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In-situ conversion presents a promising technique for exploiting continental oil shale formations,
characterized by highly fractured organic-rich rock. A 3D in-situ conversion model, which incorporates a
discrete fracture network, is developed using a self-developed thermal-flow-chemical (TFC) simulator.
Analysis of the model elucidates the in-situ conversion process in three stages and defines the trans-
formation of fluids into three distinct outcomes according to their end stages. The findings indicate that
kerogen decomposition increases fluid pressure, activating fractures and subsequently enhancing
permeability. A comprehensive analysis of activated fracture permeability and heating power reveals
four distinct production modes, highlighting that increasing heating power correlates with higher cu-
mulative fluid production. Activated fractures, with heightened permeability, facilitate the mobility of
heavy oil toward production wells but hinder its cracking, thereby limiting light hydrocarbon production.
Additionally, energy efficiency research demonstrates the feasibility of the in-situ conversion in terms of
energy utilization, especially when considering the surplus energy from high-fluctuation energy sources
such as wind and solar power to provide heating.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Edited by Meng-Jiao Zhou

Keywords:

In-situ conversion
Continental shale oil
Natural fracture network
TFC model

1. Introduction

Continental shale oil is a type of liquid petroleum hydrocarbon
extracted from continental oil shale formations that have not been
buried deep enough to generate hydrocarbon through natural
processes (Boak and Kleinberg, 2020). These formations contain a
solid organic compound called kerogen, which serves as the pre-
cursor of oil and gas. Since kerogen can decompose into oil and gas
when heated, the researchers suggested in-situ conversion as a
potential technique to exploit these formations (Zhao et al., 2018).
In-situ conversion is still an experimental technology, and there are
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many challenges to be overcome in terms of energy efficiency and
environmental impact. Nonetheless, it holds promise to extract oil
from shale formations that would be difficult or impossible to ac-
cess with traditional drilling methods.

In China, there are at least five shale oil projecting basins: Ordos,
Juggar, Sichuan, Songliao, and Bohai. These basins encompass
highly prolific sections of source rock, containing organic matter at
immature stages, including oil that has undergone conversion but
not yet expulsion (He et al., 2020; Wang et al., 2021; Bai and Ma,
2020; Zhao et al., 2020; Zhu et al., 2019; Zou et al., 2020). These
shale formations are naturally fractured, with early-stage thermal
maturation often causing the formation of natural fractures (Meng
etal, 2021; Zhang et al., 20173, 2017b). Therefore, they serve as the
primary storage for organic matter (Li et al., 2017; Zou et al., 2013).
As the in-situ heating process begins, the temperature changes in
the reservoir cause the kerogen bonds to break, releasing fluids that
fill the free spaces and increase the pressure within the fractures.
When the fluid pressure exceeds the tensile strength and normal
closure stress of the fractures, a shear-slip movement occurs,
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leading to an improvement in reservoir permeability (Gischig and
Preisig, 2015).

In the past years, the studies on in-situ conversion focused
primarily on the injection models carried out by Shell in the Green
River Formation (Fowler and Vinegar, 2009). For instance, Brandt
(2008) modeled the in-situ conversion process (ICP) of Shell and
revealed that the energy outputs are 1.2—1.6 times greater than the
total energy inputs. However, the greenhouse emissions are 20%
larger than the conventionally produced petroleum. Shen (2009)
simulated the heating and production process of the Mahogany
field experiments with the commercial software CMG-STARS (CMG
Software | STARS, 2023). They identified heat loss through wellbore
flows and its impact on production. Hazra (2014) conducted an
analysis of different heating schemes and configurations using the
CMG-STARS. They performed a sensitivity analysis to compare the
energy efficiency of various in-situ retorting technologies. In 2023,
Huang et al. (2023) developed a thermo-hydro-mechanical-
chemical model to investigate the mechanism and influence of
engineering parameters in in-situ conversion. Their simulation
utilized the Shell ICP injection scheme and demonstrated signifi-
cant changes in reservoir stress during the heating process. How-
ever, none of these models attempted to account for the effects of
natural fractures on permeability, either before or after kerogen
decomposition, despite their prevalence in continental oil shale
formations (Ryan et al., 2010). Fan et al. (2010) conducted a sensi-
tivity analysis of the Shell ICP but only developed a non-fractured
reservoir model with high permeability to represent natural frac-
tures. Lee et al. (2015) on the other hand, expanded the Texas A&M
University Flow and Transport Simulator (Thoram and Ehlig-
Economides, 2011) to include kerogen pyrolysis. This study incor-
porated a fracture domain to represent natural fractures, but it
mainly focused on sensitivity analysis related to fracture spacing.
Additionally, Egboga et al. (2017) examined thermal stimulation to
improve oil recovery in shale reservoirs during early-stage deple-
tion. However, their consideration of micro-fractures was relatively
simplistic, pre-setting effective permeability and effective width. In
this regard, it is observed that the studies on in-situ conversion
have explored the impacts of various factors, such as energy effi-
ciency and heating schemes, however, there has been a notable
absence of consideration for natural fractures in these models.
Those play a crucial role in reservoir permeability, and it should be
accounted for to enhance the accuracy and applicability of in-situ
conversion techniques.

