 
(14)) to correctly fit the peaks [29, 30]:

                  (15)

where H is the height of peak, σ1 is the left FWHM, σ2 is the right FWHM, 
and σ1 ≠ σ2.

To assess the quality of the multi-peak fitting (QOF), Equation (16) takes 
into account the differences between model and experimental values. The 
lower the QOF, the better the fitting quality:

                     (16)

where nd is the data number, (dα/dt)cal and (dα/dt)exp are the calculated and 
experimental TG curves, respectively, (dα/dt)max,exp stands for the maximum 
experimental data.
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where 𝑛𝑛+ is the data number, (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑)táà		and (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑)DJV are the calculated and experimental 
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4. Results and discussion 
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process, one represents the volatilization of bitumen and the other represents the pyrolysis of 

kerogen. Figure 1 shows the reaction route of the assumption model. The multi-stage parallel 

reaction model considers the overall stage to be the result of combination of several independent 

pyrolysis reactions and neglects interactions between the reacting components [7, 19, 21]. Kinetic 

triplets for each reaction are calculated and the kinetic parameters for the overall pyrolysis process 

can be obtained by the weighted superposition method. The weighted factor is the ratio of mass 

loss of each parallel reaction to total mass loss. 

   In non-isothermal pyrolysis, the differential form of a kinetic equation for each reaction i can 

be expressed as: 

+,c
+6
= ?c
@
	𝑒𝑒𝑒𝑒𝑒𝑒 − 4c

56
𝑓𝑓d 𝛼𝛼d .                          (9) 

   The weighted factor of each reaction can be obtained by Equations (10) and (11): 

𝑟𝑟d =
fcgAfch
fgAfh

,                                 (10) 

𝑟𝑟d = 1f
% ,                                   (11) 

where 𝑚𝑚dj and 𝑚𝑚d> are the initial and final masses of reaction 𝑖𝑖, respectively; 𝑚𝑚j and 𝑚𝑚> are 

the initial and final masses of the sample, respectively; 𝑚𝑚 is the number of reactions, in this study, 

𝑚𝑚 = 2. 

   The conversion rate and the apparent activation energy of the overall pyrolysis process can be 

obtained by: 

𝛼𝛼 = fgAfa
fgAfh

= (𝑟𝑟d𝛼𝛼d)f
dm% ,                        (12) 

𝐸𝐸 = (𝑟𝑟d𝐸𝐸d)f
dm% ,                            (13) 

where 𝑚𝑚6 is the sample mass at temperature 𝑇𝑇 and ri is the weight factor. 

3.5. Separation of overlapping peaks 

Peaks in the DTG curve represent the main weightlessness stages in the pyrolysis process of oil 

shale and result from several competing or parallel reactions. For example, we assume that in the 

2nd stage of weightlessness, there are two parallel reactions, therefore, the peak representing this 

stage should be the superposition of two subpeaks. 

The multi-peak fitting method is suitable for separating the overlapping peaks of the DTG 

curve into numerous subpeaks, which can represent the physical characteristics of the reaction. 
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4. Results and discussion
4.1. Analysis of pyrolysis process

Figure 2 depicts the TG curves of Jimsar oil shale pyrolysis as a function of 
temperature at heating rates of 1, 5, 10, 20 and 30 °C/min. It can be seen that 
at different heating rates, the sample exhibits similar pyrolysis characteristics 
and the total pyrolysis process can be divided into three basic stages  
[4, 7, 10, 17, 18, 21]. Stage I is the lower temperature region (< 200 °C ) in which 
the weight loss is attributed to the evaporation of external moisture and interlayer 
water from clay minerals, the weight loss in this stage is about 5%. In stage II, 
in the medium temperature range of 200–550 °C, due to the decomposition 
of organics, the weight loss is about 70% of total. In stage III, from 550 to  
950 °C, the final weight loss is mostly assigned to the thermal decomposition 
of inorganic minerals, such as calcite, ankerite, dolomite, etc.

Figure 3 shows the DTG curves of Jimsar oil shale pyrolysis with two 
distinct peaks corresponding to stage II and stage III, respectively. The figure 
reveals that the maximum peak value and the corresponding temperature 
increase with increasing heating rate. This is generally because the temperature 
gradient of the oil shale particle increases with increasing heating rate. Granoff 
and Nuttall Jr [31], Shin and Sohn [32], and Pan et al. [33] developed different 
mathematical models to predict the inner temperature and temperature gradient 

Fig. 2. Weight loss curves of Jimsar oil shale.
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of a single oil shale particle. The increase of temperature gradient strengthens 
the inertia effect of devolatilization and affects the decomposition of the inner 
part of the oil shale particle, and then increases the Tmax temperature. Moreover, 
at high heating rate, products are generated faster than at low heating rate, and 
the diffusion rate of products affects the pyrolysis process [34, 35]. This work 
focuses on stages II and III of oil shale pyrolysis as the main research objects.

4.2. Kinetic triplets of Jimsar oil shale pyrolysis

In the current work, the bi-Gaussian fitting method is adopted to separate the 
overlapping peaks of DTG curves. In stage II, the peak of the DTG curve at 
each heating rate is separated into two subpeaks. In stage III, which, as is 
known, is mainly the thermal decomposition of inorganic minerals, the peak 
of the DTG curve is fitted by only one peak.

