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Abstract: In the oil shale in situ conversion project, it is urgent to solve the problem that the reaction
degree of organic matter cannot be determined. The yield and composition of organic products in
each stage of the oil shale pyrolysis reaction change regularly, so it is very important to master the
process of the pyrolysis reaction and reservoir change for oil shale in situ conversion project. In the in
situ conversion project, it is difficult to directly obtain cores through drilling for kerogen maturity
testing, and the research on judging the reaction process of subsurface pyrolysis based on the maturity
of oil products has not been carried out in-depth. The simulation experiments and geochemical
analysis carried out in this study are based on the oil shale of the Nenjiang Formation in the Songliao
Basin and the pyrolysis oil samples produced by the in situ conversion project. Additionally, this
study aims to clarify the evolution characteristics of maturity parameters such as effective biomarker
compounds during the evolution of oil shale pyrolysis hydrocarbon products and fit it with the
kerogen maturity in the Nenjiang formation. The response relationship with the pyrolysis process of
oil shale is established, and it lays a theoretical foundation for the efficient, economical and stable
operation of oil shale in situ conversion projects.

Keywords: oil shale; in situ conversion project; biomarker; pyrolysis process; organic geochemistry

1. Introduction

Oil shale is an important strategic resource, which has the characteristics of wide
distribution and huge resources and has always been widely concerned [1]. The devel-
opment methods of converting oil shale into usable petroleum resources are divided into
ground retorting technology and in situ conversion technology [2–6]. The application of
ground retorting technology is mainly for oil shale occurring at shallow burial depth, which
limits the number of available resources, and the technology itself has problems such as
environmental pollution [7–12]. Oil shale in situ conversion technology can exploit deep
oil shale and has the advantages of green environmental protection, small footprint and
low cost [12–19]. In Songliao Basin, Jilin University built two pilot test bases for oil shale
in situ conversion and successfully produced oil in 2016 and 2020, respectively. The pilot
experiments accelerated the industrialization of oil shale, but the difficulty in monitoring
the process of pyrolysis of oil shale organic matter has become more and more prominent
in the project [20–23].

Studies showed that the production and composition of organic products in each
stage of oil shale pyrolysis change regularly [1–5,21,22]. Therefore, it is very important to
master the process of pyrolysis in oil shale in situ conversion project for efficient cracking
and maximizing economic benefits [24–28]. However, the process of pyrolysis reaction

Energies 2022, 15, 3715. https://doi.org/10.3390/en15103715 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15103715
https://doi.org/10.3390/en15103715
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4536-0101
https://doi.org/10.3390/en15103715
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15103715?type=check_update&version=2


Energies 2022, 15, 3715 2 of 20

can be analyzed by the maturity of oil shale kerogen [29–32]. This method necessitates
coring in the pyrolysis reaction formation with additional drilling, which can destroy the
subsurface thermal reaction environment and cause serious adverse effects on the mining
industry. In addition, the current research on the maturity of oil shale organic matter
fails to fully consider the complex subsurface conditions and artificial thermal reaction
environment of oil shale and is not suitable for in situ conversion of oil shale [33–36].
Based on the experience of in situ conversion pilot experiments, the study proposes that
oil and gas products are to be obtained through production wells during the operation of
the project, and the maturity information of oil and gas products can be fed back to the
reaction process of oil shale pyrolysis, but related research has not yet been conducted
in-depth development.

In this study, the research on the dynamic evolution of the maturity parameters of oil
shale pyrolysis hydrocarbon products was carried out, and the applicable maturity parame-
ters were selected to accurately feedback the maturity of kerogen in the Nenjiang formation.
Then, the response to the oil shale pyrolysis process relationship was established, and the
real-time situation of the yield and composition of organic products in the underground
kerogen pyrolysis reaction was informed. This study is a necessary way to dynamically
monitor the oil shale in situ cracking reaction process, and it is also the key to ensuring the
high efficiency, economy and stability of the oil shale in situ conversion project.

2. Samples and Methods
2.1. Research Methodology

In this study, core samples from oil shale exploration drilling in the Nongan (NA)
experimental area were selected for this research, which included core logging, strati-
graphic age division, and high-precision geochemical logging (total organic carbon). The
preliminary results revealed the target sampling horizon of subsequent experiments. Then,
the experiment began with high-temperature and high-pressure reactions on oil shale
samples from the Nenjiang Formation in the reactor. Vitrinite reflectance tests, rock-eval
pyrolysis and elemental analyses were performed on the semicoke products. The pyrolysis
oil extracted from oil shale semicoke was quantitatively separated and analyzed by gas
chromatography–mass spectrometry (GC-MS). The related tests performed on pyrolysis
oil samples collected from the Nongan oil shale in situ production product include group
component separation and GC-MS analysis (Figure 1).

