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Abstract: In situ oil shale conversion experiments have revealed that to
efficiently obtain shale o0il, factors such as heating temperature,
products, and matter thermal evolution of organic matter during heating
need to be optimized. In this study, o0il shales from China were subjected
to retorting experiments involving eight heating steps. During steps I-II
(£300°C), the expelled product is mainly water, the hydrocarbon
generation potential (PP) of the samples was extremely high, and the
organic matter was in the immature to low-mature stage. The o0il shale
produced a large amount of o0il in steps III-VI (300-475°C), and the TOC
contents and S2 of the shale showed the greatest decreases during these
steps. The analysis data suggest that the organic matter entered the
mature stage during these steps. After heating to 400°C and expelling a
large amount of o0il and gas, the PP decreased gradually. From 475 to
520°C (steps VII-VIII), only a small amount of gas was produced and the
organic matter had almost no PP in the high- and over-mature stages.
Based on our experimental results, in situ conversion of o0il shale the
final heating temperature should be ~440°C. These constraints require
further field testing to be properly optimized.
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Thank you for your valuable comments and suggestions on our article. All changes in
the manuscript have been highlighted in yellow. In the following, we explain how and
where the reviewers’ comments have been addressed.

We hope that the manuscript is acceptable in its revised form.
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Reviewer 1

Issue 1:
As far as | know, in-situ heating is a low-temperature and a long-term heating process

carried out underground, and the short-time high-temperature thermal simulation in
the open system used in this paper directly determines the underground conditions
needs to be considered.

The heating temperature is <600°C, which is low-temperature retorting. The
maximum heating temperature in our experiments is 520°C, which is similar to the
insitu conversion temperature of oil shale in China, and is also low-temperature
retorting. In situ oil shale conversion technology in China has produced a large
amount of oil and gas in a short time. Therefore, we consider that our experiments are
relevant to in situ conversion of oil shale. However, in situ oil shale conversion
technology in China still needs to be improved and perfected. Our work also needs to
be modified according to future in situ experimental results.

Issue 2:

The most important part of the thermal simulation experiment is the choice of the
heating temperature range and the heating rate. Does the text only mention whether
following the Chinese Petroleum Chemical Industry Standard SH/T0508-92 appears
to be insufficient?



In view of the small sample sizes, the heating time was very short. The test results
showed that, according to the heating temperature and time, hydrocarbons were
completely discharged in the final heating stage. However, for actual in situ oil shale
conversion, the geological body is very large, and the heating time and rate are
different to those in our test. Our experiments are only preliminary, and the heating
rate and temperature require further investigation. The reason for choosing the
Chinese Petroleum Chemical Industry Standard SH/T0508-92 is that this heating
mode has been established by Fushun Mining Company based on thousands of
experiments at different heating rates and temperatures. However, study of different
heating rates and temperatures will be a focus of later research.

Issue 3:

Different heating rates and heating times directly affect the oil-producing
characteristics of oil shale. Whether to consider the influence of different heating rates
on the oil-producing characteristics and determine the optimum temperature.
Although, when determining the optimal temperature, there is no mention of the
relationship between the amount of oil produced and the heating cost. | don't think
this is appropriate.

As noted above, our experiments are only preliminary, and in the future it will be
necessary to carry out laboratory simulations guided by a model of ground retorting,
which can examine the thermal evolution of organic matter. The optimum heating
temperature obtained from our experiment is also a preliminary constraint. However,
a pilot study of in situ oil shale conversion in China will also use a heating
temperature of > 450°C (even 600°C to 700 °C). This pilot study may further improve
our heating model. We consider that it is too early to discuss the economic viability of
in situ oil shale production prior to the pilot test.

Issue 4:

This paper concludes that during the heating interval, the oil gradually changed from a
low-viscosity liquid to a high-viscosity semi-liquid. As far as | know, this article did
not study the crude oil components produced by the experiment, so how to prove such
a conclusion?

In our experiment, the occurrence of oil-water separation meant that xylene was used
to completely dissolve the oil. After the water content was obtained, the mixture of
xylene and oil was treated as waste liquid. The viscosity of the crude oil is based
primarily on the fluidity of the oil produced during the low-temperature retorting



process. The low-temperature retorting furnace (Fig. 2) also results in distillation.
With increasing temperature, the crude oil components with a high boiling point are
gradually gasified, discharged, and condensed in the receiver. Therefore, the viscosity
of the crude oil increased gradually with increasing temperature.

Issue 5:

This paper suggested that water in oil shale should be fully removed by heating to
300°C. Do you consider the energy consumption and environmental issues of heating
and water removal?

The in situ oil-shale conversation experiment by Jilin University was unsuccessful
until the water had been removed from the water-rich oil shale. In our paper, we note
that oil shale with a high water content should be dehydrated before heating to 300°C.
During heating, the water is gasified and can be discharged in the recovery wells. This
process does not consume much energy. At present, the rocks above and below the oil
shales in the Songliao Basin are dense and unfractured mudstones, which effectively
prevent oil-bearing fluid from escaping. Since the in situ conversions began 3—4 years
ago, there have been no environmental problems, but this needs to be closely
monitored in the future.

Issue 6:

There are still many errors in the language expression of this article. Please check and
modify it carefully.

Our manuscript has been edited by Stallard Scientific Editing and a professional
native speaker.

Reviewer 2

Issue 1:

Although some figures are still not clear, | think it can be published.
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Highlights:

¢ Organic matter thermal evolution was revealed

e Retorting products diversity in different heating steps

e Final heating temperature was suggested in situ conversion of oil shale

e Accumulation sequence of unconventional energy sources was simulated
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Abstract: Oil shale resources are an important unconventional global petroleum
resource, although in situ conversion of organic matter to hydrocarbons is necessary
for future effective exploitation of oil shale. A number of in situ oil shale conversion
experiments have revealed that to efficiently obtain shale oil, factors such as the
heating temperature, products of the heated oil shale, and thermal evolution of organic
matter during heating need to be optimized. In this study, oil shales from the Minhe,
Junggar, and Longkou basins of China were subjected to low-temperature
carbonization experiments involving eight heating steps, with total organic carbon
(TOC) analysis, rock pyrolysis analysis, microscopic observations, and oil shale
(semi-coke) analysis after each step. During heating from room temperature to 300°C
(steps I-I1), the expelled product is mainly water, the hydrocarbon generation
potential of the samples was extremely high, and the organic matter was in the
immature to low-mature stage. With increasing temperature, the amount of oil
produced from the oil shale gradually increased. The oil shale produced a large
amount of oil in steps I11I-VI (300—475°C), and the TOC contents and remaining
hydrocarbon generation potential (S;) of the shale showed the greatest decreases
during these steps. This temperature range is the oil window for rapidly heated oil
shale at low pressures. The geochemical and organic matter fluorescence data suggest
that the organic matter entered the mature stage during these steps. After heating to
400°C and expelling a large amount of oil and gas, the hydrocarbon generation
potential decreased gradually. The maximum S; (free oil) value is considered to be the
extraction limit of oil and gas in this experiment, which is much higher for type | than
type Il kerogen oil shale. From 475 to 520°C (steps VII-VIII), only a small amount of
gas was produced and the organic matter had almost no hydrocarbon generation
potential in the high- and over-mature stages. However, there was still some residual
carbon in the semi-coke after the final heating step. Our experiments mimic the
transformation of oil shale to shale oil and gas, and to shale gas accumulation during
the thermal evolution of organic matter. Based on our experimental results, in situ
conversion of oil shale should first remove water by heating to 300°C, and then the
final heating temperature should be ~440°C (but slightly higher for oil shale
containing type | kerogen). These constraints require further field testing to be
properly optimized.

Keywords: oil shale; heating experiments; released products; organic matter; thermal
evolution; in situ conversion



1. Introduction

Oil shale is an important unconventional energy source with estimated global in situ
resource of 411 x 10° t. As such, oil shale research and exploration have become
important in many countries [1]. At present, the main use of oil shale is in surface
retorting and electricity generation, although numerous advances have been made in
the further utilization of oil shales [2-5] .

Numerous studies have investigated the effects of heating temperature and rate, and
particle size, on oil yield, gas evolution, shale oil composition, and oil shale pyrolysis,
porosity, and permeability during retorting [6-15] . These results have been important
in guiding the efficient use of oil shale. There are some environmental problems
related to oil shale surface retorting, such as water—air pollution and waste residue
stacking, which restrict the large-scale use of oil shale resources. Therefore, numerous
pilot in situ conversion experiments on oil shale have been carried out [16-19], such
as the Shell Company In Situ Conversion Process (ICP) [20-21], the Exxon Mobil
Electrofrac™ technology[22], and the Occidental modified in situ (MIS) technology
[23-26] . In China, the technologies for on-site in situ conversion experiments on oil
shale have been developed by the Zhongcheng Group and Jilin University, which
have led to favourable outcomes [27-28] .

In situ conversion experiments on oil shale have focused on the heating technology,
fracturing and sealing of the oil shale layer, and reservoir properties. However, during
in situ heating the thermal evolution of organic matter and hydrocarbon generation
and expulsion characteristics are also important in the efficient development and
utilization of oil shale. To investigate this further, we conducted heating experiments
on oil shales. Our experiments identified the heating required to reach the oil
generation window and constrain the evolution of organic matter and hydrocarbon
generation potential of oil shale when it is heated rapidly at atmospheric pressure.
These results might guide the heating strategies of future pilot experiments designed
to optimize the recovery and utilization of products produced by in situ conversion of
oil shale.

2. Samples and methods

Three fine-grained oil shale samples formed the basis of this study. These samples are
from the Minhe (Gansu Province, northwestern China) [28] , Junggar (Xinjiang
Uygur Autonomous Region, northwestern China) [29] , and Longkou basins
(Shandong Province, east China) [30] , which are currently under development. Qil
shales in the Minhe Basin occur mainly in the Middle Jurassic Yaojie Formation, and
are well-bedded and greyish brown in colour. Qil shales in the Longkou Basin are
mainly present in the Palaeogene Lijiaya Formation. The Longkou oil shales are
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well-bedded and brown in colour. QOil shales in the Junggar Basin are found in the
upper Permian Lucaogou Formation, and are well-bedded and black in colour. One
high-quality (i.e., high oil yield) sample of oil shale from each basin was selected for
experimental heating and analysis.

The low-temperature step-heating experiments, total organic carbon (TOC) analyses,
Rock-Eval pyrolysis analyses, organic maceral microscopic observations, and
vitrinite reflectance determinations (Ro) were undertaken in the Key Laboratory for
Oil Shale and Paragenetic Minerals of Jilin Province, Changchun, China. Oil shale
samples (particles size less than 1 cm) were heated in a low-temperature furnace in
eight steps in dry open system (Fig. 1): room temperature to 185°C (1), 185-300°C
(11), 300-350°C (I11), 350-400°C (1V), 400-440°C (V), 440-475°C (VI), 475-500°C
(VI1), and 500-520°C (VI11). For each heating step, the samples were heated at a rate
of 10°C/min, and then held at each temperature step for 30 min.

TOC contents were determined using a LECO CS-230 instrument and Rock—Eval
pyrolysis was carried out with a Rock—Eval 6 instrument following standard
procedures [31] . The TOC contents and pyrolysis parameters were used to calculate
the HI (S,/TOC x 100) and OI (S3/TOC x 100) values. Organic macerals were
observed in polished blocks of whole-rock samples cut perpendicular to bedding
planes using a Zeiss Axio Scope Al microscope under reflected white and UV light
(fluorescence). A small number of desmocollinite macerals (~20) were subjected to
Ro measurements using the same instrument equipped with a microphotometer and
under reflected white light.

