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Abstract:

This paper investigates the influence of reaction atmosphere and operation parameters of
the lightening process under high temperature and high pressure on high-viscosity shale
oil using an experimental approach. Two types of experiments were implemented, one
involving a thermogravimetric analyzer and another using an autoclave to carry out the
lightening process. By these two kinds of experiments, the effects of reaction atmosphere
and operation parameters on the lightening efficiency were clarified. As for the reaction
atmosphere, the effects of CO», Ny and air were separately evaluated. As for the operation
parameters, the effects of heating rate and formation rock were investigated. The results
indicate that under a CO, atmosphere, the lightening reaction is more intense than that
under the other two gas phases, and it gains the highest reaction rate. Part of the minerals
in the formation rock can be treated as catalyst in the shale oil lightening process. With the
formation rock being present, the reaction rate increases significantly and higher contents
of light components are obtained in both the lightened shale oil and gas phase. For the
kinetic parameters in the lightening process, proportional relationships between the kinetic
parameters and heating rates under CO, atmosphere with and without formation rock were
identified. The findings of this study can provide guidance for enhancing high-viscosity
shale oil using an in-situ lightening process.

1. Introduction

temperature Supercritical CO, (ScCO;) injection process has
been introduced, which has been proven as one of the most

With the declining production of conventional oil, research
on shale oil reserves is increasingly focused on by scholars
due to the huge reserves of shale oil was found all over the
world (Guo et al., 2024a; Ren et al., 2024). For most shale
oil reserves in the western part of China, one of the most
significant characteristics is high viscosity and low maturity
(Zhao et al., 2018; Feng et al., 2020), which results in a low
oil recovery factor using the conventional recovery method.
To boost the recovery of high-viscosity shale oil, the high-

efficient approaches (Shabib-Asl et al., 2020; Yu et al., 2021).
In the high-temperature ScCO, injection process, the liquid
hydrocarbon can be produced mainly by the mechanisms of
shale oil lightening, gas drive (Gong and Gu, 2015a), and
extraction of light components (Gong and Gu, 2015b; Gao
et al.,, 2021; Zhao et al., 2021). To clarify the mechanisms
of shale oil production using the high-temperature ScCO; in-
jection process, scholars have conducted various experimental
studies evaluating different parameters.
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The shale oil lightening process can be described as one
where high-temperature gas is injected into the in-situ reser-
voir, resulting in evaporation, oxidation, gasification, pyrolysis
etc., so that the high-viscosity shale oil is transferred into light
oil and gas phase (Guo et al., 2024a; Wang et al., 2024; Zhao
et al., 2024). Under the high-temperature condition, the light-
ening study of high viscous shale oil was mostly carried out
using Thermogravimetric Analyzer (TGA)-Differential Scan-
ning Calorimetry (DSC) (Al-Harahsheh et al., 2011; Chang
and Chu, 2019; Yang et al., 2022b) and High-Temperature
High-Pressure (HTHP) reaction kettle (Chang et al., 2018).
In addition, the lightening process was mainly divided into
three stages (Moine et al., 2016; Kang et al., 2020). Once
the original high-viscosity shale oil has been converted into
light oil by lightening, oil in the reservoir will have a higher
mobility, and a higher recovery factor can be obtained. The
main parameters affecting the shale oil lightening ratios are the
temperature of gas atmosphere, heating rate, end-temperature,
catalysis, etc. (Gu et al., 2024). As for the heating rate, a
previous study indicated that a higher heating rate leads to a
higher reaction rate albeit a lower reaction efficiency (Jiang
et al., 2023). With the heating rate increasing, the ratios of
olefin and alkane among the lightening products also increase
in the lightened shale oil (Lan et al., 2015). Some scholars have
indicated that by increasing the heating rate, both the active
energy and the reaction factor rise in the lightening process
(Pan et al., 2015). However, other studies found no relationship
between the heating rate and active energy of the lightening
process (Syed et al., 2011); therefore, this relationship needs
to be further clarified.

The characteristics of the lightening process are different
when different gases are applied. These gases can be CO;, N,
a mixture of CO, and CHy, natural gas, etc. For various gas
phases, although similar oil properties were investigated for
both CO;, and Ny, the molecular structures of the lightened
oil were different, and CO, could improve the quantity and
quality of the derived oils (Mozaffari et al., 2022). In addition,
among these heating carriers, CO, is the best choice since it
can carry a higher amount of heat energy under high pressure
and high temperature (Kang et al., 2020). ScCOa,, that is, CO;
under a temperature higher than 31.1 °C and a pressure higher
than 7.38 MPa, has the advantages of high solubility, excellent
diffusion (Zhao et al., 2020) and high extraction efficiency (Yu
et al., 2021) when used in shale oil recovery (Jin et al., 2017;
Jia et al.,, 2019). When ScCO; is utilized in the shale oil
lightening process, a higher reactivity of the long chain of the
organic compounds can be achieved, leading to a decreased
activation energy, so that the energy will be lower and the
lightening process can occur easily (Tang et al., 2019).

When high-temperature ScCO, is employed in the in-
situ shale formation, some minerals in the shale rocks are
usually treated as catalysts in the lightening process. Generally,
previous studies have found that the catalysts enhanced the
secondary cracking of shale oil, yielding less oil and more
gas (Chang et al., 2017). Moreover, the influences of inheren-
t/additional pyrite were shown to be different, while a positive
effect on the production of light oil was observed in inherent
pyrite (Gai et al., 2014), whereas additional pyrite boosted the
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lightening of oil, thus increasing the gas yield. The presence
of minerals in the formation rock, such as the clay miner-
als, improves the initiation temperature of kerogen cracking,
enhancing the conversion ratio under the same temperature
condition (Borrego et al., 2000; Al-Harahsheh et al., 2011).
Some scholars have reported a positive influence of certain
minerals on the shale oil lightening process. Meanwhile, others
have argued that the presence of minerals does not remarkably
influence the lightening process (Pan et al., 2016). To clarify
the effect of formation rock minerals on the shale oil lightening
process applied in the targeted reservoir, this study employs a
shale sample in this process.