These analyses also focus primarily on the study of the in-situ
conversion technique itself and do not adequately address the
availability of energy sources necessary to make this technique
feasible. Especially, considering that the continuous injection of
heat for conversion over extended periods indicates substantial
energy demands, resulting in high-energy consumption. None-
theless, studies by Shi et al. (2023) suggest that while initial high-
energy utilization efficiency during kerogen pyrolysis may seem
promising, it diminishes significantly over time due to inefficient
heating practices, highlighting the phenomenon of useless heating.
In this context, despite its energy-intensive nature, in-situ con-
version exhibits minimal demands for power supply stability.
Consequently, leveraging high power fluctuations from solar and
wind sources for in-situ conversion emerges as a viable strategy.
This alternative approach not only introduces the possibility of
utilizing shale oil reservoirs for energy storage but also presents a
promising avenue for improving sustainability and reducing costs
in oil shale exploitation processes.

In this study, assuming that the integration of renewable energy
can make in-situ conversion more sustainable and economically
viable, this article presents a thermo-fluid-chemical (TFC) model
that incorporates fractures. To begin, the new algorithm and heat
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injection system are introduced, and a three-dimensional hetero-
geneous model is established on this basis. Using this model, the
evolution processes of fracture activation, temperature, pressure
field, and various phase saturation during in-situ heating are
analyzed. Given the complexity of modeling heterogeneity of the
shale oil reservoir, the impact of two key factors on the develop-
ment process: the permeability of the activated fracture and
heating power is analyzed comprehensively. Subsequently, an
optimization scheme is proposed, addressing both development
efficiency and energy utilization efficiency.

2. Methods

In-situ conversion is a complex process that encompasses
multiphase and multicomponent flow, heat transfer, chemical re-
actions, and the activation of natural fractures. Simulating all the
detailed processes involved is challenging. Given the high density
of natural fractures in shale reservoirs, the analysis focus primarily
lies on evaluating the permeability of these fractures activated in
shale oil development. Furthermore, it is assumed that the model
comprises five distinct phase states: gas, water, light oil, heavy oil,
and solid. Within the gas phase, two components are identified:
water steam and methane. In the solid phase, two components,
kerogen and coke, are recognized. It should be noted that the solids
are considered special fluids with infinite viscosity. Notably, heavy
oil and light oil are treated as separate phases. By considering them
as separate phases rather than components within the same phase,
the model can better capture their distinct flow behaviors and
accurately represent their flow resistances based on saturation and
relative permeability.

2.1. Thermal-flow-chemical model

This research employs a comprehensive simulation approach to
model the in-situ conversion process, utilizing our self-developed
thermal-flow-chemical (TFC) coupling simulator (accessible at
IGG-Hydrate: https://gitee.com/geomech/hydrate), which has
demonstrated successful application in previous studies (e.g., Xu
et al,, 2021; Briceno M. et al.,, 2023; Zhang et al., 2023, 2024).
Here below we provide a brief overview of the models and equa-
tions involved in the in-situ conversion process.