3. Results

3.1 Effects of low-temperature heating

The three samples of oil shale underwent three distinct stages during heating: (1) steps
I-11 (room temperature to 300°C); 2. steps I11-VI (300-475°C); 3. steps VII-VIII
(475-520°C).

In the first heating stage (I-11), the oil-water yields of the three samples were low,
although the Longkou sample reached a value of 4.7 wt.% (Table 1; Fig. 2a). However,
in the initial stage of heating the main product was water. During this stage, the
semi-coke contents (solid residues obtained by heating the oil shales in Al crucibles)
showed a small reduction (Fig. 2b). The gas generated by heating and weight loss also
increased slightly.

In the second heating stage (111-V1), the oil-water yields increased significantly. The
yields increased by >30 wt.% for the Longkou oil shale (Fig. 2a). A total of 80%-96%
of the oil-water was produced during this heating stage. The expelled product was



mainly condensate oil with relatively little water. The semi-coke content in this stage
also showed a significant decline, with the decrease in the Longkou oil shale being as
high as 38 wt.% (Fig. 2b). The ratio of the change in semi-coke to oil-water expelled
was 1.35-1.18. The gas generated and weight loss during this heating stage were also
significant. The ratio of gas to oil-water was 0.18-0.24.

In the final heating stage (475-520°C), the oil-water yields only increased slightly
(e.g., 1.21 wt.% for the Longkou oil shale; Fig. 1a). The decrease in semi-coke
content was relatively small (Fig. 2b). The gas generated and weight loss increased
slightly, particularly for the Minhe sample (4.29 wt.%; Fig. 2a).

3.2 Organic geochemistry

TOC and Rock-Eval pyrolysis analyses were carried on the three original samples, as
well as on the samples after each heating step (Table 2).

3.2.1 TOC contents

The oil-water yield of the Longkou oil shale was the highest of the three samples
(Table 1), and this sample has a TOC content of 62.3 wt.% (Table 2). The Minhe
(TOC = 41.3 wt.%) and Junggar (TOC = 14.45 wt.%) oil shales have slightly lower
TOC contents, although all the samples have high TOC contents.

During heating, all three oil shales showed similar trends. The TOC contents of the
samples after stage | were slightly higher than in the original samples (Fig. 3a),
possibly due to water removal during heating. However, the TOC increase in the
initial heating stage (I-11) was small. During the second heating stage (I111-VI) the
TOC contents decreased significantly, up to 23.55 wt.% for the Longkou oil shale
(Table 2; Fig. 3a). The TOC contents in the Minhe and Junggar oil shales decreased
by 10.50 and 5.77 wt.%, respectively. A total of 25%—-39% of the organic matter was
converted into oil and gas during this heating stage. In the final heating stage
(VII-VII), the loss of organic matter was smaller and the overall change was not
significant (Fig. 3a). Notably, the oil shale sample with the highest TOC content after
final heating also had a high content of residual organic carbon (i.e., >20 wt.% for the
Longkou and Minhe samples). During the full heating process, 41%-53% of the
organic matter was converted into oil and gas.

A plot of TOC versus oil-water yield shows a negative correlation in each heating
stage. The correlation coefficient of the data on this plot for the Junggar and Longkou
samples is >0.9 (Fig. 3b).



3.2.2 Rock-Eval pyrolysis analyses

The S; and S, values of the Longkou oil shale (sample with the highest TOC content)
were 293.99 and 3.42 mg/g, respectively. Compared with the Longkou oil shale, the
Minhe oil shale has a much lower TOC content (62.3 wt.% versus 41.30 wt.%), but
the S, values of these two oil shales only differ by <5 mg/g. Therefore, the HI value of
the Minhe oil shale could be as high as 694 mg HC/g TOC, whereas that of the
Longkou oil shale was 472 mg HC/g TOC. The Junggar oil shale has the lowest TOC
content, and its S, value is also the lowest (TOC = 14.45 wt.%; S2 = 73.46 mg/g).
However, the HI value of the Junggar oil shale is slightly higher than that of the
Longkou oil shale (Table 2). The Tmax Was highest for the Junggar oil shale, followed
by the Longkou and Minhe oil shales (Table 2).

The Rock—Eval pyrolysis analysis parameters (S;, S, S3 and Tryax) Of the three oil
shale samples show systematic changes during the different heating stages (Table 2).

S1 generally represents the hydrocarbon residues in a sample. In the first heating stage
(I-11), the Sy values of the samples are lower than in the original sample. This might
reflect the removal of free hydrocarbons trapped in the samples during the initial
heating. In the second heating stage (I111-V1), S; showed a rapid increase followed by
a decrease, reaching a maximum after heating step IV. In the final heating stage
(VI-VIII), S; returned to a low value (Fig. 4; Table 2). Although the changes in S;
values in the three samples show the same trend, the S; value of the Minhe oil shale
was generally highest (i.e., up to 14.61 mg/g in step 1V; Fig. 4; Table 2).

The changes in the S, values are obviously different from those of the S; values. S,
showed a significant decrease with increasing temperature. In the first stage, S,
decreased minimally, and in the second stage S, decreased rapidly with reductions of
258.51, 261.94, and 69.64 mg/g for the Longkou, Minhe, and Junggar samples,
respectively. During the second stage, 88%—95% of S, was converted into oil and gas.
In the final heating stage, S, reached its lowest values. For the Longkou sample,
which had the highest residual TOC content, S, was highest after heating step VIII.
By comparing the amount of S, in the heated and original samples, it is evident that
97.1%-98.6% of the potential hydrocarbons were expelled once a temperature of
520°C was reached. The changes in S, and TOC during the heating process are related
to each other. The TOC contents and S, values for each heating step exhibit a strong
positive correlation, with a correlation coefficient of >0.90 (Fig. 5). HI values
remained largely unchanged during the first heating stage. In the second stage, HI
values decreased significantly from 688 to 95 mg HC/mg TOC for the Minhe sample,
and the decrease amounts for the Junggar and Longkou samples were 455 and 345 mg
HC/g TOC, respectively. After the final heating stage, the HI values were low (<30
mg HC/mg TOC) (Table 2).

Ss values were similar in the original and variably heated samples. The minimum S;



value was 0.43 mg/g (step VII of the Junggar sample) and the maximum was 3.46
mg/g (step IV of the Minhe sample). The changes in Ol values were irregular, with Ol
<10 mg HC/mg TOC (Table 2).

Tmax Values also show an increasing trend during the heating process. In steps -V, the
increase in Tmax Was small, being 5°C, 7°C, and 9°C for the Junggar, Minhe, and
Longkou samples, respectively. Tmax Showed a significant increase in the later heating
stage, with an increase of >100°C (Table 2; Fig. 4b).

The P1 value is the ratio of S; to S;+S,. The changes in Pl values are similar to Tyax.
In the first heating stage, the PI values are all ~0.02, which increased in the second
heating stage to 0.13, 0.17, and 0.26 for the Longkou, Minhe, and Junggar samples,
respectively. In the final heating stage, Pl values increased greatly, with a maximum
value of 0.5 for the Minhe sample, although it was <0.3 for the other two samples
(Table 2; Fig. 4b).

3.2.3 Organic macerals

Oil shale comprises mainly detrital minerals and organic matter [32] . Based on
microscopic observations, lamalginite is the dominant maceral in the oil shale samples
(~72 vol.%; Fig. 6). Sporinite (13 vol.%), vitrinite (9 vol.%), and cutinite (6 vol.%)
are present in small amounts. Exsudatinite is not present in the original samples.

The thermal evolution of the organic macerals with heating was examined in polished
sections (Fig. 6). Under yellow fluorescence, in the step | heating stage (room
temperature to 185°C) the organic macerals are mainly lamalginite, which is
concentrated in bands and shows a strong yellow fluorescence. In heating step Il
(185-300°C) the lamalginite fluorescence became less prominent, pale red on its
edges, and pale yellow in its interiors. The lamalginite colour fully changed to red in
heating step 111 (300-350°C). During heating step IV (400-440°C) the lamalginite
colour turned deep red and the fluorescence became weak. The boundaries of
individual lamalginite grains also became blurred and only scattered fluorescent spots
remained. However, scattered grains of exsudatinite with a strong yellow fluorescence
were observed in polished sections. In heating step VI (440-475°C) the lamalginite
fluorescence disappeared completely, and scattered exsudatinite grains with strong
fluorescence became visible in cracks or at the edges of mineral grains. The field of
view darkened further, apart from rare fluorescent exsudatinite, in heating step VII
(475-500°C). During heating step VI1II (500-520°C) the field of view was essentially
black and no fluorescent organic components were visible.

3.2.4 Ro values



The average Ro value of the original samples was 0.48%, and its standard deviation
based on 20 analyses was +0.08%. With increased heating the Ro values increased. In
particular, for the sample heated to 520°C the average Ro value increased to 1.31%.
The standard deviation of >20 Ro values measured in the same sample increased with
further heating (Fig. 7). For example, the standard deviation at 185°C was +0.09%,
and it increased to £0.24% at 520°C (Table 3).

There are significant positive correlations between Ro, Tmax, and PI. In steps I-VI, the
RO, Tmax, and Pl values showed a small increase. In steps VII-VIII, these three
parameters increased significantly (Figs 7 and 8).

Ro values have a significant positive correlation with the oil-water content and gas
loss. In particular, when Ro values were 0.6%—0.8% the oil and gas contents showed a
large increase. Notably, when Ro is >1.2% the oil content basically remained
unchanged, whereas the gas expelled continues to increase (Fig. 9a and b).

TOC, S,, and Ro values show negative correlations with each other. When Ro values
are 0.6%-0.8% the TOC contents and S, values decrease markedly and the oil
contents increase (Fig. 9c and d).

4. Discussion

4.1 Low-temperature products in the different heating stages

In the first heating stage (I-11) only water was expelled, along with a small amount of
gas, which was associated with a consequent minor weight loss. The TOC contents
and S; and S, values decreased only a small amount during this stage (Tables 1 and 2).
Wang et al. used infrared spectroscopy to identify free water and some structural
water released from kerogen as oil shale was heated up to 350°C [33]. Ishiwatari et al.
considered that volatiles produced by heating (150-410°C) organic matter in modern
marine sediments were largely water and CO,, whereas those generated from kerogen
also included methane, hydrogen, and small amounts of C,—C4 hydrocarbons. This
suggests that low-temperature heating mainly releases water[34].

During the second heating stage (I11-V1), abundant oil and a small amount of water
were expelled. The ratio of the variations in semi-coke to oil-water was 1.35-1.18,
and that of gas to oil-water was only 0.18-0.24. In this stage the reduction in TOC
contents was 41%-53%, while the reduction in the pyrolysis parameter S, was as high
as 90%. These observations indicate that oil was mainly generated during this heating
stage.