The proportion and type of oil components do indeed
affect the lightening performance, which has previously been
explored by scholars using different high-viscosity oil samples
(Hao et al., 2017; Quan and Xing, 2019; Yang et al., 2022b).
For example, the analysis of Saturates, Aromatics, Resins, and
Asphaltenes (SARA) was performed on oil samples. In our
previous study (Yang et al., 2022b), Fourier transform infrared
spectrometer spectroscopy tests revealed that the absorption
peaks of the studied oil samples were similar, indicating
that the chemical bonds and characteristic functional groups
were comparable. The experimental results revealed similar
lightening processes, with peak temperatures ranging from 425
to 479 °C. The thermal stability of each oil sample is closely
related to the fraction of asphaltenes, as they possess the
highest thermal stability (Zhang et al., 2015). Consequently,
as the fraction of asphaltenes in the oil increases, the TGA
plot shifts to the right. Thus, it can be deduced that the key
factors influencing the lightening process are the chemical
bonds, characteristic functional groups, and the fraction of
asphaltenes in the oil sample.

Regarding the chemical reaction stages, the kinetic pa-
rameters such as activation energy, frequency factor, reaction
order etc., were calculated in the shale oil lightening process.
Previous studies have revealed that the reaction order and
frequency factor change under different heating rates and
stages, as indicated in Table 1. From these data, one can
find that the lightening process is feasible for both light oil
(with viscosity as low as 12 mPa-s under 20 °C) and bitumen
(with viscosity as high as 68,120 mPa-s under 100 °C).
Consequently, to boost production in oil reservoirs, the high-
temperature ScCO, injection process (applying the mechanism
of lightening the heavy components into light and medium
components) can be applied for both low-viscosity and high-
viscosity oil reservoirs. For this process, the reaction order
ranges from O to 3.94 and the frequency factor ranges from
7.7 to 1.4 x 10° min~! (Murugan et al., 2012); the activation
energy ranges from 200 to 242 kJ/mol, and the frequency
factor ranges from 10' to 10'® S=! (Raja et al., 2017). The
kinetic parameters in the oil lightening process are mainly
influenced by the properties of the oil sample, the gas atmo-
sphere and the heating rate. The peak temperature is usually
around 450 °C, while it can be as low as 270 °C for Athabasca
bitumen and 290 °C for saturates. This is mainly because for
saturates, the fraction of the high molecular components is
lower than that for resins and aromatics, thus the reaction
energy in the decomposition is lower and the peak temperature
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Table 1. Calculation of kinetic parameters in the oil lightening process.

Peak

Heating Activation

. Viscosity Gas Frequency
Oil sample . temperature rate energy T 1 Reference
(mPa-s) ©C) atmosphere (°C/min) (KJ/mol) factor (min™")
Athabasca 7,500 5 Murugan et
bitumen, Canada @40 °C 260-465 Np 5/10/20 25.3-86.3 7.7-1.4e al. (2012)
Neilburg field, 1,700 . 9 3 Ren et
Canada @20 °C / Ny/Air 10 136.85/131.09 1.93e°/6.63e al. (2007)
. Yang et
Canada heavy oil / 444 CO, 5/10/20 119-350 / al. (2022b)
Cold Lake, . . 6 Kapadia et
Canada / / Air/Wet air / 0.414-190 21-2.93¢ al. (2013)
Athabasca 117,242 . 7 11 Belgrave et
bitumen, Canada @20 °C 270 Air 1.67 176.3-234.7 2.27e'-1.52¢ al. (1993)
Bitumen, Italian 68,120 258.4 average Maniscalco et
refiner @100 °C 455.9-486.9 Argon 5/10/20/40  Average 577017 al. (2020)
Tahe Oilfield, 1.41¢3 . 5 Pu et
China @35 °C - Air 5 20.75-59.29 49.33-1.04e al. (2020)
457 with 113.8 with 9.52¢!? with Mens et
Shale oil / catalyst, / 10 catalyst, catalyst, al (ZgOZO)
355-451 37.28-51.32 2.30e!2-1.56¢!3 '

is also lower. For Athabasca bitumen, the gas media is air, the
decomposition process is combustion, so the peak temperature
is low. To date, many studies on the pyrolysis process on
oil shale have been conducted using experimental approaches
(Jaber and Probert, 1999; Jiang et al., 2017) and numerical
simulation methods (Syed et al., 2011; Zhao et al., 2020; Zhou
et al., 2022). Nonetheless, the lightening of shale oil has been
rarely investigated; therefore, this study mainly focuses on the
lightening process of shale oil.

The in-situ lightening process is a novel technology, rare
field application was investigated in the shale oil reservoir. But
this method has been used to lighten the oil shale, achieving
an oil recovery factor of nearly 70% in the process (Yang et
al., 2022a). This level of recovery demonstrates that lightening
can be an effective approach to enhance oil recovery in shale
reservoirs. A pilot test of this technology was conducted in the
Songliao Basin, China (Guo et al., 2024b). In total, 3,490 L
of oil and 18,000 m? of gas were produced, and the produced
oil consisted mostly of light components, over 71% of which
were n-alkanes and aromatic hydrocarbons. The success of the
pilot test applied in the oil shale indicates a high potential of
lighetening process in the shale oil reservoir.