The simulation of multiphase flow constitutes the main thread
of the entire model, given that the simulation aims to assess the
production capacity of oil and gas. It is assuming that the flow of
each fluid phase follows Darcy's law (Darcy, 1856):

_ kkr o

(—Vpa+p,8) (1)

Va
o

where v is the Darcy velocity in m/s, k is the intrinsic permeability
in mD, k; is the relative permeability, u is the fluid dynamic vis-
cosity in Pa-s, p is the fluid pressure in Pa, p is the fluid density in
kg/m3, and g is the gravity vector in m/s2. The subscript « repre-
sents the fluid phases, which includes gas, water, light oil, heavy oil,
and solid. For simplification purposes, both density p and viscosity
coefficient u are functions of fluid temperature and pressure, and it
supposes that k; 4 is a function of saturation s,.

Based on Briceno M. et al. (2023) and Zhang et al. (2023), mass
conservation applies as follow:

dppiSa
ot

= —div(pyVa) (2)

where ¢ is the porosity, t is time in s, s, is the volume fraction of
phase «, and the sum of the saturations of all phases in a pore is
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Heat transfer involves two fundamental processes: conduction
and convection. Conduction refers to the transfer of heat due to
temperature differences, while convection, often the dominant
mechanism, involves the fluid itself carrying heat and inducing
fluid flow. By analyzing the current fluid flow conditions, the model
calculates heat transfer, encompassing both conduction and con-
vection processes.

(3)

Ghear = — AVT + Z(paCaVaT) (4)
o

where qy,.,; is the heat flow, c is the specific heat in J/(kg-K), A is the
thermal conductivity in W/(m-K), T is the temperature in K. Ac-
cording to the principle of conservation of energy, the change of
temperature depends on the heat transfer:

. oT
div@pear = — ¢za: Zpacasa TPsCs | oF (5)

where p, and cs represent the bulk density in kg/m3 and the spe-
cific heat of the porous media in J/(kg-K), respectively.

In the context of chemical reactions, the focal point here re-
volves around the decomposition of components after being
heated. It is crucial to acknowledge that the importance of reaction
kinetics varies depending on the scale of the processes in question.
For reactions conducted at the laboratory scale, which typically
unfold over minutes or hours, a comprehensive grasp of kinetics is
of paramount importance. However, when scrutinizing in-situ
scenarios at the reservoir scale, where development can span a
decade or more, the significance of the reaction process diminishes.
Therefore, for this research, which centers on reservoir-scale and
multi-year development, an equilibrium reaction model to encap-
sulate the decomposition process is employed.

For the decomposition of components, it sets the existence of a
critical temperature Teq, such its decomposition only occurs when
the temperature T exceeds Teq. The decomposition process con-
sumes heat, causing a decrease in temperature. When the tem-
perature drops below Teq, the decomposition ceases. By utilizing
this approach, it becomes convenient to compute the masses of
components involved in reactions based on the temperature within
each grid cell.

To compute the thermal-flow-chemical coupling process, an
explicit method is applied. At first, the thermal-flow-chemical
framework is set defining the essential fluid properties and
chemical reactions to establish a comprehensive computational
model. Next, the calculation process in one step unfolds as follows.

1) Disregarding the heat conduction and chemical reactions, the
multiphase multicomponent flow and the heat convection
processes are calculated.

2) The heat conduction is computed, therefore, the temperature
within each grid cell is updated.

3) The reactions within each grid cell are computed. This allows
updating the mass of each component within each grid cell, as
well as the cell's temperature.

2.2. Fluids and reactions

Based on the thermal-flow-chemical coupling framework, a
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computational approach is established by incorporating fluids and
reactions during in-situ conversion. In the context of multiphase
flow, the relative permeability plays a vital role in determining the
resistance of each phase. However, acquiring relative permeability
data is notably challenging, particularly due to the presence of five
fluid phases in our model. For the sake of simplification, a modified
version of Stone's relative permeability method is employed for all
fluid phases (Stone, 1970). This approach simplifies the modeling
process by allowing the relative permeability of each fluid phase to
be calculated based on its saturation.

Sq — S e
kr,a _ a ir,a
1- Sir,a

where the residual saturation s;; is set to 0.05, and the reduction
exponent n, is fixed at 3.0.

In the case of various fluids involved in the model, density
stands as one of the most fundamental properties of fluids. The
density of methane gas is considered as a function of pressure and
temperature. The data provided by Younglove and Ely (1987) is
used, which has been fitted to the range employed in the
simulations:

(6)

6
pg = W (1.0 +0.025pg — 0.000645pg2) (7)
where pg is the density of methane gas in kg/m?>,

R =8.314]/(mol -K) is the gas constant, M, = 0.016042 kg/mol is
the molecular mass of methane, pg is the gas pressure in MPa, and T
is the temperature in K. The density of water steam is obtained from
the International Association for the Properties of Water and Steam
tables (IAPWS-IF97) (Wagner and Kretzschmar, 2019).