Plots of PI-Tmax and HI-Tnax for the second heating stage show that the samples were
in the oil generation window (Figs 10 and 11). As such, 300°C marked the onset of oil



generation and 300-475°C was the main oil generation window for rapid heating at
atmospheric pressure. With increasing temperature, the oil-water yield first increased,
reaching a maximum value in step V, and then decreased during steps 111-V1 (Fig. 2).
This indicates that the optimum heating interval for oil shale to generate oil is
400-440°C. During this heating interval, the oil gradually changed from a
low-viscosity liquid to a high-viscosity semi-liquid. The temperature had a significant
influence on the yield and ratio of light (C;—Cy,) to heavy oils (C19—Cyz4 and Coss)
[37-41] . Furthermore, based on the boiling point (BP) distribution, oil generated from
oil shale can be characterized into the distillation fractions produced in petroleum
refining processes, as follows: naphtha (BP < 200°C), kerosene (200°C < BP <
275°C), gas oil (275°C < BP < 325°C), heavy gas oil (325°C < BP < 400°C), vacuum
gas oil (400°C < BP < 538°C), and residue (BP > 538°C) [10, 42]. Therefore, with
increasing heating temperature the carbon chain length of shale oil gradually increases,
and the heavier fractions, densities, and viscosities gradually increase. Pyrolysis
studies on oil shales from China (from the Huadian, Longkou, and Minhe/Yaojie
basins) and the western USA have all shown that the generated oil is similar to natural
oil. However, the unsaturated hydrocarbon contents are higher in the generated oil and
it contains more heteroatomic organic compounds such as oxygen, nitrogen, and
sulphur [10, 37-38, 40] . The composition of the oil generated from each heating step
requires further investigation.

The pyrolysis parameter S; can reflect the hydrocarbon generation products and
residual hydrocarbons in source rocks during the thermal evolution of organic matter
[45-48] . An oil saturation index (OSI = S; x 100/TOC) > 100 indicates that oil might
spontaneously flow out of a mudstone source rock [49] . In our experiments, the S;
value and OSI reached a maximum in steps IV and V (Table 2; Fig. 4), and the
maximum OSI (20-40) of each sample might reflect oil and gas saturation under
conditions of rapid heating and atmospheric pressure. This also shows that the oil
shale entered a stage of significant hydrocarbon expulsion. However, there are
obvious differences in the S; values and OSI amongst these samples (Table 2).
Experiments have shown that kerogen has a significant effect on the oil absorption
capacity of mudstone, with type | kerogen having the strongest influence [50-51] .
Based on a discrimination diagram for organic matter type, the Minhe oil shale
contains type | kerogen, whereas the Longkou and Junggar oil shales contain type Il
kerogen (Fig. 11). This accounts for the higher S; value and OSI of the Minhe oil
shale compared with the Longkou and Junggar oil shales. During heating, many
cracks are generated that increase the permeability in oil shales [6-8] and, as such,
further heating expels the free hydrocarbons and S; gradually decreases. There is also
a certain amount of gas generation during this stage, and previous studies of gas from
oil shale retorting have shown that the volatiles are dominated by methane and
hydrogen. The yields of C,—C, alkanes, hydrogen, and carbon monoxide and dioxide
also increase linearly with heating temperature [37-38, 40-41] .

In the final heating stage (VII-VIII) there is essentially no oil-water generation or



expulsion, but there is a reduction in TOC content and increase in gas loss (Fig. 2;
Table 2). This suggests that no oil, but some non-condensable gas, is produced during
this stage. The primary components of the gas do not change significantly in this stage,
although more hydrogen sulfide is released [38] . Both the PI-Tyax and HI-Tax plots
showed that the samples had entered the dry gas generation phase in this stage (Figs
10 and 11a). The Longkou and Junggar oil shales produced less gas than the Minhe oil
shale during this heating stage (Fig. 2a; Table 1). This is due to the presence of type |
kerogen in the Minhe oil shale, which more readily produces gas than type Il kerogen
at high temperatures.

4.2 Thermal evolution of organic matter

Organic matter fluorescence, vitrinite reflectance (Ro), Rock—Eval pyrolysis, and
hydrocarbon generation data can reveal the thermal evolution of organic matter
[52-57] . The heating of oil shale at low temperatures is a process of rapid catalytic
thermal transformation of organic matter at atmospheric pressure.

The products of each heating stage can be used to constrain the thermal evolution of
the organic matter in the oil shales. In the first heating stage, water and a small
amount of gas were produced, indicating that the organic matter had not entered the
stage of large-scale hydrocarbon expulsion. Ro values of 0.48%-0.64%, plots of
HI-Tmax [31,36,38] and PI-Tmax [35] , and fluorescence changes all indicate that the
organic matter transitioned from immature to mature during this stage (Figs 6, 10, and
11a). During heating from room temperature to 300°C the organic matter was in the
immature to low-mature stage.

In the second heating stage a large amount of oil and some gas were generated,
indicating that the organic matter had entered the large-scale hydrocarbon expulsion
stage. The Ro values varied from 0.67% to 0.76%. The data for this stage fall in the
mature oil window area in both the HI-Tmax and P1-Tyax plots (Figs 10 and 11a). The
lamalginite fluorescence colour changed gradually from light to deep red, indicating
that the organic matter was undergoing thermal degradation during hydrocarbon
generation. The amount of oil produced during step VI decreased significantly and the
lamalginite fluorescence ceased, which suggests that the thermal evolution gradually
transitioned from thermal degradation in the hydrocarbon generation stage to thermal
pyrolysis in the wet gas generation stage. All of the above observations reveal that
during heating from 300 to 475°C the organic matter was mainly in the mature stage.

During the final heating stage there was essentially no oil and only some gas expelled,
and Ro values increased to 0.86%—1.31%. The samples showed no fluorescence (Fig.
6) and data fall in the dry gas window in the HI-Tax and P1-Tax plots (Figs 10 and
11a). As such, the organic matter was undergoing thermal pyrolysis in the wet—dry gas
generation stage, and from 475 to 520°C the organic matter was high-mature to



over-mature.

With rapid heating, Ro values became more scattered as temperature increased (Table
3). The Ro D-values in one sample increased gradually, which might have been
related to rapid and non-uniform heating of organic matter. Despite this, the Ro values
still reflect the general trends of the thermal evolution of organic matter.

4.3 Evolution of hydrocarbon generation potential

In different heating stages (i.e., thermal evolution of organic matter), the hydrocarbon
generation potential underwent systematic changes. Using Ro or T Vvalues as
proxies for the thermal evolution of organic matter, it is evident that the organic
matter became more mature during heating. With increasing Ro values, S, values
decreased significantly (Fig. 9d), indicating that the hydrocarbon generation potential
gradually declined with heating.

The organic matter fluorescence characteristics and plot of HI-Tya can reveal the
changes in hydrocarbon generation potential during heating. In addition, plots of
petroleum potential, (PP; S1+S,)-TOC [58] and HI-TOC [59] , are useful in assessing
hydrocarbon generation potential. In the first heating stage (room temperature to
300°C) the oil shale contained abundant type | and Il kerogen organic matter with a
strong oil generation ability (Fig. 12). This indicates that the initially heated oil shale
samples have a high hydrocarbon generation potential.

During the second heating stage (300-475°C) the plots of PP-Tmax and HI-TOC show
that with increasing temperature these samples changed from a very good to a fair oil
source (Fig. 12). In particular, the hydrocarbon generation potential of the Minhe oil
shale containing type | kerogen gradually became similar to that of type I1-Ill
kerogen, and type Il kerogen showed similar trends (Fig. 11). Notably, the samples
still had excellent hydrocarbon generation potential after being heated to 400°C,
which suggests that this temperature was not sufficient to completely expel the
generated oil. Tests have shown that when the S, value exceeds 40 mg/g a sample can
be considered an oil shale (oil yield > 3.5 wt.%) [60-62] , which implies that oil shale
and shale oil—gas coexist underground when a mudstone is extremely organic-rich and
mature (Fig. 13). In general, as the temperature increases further the hydrocarbon
generation potential gradually decreases due to the increase in oil and gas production.
However, the heated samples still retain a certain amount of hydrocarbons (Fig. 12)
and have a good oil and gas generating capacity.

In the final heating stage (475-520°C) all the parameters show that the hydrocarbon
generating potential of the heated oil shale samples was similar to that of type IV
kerogen (Fig. 11). At this point the samples became poor oil or gas source rocks with
almost no hydrocarbon generation potential (Fig. 12). However, a large amount of



residual organic carbon with no hydrocarbon generation potential remained (Table 2).

In summary, at atmospheric pressure, a temperature of ~475°C results in almost full
oil and gas recovery.

4.4 Implications for in situ conversion of oil shale

In situ conversion of oil shale underground is a physical and chemical process
involving horizontal drilling and electrical heating technology, which can be
considered an “underground refinery” [63] . Our experiments were designed to mimic
this process (Fig. 13) and obtain the optimum heating temperature of oil shale during
in situ conversion. Furthermore, these experiments simulate the accumulation
sequence of unconventional energy sources such as shale oil and gas.

Oil shale is a sedimentary rock with a high organic matter abundance and shallow
burial depth (<1000 m), which is in the low-mature to immature stage (Fig. 13). The
oil shale needs to be heated rapidly to promote hydrocarbon generation and expulsion
from the kerogen in the shale.

From room temperature to 300°C (Ro < 0.65%), water is the main product. For an oil
shale with high water content, a large amount of water is produced during heating,
and this water will continue to absorb heat and keep boiling, which hinders further
heating of the oil shale. Therefore, it is suggested that water in oil shale should be
fully removed by heating to 300°C.

Oil and gas begin to be produced in large quantities at 300-400°C (Ro =
0.65%-0.72%), but the organic matter has a high hydrocarbon generation potential
and retains hydrocarbons, which is when oil shale and shale oil-gas coexist. Therefore,
400°C should not be the final temperature for in situ conversion of oil shale.

During heating from 400 to 475°C (Ro = 0.72%-0.76%), a large amount of
hydrocarbons is generated and expelled, and this stage is the shale oil-gas
accumulation zone (Fig. 13). When the oil shale is heated to 440°C, most of the oil is
expelled and the retained hydrocarbon content gradually decreases (Fig. 13), which is
thus the optimum temperature for in situ conversion of oil shale when taking into
account the heating cost and oil yield.

When the heating temperature exceeds 475°C (Ro > 0.76%) the organic matter enters
the wet or dry gas (i.e., shale gas accumulation zone) generation stage. For oil shale
containing type Il kerogen, the gas production is very low at this heating stage, but for
type | kerogen oil shale (e.g., Minhe oil shale) a significant amount of gas is produced.
Accordingly, it is suggested that the final in situ conversion heating temperature of
type | kerogen oil shale should be slightly higher than for type 11 kerogen oil shale.



The discussion above is based only on laboratory experiments, and the effects of
heating time, particle size, system closure, water saturation, pressure and other factors
on organic matter thermal evolution and low-temperature products have not been
taken into account. It needs further pilot field testing to be revised and optimized. In
situ conversion of oil shale is a long-term and complex process and requires further
geological and technological investigations to be able to properly exploit this
resource.

5. Conclusions

Oil shale is an important unconventional energy source that requires in situ
conversion. Our heating experiments on oil shales have identified the products of
different heating stages, thermal evolution of organic matter, and optimum
temperature for rapid hydrocarbon generation during in situ conversion of oil shale.

During the first heating stage (room temperature to 300°C) the main products were
water and a small amount of gas, and the organic matter had a high hydrocarbon
generation potential and was immature to low-mature.