Figure 1. Experiment flow chart.
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2.2. Selection of Oil Shale Samples
2.2.1. Stratigraphy of the Nenjiang Formation

The lower part of the Nenjiang Formation is a dark mudstone, and the upper part is
composed of grey-green mudstone and glutenite deposits (Figure 2) [37,38]. These strata
can be further divided into 5 members based on lithology. The first member of the Nenjiang
Formation is composed of dark mudstone and thin oil shale. In the second member, the
stable thick layer of oil shale in the whole area is at the bottom, and it transitions to grey
mudstone and grey-green mudstone upward. The third to fifth members are eroded in the
southeastern part of the basin, and the main parts are greyish green mudstone and greyish
white sandstone, followed by a transition to purplish-red mudstone in the central part of
the basin, and the Nenjiang group formation is the horizontal stratum of Shenzhen Lake
phase in the research area [37–39] (Figure 3).

Figure 2. Geological map of the Songliao Basin.

The Nongan oil shale in situ conversion project is located 110 km north of Changchun.
The total drilling depth is 135 m, and the drilling technique is full-core drilling. After
a thin layer of Quaternary deposits, the strata that have been encountered are the Cre-
taceous upper Yaojia Formation (8 m) and the Nenjiang Formation (112 m). Based on
core descriptions and lithofacies divisions of drilling cores in Nongan, we have a prelimi-
nary understanding of the overall features and sedimentary environment of the Nenjiang
Formation and provide an important basis for selecting appropriate samples for testing
and analysis. According to core records during drilling in Nongan, Quaternary sands are
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located 10 m from the surface to the ground, and no sampling has been carried out in this
interval (Figure 3). Sampling was performed every 1 m for the cores until 133 m of depth.
The main core samples from 66 to 74 m from the Nongan oil shale in situ conversion test
area. The drilling fluid was washed off in distilled water and then dried at a constant
temperature of 60 ◦C for 12 h [22,23].

Figure 3. Stratigraphic log of the Nongan oil shale.

2.2.2. Sampling of Shale Oil Samples for In Situ Conversion Project

As shown in Figure 4, the process mainly involves drilling thermal injection wells
and production wells in the ground facing the oil shale layer and performing conventional
work, such as casing running and cementing after drilling. Then, the conventional hy-
draulic fracturing method is used for fracking the heat injection wells so that the heat
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injection wells and the production wells are connected through the fractures formed by
fracturing. After the connection between the heat injection well and the production well is
established, high-temperature nitrogen (450 ◦C) is introduced into the heat injection well
on the ground surface, and nitrogen flows to the production well through the fractures
formed by hydraulic fracturing. During the flow of high-temperature nitrogen, nitrogen
contacts the oil shale layer to conduct convective heat conduction, thereby heating the oil
shale layer [22,23], and this convection keeps it warm for the experiment. After heating for
a period of time, the produced oil and gas and nitrogen flow to the production well and are
recovered in the production well, and the generated oil, gas and mixed vapor and gas are
sent to the surface. Two-stage cooling and separation are carried out to separate pyrolysis
oil, pyrolysis gas and water. The heat carrier, nitrogen, used in the process of heating the
oil shale layer, is obtained by separating the air from the pressure swing adsorption (PSA)
air separation nitrogen generator and is heated to the designed temperature by ground
heating equipment.

Figure 4. Scheme for the Nongan oil shale in situ conversion technology.

2.3. Experimental Methods

(1) High-pressure pyrolysis experiment

This experiment was carried out using a high-pressure nitrogen pyrolysis oil shale test
device. The oil shale core samples were subjected to high-pressure heating treatment, and
the samples were dried and put into the reactor, the reactor was filled with nitrogen and
the pressure in the reactor was increased to the lithostatic pressure of the formation; the
nitrogen was turned off, the reactor was heated up and the heating rate was 10 ◦C/min.
The end-point temperatures of different samples were selected as 150 ◦C, 200 ◦C, 250 ◦C,
300 ◦C, 350 ◦C, 375 ◦C, 400 ◦C, 425 ◦C, 450 ◦C, 475 ◦C and 520 ◦C. After reaching the end
temperature, keep the temperature for 6 h, then keep the pressure in the kettle unchanged
for 2 h, open the inlet and outlet of the reaction kettle and pass nitrogen for 2 h, and the
N2 flow rate is 1 L/min. At the outlet, the cracked oil product was received through
a water-cooled tube, and the cracked gas product was collected by an air bag. After
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reaching the termination time, the temperature of the reactor was lowered, the pressure
was reduced, and the oil shale semicoke product in the reactor was taken out and stored in
a sealed [16–18,27].