During the in-situ conversion, the change of fluid volume is
mainly controlled by the decomposition process and the density
change of gas phase. By contrast, the density changes of liquid and
solid phases are ignorable. Therefore, it is assumed that liquids
and solids are incompressible and assign them fixed densities.
Specifically, pyater = 985.8Kkg/m3,  pheavy ol = 980 kg/m3,
Plight oil = 797.2 kg/m?3 (Lei et al., 2016), pyerogen = 2590 kg/m?>
and pepe = 1100 kg/m3 (Zhao et al., 2021; Coal-Classification,
2023).

The viscosity of a fluid determines the resistance to fluid flow,
making it a critical factor in the assessment of productivity. The
viscosity of methane gas , is assumed dependent on both pressure
and temperature, and the fitted equation by Younglove and Ely
(1987) is used:

pg =10.3 x 1075 exp (8)

3
1005, (29)'

where ug is the viscosity of methane gas in Pa-s.

The viscosity of the water and water steam are adopted ac-
cording to the correlations for industrial applications of the Inter-
national Association for the Properties of Water and Steam given by
Wagner and Kretzschmar (2019). And to define the viscosity of
heavy oil and light oil, the Yaw's handbook of thermodynamic and
physical properties of chemical compounds is used (Yaws, 2003):

_ 1Oa+%+cT+dT2—3 9)
where p, is the viscosity of oil in Pa-s; the coefficients a, b, c, d are
defined according the fluids, for light oil are —5.0206, 894.52 K,

0.0096 K1, and —9.8 x 10-6 K~2: and for heavy oil are —4.5109,
1184.7 K, 0.0062 K1, and —5.4491 x 10-6 K 2.

Hoil
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Finally, to complete the configuration, attention must be given
to the chemical reactions between components. Although heavy oil,
light oil, and natural gas consist of mixtures with multiple com-
ponents, this model assumes that they primarily consist of doco-
sane (Cy2Hgg), undecane (C11Hz4), and methane (CHy), respectively.

The decompositions of kerogen and heavy oil are considered a
modification from Braun and Burnham (1993) and Lee et al. (2015).
The model simplifies the decomposition of kerogen into two liquid
hydrocarbons and gas, followed by heavy oil decomposing into
light oil, gas, and coke as Eq. (10). Additionally, the appearance of
water and only one type of coke are considered. The mass stoi-
chiometry factors are based on the kerogen decomposition from
Burnham and Braun (1985) and Braun and Burnham (1993), as well
as laboratory experiment observations (e.g., Guo et al., 2022; Pei
et al., 2020; Turakhanov et al., 2021; Wang et al., 2022). To enable
kerogen and heavy oil decomposition, it requires enough heat in-
jection to surpass the minimum energy barrier between reactants
and products, which is defined by the activation energy and the
temperature of decomposition. In this regard, those values are
adopted based on Lee (2014). Thus, the activation energy for both
following reactions is 161.6 kJ/mol and 206.0 kJ/mol, while corre-
sponding reaction temperatures are 565 K and 603 K, respectively.

Kerogen— 0.6Cy;Hyg + 0.1C;1Hyy + 0.1CH4 + 0.1H,0

+ 0.1Coke (10)

C22H46—>0.5C11H24 + 02CH4 -+ 0.3Coke (11)

In the model, the intricate dynamics of water phase transition
are meticulously considered, particularly as temperature increase.
This aspect is captured by modeling the phase transitions of
vaporization and condensation of water, governed by their
enthalpy changes and temperature thresholds. To precisely define
the occurrence and mechanism transition, the Antoine equation is
employed to characterize vapor pressure as a function of local
temperature (Thomson, 1946).