In the second heating stage (300-475°C), oil and gas were mainly produced, which
represents the oil generation window for oil shale under conditions of atmospheric
pressure and rapid heating. In particular, 400-440°C was the optimum temperature
interval for oil generation, in which the organic matter entered the mature stage. Even
after heating to 400°C the oil shale expelled a large amount of oil and gas, and the
organic matter still had a high hydrocarbon generation potential. Subsequently, the
hydrocarbon generation potential gradually decreased. In our experiments the S; peak
is considered to represent the maximum oil and gas saturation. The maximum OSI is
much larger for type | kerogen oil shale than for type Il kerogen oil shale.

In the final heating stage (475-520°C) a small amount of gas was expelled and the
organic matter has almost no hydrocarbon generation potential and is high-mature or
over-mature. A large amount of residual organic carbon remained in the final heated
samples.

These oil shale experiments provide constraints on the in situ conversion of oil shale
to shale oil-gas, and then to shale gas, during the thermal evolution of organic matter.
Our results suggest that water should be removed by heating to 300°C and that the
final temperature for in situ conversion is 440°C (but slightly higher for oil shale
containing type | kerogen). These constraints need pilot field testing to be optimized.
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Figure captions

Fig.1. Schematic chart of oil shale heating. (1) Aluminium retort, (2)Heating furnace,
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(3) Outlet pipe, (4) Thermocouple, (5) Cold junction thermostat, (6) Electric
cabinet, (7) Receiver, (8) Colling tank

2. Variation in the low-temperature products generated from the three oil shale
samples in the different heating steps. a. Oil-water yields and gas and weight
loss changes in the different heating steps. b. Variations in the semi-coke
contents in the different heating steps.

3. Changes in the TOC contents of the three oil shale samples in each heating
step. a. The residual TOC contents of the three samples at each heating step. b. A
plot of oil-water yields versus TOC contents for the original and heated samples.

4. Variations of the sample pyrolysis parameters in each heating step. a. S1 and
S2 values in the different heating steps. b. Variations of Pl and Tmax values in the
different heating steps.

5. Relationship between S2 values and TOC contents in each heating step.

6. Fluorescence microscopy images of each heating step. a) A high concentration
of lamalginite; b) Pale red on lamalginite edges; ¢) Red on whole lamalginite; d)
The single lamalginite is invisible; e) Exsudatinite with a strong fluorescence,
and lamalginite only scattered fluorescent spots remained; f) Only exsudatinite
with fluorescence; g) Rare fluorescent exsudatinite remained; h) All organic
macerals without fluorescence. All photomicrograohs were taken using a 50x oil
immersion objective under UV light.

7. Plot of Tmax versus Ro values.
8. Plot of PI versus Ro values.

9. Plots of Ro values versus oil-water yields, gas loss, TOC contents, and S,
values.

10. Plot of PI versus Tmax Values for each heating step. The diagram is based on
reference [35].

11. Organic matter discrimination diagram showing data for each heating step.
The diagrams are based on references [31, 36-38].

12. Plots of the hydrocarbon generation ability of the samples at each heating step.
The diagrams are based on references [58-59].

13. Model of hydrocarbon generation, oil and gas expulsion, and retained
hydrocarbons during the retorting process. A schematic representation of
unconventional hydrocarbon accumulation is also shown (modified after
reference [56]).



Table 1. Characteristics of the low-temperature products generated from the oil shale
samples after the different heating steps.

Heating stage | ] Il v Vv VI VII VI
3 < Oil and water yield (Wt.%) 1.14 4.70 11.65 14.64 3482 3576 36.97 36.97
gﬁ § Semi-coke yield (wt.%) 98.71 95.15 86.34 81.97 59.48 57.11 55.33 53.45
— Gas and loss (wt.%) 015 015 201 339 570 713 770 958
o Oil and water yield (wt.%) 0.18 1.02 3.71 17.09 23.25 25.67 25.67 25.67
.‘25 é Semi-coke yield (wt.%)  99.81 98.86 94.22 79.72 7222 69.68 68.46 65.39

Gas and loss (wt.%) 001 012 207 319 453 465 587 894
5 c Oil and water yield (wt.%) 0.30 116 213 491 787 840 9.05 9.14
g § Semi-coke yield (wt.%)  99.70 98.80 97.80 94.20 90.80 89.80 89.05 88.83
- Gas and loss (wt.%) 0 0.04 007 089 133 180 190 2.03




Table 2. TOC contents and Rock—Eval pyrolysis parameters of the oil shale samples
after the different heating steps.

TOC S1 S2 S3  S1+S2  Tmax HI Ol

Longkou

Pl HC/
Samples (Wt.%) (mg/qg) (°C) (mg g

TOC)

Orginal sample  62.30 3.42 29399 139 29741 437 001 472 2.2

I 62.45 520 289.73 221 29493 439 0.02 464 3.5
il 56.85 552 255.02 1.72 260.54 439 0.02 449 3.0
% I 53.25 6.00 23340 1.66 239.40 440 0.03 438 3.1
g \Y 4175 7.75 171.01 174 17876 442 0.04 410 4.2
% \'4 3525 552 129.61 156 13513 448 0.04 368 4.4
T VI 33.30 454 3122 221 3576 532 013 94 6.6
VI 3295 445 1524 186 1969 570 0.23 46 5.6
VI 29.35 227 854 114 1081 598 021 29 3.9

TOC S1 S2 S3  S1+S2 Tmax HI Ol

Minhe Samples . Pl (mg HC/g

(Wt.%) (mg/g) (°C) TOC)

Orginal sample  41.30 5.43 289.26 211 29469 433 0.02 694 51

I 4160 472 288.26 178 29298 435 0.02 693 4.3
I 3820 495 26155 149 2665 436 0.02 688 3.9
% I 36.80 10.8 230.93 1.32 24173 436 0.04 628 3.6
g v 36.65 14.61 209.98 346 22459 437 007 574 9.4
% \" 3455 1394 19112 169 205.06 440 0.07 549 4.9
% VI 2770 547 2632 202 31.79 443  0.17 95 7.3
VI 2535 699 808 045 1507 563 046 32 1.8
VI 2425 398 406 136 8.04 594  0.50 16 5.6

TOC S1 S2 S3  S1+S2 Tmax HI Ol

Junggar Samples . Pl (mg HC/g

(Wt.%) (mg/g) (°C) TOC)

Orginal sample 1445 092 7346 103 7438 441 001 508 7.1
1455 135 7289 146 7424 441 0.02 501 10.0
1355 16 67.36 117 6896 442 0.02 497 8.6
1090 1.67 5343 0.74 5510 442 0.03 490 6.8
970 223 3594 052 3817 443 006 371 5.4
801 196 2029 0.68 2225 446 0.09 253 8.5
779 113 325 075 438 564 026 42 9.6
769 076 220 062 29 584 026 29 8.1
694 038 105 043 143 600 0.27 15 6.2

Heating stage

§E8sS<<2H8H~




Table 3. Ro values of the oil shale samples after the different heating steps.

Heating stage Heating temperature Statistical Ro Error
(§(0)) number (%) (%)

Orginal sample Room temperature 20 0.48 +0.08
| Room temperature -185 22 0.61 +0.09

1 185-300 20 0.64 +0.10

Il 300-350 20 0.67 +0.12

v 350-400 20 0.72 +0.14

\Y 400-440 20 0.74 +0.16

Vi 440-475 20 0.76 +0.20

Vil 475-500 20 0.86 +0.22

VIl 500-520 21 131 +0.24
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Abstract:In situ oil shale conversion experiments have revealed that to efficiently
obtain shale oil, factors such as heating temperature, products, and matter thermal
evolution of organic matter during heating need to be optimized. In this study, oil
shales from China were subjected to retorting experiments involving eight heating
steps. During steps I-II (<300°C), the expelled product is mainly water, the
hydrocarbon generation potential (PP) of the samples was extremely high, and the
organic matter was in the immature to low-mature stage. The oil shale produced a
large amount of oil in steps 111-V1 (300—475°C), and the TOC contents and S2 of the
shale showed the greatest decreases during these steps. The analysis data suggest that
the organic matter entered the mature stage during these steps. After heating to 400°C
and expelling a large amount of oil and gas, the PP decreased gradually. From 475 to
520°C (steps VII-VIII), only a small amount of gas was produced and the organic
matter had almost no PP in the high- and over-mature stages. Based on our
experimental results, in situ conversion of oil shale the final heating temperature
should be ~440°C. These constraints require further field testing to be properly
optimized.

Keywords: oil shale; heating experiments; released products; organic matter; thermal
evolution; in situ conversion



1. Introduction

Oil shale is an important unconventional energy source with estimated global in situ
resource of 411 x 10° t. As such, oil shale research and exploration have become
important in many countries [1]. At present, the main use of oil shale is in surface
retorting and electricity generation, although numerous advances have been made in
the further utilization of oil shales [2-5].

Numerous studies have investigated the effects of heating temperature and rate, and
particle size, on oil yield, gas evolution, shale oil composition, and oil shale pyrolysis,
porosity, and permeability during retorting [6-15].These studies have all shown that
heating plays an important role in oil shale retorting. In addition, the increase in shale
porosity and permeability caused by hydrocarbon expulsion from organic matter and
the oil-gas composition also show regular changes during heating. Chemical kinetics,
minerals composition influence and oil shale process design has been carried out
many years [16-19]. These results have been important in guiding the efficient use of
oil shale. There are some environmental problems related to oil shale surface retorting,
such as water—air pollution and waste residue stacking, which restrict the large-scale
use of oil shale resources. Therefore, numerous pilot in situ conversion experiments
on oil shale have been carried out [20-23], such as the Shell Company In Situ
Conversion Process (ICP)[24-25], the Exxon Mobil Electrofrac™ technology[26],
and the Occidental modified in situ (MIS) technology [27-30]. In China, the
technologies for on-site in situ conversion experiments on oil shale Songliao
Basinhave been developed by the Zhongcheng Group and Jilin University, which have
led to favourable outcomes [31-32]. The heating temperature of the Zhongcheng oil
shale insitu conversion was ca.520-550°C and, after 10dof heating, a large amount of
shale oil was obtained. The heating temperature of oil shale using the in situ
conversion technology of Jilin University was>400°C, and gas and oil production
occurred after 15 and 17 d, respectively. The oil shale in the Songliao Basin is
characterized by a high oil content, large thickness, uniform distribution, low dip
angle, and dense mudstone above and below the oil shale [33-34].

In situ conversion experiments on oil shale have focused on the heating technology,
fracturing and sealing of the oil shale layer, and reservoir properties. However, during
in situ heating the thermal evolution of organic matter and hydrocarbon generation
and expulsion characteristics are also important in the efficient development and
utilization of oil shale. To investigate this further, we conducted heating experiments
on oil shales. Our experiments identified the heating required to reach the oil
generation window and constrain the evolution of organic matter and hydrocarbon
generation potential of oil shale when it is heated rapidly at atmospheric pressure.
These results might guide the heating strategies of future pilot experiments designed
to optimize the recovery and utilization of products produced by in situ conversion of
oil shale. It may also reveal the pattern of hydrocarbon generation from organic matter
in an open system.
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2. Samples and methods

Three fine-grained oil shale samples formed the basis of this study. These samples are
from the Minhe (Gansu Province, northwestern China) [35], Junggar (Xinjiang Uygur
Autonomous Region, northwesternChina) [36], and Huangxian (Shandong Province,
east China)[37],and Meihe basins [38] (Fig. 1), and the first three basins’ oil shale are
currently under development. The detailed information about these four samples was
shown in table 1.0il shale in China is mainly deposited in continental basins, and
could be divided into three genetic types, namely aphytal sapropelic oil shale (Junggar
Basin oil shale), semi-deep lake humic-sapropelic oil shale (Minhe Basin oil shale)
and limnetic sapropelic oil shale(Huangxian and Meihe basins oil shale)[39].
Therefore, these four samples could represent all types of oil shale in China. One
high-quality (i.e., high oil yield) sample of oil shale from each basin was selected for
experimental heating and analysis. Except Ro and organic macerals observation, other
tests were parallel sample comparison.