In this paper, shale oil lightening experiments were carried
out, and the effects of various gas atmospheres, the presence
of formation rock, and the heating rate were investigated. The
experimental results indicate that for the in-sifu lightening
process, under CO, atmosphere, the lightening performance is
enhanced and the reaction rate is the highest compared to the
other two gas phases. Part of the minerals in the formation rock
could yield benefits in the shale oil lightening process, that is,
a significantly increased reaction rate and a higher content
of light components in both the lightened shale oil and gas

phase. Furthermore, proportional relationships between kinetic
parameters and heating rates in CO, atmosphere with and
without formation rock were established in the lightening pro-
cess. By means of experimental and mathematical approaches,
the mechanisms of shale oil lightening under different gas
atmospheres and the influences of various operational param-
eters were clarified, and the impact of formation rock on the
in-situ lightening of shale oil was analyzed. Additionally, the
kinetic reaction parameters of the lightening process were
determined using a mathematical model. The findings of
this study can provide valuable guidance for enhanced high-
viscosity shale oil recovery using the lightening process.

2. Experimental section
2.1 Materials

The shale oil sample and formation rock were collected
from Xinjiang Oilfield, the western part of China. Under
surface conditions, the viscosity of shale oil is 2,457 mPa-S
and the density is 0.895 g/mL. The components of shale oil
sample are listed in Table 2. From these data, one can find
that the targeted shale oil mainly includes heavy components
(Ci44), up to 76.24%. The purities of the gas media of CO, and
Ny are 99.999% and 99.99%, respectively. The components of
minerals in the formation rock can be found in Table 3.

2.2 Experimental setup

In this study, two types of experiments were implemented:
(1) The shale oil lightening process was applied in TGA under
different gas atmospheres; (2) the shale oil lightening process
under CO, atmosphere was applied in a HTHP autoclave. To
investigate the performance of shale oil weight loss and weight
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Fig. 1. Experimental setup of the shale oil lightening process using HTHP autoclave.

Table 2. Component analysis of the targeted shale oil.

Components Mgss Components Ma.ss
weight (%) weight (%)

nCeg 2.02 nCyo 4.90
nCy 2.67 nCy 5.30
nCg 3.22 nCo 4.83
nCy 297 nCp3 5.07
nCjo 3.09 nCos 3.88
nCpy 3.19 nCas 4.06
nCia 3.09 nCag 2.98
nCi3 3.52 nCyy 2.84
nCig 3.90 nCog 1.93
nCis 4.25 nCyo 1.97
nCig 4.20 nCsg 1.03
nCi7 5.04 nCs 1.35
nCig 4.33 nCszy 8.70
nCjyg 5.68 Sum 100.00

loss ratio under different gas atmospheres, a TGA (Met-
tler Toledo, TGA/DSC 3+) with a mass weight accuracy
of 0.0025% and a heating rate of up to 250 °C/min was
employed. The setup of the TGA is referred to a previous study
(Yang et al., 2022b). The experimental setup of the HTHP
autoclave mainly includes three systems, namely, injection
system, reaction system and production system, as shown in
Fig. 1. The injection system consists of a CO; gas cell and a
gas volume meter. The reaction system includes a self-created
autoclave that can withstand a pressure up to 100 MPa and a
temperature up to 900 °C, temperature and pressure transduc-
ers, a back pressure regulator that can withstand a pressure of

70 MPa, a pump, and a back pressure relief cell to pressurize
the autoclave. The production system uses a cooler to reduce
the temperature of the produced gas. An oil-gas separator is
used to separate the gas and liquid phases, and a desiccant cell
is used to dry the gas phase. Gas Chromatography (GC)-Mass
Spectrometry (MS) were implemented to determine the gas
compositions in the produced gas phase.

2.3 Experimental procedure

In the lightening process applied in the TGA, 10 ex-
periments were implemented, including 7 experiments to in-
vestigate the influence of gas atmosphere (3 experiments in
CO,/N, atmosphere and 1 experiment in air atmosphere),
and 3 experiments with shale oil and formation rock present
in a CO; atmosphere. The experimental procedure can be
summarized as follows:

1) 10 mg of shale oil was placed in the high temperature
cell in the TGA, and the TGA cell was flooded using
N».

2) Gas phases (CO,, N, and air) were introduced into the
TGA under an injection rate of 1 cc/min to maintain the
designed gas atmosphere.

3) The lightening processes in the TGA were carried out
under different heating rates (5, 10 and 20 °C/min).

4) The characteristics of the shale oil weight loss and weight
loss ratios under different gas atmosphere were studied.

Considering the shale oil lightening process applied in
the autoclave, experiments were implemented in a CO, at-
mosphere with shale oil, and with a mixture of shale oil and
formation rock. To mimic the oil saturation (70%) in the shale
oil reservoir, the volume ratio of shale oil and water were 70%
and 30% in the liquid phase. The procedures were carried out
as follows:

1) Certain amounts of different media, such as (a) 70 mL
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Table 3. Component analysis of the targeted shale oil.

Mineral Clay Barite Quartz

Potassium feldspar

Plagioclase Calcite Dolomite

Content (%) 0.838 4477 23.355

12.308

33.994 4.329 20.699

100
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Fig. 2. Lightening process of shale oil in TGA under the high-temperature ScCO, condition.

shale o0il and 30 mL brine, (b) 70 mL of shale oil
and 30 mL of brine, and 30 g of shale rock powder,
were introduced into the autoclave, respectively. Then,
the autoclave was vacuumed for at least 4 hours to make
sure that no air present in the autoclave could affect the
experiments.