2.3. Fractures

In continental shale formations, natural fractures often exhibit
significant development, rendering their consideration crucial for
evaluating productivity. Since the primary role of natural fractures
is to serve as conduits for fluid flow, and the objective of this study
is to assess fluid production during in-situ conversion processes,
the focus lies primarily in considering the influence of natural
fractures from a fluid flow perspective. Initially, it is assumed the
presence of natural fractures in a cemented state or filled with
organic matter. However, when fluid pressure surpasses certain
thresholds, these fractures become activated, thereby increasing
the permeability and providing additional seepage pathways.
When an activated fracture intersects a grid cell, the increase in
permeability due to the activated fracture, as governed by the cubic
law of flow within the fracture, can be expressed as a modification
described by Li et al. (2021):

(12)

where w represents the hydraulic aperture of the activated fracture,
and L is the characteristic scale of the grid cell.

During the in-situ conversion process, the aperture of fractures
undergoes variations and their conductivity increases upon acti-
vation. The activation of fractures in unconventional reservoirs
constitutes a complex fluid-rock coupling process, which has been
extensively explored (e.g., Wang et al., 2023). However, when the
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number of fractures exceeds several thousand, the computational
demands for stress and fracture activation become immense. For
the sake of simplification, it is assumed that all open fractures have
the same aperture in this work. To assess the conditions for natural
fracture activation, we consider a set of mutually parallel infinitely
long activated fractures with spacing d and aperture w, the stress is
given by

d (13)

On=0q9 +

Here E represents the elastic modulus of the rock, and gy is the
initial stress. Assuming the tensile strength of the fractures is o, the
critical fluid pressure required for a new fracture to open is

WE

. (14)

Pc=09 +0c+

When there are many random fractures, it is difficult to calculate
the fracture spacing accurately. In such cases, it approximates as

1
d=~—
P3;

(15)
Here P3, represents the total fracture area per unit volume, char-
acterizing fracture density. Substituting this formula into the pre-
vious equation, it obtains

Dc = 0g + 0¢ + P3oWE (16)

Thus, the critical pressure for fracture activation is linearly
related to the density of already activated fractures. Specifically,
when p > g + o¢, the first fracture will activate, and as fluid pres-
sure increases, more fractures will activate. The number of newly
activated fractures is directly proportional to the increase in pres-
sure. Consequently, during model setup, a critical fluid pressure is
assigned to each fracture, and during computation, when the fluid
pressure exceeds this critical value, the fracture is set to an open
state, and the permeability of the grid cells intersected by the
activated fracture is increased accordingly.

2.4. Verification

This research presents multiphase and multicomponent models,
which were initially validated through heat flow coupling simula-
tions, classical models, and laboratory experiments (Xu et al., 2021;
Zhang et al, 2023). By incorporating kerogen and heavy oil
decomposition, the validation of the decomposition model is
necessary. In this work, basic validation is conducted using a clas-
sical heavy oil decomposition experiment conducted by Pei et al.
(2020).

Using the TFC coupling model established above, and without
considering natural fractures, a core scale in-situ conversion model
is developed. The model settings are depicted in Fig. 1(a). The
experiment configuration consists of heavy oil whose density is
1007 kg/m?3, viscosity is 191.6 Pa-s, the mass of the sample is
0.02 kg, the reactor initial temperature is 599.15 K, and reactor
pressure is 3.2 MPa. The kinetic parameters consist of the thermal
decomposition of heavy oil in 0.1807 of gas, 0.5738 of light oil, and
0.2455 of coke (expressed in mass stoichiometric factors).
Following the experiment settings, the temperature of decompo-
sition of heavy oil is set over 623.15 K with a rate constant reaction
of 1.21 x 108 s~1. During the calculation process, the mass of the
components is recorded at the outlet position which simulation
results are shown in Fig. 1(b). The result demonstrates good
agreement with the experimental data. The cracking rate fits with
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(b)

Experiment

A
A

Simulation

Heavy oil
Light oil

Content, wt%

0.7 4

0.6

0.5 4

0.4 4

0.3 A

0.2 4

Gas
Coke

A

Reaction time, d

Fig. 1. (a) The schematic diagram of equipment used for thermal cracking experiments given by Pei et al. (2020): (1) high-pressure gas bottle (air or nitrogen), (2) valve, (3) four-way
connection, (4) digital-controlled thermo-oven, (5) high pressure stainless-steel reactor, (6) oil sample, (7) pressure sensor, (8) temperature sensor, (9) data acquisition system, and
(10) computer. (b) Simulation and experiment values results of oil components. The triangles in the graph represent experimental data obtained after the thermal cracking of ultra-
heavy oil in the presence of nitrogen. This data serves as part of the verification model alongside air injection, as illustrated by Briceno et al. (2023).

the experiment data, and the appearance of the mass products
conforms closely to the stoichiometric equation. These findings
affirm the reliability of the proposed thermal-flow-chemical model.