(2) Rock pyrolysis evaluation experiment with oil shale semicoke

Different oil shale semicoke samples were crushed into size 200 mesh for pyrolysis
evaluation. A Rock Eval-6 analyzer developed by the French Academy of Petroleum Sci-
ences was used for the experimental analysis of rock pyrolysis. S1, S2, S3 and Tmax were
measured [40–42].

(3) Total organic carbon

The total organic carbon (TOC) of all oil shale semicoke samples was determined by
vario PYRO cube elemental analyzer produced by Elementar, UK, which conformed to the
GBT-19145-2003 standard [43].

(4) Separation of pyrolysis oil components

In the separation and analysis of group components in organic matter extracts of oil shale
semicoke, the selected oil shale semicoke samples were extracted with a dichloromethane and
methanol (93:7) mixture by an automatic Soxhlet apparatus. Then, sulfur was removed
from the organic extracts of oil shale semicoke and other pyrolysis oil samples by active
copper, and asphaltene was precipitated from n-hexane dichloromethane (DCM) solution
(80:1). After centrifugation, the extracted organic matter was separated into saturated hy-
drocarbons and NSO by liquid chromatography. The experiment was carried out according
to the SY/T5119-2008 standard [35,36,41–43].

(5) Gas chromatography-mass spectrometry

After obtaining the saturated hydrocarbon components separated from the organic
group components, the saturated components were dissolved in petroleum ether. The rela-
tive abundance of related biomarker compounds in saturated hydrocarbons and aromatic
hydrocarbons was calculated from the manually integrated peak areas of the relevant ion
chromatograms. Compared with the indicated range and the evolution law of natural hy-
drocarbon generation, the analysis process follows the GBT-30431-2013 standard [35,36,39].

(6) Organic lithofacies observations and vitrinite reflectance (Ro) test

Petrological observations were performed using a high-power optical microscope
(Zeiss axioscope A1) equipped with a photometric system with fluorescent lamps. According
to ASTM standard d7708-14 (2014), the average random vitrinite reflectance (%), Ro was
carried out [39,41].

3. Results and Discussion
3.1. Evolutionary Characteristics of Organic Matter at Different Pyrolysis Temperatures
3.1.1. Analysis of the High-Pressure Pyrolysis of Oil Shale

In the pyrolysis experiments of Nongan oil shale samples at different temperatures,
all reaction temperatures can be divided into 20 ◦C to 300 ◦C, 300–475 ◦C and 475–520 ◦C.
At 20–300 ◦C, the yield of pyrolysis oil is very low, reaching 0.76%, the total organic
carbon content of semicoke decreases slightly, from 8.09% to 6.22%, and the amount of
gas produced also increases slightly. At 300–475 ◦C, the main product of the emission was
thermal solution oil, and the output increased significantly, up to 6.37%, and the output of
water at the same time increased [44–47]. At 475–520 ◦C, the output of oil and water only
increased slightly [46–50] (Figure 5, Tables 1 and 2).
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Figure 5. Nongan pyrolysis oil yield.

Table 1. Results of pyrolysis products at different temperatures.

Pyrolysis
Temperature (◦C)

Oil Yield
(wt%)

Moisture
Content (wt%)

Semicoke Yield
(wt%)

Gas and Loss
(wt%)

150 0 0.78 98.83 0.39

200 0 0.96 98.39 0.65

250 0.16 1.73 97.68 0.43

300 0.76 2.7 96.16 0.38

350 1.25 3.46 93.89 1.4

375 1.53 3.86 93.43 1.18

400 1.76 4.36 92.91 0.97

425 2.55 4.83 90.88 1.74

450 6.24 5.31 87.02 1.43

475 6.37 6.56 82.35 4.72

520 6.58 6.55 82.46 4.41

Table 2. TOC, Ro and Tmax values of Nongan samples at different pyrolysis temperatures.

Pyrolysis Temperature, ◦C TOC, wt% Ro, % Tmax, ◦C

original sample 8.09 0.266 430

150 7.46 0.284 433

200 6.84 0.455 437

250 6.59 0.584 439

300 6.22 0.643 440

350 4.55 0.846 440

375 3.78 0.864 441
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Table 2. Cont.