Figure 4 and Figure 5 show the curves of the bi-Gaussian multi-peak fitting 
of Jimsar oil shale pyrolysis. It is indicated that the QOFs of stages II and III 
of the process are within the acceptable range. The areas under the peaks are 
integrated to determine the amount of weightlessness of each reaction [10, 21]. 
In stage II (Fig. 4), the weight loss proportion of the first subreaction (reaction I) 
representing bitumen volatilization is about 12–15% in the temperature range 
of 350–500 °C. The second subreaction of stage II (reaction II), which accounts 
for 85–88% of the whole stage, represents the pyrolysis of kerogen. From 
Figure 4 it can be seen that the two reactions occur almost at the same time, 
while the share of reaction I is small (Table 4). Moreover, the temperature 

Fig. 3. Differential weight loss curves of Jimsar oil shale.
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Fig. 6. E of stage II calculated by different methods vs α: (a) E calculated by the 
Friedman method, (b) E calculated by F-W-O, (c) E calculated by K-A-S, (d) 
comparison of E calculated by the three methods.

ranges of two subreactions increase with increasing heating rate, and the Tmax 
values of these reactions rise steadily. This is caused by the inner temperature 
gradient of the oil shale particle.

In stage III (Fig. 5), with increasing heating rate, the Tmax of the 
decomposition of inorganic minerals grows steadily. Similarly to stage II, the 
temperature ranges of stage III also increase with increasing heating rate and 
the Tmax values of its reactions increase steadily.

Based on Figure 4 and Figure 5, the kinetic triplets of each subreaction and 
the total stage can be calculated using the theories mentioned above (Table 4).

Figure 6 shows the E values for stage II calculated by the Friedman, F-W-O 
and K-A-S methods. The figure reveals that the E values of reactions I and II 
and the total stage II increase slightly with increasing α, while the E of reaction 
I is lower than that of reaction II. Figure 6 also demonstrates that the E of the 
total stage II is similar to the respective value of reaction II, which means that 
the latter reaction is prevailing in stage II. Figure 6d depicts the decrease of E 
values calculated by three different methods. It can be seen that F-W-O and 
K-A-S provide similar E, yet lower than that found by the Friedman method. 
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This is because the latter method uses numerical differentiation that may lead 
to inaccurate rate data, also when smoothing noisy data [19].

Figure 7 depicts the curves of E vs α of stage III. It is revealed that F-W-O 
and K-A-S afford similar E values which slightly increase with increasing α.

Based on the results illustrated in Figure 4 and Figure 5, two master plots 
methods are used to analyze the peaks, the results are shown in Figure 8 
and Table 4. From Figure 8 it can be seen that for each process stage the 
experimental data correspond to one of the predicted theoretical model curves 
closely, which means that the pyrolysis mechanism does not change with 
changing heating rate. The difference in the experimental values obtained 
at different heating rates may be caused by the difference in temperature 
gradient between the central part and the surface of the oil shale particle. Each 
theoretical prediction model corresponds to a reaction model which reveals 
the inherent property and relationship between the extent and temperature of 
oil shale pyrolysis. From Figures 8a and 8e it can be concluded that reaction 
I of stage II follows the F2 model. At the same time, for reaction II of stage 
II, a different method gives a different theoretical prediction model which 
is different from the one depicted in Figure 8b, while the experimental data 
correspond to the R3 model obtained by the master plots method on the basis 
of the integral form of Equation (14). In contrast, Figure 8f shows the D-ZLT3 
model obtained by the master plots method on the basis of the integral and 
differential forms of Equation (15). The experimental data for the total stage 
II comply with the F1 model calculated by Equation (14) (Fig. 8c) and An fits 
the one obtained by Equation 15) (Fig. 8g). Figures 8d and 8h expose that 
the decomposition process of inorganic minerals in stage III can be described 
by the R2 model. Different methods are mutually complementary rather than 
exclusive. Varying results for reaction II of stage II are mainly due to theory 
difference between the methods.

Fig. 7. E of stage III calculated by Friedman, F-W-O and K-A-S methods vs α.
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Table 4 presents the kinetic triplets of Jimsar oil shale pyrolysis and the 
reaction models of stage II and stage III.

From Figure 2, Figure 3, Figure 8 and Table 4 it can be seen that at different 
heating rates, the samples exhibit similar pyrolysis characteristics, and the 
mechanism of pyrolysis does not change with changing heating rate. At the 
same time, due to the difference in temperature gradient between the central 
part and the surface of the oil shale particle, as well as in diffusion rate between 
the products at different heating rates, the experimental values obtained at 
different heating rates may also differ. Therefore, it can be concluded that 
heating rate exerts little influence on individual kinetic parameters but has 
some impact on the pyrolysis process as a whole.

5. Conclusions

The pyrolysis process of Jimsar oil shale can be divided into three stages. In 
stage I, the weight loss is attributed to the evaporation of external moisture and 
interlayer water from clay minerals (< 200 °C), the weight loss of this stage is 
about 5%. In stage II, in the medium temperature range of 200–550 °C, due to 
the decomposition of organics, the weight loss is about 70% of total. In stage 
III, in the temperature range of 550–950 °C, the final weight loss is mostly 
attributed to the thermal decomposition of inorganic minerals. Based on the 
bi-Gaussian fitting method, stage II can be described by two subpeaks, one 
represents the volatilization of bitumen and the other represents the pyrolysis 
of kerogen. The average activity energies of reaction I and reaction II of stage 
II are 200 kJ/mol and 220 kJ/mol, respectively. For the total stage II and stage 
III, the average activity energies are 227.8 kJ/mol and 242 kJ/mol, respectively. 
The reaction models for reaction I of stage II is F2, reaction II of stage II can 
be described by both the R3 and D-ZLT3 models according to different master 
plots methods. The total reaction model for stage II follows the F1 model. 
For stage III, the decomposition of inorganic minerals can be described by 
the R2 model. According to the results, heating rate exerts little influence on 
individual kinetic parameters but has some impact on the pyrolysis process as 
a whole. It can be proved that the multi-stage parallel reaction model can be 
effectively used to study solid fuel pyrolysis. We anticipate that this work can 
provide useful information for the study and production of Jimsar oil shale.
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