The low-temperature step-heating experiments, total organic carbon (TOC) analyses,
Rock-Eval pyrolysis analyses, organic maceral microscopic observations, and
vitrinite reflectance determinations (Ro) were undertaken in the Key Laboratory for
Oil Shale and Paragenetic Minerals of Jilin Province, Changchun, China. About 509
oil shale (Wsnaie) Samples (particles size less than 1 cm) were heated following the
Chinese Petroleum Chemical Industry Standard SH/T0508-92in a low-temperature
furnace in eight steps in dry open system (Fig. 2): room temperature to 185°C (I),
185-300°C (I1), 300-350°C (111), 350-400°C (1V), 400-440°C (V), 440-475°C (VI),
475-500°C (VI1I), 500-520°C (VI1I). This heating method was established by Fushun
Mining Company based on thousands of experiments atdifferent heating rates and
temperatures. Fully automated heating equipment and a thermocouple feedback
system were used to ensure the accuracy of each heating temperature (Fig. 2),with
errors of £5°C. For each heating step, the samples were heated at a rate of 10°C/min,
and then held at each temperature step for 30 min (almost no product was discharged
after 30 min). The product in the receiver (Fig.2) is a mixture of oil and water
(Woil+water), and 80 mL of xylene was added to this mixture. The oil-water products
and xylene were boiled and the volume of water determined (Vwater). Woit+water aNd
Vuwater Were used to calculate the oil yield [(Woitswaer— Viwater*19/cm®)/Winaiex 100] and
water yield (Vwaer*19/cm®/Wenaex 100). The semi-coke vyield is the ratio of solid
residue to sample weight. Finally, it is possible to calculate the gas loss ratio (100 —
oil yield — water yield — semi-coke yield).

TOC contents were determined using a LECO CS-230 instrument and Rock—Eval
pyrolysis was carried out with a Rock—Eval 6 instrument following standard
procedures [40-41]. The TOC contents and pyrolysis parameters were used to
calculate the HI (S,/TOC x 100) and Ol (Ss/TOC x 100) values. Organic macerals
were observed in polished blocks of whole-rock samples cut perpendicular to bedding
planes using a Zeiss Axio Scope Al microscope under reflected white and UV light
(fluorescence). A number of desmocollinite macerals (>100) were subjected to Ro



measurements using the same instrument equipped with a microphotometer and under
reflected white light.

3. Results

3.1 Effects of low-temperature heating

The three samples of oil shale underwent three distinct stages during heating: (1) steps
I-11 (room temperature to 300°C); 2. steps I11-VI (300—475°C); 3. steps VII-VIII
(475-520°C).

In the first heating stage (I-I1), the oil yields of the four samples were low, especially
oil yield was basically zero in the | heating stage (Table 2; Fig. 3a). However, in the
initial stage of heating the main product was water. During this stage, the semi-coke
contents (solid residues obtained by heating the oil shales in Al retort) showed a small
reduction (Fig. 3b). The gas generated by heating and weight loss also increased
slightly.

In the second heating stage (I11-V1), the expelled product was mainly condensate oil,
and the oil yields increased significantly. The yields increased by >26 wt.% for the
Huangxian oil shale (Fig. 3a). A total of 88%—98% of the oil was produced during this
heating stage. In this stage, water was produced by the pyrolysis of organic matter,
and the ratio of oil content to water content was lower (0.54—4.63) in heating stages
[1I-1V and higher (1.29-11.20) in heating stagesV-VI. The semi-coke content in this
stage also showed a significant decline, with the decrease in the Huangxian oil shale
being as high as 38 wt.% (Fig. 3b). The ratio of the change in semi-coke to oil-water
expelled was 1.18-1.36(oil to semi-coke was 0.44-0.71). The gas generated and
weight loss during this heating stage were also significant. The ratio of gas to
oil-water was 0.18-0.36(gas to oil was 0.24-0.61).

In the final heating stage (475-520°C), the oil and water yields only increased slightly
(e.g., 1.17wt. % and 0.04 wt. % for the Huangxian oil shale, respectively; Fig. 3a).
The decrease in semi-coke content was relatively small (Fig. 3b). The gas generated
and weight loss increased slightly, particularly for the Minhe sample (4.30 wt. %; Fig.
3a).

3.2 Organic geochemistry

TOC and Rock—-Eval pyrolysis analyses were carried on the three original samples, as
well as on the samples after each heating step (Table 3).

3.2.1 TOC contents

The oil yield and gas content of the Huangxian oil shale was the highest of the three

samples (Table 3), and this sample has a TOC content of 56.35 wt.% (Table 3). The
Minhe (TOC = 41.90 wt. %), Meihe (TOC=25.46 wt. %), and Junggar (TOC = 14.53



wt. %) oil shales have slightly lower TOC contents, although all the samples have
high TOC contents.

During heating, all four oil shales showed similar trends. The TOC contents of the
samples after stage | were slightly higher than in the original samples (Fig. 4a),
possibly due to structural water removal during heating (free water has been removed
before TOC test). However, the TOC increase in the initial heating stage (I-11) was
small. During the second heating stage (l1I-VI) the TOC contents decreased
significantly, up to 22.34 wt.% for the Huangxian oil shale (Table 3; Fig. 4a). The
TOC contents in the Minhe, Meihe and Junggar oil shales decreased by 12.28, 7.32
and 6.71 wt.%, respectively. A total of 29%—-46% of the organic matter was converted
into oil and gas during this heating stage. In the final heating stage (VII-VIII), the
loss of organic matter was smaller and the overall change was not significant (Fig. 4a).
Notably, the oil shale sample with the highest TOC content after final heating also had
a high content of residual organic carbon (i.e., >20 wt.% for the Huangxian and
Minhe samples). During the full heating process, 33%-55% of the organic matter was
converted into oil and gas.

A plot of TOC versus oil yield shows a negative correlation in each heating stage. The
correlation coefficient of the data on this plot for the all samples is >0.8 (Fig. 4b). Oil
shale samples with high TOC and oil yield, the slopes were relatively high (i.e., 1.17
for the Huangxian and Minhe samples, and 0.80 and 0.81 for the Meihe and Junggar
samples, respectively).

3.2.2 Rock-Eval pyrolysis analyses

Due to the high organic matter content and its low maturity, S; was small and S, was
high in the original oil shale sample. The S; and S, values of the Huangxian oil shale
(sample with the highest TOC content) were 292.84 and 3.30 mg/g, respectively.
Compared with the Huangxian oil shale, the Minhe oil shale has a much lower TOC
content (56.35 wt.% versus 41.90 wt.%), but the S, values of these two oil shales only
differ by <3 mg/g. Therefore, the HI value of the Minhe oil shale could be as high as
702 mg HC/g TOC, whereas that of the Huangxian oil shale was 516 mg HC/g TOC.
The Junggar oil shale has the lowest TOC content, and its S, value is also the lowest
(TOC = 14.45 wt.%; S2 = 73.46 mg/g), and the HI value of the Junggar oil shale is
similar to that of the Huangxian oil shale (Table3). The Meihe oil shale has the third
highest TOC content and S2 value (TOC = 25.46 wt.%; S2 = 99.83 mg/g). However,
the HI value is lowest in the Meihe oil shale. The Tmax Was highest for the Junggar oil
shale, followed by the Huangxian, Minhe and Meihe oil shales (Table 3).

The Rock-Eval pyrolysis analysis parameters (Si, Sy, Ss, and Tmax) of the four oil
shale samples show systematic changes during the different heating stages (Table 3).

S; generally represents the hydrocarbon residues in a sample. In the first heating stage
(1-11), the S; values of the samples are similar to or slightly higher than in the original



sample. This may be because most of the free hydrocarbons remain in the oil shale
due to the lower pressure in the Al retort during initial heating, and the oil shale
produces limited hydrocarbons. In the second heating stage (111-VI), S; showed a
rapid increase followed by a decrease, reaching a maximum after heating step IV. In
the final heating stage (V1I-VIII), the reduction in hydrocarbon generation meant that
the pressure in the Al retort was low, and small amounts of hydrocarbons remaining in
the samples were expelled. S;the returned to a low value and still existed in sample
(Fig. 5; Table 3). Although the changes in S; values in the four samples show the
same trend, the S; value of the Minhe oil shale was generally highest (i.e., up to 14.68
mg/g in step IV; Fig. 5; Table 3).

The changes in the S; values are obviously different from those of the S; values. S,
showed a significant decrease with increasing temperature. In the first stage,
Spremained unchanged during | heating stage, and then it decreased minimally(RE6
pyrolys is start to detect S, from 200°C), and in the second stage S, decreased rapidly
with reductions of 233.99, 245.57, 91.17, and 69.64 mg/g for the Huangxian, Minhe,
Meihe, and Junggar samples, respectively. During the second stage, 88%—-95% of S,
was converted into oil and gas. In the final heating stage, S, reached its lowest values.
For the Huangxian sample, which had the highest residual TOC content, S, was
highest after heating step VIII. By comparing the amount of S, in the heated and
original samples, it is evident that 96.9%-98.8% of the potential hydrocarbons were
expelled once a temperature of 520°C was reached. The changes in S, and TOC
during the heating process are related to each other. The TOC contents and S, values
for each heating step exhibit a strong positive correlation, with a correlation
coefficient of >0.90 (Fig.6). HI values remained largely unchanged during the first
heating stage. In the second stage, HI values decreased significantly from 682 to 96
mg HC/mg TOC for the Minhe sample, and the decrease amounts for the Junggar,
Huangxian and Meihe samples were 451, 401, and 356 mg HC/g TOC, respectively.
After the final heating stage, the HI values were low (<30 mg HC/mg TOC) (Table
3).The slopes shown in Fig. 6 highlight the decreasing hydrocarbon generation
potential of different samples with variable organic matter types and abundances
during rapid heating. These slopes suggest that the Minhe oil shale with the highest
HI has the highest hydrocarbon generation potential, followed by the Huangxian,
Meihe, and Junggar oil shales.

Ss values were similar in the original and variably heated samples. The minimum S3
value was 0.47 mg/g (step VII of the Junggar sample) and the maximum was
6.03mg/g (the Meiheoriginal oil shale sample). The changes in Ol values were
irregular, with Ol <25 mg HC/mg TOC (Table 3).

Tmax Values also show an increasing trend during the heating process (Fig. 7). In steps
I-V, due to the heating temperature was smaller than the Tmax of original samples,
the increase in Tmax Was small, being 5°C, 7°C, 11°C, and21°Cfor the Junggar, Minhe,
Huangxian,andMeihe samples, respectively. Tmax showed a significant increase in the



later heating stage, with an increase of >100°C. The very low peak values of S; result
in a largedifference in Tnax values amongst different samples in the final heating stage
(Table 3; Fig. 7).