Pyrolysis Temperature, ◦C TOC, wt% Ro, % Tmax, ◦C

400 3.41 0.887 443

425 2.94 0.946 445

450 2.88 1.143 566

475 2.65 1.257 590

520 2.63 1.376 600

3.1.2. TOC Content

The average TOC content of the oil shale in this study is 8.09 wt% [35,36]. The TOC
content of the 150 ◦C sample in each heating process is slightly lower than that of the original
sample, which may be due to the fact that the water in the oil shale was dried in the previous
test [33,34]. The TOC content of the pyrolyzed samples decreased slightly at 150–300 ◦C,
and the S1 value gradually increased. It is because free hydrocarbon expulsion leads to
a reduction in TOC [35,36,44,46]. In the 300–450 ◦C stage, TOC decreased significantly,
corresponding to a large amount of oil generated from oil shale. In the 450–520 ◦C stage,
TOC decreased slowly and tended to be stable (Table 2).

3.1.3. The Evolutionary Trend of Ro% and Tmax

Vitrinite reflectance is used to judge the kerogen thermal maturity and is generally
divided into five stages according to Ro: <0.5% immature, 0.5–0.7 early mature stage of oil
generation, 0.7–1.0 mature middle stage of oil generation, 1.0–1.3 late mature stage of oil
generation, >1.3 main gas generation stage [39–41,51–53]. In this experiment, the Ro value
of agricultural dried samples was between 0.266% and 1.376%, indicating that the kerogen
maturity from immature to mature (Table 2).

When Tmax is lower than 435 ◦C, the organic matter is in the immature stage. When
Tmax is 435–440 ◦C, the kerogen is low mature. When Tmax is 440–450 ◦C, kerogen is mature.
When Tmax is higher than 450 ◦C, it is in the high-maturity stage [54–56]. The Tmax of
Nongan oil shale is 430 ◦C, which indicates that the kerogen is immature [57]. The results
show that the Tmax of the semicoke sample increases with the increase in the pyrolysis
temperature. The Tmax of samples below 450 ◦C varies between 430 and 445 ◦C, indicating
the gradual maturity of kerogen, while the Tmax from 450 ◦C to 520 ◦C is 566–600 ◦C.
According to the spectrum, the peak value of S2 may be too low, while the instrument
system calculates the maximum peak value, which may be caused by rapid pyrolysis.
Therefore, when the pyrolysis temperature reaches 450 ◦C, it may be inaccurate to judge oil
shale maturity by Tmax [57].

3.1.4. Changes in Pyrolysis Oil Composition

Studies showed that the production and composition of organic products in each stage of
oil shale pyrolysis change regularly, so it is very important to master the composition changes
in pyrolysis oil in oil shale in situ conversion project for efficient pyrolysis [35,36,41–43]. In
this study, it was found that the components of pyrolysis oil in the organic matter extract of
oil shale semicoke showed regular changes. When the temperature is lower than 350 ◦C,
the proportion of non-hydrocarbon components to asphalt is the highest, but when the
pyrolysis temperature exceeds 375 ◦C, the value of the ratio is sharply reduced to 0.17.
Additionally, when the pyrolysis temperature exceeds 375 ◦C, the oil yield starts to rise
(Figure 6). Saturated hydrocarbons were the main component, followed by aromatic
hydrocarbons, while NSO and asphaltene were the main components. A calculation of
the composition of total pyrolysis oil from oil shale revealed that asphaltene accounted
for the largest proportion in the pyrolysis oil at the initial stage of the pyrolysis reaction
(room temperature to 250 ◦C, reaching 0.626%), while saturated hydrocarbons and aromatic
hydrocarbons accounted for a small proportion (0.25% and 0.124%, respectively). Within



Energies 2022, 15, 3715 9 of 20

250–375 ◦C, the amount of pyrolysis oil increased gradually (0.16–1.35%). When the
cracking temperature reaches 375 ◦C, the cracked oil is mainly saturated hydrocarbon, and
the proportion of each component is relatively stable (Figure 6, Table 3).

Figure 6. Variation in the pyrolysis oil composition.

3.2. Biomarker Maturity Parameter of Pyrolysis Oil

When the pyrolysis temperature is lower than 375 ◦C, a small amount of pyrolysis
oil is sealed in the pores of oil shale because the pores in oil shale are nanopores [58–61].
In this study, oil shale semicoke at all temperature stages was pulverized and subjected
to extraction of organics. The semicoke extracts and the pyrolysis oil collected from the
simulation experiment were tested for group composition and analysed by GC-MS.

The carbon number distribution ranged from C11 to C33, and the main carbon peak
decreased with increasing temperature from C23 to C16. Therefore, the main carbon peak
also moved forward (Figure 7). The carbon preference index (CPI) (an odd and even
dominance index) values of Nongan samples decreased with increasing pyrolysis temper-
ature, gradually decreased to 1.025 at 400 ◦C, and reached relatively stable values, all at
approximately 1.0 [60].