2) CO, was injected into the autoclave to maintain the
pressure up to 1 MPa at room temperature.

3) The autoclave was heated up to 500 °C, then the temper-
ature was kept for 24 h.

4) The compositions of gas and oil after the lightening
process were measured.

3. Results and discussion

3.1 Characteristics of shale oil lightening

In this study, the shale oil lightening experiments in the
TGA were performed under different heating rates (5, 10 and
20 °C/min). The performances of the shale oil lightening pro-
cess under the heating rate of 20 °C/min in a CO, atmosphere
were indicated in Fig. 2. From the data, the shale oil lightening
process can be divided into four main stages. In Stage 1, when
the heating process begins, the water phase in the shale oil is
evaporated at high temperature (Syed et al., 2011; Kang et
al., 2020; Yang et al., 2022b) until it reaches around 140 °C.
The weight plot remains almost straight, and a slight drop in
the slope can be seen. In total, the weight loss ratio is 0.99%
in this stage. Due to relatively lower temperature gained in this
stage, only unseparated water in the shale oil was evaporated,
leading to almost no changes of the weight plot. From the heat

flow plot, one can find that the heat generated in Stage 1 can
support the water evaporation process.

In Stage 2, the weight plot and Differential Thermogravi-
metric (DTG) plot decreases, mainly because in the shale
oil, the gas phase, low/middle-molecular components and
aromatic hydrocarbons dissolved in the shale oil evaporate
(Jaber and Probert, 1999; Kang et al., 2020). The peak
temperature is around 276 °C, at which the summit weight
loss rate is obtained in this stage. The heat flow transfers from
positive to negative, meaning that the heat generated under
high temperature is applied in the decomposition of heavy
components, liquid evaporation, etc. This trend is different
from that obtained in our previous study (Yang et al., 2022b).
The reason is that the oil sample used in our previous study
was extra heavy oil in which the amount of light components
was smaller than that in shale oil, thus the DTG curve was
smoother. In this stage, the temperature reached up to 396 °C
and the weight loss ratio was up to 59.74%. The reactions
in Stages 1 and 2 are mainly physical reactions, and the
main products include water and low molecular components
(mainly including methane, ethane, propane and butane) (Xie
et al., 2010).

In Stage 3, when the temperature in the system reaches
396 °C, the lightening reaction process occurs. The reaction
area extends up to 558 °C and the peak temperature is 470 °C.
Compared with Stage 2, the reaction range is much smaller,
which trend is similar to those in previous studies (Yuan et
al., 2018; Jaber et al., 2000; Yang et al., 2022a). The C-C
bond in the high molecular components is broken (He et
al., 2022), so these components are cracked into gaseous light
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hydrocarbons. In addition, the ratios of methane, hydrogen,
ethane, etc. in the produced gases are boosted, with a weight
loss ratio of 34.96%. The generated energy is mainly used
to support the decomposition process, leading to negative heat
flow value in this stage. The weight loss peak in the DTG curve
reaches 0.51%/°C, meaning that the weight loss ratio is lower
than that in heavy oil (the weight loss peak is 0.72%/°C). This
is mainly because in our previous study (Yang et al., 2022b),
the oil sample, which was collected from Canada, contains
45.56 wt% of resins and asphaltene, much higher than that in
the targeted shale oil sample. The main components cracked
into low molecular components are asphaltene and resins (Kok
and Karacan, 1998; Alvarez et al., 2011), so that the cracking
rate is relatively lower in this study.

In Stage 4, the coke generated in Stage 3 is dehydro-
genated. The temperature ranges from 558 to 900 °C, although
it is much higher than that in other stages, but the weight
loss ratio is much lower. The weight in the thermogravimetric
(TG) curve for 558 and 900 °C are 4.31% and 2.96%,
respectively, so the weight loss ratio in this stage is only
1.35%, which is mainly due to two reasons: (1) The main
weight loss is hydrogen, the ratio of components increases
with the temperature rising, and the other gaseous components
(methane, ethane, etc.) are much lower in the produced gas
phase in this stage (Yang et al., 2022b). (2) The weight
of the hydrogen generated from the coke is small. When
the temperature in the system is heated up to 900 °C, the
DTG curve is almost stable at O, which means that the coke
generated in Stage 3 cannot be further dehydrogenated. In this
stage, the heat flow plot rises to a positive value and then keeps
increasing to 5.35 W/g. This indicates that most part of the
energy generated at high temperature is lost rather than used
for the decomposition of high molecular components, because
of the ratio of high molecular components left is much lower
than that in the former stages, thus no more energy is needed
in the decomposition process.

3.2 Effects of operation parameters
3.2.1 Gas atmosphere

In the shale oil lightening process, the gas atmosphere
remarkably affects the decomposition efficiency (Liu et
al.,, 2017). In this research, the study on the influence of
gas atmosphere (CO;, Ny, and air) was implemented using a
TGA. The TG and DTG plots of shale oil under a heating
rate of 20 °C/min can be seen in Fig. 3. From the data,
one can find that in the CO, atmosphere, the weight of the
shale oil sample decreases with the temperature increasing
due to decomposition in the lightening process. Under a
temperature of 200 °C, the evaporation of water phase and
light components is slower than that in other gas atmospheres.
This may be because the specific heat capacity of CO, is
relatively lower than that of N, and air, so that the heating
rate in CO; is lower. For the high molecular decomposition
process, which occurs in Stages 2 and 3, the lightening rate
is much higher for the shale oil in the CO, atmosphere than
that in the other two types of gases.
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Fig. 3. TG and DTG plots for shale oil lightening in different
gas atmospheres.