The PI value is the ratio of S; to S;+S,. The changes trendin Pl values are similar to
Tmax- In the first heating stage, the PI values are all ~0.02, which increased in the
second heating stage to 0.11, 0.16, 0.17, and 0.24 for the Huangxian, Meihe, Minhe,
and Junggar samples, respectively. In the final heating stage, Pl values increased
greatly, with a maximum value of 0.5 for the Minhe sample, although it was <0.32 for
the other three samples (Table 3; Fig. 8).

3.2.3 Organic macerals

Oil shale comprises mainly detrital minerals and organic matter [42]. In this paper,
Minhe samples with high HI were used for organic macerals observation. Based on
microscopic observations, lamalginite is the dominant maceral in the Minhe oil shale
samples (~72 vol. %; Fig. 8). Sporinite (13 vol. %), vitrinite (9 vol. %), and cutinite (6
vol. %) are present in small amounts. Exsudatinite is not present in the original
samples.

The thermal evolution of the organic macerals with heating was examined in polished
sections (Fig. 8). Under yellow fluorescence, in the step | heating stage (room
temperature to 185°C) the organic macerals are mainly lamalginite, which is
concentrated in bands and shows a strong yellow fluorescence. In heating step Il
(185-300°C) the lamalginite fluorescence became less prominent, pale red on its
edges, and pale yellow in its interiors. The lamalginite colour fully changed to red in
heating step 11l (300-350°C). During heating step 1V (400-440°C) the lamalginite
colour turned deep red and the fluorescence became weak. The boundaries of
individual lamalginite grains also became blurred and only scattered fluorescent spots
remained. However, scattered grains of exsudatinite with a strong yellow fluorescence
were observed in polished sections. In heating step VI (440-475°C) the lamalginite
fluorescence disappeared completely, and scattered exsudatinite grains with strong
fluorescence became visible in cracks or at the edges of mineral grains. The field of
view darkened further, apart from rare fluorescent exsudatinite, in heating step VII
(475-500°C). During heating step VI1II (500-520°C) the field of view was essentially
black and no fluorescent organic components were visible.

3.2.4 Ro values

Meihe oil shale samples with relatively low HI values were used for Ro testing.
Vitrinite is the dominant maceral in the Meihe oil shale samples (~70 vol. %; Fig. 8).
The grain size of desmocollinite in the Meihe samples is much larger than that in the
Minhe samples. Therefore, compared with the other samples, the Meihe samples are
the most suitable for Ro testing. The average Ro value of the original samples was
0.396%, and its standard deviation based on 103 analyses was 0.016%. The



desmocollinite showed grey. With increased heating the Ro values increased, and the
colour of desmocollinite changed from grey to bright white (Fig. 8). In particular, for
the sample heated to 520°C the average Ro value increased to 1.593%. The standard
deviation and error of >100 Ro values measured in the same sample increased with
further heating (Fig. 8). For example, the standard deviation at 185°C was 0.020%
(error: -0.033 to 0.043%), and it increased to +0.059% at 520°C (error: -0.148 to
0.179%) (Table 4).

There are significant positive correlations between Ro, Tryax, and PI. In steps I-VI, the
RO, Tmax, and Pl values showed a small increase. In steps VII-VIII, these three
parameters increased significantly (Fig. 8).

Ro values have a significant positive correlation with the oil and gas contents. In
particular, when Ro values were 0.7%-1.3% the oil and gas contents showed a large
increase. Notably, when Ro is >1.5% the oil and gas content basically remained
unchanged (Fig. 9).

TOC, S,, and Ro values show negative correlations with each other. When Ro values
are 0.7%-1.3% the TOC contents and S, values decrease markedly and the oil and gas
contents increase (Fig. 9).

4. Discussion

4.1 Low-temperature products in the different heating stages

In the first heating stage (I-11) only water was expelled, along with a small amount of
gas, which was associated with a consequent minor weight loss. The TOC contents
and S; and S, values decreased only a small amount during this stage (Tables 2 and 3).
Wang et al. used infrared spectroscopy to identify free water and some structural
water released from kerogen as oil shale was heated up to 350°C [43].Ishiwatari et
al.considered that volatiles produced by heating (150-410°C) organic matter in
modern marine sediments were largely water and CO,, whereas those generated from
kerogen also included methane, hydrogen, and small amounts of C,—C,4 hydrocarbons.
This suggests that low-temperature heating mainly releases water [44].

During the second heating stage (I11-V1), abundant oil and a small amount of water
were expelled. The ratio of the variations in oil to semi-coke was 0.44-0.71, and that
of gas to oil was 0.24-0.61. In this stage the reduction in TOC contents was 29%—46%,
while the reduction in the pyrolysis parameter S, was as high as 90%. These
observations indicate that oil was mainly generated during this heating stage. Gas was
also produced, particularly from the low -HI and high-TOC oil shales.

Plots of PI-Tmax and HI-Tnax for the second heating stage show that the samples were
in the oil generation window (Figs 10 and 11). As such, 300°C-350°C marked the
onset of oilgeneration and 350°C-475°C was the main oil generation window for



rapid heating at atmospheric pressure. With increasing temperature, the oil yield first
increased, reaching a maximum value in step V, and then decreased during steps
I1I-VI (Fig. 3). This indicates that the optimum heating interval for oil shale to
generate oil is 400-440°C. The temperature had a significant influence on the yield
and ratio of light (C;—Cyy) to heavy oils (C19—Cy4 and Cys:) [49-53]. Furthermore, in
this experiment the low-temperature retorting furnace (Fig. 2) also results in
distillation. Based on the boiling point (BP) distribution, oil generated from oil shale
can be characterized into the distillation fractions produced in petroleum refining
processes, as follows: naphtha (BP < 200°C), kerosene (200°C < BP < 275°C), gas oil
(275°C < BP < 325°C), heavy gas oil (325°C < BP < 400°C), vacuum gas oil (400°C
< BP < 538°C), and residue (BP >538°C) [10, 54].With increasing temperature, the oil
viscosity in the receiver increases, and the oil even becomes solid in the later heating
stages. Therefore, with increasing heating temperature, the carbon chain length of the
shale oil gradually increases, and the heavier fractions are gasified and discharged
from the Al retort to the receiver. During this heating interval, the oil changed
gradually from a low-viscosity to high-viscosity semi-liquid. Pyrolysis studies on oil
shales from China (from the Huadian, Huangxian, and Minhe/Yaojie basins) and the
western USA (Green River Basin) have all shown that the generated oil is similar to
natural oils. However, the unsaturated hydrocarbon contents are higher in the
generated oil and it contains more heteroatomic organic compounds such as oxygen,
nitrogen, and sulphur [10, 47-48, 52]. The composition of the oil generated from each
heating step requires further investigation.

The pyrolysis parameter S; can reflect the hydrocarbon generation products and
residual hydrocarbons in source rocks during the thermal evolution of organic matter
[55-58]. An oil saturation index (OSI = S; x 100/TOC) > 100 indicates that oil might
spontaneously flow out of a mudstone source rock [59]. In our experiments, the S;
value and OSI reached a maximum in steps IV and V (Table 3; Fig. 5), and the
maximum OSI (15-40) of each sample might reflect oil and gas saturation under
conditions of rapid heating and atmospheric pressure. This also shows that the oil
shale entered a stage of significant hydrocarbon expulsion, especially in-situ
conversion of oil shale under open system. However, there are obvious differences in
the S; values and OSI amongst these samples (Table 3). Experiments have shown that
kerogen has a significant effect on the oil absorption capacity of mudstone, with type
| kerogen having the strongest influence [60-61]. Based on a discrimination diagram
for organic matter type, the Minhe oil shale contains type | kerogen, whereas the
Huangxian, Junggar, and Meihe oil shales contain type Il kerogen (Fig. 11). These
accounts for the higher S; value and OSI of the Minhe oil shale compared with the
Huangxian and Junggar oil shales. During heating, many cracks are generated that
increase the permeability in oil shales [6-8] and, as such, further heating expels the
free hydrocarbons and S; gradually decreases. There is also a certain amount of gas
generation during this stage, and previous studies of gas from oil shale retorting have
shown that the volatiles are dominated by methane and hydrogen. The yields of C;—C4
alkanes, hydrogen, and carbon monoxide and dioxide also increase linearly with



heating temperature [47-48, 52-53].

In the final heating stage (VII-VIII) there is essentially no oil and water generation or
expelled, but there is a reduction in TOC content and increase in gas loss (Fig. 3;
Tables 2 and3). This suggests that no oil, but some non-condensable gas, is produced
during this stage. The primary components of the gas do not change significantly in
this stage, although more hydrogen sulfide is released [50]. Both the PI-Tna. and
HI-Tmax plots showed that the samples had entered the dry gas generation phase in
this stage (Figs 11 and 12a). The Meihe, Huangxian, and Junggar oil shales produced
less gas than the Minhe oil shale during this heating stage (Fig. 3a; Table 2). This is
due to the presence of type | kerogen in the Minhe oil shale, which more readily
produces gas than type Il kerogen at high temperatures.

4.2 Thermal evolution of organic matter

Organic matter fluorescence, vitrinite reflectance (Ro), Rock—Eval pyrolysis, and
hydrocarbon generation data can reveal the thermal evolution of organic matter
[62-67]. The heating of oil shale at low temperatures is a process of rapid catalytic
thermal transformation of organic matter at atmospheric pressure.

The products of each heating stage can be used to constrain the thermal evolution of
the organic matter in the oil shales. In the first heating stage, water and a small
amount of gas were produced, indicating that the organic matter had not entered the
stage of large-scale hydrocarbon generation. Ro values of 0.496%-0.629%, plots of
HI-Tax[40,46,48] and PI-Tma[45], and fluorescence changes all indicate that the
organic matter transitioned from immature to low mature during this stage (Figs 8, 10,
and 11a). During heating from room temperature to 300°C the organic matter was in
the immature to low-mature stage.

In the second heating stage a large amount of oil and some gas were generated,
indicating that the organic matter had entered the large-scale hydrocarbon generation
stage. The Ro values varied from 0.737% to 1.360%. The data for this stage fall in the
mature oil window area in both the HI-Tmax and P1-Tyax plots (Figs 10 and 11a). The
lamalginite fluorescence colour changed gradually from light to deep red, indicating
that the organic matter was undergoing thermal degradation during hydrocarbon
generation. The amount of oil produced during step VI decreased significantly and the
lamalginite fluorescence ceased, which suggests that the thermal evolution gradually
transitioned from thermal degradation in the hydrocarbon generation stage to thermal
pyrolysis in the wet gas generation stage. All of the above observations reveal that
during heating from 300 to 475°C the organic matter was mainly in the mature stage.

During the final heating stage there was essentially no oil and only some gas expelled,
and Ro values increased to 1.488%-1.593%. The samples showed no fluorescence
(Fig. 8) and data fall in the dry gas window in the HI-T .« and P1-T . plots (Figs 10
and 11a). As such, the organic matter was undergoing thermal pyrolysis in the



wet-dry gas generation stage, and from 475 to 520°C the organic matter was
high-mature to over-mature.

With rapid heating, Ro values became more scattered as temperature increased (Table
3). The Ro D-values in one sample increased gradually, which might have been
related to rapid and non-uniform heating of organic matter. Similarly, undergeological
conditions and for high-Ro samples, the difference between Ro values is relatively
large. Despite this, the Ro values still reflect the general trends of the thermal
evolution of organic matter.