N-alkanes in organic matter rich in terrigenous clastic rock series have obvious odd
carbon predominance. It is generally believed that these n-alkanes are derived from the
wax of higher plants, are directly synthesized by plants or are from acid alcohol esters, even
with carbon in early diagenesis [48,60,61]. The CPI represents the molecular ratio of odd
carbon to even carbon of n-alkanes in the range of C25–C33 [62].

CPI = 1/2
[

∑(C25 ∼ C33)
∑(C24 ∼ C32)

+
∑(C25 ∼ C33)
∑(C26 ∼ C34)

]
(1)

As organic matter matured, the carbon preference gradually disappeared and ap-
proached 1. The CPI can identify organic matter maturity; the index cannot differentiate
between thermal evolution stages.
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Table 3. Geochemical parameters of Nongan oil shale samples at different pyrolysis stages.

Area-
Pyrolysis

Temperature

Sample
Properties

Oil
Content

Pyrolysis Oil Group Components N-Alkanes and Isoprenoids Terpanes (m/z = 191) Steranes and Rearranged
Steranes (m/z = 217)

Saturated
Hydrocarbon

%

Aromatic
Hydrocarbon

%

Non
Hydrocarbon +
Asphaltene%

CPI Ts/(Ts + Tm) C32 22S/(22S + 22R) C29 20S/(20S + 20R) C29 ββ/(αα + ββ)

1 2 3 Average 1 2 3 Average 1 2 3 Average 1 2 3 Average 1 2 3 Average

NA-0

Oil shale
semi coke

0.16 0.06 0.15 0.79 1.59 1.95 1.86 1.8 0.15 0.09 0.11 0.12 0.34 0.34 0.35 0.34 0.18 0.18 0.14 0.17 0.08 0.07 0.07 0.07

NA-150 0.11 0.08 0.02 0.9 1.54 1.73 1.78 1.68 0.15 0.15 0.17 0.15 0.35 0.34 0.36 0.35 0.17 0.18 0.16 0.17 0.06 0.11 0.08 0.08

NA-200 0.46 0.16 0.22 0.62 1.43 1.37 1.46 1.42 0.17 0.2 0.17 0.18 0.37 0.38 0.38 0.37 0.19 0.16 0.18 0.18 0.16 0.16 0.22 0.18

NA-250 0.47 0.25 0.124 0.626 1.31 1.29 1.38 1.32 0.26 0.24 0.27 0.26 0.37 0.38 0.39 0.38 0.22 0.22 0.21 0.21 0.19 0.21 0.21 0.2

NA-300 0.55 0.24 0.14 0.62 1.28 1.13 1.19 1.2 0.28 0.31 0.29 0.29 0.38 0.38 0.39 0.38 0.23 0.24 0.26 0.24 0.23 0.22 0.25 0.23

NA-350 0.39 0.26 0.23 0.51 1.16 1.06 1.03 1.08 0.3 0.29 0.31 0.3 0.41 0.41 0.43 0.42 0.27 0.27 0.23 0.26 0.25 0.24 0.27 0.25

NA-375

Pyrolysis
oil

0.63 0.2 0.17 0.94 0.98 1.16 1.03 0.35 0.32 0.32 0.33 0.44 0.43 0.46 0.44 0.29 0.28 0.31 0.29 0.28 0.27 0.31 0.28

NA-400 0.63 0.28 0.09 0.85 0.77 1.05 0.89 0.44 0.43 0.43 0.43 0.45 0.44 0.46 0.45 0.32 0.34 0.31 0.32 0.29 0.34 0.34 0.32

NA-425 0.63 0.25 0.12 0.94 1.13 0.99 1.02 0.48 0.45 0.47 0.46 0.52 0.51 0.53 0.52 0.32 0.34 0.34 0.33 0.36 0.39 0.36 0.37

NA-450 0.66 0.21 0.13 1.08 1.05 0.91 1.02 0.57 0.55 0.54 0.55 0.53 0.55 0.56 0.55 0.42 0.41 0.44 0.42 0.4 0.4 0.37 0.39

NA-475 0.67 0.22 0.11 1.07 0.97 0.86 0.97 0.62 0.59 0.63 0.61 0.57 0.57 0.57 0.57 0.45 0.42 0.42 0.43 0.41 0.43 0.43 0.42

NA-520 0.67 0.14 0.19 0.95 1.08 1.16 1.06 0.63 0.63 0.61 0.62 0.58 0.58 0.59 0.58 0.49 0.44 0.43 0.45 0.5 0.46 0.53 0.5
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Figure 7. TIC diagrams in each stage.