For the shale oil lightening process in air atmosphere, the
oxidation process can be divided into three stages, including
evaporation, low-temperature oxidation, and high-temperature
oxidation (Liu et al., 2019). Due to the complex lightening
process of shale oil, the trends in our experiments were not
clear, similar to previous studies (Ren et al., 2007; Liu et
al.,, 2019). When the temperature increased to around 350
°C, the first peak of DTG plot appeared. Four summits were
investigated in this plot; the weight loss rate was relatively
higher than that in the other two gases, and the highest
weight loss rate in the plot moved to a lower-temperature
area. This is mainly because for the CO, and N, atmospheres,
the weight loss of the shale oil is essentially due to the oil
decomposition process. However, in air atmosphere, because
of the exiting of O, a higher reaction rate of shale oil occurs
under high temperature, leading to a higher weight loss rate
and lower burning temperature. When the highest weight loss
rate reaches 401 °C, the weight loss ratio of the shale oil
in air atmosphere is 64.98%, but for the other two gases,
over 80% of the shale oil has decomposed when the highest
weight loss rate is obtained at around 470 °C. Therefore, the
main decomposition stages in the air atmosphere are moved
forward to a relative lower-temperature area. In the later stage,
a second lightening process was obviously investigated in the
air atmosphere between 500 to 700 °C, but this phenomenon
was not observed in the other two gas atmospheres. This
is mainly because in the lightening process with N, and
CO,, the C—C bond in the high molecular components are
mainly broken before the temperature reaches 470 °C, and
the solid carbon is left after the lightening process. Therefore,
the weight plot for N; and CO, atmosphere reaches 3.33% and
2.96%, respectively. In the CO, atmosphere, CO; increases the
hydrocarbons in the produced liquids, due to CO, providing
C and promoting the H component free radical. In this way,
the hydrocarbons in the produced liquids are boosted, so the
weight loss ratio is higher than other two gas atmospheres.

3.2.2 Formation rock

When high-temperature ScCO; is employed into the reser-
voir, some special minerals (which can be treated as catalyst)
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Fig. 5. Performance of shale oil lightening process under
different heating rates with formation rock.

in the formation significantly affect the decomposition process
(Borrego et al.,, 2000; Al-Harahsheh et al., 2011; Pan et
al., 2016). To investigate the influence of formation rock in
the lightening process, the formation rock was included in the
experiments. The rock was collected from the targeted shale
reservoir and mashed into powder. Around 10 mg shale oil and
10 mg rock were employed, and they were mixed uniformly.
The heating rates were 5, 10 and 20 °C/min, respectively. Take
the heating rate of 20 °C/min as an example, the lightening
performances of shale oil with/without rock powders can be
found in Fig. 4. From the data, one can find that in the lower-
temperature region, the weight loss rate is higher in the shale
oil with rock, due to the thermal conductivity of rock being
higher than that of the shale oil. The heat transfer rate is
also higher, the inner temperature of the rock and shale oil
mixture is higher at the same time, and the evaporation of
light components and water phase is more obvious. Thus, the
weight plot is lower for the rock and shale oil mixture.

Once the decomposition process has occurred under high
temperature, the cracking of the C-C bond in the higher-
molecule components occurs on the surface of shale oil. Since
the rock in the shale oil occupies part of the surface of the
mixture, it results in the decomposition rate being lower than
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that in the pure shale oil in a temperature range of 200 to 430
°C. However, at higher temperature, parts of the minerals in
the rock act as catalysts. With the effect of rock, the reaction
rate increases significantly in the mixture of rock and shale oil,
and the highest reaction rate reaches 0.582%/°C at 473 °C. The
reaction area moves slightly to the higher temperature region,
and the highest lightening rate changes from 470 to 473 °C.
These phenomena are different from that in a previous study
(Meng et al., 2020). The reasons might be that the tests with
pure catalyst were applied in the low- and medium-maturity
shale oil, the reaction area moved to a lower temperature area
or was similar to the lightening process without catalyst, and
different catalysts indicate various lightening performances.
The temperature at which the mass starts to decreases was
achieved changed from 6 to 102 °C forward to a range similar
to the shale oil decomposition process without catalyst. There
are several main reasons for this difference:

1) The maturity of shale oil applied in this study was
different from those in previous ones;

2) The amount of minerals that can be treated as catalyst
were small in the targeted rock;

3) The clay and solid materials in the rock powders reduced
the surface area of the shale oil, exerting a negative
influence on the lightening process;

4) Under a relatively higher heating rate, the heat process
was delayed because the temperature increased quicker
than that under a lower heating rate.

3.2.3 Heating rate

In order to investigate the effects of heating rate on the
lightening process of shale oil with the shale rock present,
heating rates of 5, 10 and 20 °C/min were implemented with
the formation rock. Taking the lightening process carried out
in a CO; atmosphere as an example, the performances were
shown in Fig. 5. From the results, one can find that for different
heating rates, similar trends in the TG plots are observed.
As the heating rate increases, the TG plots for shale oil with
rock shift to higher temperatures. This is mainly because in
the lightening process, heat is transferred from the outside
to the inner part of the shale oil. At a lower heating rate,
the temperature of the inner shale oil increases more evenly,
leading to a more gradual evaporation process. As a result,
the TG plot is lower in the lower temperature range, which
leads to a lower lightening start temperature. Once the higher
temperature areas are reached, the temperature at which the
highest lightening rates are obtained moves from 452 to 465
°C, and the lightening rate increases from 0.503 to 0.582
%/°C, under a heating rate increasing from 5 to 20 °C/min.
This is mainly because (1) the heat transformation rate rises
with the heating rate increasing; (2) the explosion time of
shale oil is relatively shorter under a lower heating rate; (3)
the frequency factor of the reaction is higher under a higher
heating rate. On the contrary, under a higher heating rate, the
temperature difference between the outside and inside of shale
oil is greater, thus it exerts a negative effect on the lightening
process.