4.3 Evolution of hydrocarbon generation potential

In different heating stages (i.e., thermal evolution of organic matter), the hydrocarbon
generation potential underwent systematic changes. Using Ro or T Vvalues as
proxies for the thermal evolution of organic matter, it is evident that the organic
matter became more mature during heating. With increasing Ro values, S, values
decreased significantly (Fig. 9b), indicating that the hydrocarbon generation potential
gradually declined with heating.

The organic matter fluorescence characteristics and plot of HI-Tya can reveal the
changes in hydrocarbon generation potential during heating. In addition, plots of
petroleum potential, (PP; S;+S,)-TOC [68] and HI-TOC [69], are useful in assessing
hydrocarbon generation potential. In the first heating stage (room temperature to
300°C) the oil shale contained abundant type | and Il kerogen organic matter with
strong oil generation ability (Fig. 12). This indicates that the initially heated oil shale
samples have a high hydrocarbon generation potential.

During the second heating stage (300-475°C) the plots of PP-Tmax and HI-TOC show
that with increasing temperature these samples changed from a very good to a fair oil
source (Fig. 12). In particular, the hydrocarbon generation potential of the Minhe oil
shale containing type | kerogen gradually became similar to that of type I1-Ill
kerogen, and type Il kerogen showed similar trends (Fig. 11). Notably, the samples
still had excellent hydrocarbon generation potential after being heated to 400°C,
which suggests that this temperature was not sufficient to completely expel the
generated oil. Tests have shown that when the S, value exceeds 40 mg/g a sample can
be considered an oil shale (oil yield > 3.5 wt. %) [38, 70-71], which implies that oil
shale and shale oil-gas coexist underground when a mudstone is extremely
organic-rich and mature (Fig. 13). In general, as the temperature increases further the
hydrocarbon generation potential gradually decreases due to the increase in oil and
gas production. However, the heated samples still retain a certain amount of
hydrocarbons (Fig. 12) and have a good oil and gas generating capacity.

In the final heating stage (475-520°C) all the parameters show that the hydrocarbon
generating potential of the heated oil shale samples was similar to that of type IV
kerogen (Fig. 11). At this point the samples became poor oil or gas source rocks with



almost no hydrocarbon generation potential (Fig. 12). However, a large amount of
residual organic carbon with no hydrocarbon generation potential remained (Table 3).

In summary, at atmospheric pressure, a temperature of ~475°C results in almost full
oil and gas recovery.

4.4 Implications for in situ conversion of oil shale

In situ conversion of oil shale underground is a physical and chemical process
involving horizontal drilling and electrical heating technology, which can be
considered an “underground refinery” [72]. Our experiments were designed to mimic
this process (Fig. 13) and obtain the optimum heating temperature of oil shale during
in situ conversion (nearly open system). Although hydrocarbon generation will be
different in open and confined systems underground, our experiments provide
preliminary constraints on the accumulation of unconventional energy sources such as
shale oil and gas, and the effect of temperature on their generation.

Oil shale is a sedimentary rock with a high organic matter abundance and shallow
burial depth (<1000 m), which is in the low-mature to immature stage (Fig. 13). The
oil shale needs to be heated rapidly to promote hydrocarbon generation and expulsion
from the kerogen in the shale.

From room temperature to 300°C (Ro < 0.63%), water is the main product. For an oil
shale with high water content, a large amount of water is produced during heating,
and this water will continue to absorb heat and keep boiling, which hinders further
heating of the oil shale. The in situ oil-shale conversation experiment by Jilin
University was unsuccessful until the water had been removed from the water-rich oil
shale. Therefore, it is suggested that water in water-rich oil shale should be fully
removed by heating to 300°C. During this heating stage, water is gasified and can be
discharged in the recovery wells. The discharged gases need to be treated
appropriately to avoid environmental pollution.

Oil and gas begin to be produced at 300-400°C (Ro = 0.74%-0.78%), but the organic
matter has a high hydrocarbon generation potential and retains hydrocarbons, which is
when oil shale and shale oil-gas coexist. Therefore, 400°C should not be the final
temperature for in situ conversion of oil shale.

During heating from 400 to 475°C (Ro = 0.78%-1.36%), a large amount of
hydrocarbons is generated and expelled, and this stage is the shale oil-gas
accumulation zone (Fig. 13). When the oil shale is heated to 440°C, most of the oil is
expelled and the retained hydrocarbon content gradually decreases (Fig. 13), which is
thus the optimum temperature for in situ conversion of oil shale when taking into
account the heating cost and oil yield.

When the heating temperature exceeds 475°C (Ro >1.36%) the organic matter enters



the wet or dry gas (i.e., shale gas accumulation zone) generation stage. For oil shale
containing type Il kerogen, the gas production is very low at this heating stage, but for
type | kerogen oil shale (e.g., Minhe oil shale) a significant amount of gas is produced.
Accordingly, it is suggested that the final in situ conversion heating temperature of
type | kerogen oil shale should be slightly higher than for type 11 kerogen oil shale.

The discussion above is based only on laboratory experiments, and the effects of
heating time, particle size, system closure, water saturation, pressure, heating rate,
environmental issues and other factors on organic matter thermal evolution and
low-temperature products have not been taken into account. In fact, few studies have
been conducted on the thermal evolution and hydrocarbon generation characteristics
of organic matter based on in situ oil shale conversion experiments in the field. The in
situ oil shale conversion techniques of Jilin University and the Zhongcheng Group
(China) have suggested the heating temperature should exceed 400°C. A higher
heating temperature results in greater costs, but a shorter heating time can also reduce
costs. The economic significance of the heating temperature and time needs to be
evaluated in pilot field tests. In situ conversion of oil shale is a long-term and complex
process and requires further geological, environmental problems and technological
investigations to be able to properly exploit this resource.

5. Conclusions

Oil shale is an important unconventional energy source that requires in situ
conversion. Our heating experiments on oil shales have identified the products of
different heating stages, thermal evolution of organic matter, and optimum
temperature for rapid hydrocarbon generation during in situ conversion of oil shale.

During the first heating stage (room temperature to 300°C) the main products were
water and a small amount of gas, and the organic matter had a high hydrocarbon
generation potential and was immature to low-mature.

In the second heating stage (300°C-475°C), oil and gas were mainly produced, which
represents the oil generation window for oil shale under conditions of atmospheric
pressure and rapid heating. In particular, 400-440°C was the optimum temperature
interval for oil generation, in which the organic matter entered the mature stage. Even
after heating to 400°C the oil shale expelled a large amount of oil and gas, and the
organic matter still had a high hydrocarbon generation potential. Subsequently, the
hydrocarbon generation potential gradually decreased. In our experiments the S; peak
is considered to represent the maximum oil and gas saturation. The maximum OSI is
much larger for type | kerogen oil shale than for type Il kerogen oil shale.

In the final heating stage (475°C-520°C) a small amount of gas was expelled and the
organic matter has almost no hydrocarbon generation potential and is high-mature or
over-mature. A large amount of residual organic carbon remained in the final heated
samples.



These oil shale experiments provide constraints on the in situ conversion of oil shale
to shale oil—gas, and then to shale gas, during the thermal evolution of organic matter.
Our results suggest that water (oil shale with high water content) should be removed
by heating to 300°C and that the final temperature for in situ conversion is 440°C (but
slightly higher for oil shale containing type | kerogen). These constraints need pilot
field testing to be optimized.
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Figure captions

Fig.1. Sample locations and distribution of oil-shale-bearing basins in China.

Fig.

2. Schematic chart of oil shale heating. (1) Aluminium retort, (2)Heating furnace,
(3) Outlet pipe, (4) Thermocouple, (5) Cold junction thermostat, (6)
Electriccabinet, (7) Receiver, (8) Colling tank, (9) Absorbent cotton, (10)
Condenser pipe, (11)Water determination pipe, (12) Heating platform, (13) Qil
Shale

L-Low temperature carbonization of oil shale, R-Oil-water separation measuring

Fig.

Fig.

Fig.

Fig.
Fig.

device

3.Variation in the low-temperature products generated from the four oil shale
samples in the different heating steps. a. Oil yields and gas and weight loss
changes in the different heating steps. b. Variations in the semi-coke contents in
the different heating steps.

4. Changes in the TOC contents of the four oil shale samples in each heating step.
a. The residual TOC contents of the four samples at each heating step. b. A plot
of oil yields versus TOC contents for the original and heated samples.

5. Variations of the sample pyrolysis parameters in each heating step. a. S1 and
S2 values in the different heating steps. b. Variations of Pl and Tax values in the
different heating steps.

6. Relationship between S2 values and TOC contents in each heating step.

7. Plots of Tpea and S2 abundances for the Meihe oil shale samples in each
heating step. Tmax=Tpeak—39°C.

Fig.8. Maturity parameter distributions and white light and fluorescence microscopy

Fig.
Fig.

images after each heating step. The Meihe oil shale samples were selected for Ro
testing and vitrinite characterization. Tma and P1 values were also obtained from
the Meihe samples. The Minhe oil shale samples were used for maceral
observations. a)- i) with the increase of heating temperature, vitrinite colour
changes from grey to bright white, and these photomicrograohs were taken using
a 50x oil immersion objective under white light. j)-k) A high concentration of
lamalginite; 1) Pale red on lamalginite edges; m) Red on whole lamalginite; n)
The single lamalginite is invisible; 0) Exsudatinite with a strong fluorescence,
and lamalginiteonly scattered fluorescent spots remained; p) Only exsudatinite
with fluorescence; ) Rare fluorescent exsudatinite remained; r) All organic
macerals without fluorescence. All photomicrograohs (j-r) were taken using a
50x oil immersion objective under UV light.

9. Plots of Ro values versus oil yields, gas loss, TOC contents, and S, values.

10. Plot of PI versus Tmax Values for each heating step. The diagram is based on
reference [45].



Fig. 11. Organic matter discrimination diagram showing data for each heating step.
The diagrams are based on references[40, 46-48].

Fig. 12. Plots of the hydrocarbon generation ability of the samples at each heating step.
The diagrams are based on references [68-69].

Fig. 13. Model of hydrocarbon generation, oil and gas expulsion, and retained
hydrocarbons during the retorting process. A schematic representation of
unconventional hydrocarbon accumulation is also shown (modified after
reference[66]).



Table 1. Basic information about oil shale samples

Oil shale bearing

Sedimentary

Basins  Location Era Oil shale features .
layers environment
Huangxian oil shale and .
HUang- & china Formation in well-bedded and interbeddedcoal Lacustrine-swampy
xian brown in colour . environment
Paleogene deposited
Yaojie Formation well-bedded and oil shale, Lacustrine-swam
. NW, J . . . interbeddeddark Py
Minhe . in Middle greyish brown in and deep lake
China . mudstone and coal .
Jurassic colour . environment
deposited
Lucaogo oil shale and
NW, ucaogou well-bedded and | orsharea Deep lake
Junggar . Formation in . interbedded dark ]
China . dark grey in colour . environment
Upper Permian mudstone deposited
. . Lack of bedding oil shale and Lacustrine-swampy
. NE, Meihe Formation .
Meihe . (.a ¢ Formatio structure and dark interbeddedcoal and deep lake
China in Paleogene . . .
grey in colour deposited environment




Table 2.Characteristics of the low-temperature products generated from the oil shale
samples after the different heating steps.