Biomarkers are mainly used to study the source, maturity and paleosedimentary
environment of organic matter in sediments [36,61,62]. In this study, the composition and
biomarker characteristics of n-alkanes, isoprenoids, steranes, hopanes and other organic
matter in the semicoke and pyrolysis oil of Nenjiang Formation oil shale in Nongan were
investigated (Figures 8 and 9; Table 3) and selected to analyze the change in thermal.

A previous study found that the maturity parameter based on the relative stabil-
ity of C27 hopanes ranged from immature to mature, but it was strongly dependent on
the source [36]. The stability of C27 17α-trinorhopane (Tm) is better than that of C27
18α-trinorhopane II (Ts). As organic matter matures, the Ts/(Ts + Tm) value increases.
Ts/(Ts + Tm) is a relatively reliable maturity index for evaluating samples from the same
source rock location [62]. It was found that the Ts/(Ts + Tm) ratio increases with the
increase in pyrolysis temperature. It seems that the value from the ratio increases gradually
from 20 to 425 ◦C [61,62] (Figures 8 and 9, Table 3).

The isomerization index 22S/(22S + SSR) of hopane is feasible to evaluate the maturity
from the immature to low maturity [36]. The isomerization of C31–C35 17α-hopane on C-22
can be used to evaluate the maturity of crude oil or asphalt. The biogenic hopane precursor
has a 22R configuration, and it gradually transforms into a mixture of 22R and 22S isomers.
After the oil generation stage reaches equilibrium, the 22S/(22S + 22R) value remains
unchanged, so it is impossible to obtain further maturity information from it [36,61–64].
The change in hopane C32 22S/(22S + 22R) in Nongan samples in the range of 20–520 ◦C
can be divided into two stages, which increase from 0.341 to 0.447 within 0–400 ◦C. The
hopane C32 22S/(22S + 22R) in samples increases suddenly to 0.52 at 425◦C and slowly
from 0.52 to 0.584 within 425–520 ◦C (Figures 8 and 9).
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Figure 8. MS at different temperatures with mass chromatogram m/z = 191.

Figure 9. MS at different temperatures with mass chromatogram m/z = 217.
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In this study, the CPI and hopane 22S/(22S + 22R) have mutations when the tempera-
ture reaches 350–400 ◦C, indicating the kerogen has reached the maturity stage. The value
of Ts/(Ts + Tm) can indicate that the organic matter has never matured to the peak of the
oil generation window.

The C29 ααα20R of sterane is the biological configuration of the sterane precursor
that exists only in living organisms, while C29 ααα 20S, C29 αββ 20R and C29 αββ 20S
have stable chemical structures [36,65]. As the kerogen matures, the C-20 bond of the C29
ααα20R configuration is isomerized. The bond converts the C29 ααα20R configuration to a
C29 ααα20S configuration and forms a mixture of 20R and 20S, which increases the ratio of
20S/20 (R + S) of sterane from 0 to 0.5 [36,65,66]. The isomerization of 20 s and 20 R regular
steranes at the C-14 and C-17 sites leads to the formation of isomers ββ/(αα + ββ). The
ratio increases from nearly 0 to approximately 0.7 with increasing thermal maturity [67–69].
This study found that with the increase in pyrolysis temperature, the evolution of sterane
C29 20S/20(R + S) and ββ/(αα + ββ) can be subdivided into three stages. In the immature
stage of the non-oil shale semicoke, the ββ/(αα + ββ) ratio sample range from 0.165 to
0.214 and from 0.071 to 0.201, respectively, when the pyrolysis temperature is 0–250 ◦C.
The temperature increases gradually and rapidly in the range of 250–450 ◦C leading
to ββ/(αα + ββ) values from 0.243 to 0.424 and from 0.233 to 0.390, respectively. As
the pyrolysis temperature continues to increase to 520 ◦C, only C29 20S/20(R + S) and
ββ/(αα + ββ) increase slowly, and this also shows that the kerogen is in the mature stage
(Figures 8 and 9, Table 3).

3.3. Feedback of Maturity Parameters on the Progress of the Pyrolysis Reaction

The production and composition of organic products in each stage of oil shale pyroly-
sis change regularly. Therefore, it is very important to master the process of underground
pyrolysis reaction in oil shale in situ conversion project for efficient cracking and maximiza-
tion of economic benefits. Although the process of pyrolysis reaction can be analyzed by the
maturity of oil shale kerogen, the existing theoretical research on oil shale organic matter
maturity can only analyze the maturity of oil shale core samples Ro and Tmax [29–34,36].
However, drilling and coring in the process of in situ conversion of oil shale not only greatly
increases the cost of the project. Moreover, it destroys the underground thermal reaction
environment and causes serious disadvantages to the exploitation. In order to realize
the dynamic feedback of the in situ pyrolysis process of oil shale, this time, combined
with the experience of in situ conversion pilot experiments, it is proposed that oil and gas
products can be obtained through production wells during project operation. By testing
the maturity information of biomarker compounds of oil and gas products, the reaction
process of subsurface oil shale pyrolysis can be feedback.