In this study, the shale oil lightening process was performed
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Table 4. Parameters of shale oil lightening in different gas atmospheres.

Gas atmosphere + Heating rate Lightening Highest lightening rate Highest lightening
Oil sample (°C/min) range (°C) temperature (°C) rate (%/°C)
5 381-509 443 0.3814
COy + Shale oil 10 393-523 449 0.4299
20 406-544 470 0.5109
5 385-500 452 0.5027
CO; + Shale oil
with ook 10 409-512 465 0.5421
20 417-535 473 0.5816
5 380-521 448 0.3982
Nz + Shale Oil 10 395-530 462 0.4267
20 410-546 473 0.4289
24 — ' AR ' ' 14 shown in Table 4, the presence of formation rock significantly
22]Section1 guigno  SSCton3 ] ) . . . . .
1p R e 12 increases the highest lightening rates under different heating
ig e ©  rates due to the catalytic effect of the minerals in the rock. The
_ 16— A 10 2 duration of the main lightening process is shorter than that
g 1a] ,.’: g without rock, thus the lightening range is reduced. However,
3T 12 P o8 £ the highest lightening rate temperature increases to 3 to 13
= 1 . . . .
% 10lf Lo6 & °C compared to the sample without formation rock, which is
& 8l \ o mainly because the rock in the mixture has both beneficial and
sl | ---- Pressure r0.4 % negative influences on the shale oil lightening process. As for
a0 — Pressureincremental 02 n the beneficial effect, some of the minerals act as catalysts in
24! ) the lightening process. As for the negative effect, the powders
0= g e by 1| 0.0 present as an obstacle for the heat and CO, transferred into
01200 400 600 800 1000 1200 1400 the shale oil, resulting in a highest lightening rate temperature
Time (min) that is achieved relatively later. The lightening area for the CO,
Fig. 6. Pressure changes of the lightening process in the atmosphere is lower than that applied in the Ny atmosphere,
autoclave. as CO, is a better heat carrier than N,.
3.3 Lightening process in the autoclave under
23.06% in-situ reservoir conditions
I C,
ENc, In the shale oil lightening process under a ScCO, atmo-
Bl cC . sphere, the high molecular components in shale oil can be
e, 13.33% cracked into low molecular components and gas phase (Bagci
B cC and Kok, 2004; Yang et al., 2022b). In this study, the lightening

4.64%

1.19%
57.78%

Fig. 7. Components of the produced gas during the lightening

process.

under CO;, and N; atmospheres with/without rock. The re-
sults showed that the start/end temperature and the highest
lightening rate increases with the heating rate, as listed in
Table 4. This can be explained by two reasons: (1) A higher
heating rate leads to less even heat distribution within the shale
oil, causing the reaction to occur at higher temperatures; and
(2) a higher heating rate increases the frequency factors in
the lightening process, thereby boosting the reaction rate. As

performance was investigated using an autoclave with pure
shale oil, and a mixture of rock and shale oil, respectively.

3.3.1 Lightening performance of shale oil

In order to investigate the shale oil lightening performance,
the autoclave was used to conduct shale oil lightening ex-
periments at 470 °C (the highest lightening rate temperature)
under CO, atmosphere. The components of the oil samples
before and after the lightening process were measured, and
the components of the produced gas in the lightening process
were analyzed.

The pressure changes of the lightening process can be seen
in Fig. 6. From the data, one can find that the lightening
process can be divided into three sections. For Section 1 (the
first 35 min), the pressure in the autoclave is boosted due to
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the data, one can find that the main parts of the gas phases are
methane and ethane, and the fraction of these two components
is 80.84%. In the high-temperature ScCO;, atmosphere, the
long C—C bond in the oil phase is broken into a relatively
shorter C—C bond. Thus, the mobility of the shale oil is
extremely enhanced after the lightening process. Subsequently,
however, the coke is generated mainly from asphaltene in the
shale oil under high temperature (Kim and Lee, 2019). This
coke is stuck to the inner surface of the autoclave, from where
it can be collected.

When performing the shale oil lightening process in the
HTHP autoclave, the components of shale oil before and after
the lightening process were compared, as indicated in Fig.

Fig. 8. Components of shale oil before and after the lightening process.
70 1 1 1 1 1 1 1
[ without rock
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Fig. 9. Produced gas components with/without formation rock
in the lightening process.

the increasing temperature in the autoclave, so that the water
and relatively light components in the shale oil evaporate,
leading to the highest increment in pressure, reaching up to
10.68 MPa. In this section, it is mainly the physical reactions
that occur. For Section 2, the pressure keeps increasing but
the pressure incremental ratio declines. This is because the
evaporation process is completed and the high molecular
components start to break into low molecular components. The
volume increase in the lightened low molecular components
is smaller than that in the evaporation process, resulting in the
incremental decrease in pressure. In this stage, the lightening
reaction is mainly carried out and the pressure reaches up to
17.60 MPa at the end. For Section 3, the pressure increases
slowly because the reaction process essentially occurs, with
the reactions mainly being asphaltene decomposition at the
end of the lightening process (Eletskii et al., 2018), such that
the amount of generated gas is low. Once the pressure reaches
a constant value, the test is ended, with the final pressure
reaching up to 21.7 MPa.