Heating stage | 1l Il v \Y Vi \1 VI

1 0 0.20 3.15 8.08 26.08 2693 28.12 28.12

Oil yield (wt.%) 2 0 0.15 3.21 799 2611 27.02 28.15 28.17

av. 0 0.18 3.18 8.04 2610 2698 2814 2815

1 1.14 4.50 5.23 6.56 8.74 8.83 8.85 8.85

% Water yield (wt.%) 2 110 455 536 662 877 885 888 8091

2 av. 1.12 4.53 5.30 6.59 8.76 8.84 8.87 8.88

5 1 9871 9515 8634 8197 5948 5711 5533 53.45

% Semi-coke yield (Wt.%) 2  98.78 9507 8954 8213 5951 57.08 5529 5355

av. 98.75 95.11 87.94 82,05 5950 5710 5531 53.50

1 0.15 0.21 2.01 339 570 7.13 7.70 9.58

Gas and loss (wt.%) 2 0.12 0.23 1.89 326 561 7.05 7.68 9.37

av. 0.14 0.22 1.95 3.33 5.66 7.09 7.69 9.48

1 0 0.22 1.89 874 1694 1916 19.16 19.16

Oil yield (wt.%) 2 0 0.17 191 8.69 16.88 19.07 19.12 19.13

av. 0 0.20 1.90 872 1691 1912 19.14 19.15

1 0.18 0.80 1.82 435 6.31 6.51 6.58 6.60

= Water yield (wt.%) 2 0.20 0.85 1.79 427  6.19 6.57 6.59 6.61

é av. 0.19 0.83 1.81 431 6.25 6.54 6.59 6.61

é 1 99.81 9886 9422 8372 7222 6968 6839 6530

= Semi-coke yield (wt.%) 2 99.80 9883 9419 8384 7244 6966 6850 6526

av. 99.81 9885 9421 8378 7233 69.67 6845 6528

1 0.01 0.12 2.07 319 453 4.65 5.87 8.94

Gas and loss (wt.%) 2 0 0.15 211 320 449 4.70 5.79 9.00

av. 0.01 0.14 2.09 320 451 4.68 5.83 8.97

1 0 0.16 0.63 281 527 5.50 5.94 5.97

Oil yield (wt.%) 2 0 0.21 0.71 287 519 5.35 5.79 5.86

av. 0 0.19 0.67 284 523 5.43 5.87 5.92

1 0.30 1.00 1.50 210 260 2.90 3.11 3.27

% Water yield (wt.%) 2 0.40 0.95 1.39 221 273 2.89 3.15 3.36

g av. 0.35 0.98 1.45 216  2.67 2.90 3.13 3.32
>

S 1 99.70 9880 9780 9420 90.80 89.80 89.05 88.73

" Semi-coke yield (wt.%) 2 9955 9877 9781 93.89 90.67 8991 89.05 88.65

av. 99.63 9879 9781 9405 90.74 8986 89.05 88.69

1 0 0.04 0.07 089 133 1.80 1.90 2.03

Gas and loss (wt.%) 2 0.05 0.07 0.09 1.03 141 1.85 2.01 2.13

av. 0.03 0.06 0.08 096 137 1.83 1.96 2.08

= 1 0 0.31 0.87 129 270 6.70 6.80 7.00

8 Oil yield (wt.%) 2 0 026 088 122 263 671 683 686

% av. 0 0.29 0.88 126 267 6.71 6.82 6.93

= Water yield (wt.%) 1 112 1.38 2.42 321 430 5.80 5.60 5.80



2 1.09 141 2.33 316 4.27 5.73 5.59 571
av. 111 1.40 2.38 319 429 5.77 5.60 5.76
1 9883 98.04 9622 9435 9151 8329 8135 80.80
Semi-coke yield (wt.%) 2  98.84 98.03 96.27 9445 09158 8343 8128 81.08
av. 98.84 98.04 96.25 9440 9155 8336 8132 80.94
1 0.05 0.27 0.49 1.15 1.49 4.21 6.25 6.40
Gas and loss (wt.%) 2 0.07 0.30 0.52 117 152 4.13 6.30 6.35
av. 0.06 0.29 051 116 151 @ 4.17 6.28 6.38




Table 3. TOC contents and Rock—Eval pyrolysis parameters of the oil shale samples after the different heating steps.

TOC S1 S2 S3 S1+S2 Tmax HI ol
Huangxian
(wt.%) (mg/g) (°C) Pl oSl
Samples (mg HC/g TOC)
1 2 av. 1 2 av. 1 2 av. 1 2 av. av. 1 2 av.
oS 56.73 5597 56.35 342 317 330 29399 291.68 292.84 139 157 148 296.13 437 436 437 0.01 516 2.6 5.85
I 56.92 56.81 56.87 5.2 5.08 514 29416 290.57 29237 221 236 229 29751 439 438 439 0.02 514 4.0 9.04
1I 55.76 5532 5554 552 556 554 27518 27359 27439 172 193 183 279.93 439 440 440 0.02 492 3.3 9.97
o I 5245 5203 5224 6 6.02 6.01 2334 23312 23326 166 176 1.71 239.27 440 441 441 0.03 445 3.3 11.50
[
Y IV 4691 46.95 4693 7.75 7.83 7.79 171.01 169.87 17044 174 168 1.71 178.23 442 442 442 0.04 363 3.6 16.60
c
g \Y 4147 4099 4123 552 549 551 12961 12756 12859 156 1.77 1.67 13409 448 448 448 0.04 310 4.0 13.35
T VI 333 331 3320 454 438 446 3122 2958 3040 221 236 229 3486 532 526 529 0.13 91 6.9 13.43
VI 3295 3257 3276 445 415 430 1524  14.78 1501 186 199 193 1931 570 575 573 0.22 46 5.9 13.13
VI 2935 292 2928 227 198 213 8.54 7.89 8.22 114 125 120 1034 598 608 603 0.21 28 4.1 7.26
TOC S1 S2 S3 S1+S2 Tmax HI Ol
Minhe
(wt.%) (mg/qg) (°C) Pl oSl
Samples (mg HC/g TOC)
1 2 av. 1 2 av. 1 2 av. 1 2 av. av. 1 2 av.
0s 413 425 4190 543 568 556 289.26 290.73 290.00 211 198 2.05 29555 433 434 434 0.02 702 4.9 13.26
I 416 4265 4213 472 493 483 28826 291.15 289.71 178 1.89 184 29453 435 435 435 0.02 696 4.4 11.45
1I 399 4001 3996 495 489 492 27155 273.05 27230 149 176 1.63 27722 436 437 437 0.02 682 4.1 12.31
(3]
g I 378 385 3815 108 995 10.38 250.37 251.18 250.78 132 134 133 26115 436 437 437 0.04 663 35 27.20
E’ v 36.65 37.62 37.14 1461 1474 1468 22356 222.06 22281 346 3.78 3.62 23749 437 438 438 0.06 608 9.7 39.52
% \Y 3455 3496 3476 1394 13.88 1391 191.12 190.03 190.58 1.69 1.72 171 204.49 440 441 441 0.07 552 4.9 40.02
VI 277 2765 2768 547 6.79 6.13 2632 2713 2673 202 212 207 3286 443 443 443 0.19 96 75 22.15
VI 2535 2498 2517 6.99 595 6.47 8.08 7.86 7.97 045 056 051 1444 563 578 571 0.45 31 2.0 25.71



VIl 2425 2463 2444 398 347 3.73 4.06 3.45 3.76 136 147 142 7.48 594 589 592 0.50 15 5.8 15.24
TOC S1 S2 S3 S1+S2 Tmax HI Ol
Junggar
(wt.%) (mg/g) (°C) Pl oSl
Samples (mg HC/g TOC)
1 2 av. 1 2 av. 1 2 av. 1 2 av. av. 1 2 av.
oS 1445 146 1453 092 113 1.03 7346 7465 7406 1.03 115 1.09 7508 441 442 442 0.01 512 75 7.06
I 1455 1465 1460 135 159 147 7289 7391 7340 146 174 160 7487 441 442 442 0.02 504 11.0 10.07
II 1355 13.76 1366 1.6 175 168 67.36 68.1 67.73 117 135 126 6941 442 443 443 0.02 500 9.2 12.27
Q i 109 1126 1108 167 189 178 5343 5323 5333 074 097 086 5511 442 443 443 0.03 489 7.7 16.06
i v 9.7 999 985 223 241 232 3594 3619 36.07 052 065 059 3839 443 445 444 0.06 372 5.9 23.57
% \% 801 815 808 196 203 200 2029 1987 2008 068 0.83 076 2208 446 447 447 0.09 251 9.3 24.69
= VI 689 701 695 113 125 119 3.25 351 338 075 071 073 457 564 571 568 0.26 49 10.5 17.12
VI 673 675 674 076 082 0.79 2.2 1.9 205 062 058 060 284 584 589 587 0.28 30 8.9 11.72
Vil 6.65 653 659 038 045 042 1.05 1.15 1.10 0.43 05 047 1.52 600 612 606 0.27 17 7.1 6.30
TOC S1 S2 S3 S1+S2 Tmax HI Ol
Meihe Basin (wt.%) (mg/g) (°C) Pl osl
(mg HC/g TOC)
1 2 av. 1 2 av. 1 2 av. 1 2 av. av. 1 2 av.
0s 2573 2519 2546 0.85 1.12 099 10042 9923 99.83 6.09 596 6.03 100.81 426 428 427 0.01 388 23.7 3.87
I 2591 2567 2579 107 115 111 9986 101.27 100.26 261 3.01 281 10137 432 431 432 0.01 387 10.9 4.30
Il 251 2502 2506 179 183 181 9539 9617 9578 273 3.05 289 9759 436 437 437 0.02 382 115 7.22
g [ 2463 2457 2460 287 3.01 294 8329 8259 8294 241 312 277 8583 439 440 440 0.03 337 11.2 11.95
i v 238 237 2375 363 359 361 6583 66.73 66.28 3.07 356 332 69.89 442 443 443 0.05 278 14.0 15.20
"% \4 20.13 19.67 1990 221 24 231 3317 3254 3286 315 348 332 3516 448 448 448 0.07 163 16.7 11.58
= VI 1791 1756 17.74 095 102 0.99 421 5.01 4.61 191 188 1.90 5.60 534 536 535 0.18 26 10.7 5.55
VI 174 1735 1738 089 086 0.88 1.8 2.03 1.92 168 191 180 2.79 598 602 600 0.31 11 10.3 5.04
Vil 1723 16.83 17.03 056 049 053 1.35 0.95 115 253 267 260 1.68 610 615 613 0.31 7 15.3 3.08




Table 4. Ro values of the oil shale samples after the different heating steps.

Heating Heating Statistical Ro (%) Standard
stage temperature number avg. max min Error (+)  Error(-)  Dev. (%)
Os Rt 103 0.396 0.439 0.363 0.043 0.033 0.016
| Rt -185°C 121 0.496 0.534 0.451 0.038 0.045 0.020
| 185°C-300°C 116 0.629 0.714 0.557 0.085 0.072 0.036
11 300°C-350°C 136 0.737 0.821 0.671 0.084 0.066 0.035
v 350°C-400°C 119 0.779 0.878 0.701 0.099 0.078 0.037
V 400°C-440°C 114 0.869 0.957 0.74 0.088 0.129 0.053
Vi 440°C-475°C 133 1.360 1.443 1.214 0.083 0.146 0.045
Vil 475°C-500°C 141 1.488 1.598 1.351 0.110 0.137 0.057

VIl 500°C-520°C 123 1.593 1.741 1.414 0.148 0.179 0.059
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