As shown in Figure 10, as organic matter decreased, six different maturity indicators
changed differently with thermal maturity. The Tmax can define the reaction process of
oil shale with pyrolysis temperatures at a temperature lower than 425 ◦C, but the small
change in Tmax can be used only as an indicator to judge the maturity stage [29], and it is
difficult to give feedback on the kerogen pyrolysis process. In the simulation experiment,
the Ro and biomarker compounds at various temperature stages change regularly with the
increase in the pyrolysis temperature, especially for the stage of rapid reduction in TOC;
these thermal maturity parameters have obvious changes.
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Figure 10. The changes in the six maturities and TOC contents of Nongan samples at different
pyrolysis temperatures.

3.4. Analysis of Pyrolysis Process of Nong’an Oil Shale In Situ Conversion Project

The pyrolysis oil samples obtained on-site were geochemically tested, including group
component separation and GC-MS analysis. The test results of the on-site cracking oil group
components revealed that the sum of saturated hydrocarbons and aromatic hydrocarbons
accounted for approximately 90%, non-hydrocarbon accounted for 10%, and asphaltene
accounted for less than 1% (Table 4). The high-temperature and high-pressure simulation
experiment of Nongan oil shale revealed that the proportion of non-hydrocarbon to as-
phaltene is more than 10% (Figure 6), but the sum of non-hydrocarbons and asphaltene in
the group components of pyrolysis oil in the in situ conversion project is lower than 10%.
When combined with field project analysis, it is necessary to pass through 66 m of strata
from the thermal reaction strata at the bottom of the well to the wellhead of the mining
well; this separation may have been due to the large molecular weight of asphaltene and
non-hydrocarbon during the migration from the bottom of the well to the surface.
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Table 4. Composition of pyrolysis oil in the Nongan in situ conversion project.

Sample Asphaltene, % Saturated
Hydrocarbon, %

Aromatic
Hydrocarbon, %

Non-Hydrocarbon,
%

NA 1 0.51 60.26 30.42 8.80

NA 2 0.82 54.70 35.21 9.25

The two collected pyrolysis oils were subjected to group composition tests and GC-MS
analysis together, with three parallel samples for each test and six samples in total. The
results showed that the carbon number distribution range was between C11 and C33, and
the main peak carbon was between C19 and C22. The CPI (the odd-even advantage index)
was between 0.95 and 1.07, and the change was not significant. The average values of
the two samples were 1.01 and 1.05, respectively, indicating that the organic matter in
underground oil shale was mature (Figure 11).

Figure 11. GC-MS analysis of field oil shale pyrolysis oil and 400–425 ◦C simulated pyrolysis
oil samples.

The homohopane isomerization index 22S/(22S + SSR) has high feasibility for eval-
uating the maturity from the immature to early oil generation stages [65,66]. According
to the identification integral of the mass spectrum at m/z = 191, the ratio of the homo-
hopane isomerization index C32 22S/(22S + SSR) of on-site pyrolysis oil samples remained
between 0.41 and 0.49, and the average values were 0.45 and 0.47, respectively, reaching
the hydrocarbon generation threshold [67,68]. The Ts/(Ts + Tm) ratios of the samples
were maintained between 0.41 and 0.46, and the average values of the two samples were
0.43 and 0.44, respectively, which had reached the mature stage (Figures 11–13, Table 5).
Additionally, this study found that sterane C29 20S/20 (R + S) and ββ/(αα + ββ) were
0.29–0.34 and 0.28–0.34, respectively, indicating that organic matter had entered the mature
stage [62–66] (Table 5).
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Figure 12. Analysis of C29 sterane 20S/(20S + 20R) and C29 sterane ββ/(αα + ββ) on maturity.

Figure 13. Analysis of C29 sterane 20S/(20S + 20R) and C32 hopane 22S/(22S + 22R) on maturity.

Table 5. Geochemical parameters of field pyrolysis oil.