3. Model
3.1. Heating scheme

An important issue in in-situ conversion methods is the sub-
stantial energy consumption during the heating stage. Therefore,
utilizing conventional electrical energy for heating is undoubtedly
wasteful, which constitutes a primary reason for the skepticism
surrounding in-situ conversion (Brandt, 2008). Fortunately, the
regions where China's main shale oil reservoirs are located possess

Wind-solar
power farm

In-situ

abundant solar and wind energy resources (Wang et al., 2022; Yang
et al., 2019). Solar and wind energy are characterized by significant
fluctuations, making their direct integration into the power grid
challenging. Consequently, harnessing surplus solar and wind en-
ergy from peak generation periods and utilizing it for reservoir
heating—a process depicted in Fig. 2—can significantly reduce the
costs of in-situ conversion. On the surface, the excess energy that
cannot be utilized for wind and solar power generation is directly
injected into the reservoir for heating. Within the reservoir, heating
elevates the reservoir temperature, causing kerogen and heavy oil
to decompose, increasing reservoir pressure, activating fractures,
and resulting in oil and gas production. In the following sections, it
will establish a numerical model based on this concept for further
analysis.

Power

Time

conversion

Heating

Fig. 2. Schematic representation of in-situ shale oil conversion. The injected energy is derived from wind and solar sources characterized by pronounced fluctuations that prevent
their integration into the conventional power grid as unused wasted energy. The inset in the upper right corner illustrates a typical energy fluctuation curve for solar energy
throughout the day. Within the shale oil reservoir, a network of horizontal wells is employed for heating and production, with red denoting heating wells and yellow representing

production wells.
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3.2. Natural fractures

Natural fractures in continental shale are often well developed
due to thermal maturation (Meng et al., 2021). These fractures play
a crucial role in storing organic material (Li et al., 2017; Zou et al.,
2013) and in improving the permeability of the reservoir (Gischig
and Preisig, 2015; Zhang et al.,, 2017c). Therefore, the direction
and density of fractures are critical to the development of shale oil
and gas. The Chang 7 member is well suited for the in-situ con-
version process due to its organic-rich shales of low and medium
thermal maturity, and the occurrence of delamination, which en-
ables the formation of microfractures (Fu et al., 2018; Hu et al,,
2020; Jia et al., 2016). The discrete fracture network for the Chang
7 shale is built based on fractures obtained from outcrops and
downhole cameras collected in the Weibei uplift zone of the Ordos
Basin (Li et al., 2021). This data is used to create a 3D fracture
network model of the shale gas reservoir that accounts for both the
bedding structure and natural fractures.

3.3. Model settings

In this research, the simulation model is a three-dimensional
model that comprises four horizontal wells containing electrical
heaters, and a horizontal producer well maintained at a constant
pressure of 3.0 MPa. The discrete fracture network (DFN) model for
the Chang 7 shale is built based on fractures obtained from out-
crops and downhole cameras (Fig. 3(a)). Initial saturation, organic
matter content, and porosity data for the Chang 7 member are
established based on the research conducted by Zhao et al. (2018)
(see Fig. 3(c)). Their findings reveal that the effective thickness of
the Chang 7 member is less than 20 m. Consequently, using our
self-developed simulator, a regular mesh grid is created, resulting
in a 3D model measuring 15 m x 10 m x 15 m; with a resolution of
60 x 10 x 60 grids in the x, y, and z directions respectively (see
Fig. 3(b)). It must be pointed out here that the small-scale model
can be regarded as a small part of a larger-scale model. Around,
above, and below this model, similar models can be considered
adjacent. Therefore, considering the periodicity or symmetry of the
model in three directions, both the surrounding, upper, and lower
boundaries are set as fluid-closed and adiabatic boundaries, and the
input data of initial condition and reservoir properties are listed in
Table 1. It is important to note that, although waste energy is used
for heat injection, the input power exhibits significant fluctuations.
However, due to the multi-year duration of the heat injection
process, these short-term fluctuations can be considered negligible.
Therefore, in this study, a constant injection power is still employed
in the heat injection calculations.