After the lightening process, the generated gas phase and
solid carbon (coke) are observed, as indicated in Fig. 7. From

8. The component contents of the relative medium and high
molecular components in the shale oil decreased remarkably
for C¢4, especially for the components of Cpg,. This is mainly
because at high temperature, the high molecular components
were cracked into low and medium molecular components,
such that the components of C,g, were significantly decreased.
Therefore, the contents of C;, Cg, Co, C;3, Ci4, Ci5 were
extremely boosted, resulting in the modification of properties
of the shale oil such as viscosity, density, etc., leading to the
enhanced mobility of the lightened shale oil in the reservoir
and yielding a higher oil recovery factor.

3.3.2 Lightening performance in the presence of formation
rock

In order to mimic the shale oil lightening process taking
place in the in-situ shale oil reservoir, the formation rock
was introduced into the autoclave along with shale oil, water
and CO;. Because parts of the minerals in the rock act as
catalysts, both the reaction rate and the efficiency are increased
in the lightening process (Meng et al., 2020), therefore the gas
production is enhanced, as indicated in Fig. 9. From the figure,
one can find that the fractions of methane and ethane are
higher in the produced gas in the presence of formation rock.
Under the effect of catalyst, the C-C bonds in high molecular
oil components are broken easier and the activation energy is
decreased (Meng et al., 2020), thus higher fractions of methane
and ethane are found in the gas phase.
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Fig. 11. Relation of In[—In(1—a)/7?] and 1/T in the
chemical reaction stages for the shale oil lightening process
under CO, atmosphere.

Under the effect of rock, the contents of high molecular
components were significantly decreased, as shown in Fig.
10. This is mainly because after lightening, Cj¢ and higher
molecular components are cracked into relatively low molec-
ular components, that is, the lightening process mainly affect
the high molecular components in the shale oil, and under
high temperature, the long chain C—-C bonds are cracked into
short chains (Jiang et al., 2023), so that the contents of the
low/middle molecular components increase.

3.4 Determination of lightening kinetic
parameters

In this paper, to determine the kinetic parameters of the
shale oil lightening process, chemical reaction laws were
applied. In the chemical reaction process, the reaction rate
of the lightening process applied in shale oil can be expressed
as follows (Williams and Ahamad, 2000; Moine et al., 2016):

da

& =KT)f (@) n

R =18.3145 J-mol-K ™!,
The f(a) can be gained using the simplified equation:

fla)=(1-a)" “
where n represents the reaction order, which can be determined
using the line fitting-method. The temperature rate can be
described as B = dT/dr. Therefore, the equation can be
transformed into the following form:

dao A _E
— =—e F(l—a) 5
i = gc 10— )
The solution of the equation can be drawn by the Coats-
Redfern method (Coats and Redfern, 1964) for the one-order

reaction (n = 1):

—In(1-a) AR E,

In [7‘2] =In BE, ~RT (6)

From the upper two equations, a linear relationship be-
tween In [—In(1 — &)/T?] and 1/T is obtained. Once the plots
are developed, the A and E, values can be obtained by the in-
tercept and slope of the plots, respectively. The experiments of
shale oil lightening process in the CO; atmosphere were taken
as an example to determine the kinetic reaction parameters, as
indicated in Fig. 11. For the key reaction stages (Stage 2 and
Stage 3), with different heating rates, a linear relationship of
In[—In(1—a)/T?] and 1/T was gained for different stages.
The R? values for Stage 2 are higher than those for Stage 3,
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Table S. Kinetic parameters of Stages 2 and 3 in the lightening process.

Heating rate

Activation energy (KJ/mol)

Pre-exponential factor

Lightening process

(°C/min)
Stage 2 Stage 3 Stage 2 Stage 3
5 14.97 22.13 0.47 242
Without rock under
CO, atmosphere 10 20.25 32.26 3.35 35.58
20 33.49 44.14 107.69 547.26
5 16.54 39.79 0.66 68.93
With rock under
CO, atmosphere 10 17.21 49.02 0.91 653.15
20 17.47 53.70 1.99 2,697.72
5 21.56 21.74 2.84 2.14
Without rock under
N> atmosphere 10 17.27 42.04 1.39 214.53
20 15.37 47.16 1.57 985.76

10 ' ' : : : 10
— —o— 5 °C/min-do/dT
S 99 —— 10 °C/min-da/dT 0.9
= gl 20 °C/min-da/dT o8
g —+— 5 °C/min-a _
£ 71 ——10°C/min-a F07 B
%\ 6- 20 °C/min-a o6 %
3 51 05 &
[0
T 4] fg 104 8
S 37 £ /@% 03 §
‘D d ‘
g 21 4 0.2
c &
8 11 ‘ L01

0_ T T T T e _O-O

0 100 200 300 400 500 600
T(°O)

Fig. 12. Conversion rate of shale oil under different heating
rates.

mainly because the main chemical reactions took place in
Stage 3, leading to complex reactions such as decompo-
sition, high temperature oxidation, gasification, etc. (Zhou
et al.,, 2021; Zhao et al., 2022; Ogbonnaya et al., 2024).
Therefore, the conversion ratio shows various changes and the
linear relationship cannot be smooth.

According to the above relationship, the average kinetic pa-
rameters of Stages 2 and 3 in the lightening process under CO;
and N, atmosphere with and without rock were determined, as
indicated in Table 5. From these data, one can find proportional
relationships between kinetic parameters and heating rates for
the lightening process in CO; atmosphere with and without
rock. This is because when the heating rate is increased, the
reaction rate also increases and the ratio of heavy components
in the shale oil are lightened and the ratio of light components
is boosted, resulting in a greater kinetic parameter in the
experiment with a higher heating rate. The kinetic parameters
in Stage 3 are greater than those in Stage 2, due to the fact that
in Stage 2, the evaporation of light components, cracking of

functional groups with lower chemical-thermal-stability, and
low-temperature oxidation of shale oil mainly occur. In Stage
3, the cracking of heavy components into light components
mainly takes place, and the energy is used to cut the chemical
bonds of shale oil, such as the long-chain and side-chain C-C
bonds, so that the kinetic parameters are higher than those in
Stage 2. However, for the shale oil lightening process under
N, atmosphere, different trends were found: In Stage 2, the
kinetic parameters decreased with the heating rates, but for
Stage 3, an inverse relationship was obtained.