Sample

N-Alkanes and Isoprenoids Terpanes (m/z = 191) Steranes and Rearranged Steranes (m/z = 217)

CPI Ts/(Ts + Tm) C32 22S/(22S + 22R) C29 20S/(20S + 20R) C29ββ/(αα + ββ)

1 2 3 Average 1 2 3 Average 1 2 3 Average 1 2 3 Average 1 2 3 Average

NA-1 1.07 1.04 1.05 1.05 0.46 0.41 0.46 0.44 0.46 0.47 0.41 0.45 0.31 0.33 0.33 0.32 0.28 0.31 0.33 0.31

NA-2 1.02 0.95 1.06 1.01 0.42 0.46 0.41 0.43 0.48 0.44 0.49 0.47 0.29 0.34 0.34 0.32 0.30 0.32 0.34 0.32

By comparing the maturity parameters of biomarkers in the simulation results of
Nongan oil shale, the experimental field data are similar to the simulation data at 400 and
425 ◦C. The projection plots in Figures 12 and 13 also showed that the field cracking oil
projection is uniform and concentrated for the maturity indicator, including the immature
to overmature sterane C29 20S/20(R + S) and ββ/(αα + ββ) projection plots. In the isomer-
ization diagram, the input point of hopanoids is relatively dispersed because the indicating
ability is only to the hydrocarbon generation threshold, but the lateral concentration is also
in the range of 400–425 ◦C. The target heating formation is in the maturity stage [62–66]
(Table 5, Figures 11–13).

3.5. Calculation and Application Feasibility of the In Situ Conversion Degree of Nongan Oil Shale

Organic geochemistry of pyrolysis oil samples obtained in the in situ conversion
project of the Nongan oil shale was carried out. In summary, the organic matter reaction
process of subsurface oil shale in the in situ conversion project of Nongan oil shale is
equivalent to the reaction of Nongan oil shale in the high-temperature and high-pressure
simulation laboratory in the range of 400–425 ◦C. The TOC test of the Nongan subsurface
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oil shale reaction layer shows that the peak period of hydrocarbon generation is in the
range of 400–425 ◦C, which also corresponds to the oil yield in the high-pressure thermal
weightlessness experiment and high-pressure distillation experiment. Therefore, the pyrol-
ysis oil is equivalent to the 400–425 ◦C range of the pyrolysis test samples and should be
the best temperature for heating the oil shale formation to the oil production peak [35,36].
The previous paper on the area also points out that 425 ◦C is the key heating control point,
and there is a turning point within 425–450 ◦C [39]. If heating continues, the input energy
is wasted, and the economic benefits are reduced. Therefore, the research on the pyrolysis
oil of the mining well in the in situ conversion project of Nongan oil shale reveals that the
heating technology used in site construction corresponds to the original purpose of project
experiments and has economic value.

In this paper, the analysis of biomarker compounds in pyrolysis oil is essential for the
in situ mining of oil shale in other areas. Early resource evaluation should be undertaken, as
well as tracking evaluation during the project and evaluation of surplus resource potential
at the end of the project. It is necessary to conduct a detailed simulation study on the
target horizon in early resource evaluation by comprehensive geochemical research. The
geochemical characteristics of hydrocarbon gas and cracked oil samples discharged from
mining wells were analyzed during project construction, and the reaction process of organic
matter in subsurface oil shale was estimated. The total organic carbon reduction, as well
as the oil and gas production rates, were calculated to aid in decision-making for the
temperature increase and project process.

4. Conclusions

The results of high-pressure heating experiments show that when the pyrolysis tem-
perature is 300–475 ◦C, the main emission products are pyrolysis oil, and the TOC of the
semicoke sample decreases from 8.06% to 2.65%, and the yield is significantly improved. A
transition point appeared between 425 ◦C and 450 ◦C, and the TOC of the oil shale above
the temperature of the transition point decreased slowly. This temperature node is of great
significance for the selection and control of the subsurface temperature during the original
production of oil shale.

The research on the parameters of pyrolysis oil biomarker compounds found that
the four parameters Ts/(Ts + Tm), C32 22S/(22S + 22R), C29 20S/(20S + 20R), and C29
ββ/(αα + ββ) also have a good feedback effect on the progress of Nongan oil shale pyroly-
sis reaction.

A comprehensive analysis of the current in situ conversion project of Nongan oil
shale shows that the pyrolysis stage of the Nongan oil shale in situ conversion project is
equivalent to the 400–425 ◦C simulated experiment, which is at the peak of the oil window.
The heating process that is currently used corresponds to the experimental purpose and
has economic value.

If the evolutionary trend of maturity parameters of pyrolysis oil biomarker compounds
during in situ conversion of oil shale is studied, and accurate feedback of the maturity
of kerogen in the formation is obtained, it can reveal its response principle to the organic
matter pyrolysis process. The study is of great significance to the efficient, economic and
stable development of oil shale in situ conversion projects.
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