During the shale oil lightening process, the conversion
ratio (defined as the amount of shale oil was lightened over
the total shale oil) and conversion rate (defined as conversion
ratio changing within unit temperature) under CO, atmosphere
were indicated in Fig. 12. From these data, one can find that
the relative proportional relationship between the conversion
ratio (o) and reaction temperature can be gained; with the
temperature increasing, the reactions change from physical
reaction to chemical reaction, and the lightened amount of
shale oil increases, so that the conversion ratio increases with
the reaction temperature. Under different heating rates and
the same temperature, an inversely proportional relationship
between the conversion ratio and the heating rate was obtained.
Since the inner temperature cannot be boosted as high as that
outside the shale oil, this leads to the inner reaction undergoing
later than that of the outer reaction, so that the conversion
ratio is relatively lower. Under a lower reaction temperature,
the conversion rate is low, which is mainly due to the fact that
under this reaction area, a physical reaction mainly occurs
and the water phase is evaporated from the oil sample, so the
oil sample is hardly modified. With the reaction temperature
increasing, a chemical reaction occurs, so that the shale oil
is converted to relative lighter components and the conversion
rate of the shale oil is boosted. This mainly happens in Stages
2 and 3, because of the lightening process mainly occurs in
these stages, leading to higher reaction rates.

According to Friedman and Carroll’s approach (Pan et
al., 2015), the relationship of det/dT vs. 1/T with different
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Relation for different heating rates and (b) relation for different conversion ratios.

convention ratios were determined, as shown in Fig. 13. From
Fig. 13(a), in Stage 2, the conversion rate (dat/dT) increases
with the temperature rising (the conversion ratio ranges from
0.1 to 0.3), then it decreases slightly (the conversion ratio
ranges from 0.4 to 0.7). This is mainly because with the tem-
perature increasing, the physical evaporation of relatively low
components and a chemical reaction such as low temperature
oxidation occurs, leading to the increased conversion rate in
the lightening process. The conversion rate decreases slightly
after the conversion ratio reaches up to 0.4, mainly because
there are less light/medium components of shale oil that
can be evaporated and oxidized at low temperature, and the
reaction rate becomes slightly lower, up to a conversion ratio
of 0.7. For the lightening process in Stage 3, the conversion
rate is boosted significantly, mainly due to the lightening
process that has taken place; relatively high components are
cracked into low components under high temperature, and the
reaction process becomes intense, with this stage being the
key chemical reaction stage (Yang et al., 2022), leading to
the reaction rate being much higher than that under lower
temperature. The conversion rates for different conversion ratio
are shown in Fig. 13(b). With different heating rates in Stage 2,
the conversion ratio ranges from 0.1 to 0.7, and with the same
conversion ratio, the conversion rates are similar. Once the
lightening process reaches Stage 3, the conversion rate changes
remarkably with the heating rate, and a linear relationship is
observed.

The lightening process of shale oil is a new approach for
enhanced shale oil recovery, however, the application of this
method in the oil field has not been reported. Many researches
were conducted at the laboratory scale (Guo et al., 2022; Zhao
et al., 2024). Based on the previous studeis, several aspects can
be studied in the future, such as:

1) The effect of each single mineral in the formation rock;
2) Property modification of the shale formation in the light-
ening process;

3) Reactions of water-CO;,-rock under high temperature,
during the lightening process;

4) Under the couple influences of Thermo-Hydro-
Mechanical-Chemical (T-H-M-C), the reaction perfor-
mances of the lightening process;

5) Effect of oil components on the shale oil lightening
process;

6) In terms of mathematical modeling, models can be ap-
plied to predict the flow performance, considering the
effects of T-H-M-C;

7) In terms of numerical simulation, the numerical model
can indicate the flow law in both the nano-pore and the
field scale.

4. Conclusions

This paper conducted experiments on the shale oil lighten-
ing process while varying parameters such as the heating rate,
the reaction atmosphere and the presence of formation rock.
From the results, four conclusions can be drawn:

1) In the shale oil lightening process, the air atmosphere
indicates a complex reaction under high temperature, due
to the oxidation reaction occurring during the process.
Under a CO, atmosphere, the lightening reaction is more
intense than that under other gas phases, and it gains the
highest reaction rate because CO, provides the C com-
ponent and promotes the H component as free radicals.
Thus, the amount of hydrocarbons in the produced liquids
is boosted.

2) Under higher temperature stages, the minerals in the
formation rock act as catalyst in the shale oil lightening
process. In the presence of formation rock, the reaction
rate increases significantly in the mixture of rock and
shale oil, and more light components are obtained in the
lightened shale oil and the gas phase.

3) In the presence of formation rock under different heating
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rates in the high-temperature CO, atmosphere, higher
heating rate resulted in a higher lightening temperature
area of the shale oil, and the higher lightening rate in the
chemical reaction stage was investigated.

4) For the kinetic parameters of the lightening process, the
proportional relationships between kinetic parameters and
heating rates for lightening process in CO, atmosphere
with and without formation rock were obtained, but the
trends for the N, atmosphere were different.
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