4. Results and discussions
4.1. TFC coupling evolution processes

The in-situ conversion of continental shale oil is a thermal-flow-
chemical coupling process, a consensus within the academic
community. However, the precise nature of this coupling evolution
during in-situ conversion and the distinctive characteristics
exhibited by the fluid, solid, heat transfer, and reaction phenomena
remains unclear based on our literature review. Therefore, this
study intends to employ the model established in the previous
section to calculate and elucidate the spatiotemporal evolution
patterns of various physical fields during the in-situ conversion,
addressing this critical gap in understanding. In this research, it is
simulated a 10-year development period under constant heating
power and constant production pressure. Through comprehensive
analysis of this 10-year process, it becomes evident that the entire
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lifecycle of in-situ conversion progresses through three distinct
stages.

1) Heating stage. This stage is characterized mainly by the contin-
uous increase in reservoir temperature while the reservoir
pressure undergoes slight variations. The temperature gradually
increases from the injection well, spreading throughout the
reservoir while remaining below the critical temperature at
which kerogen and heavy oil decompose. Consequently, the
overall impact on reservoir pressure remains relatively minor
during this stage. This is primarily attributed to the predominant
influence of material decomposition in overall reservoir pres-
sure. Such stability in pressure distinguishes the heating stage
from the subsequent stages of the process; and based on the
calculated parameters, this lasts for approximately 4 years
(Fig. 4(a)).

2) Reaction stage. The main feature of the reaction stage is the rapid
increase in fluid pressure. During the heating stage, the reser-
voir gradually reaches the critical temperature at which kerogen
decomposes, and the hydrocarbon is released (Espitalie et al.,
1977). During this stage, the injection well continues to pro-
vide heat, and the excess energy causes the cracking of kerogen
and heavy oil into lighter oil, natural gas, water, and other lower-
density components. In addition, a simultaneous vaporization of
liquid water occurs. As the volume of fluid increases, it leads to a
rise in fluid pressure within the pores and fractures (Xi, 2022).
Consequently, numerous fractures are activated (Gischig and
Preisig, 2015). As a result, the fracture's permeability increases
following the established model configuration. Based on the
calculated parameters, as shown in Figs. 4(b) and 5, the reaction
stage lasts for approximately 2 years.

3) Production stage. In this stage, the continuous decrease in fluid
pressure takes precedence. This is due to the activation of
fractures enhancing their permeability, allowing heavy oil, light
oil, natural gas, and other fluids to be produced from the pro-
duction wells, resulting in a decrease in reservoir fluid pressure
(Wang et al., 2023). Therefore, the elastic energy in the reservoir
matrix and fluids is depleted, and fluid pressure decreases to the
same level as in the production wells, consequently, the fluid
production ceases. During this stage, the viscosity of dense
fluids, such as heavy oil, decreases. Therefore, their production
increase in comparison to other fluids.

It is worth noting that the three stages defined here do not have
strict and clear time boundaries. In the heating phase, near the
injection well, where the temperature rises rapidly, component
decomposition may occur. During the reaction phase, fluid pro-
duction can begin as fluid pressure increases and/or temperature
increases reach the production well. In the production phase, there
may still be some partially remaining kerogen and heavy oil un-
dergoing continued decomposing.

Throughout the entire in-situ conversion process, the reservoir
undergoes a transition from its initially stable state. The heating of
the injection well and the opening of the production well lead to
complex phenomena, with components undergoing decomposi-
tion, resulting in the release of light fluids and their subsequent
production. Eventually, the reservoir returns to a stable state.
During the entire process, it is observed that there are approxi-
mately three end stages for fluids within the reservoir.

1) Thermal decomposition. After a sufficiently long period of
continuous heating, nearly all components thermally vulnerable
in the reservoir, including kerogen and heavy oil, will eventually
decompose. In Fig. 6(a), it can be observed that the kerogen
mass in place decreases rapidly, indicating a consistent pattern
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Fig. 3. (a) Fracture mapping from the outcrops collected in the Weibei uplift zone of the Ordos Basin (Li et al., 2021); (b) distribution map of natural cracks (based on Li et al.
(2021)); (c) geological profile of Chang 7 (data processing according to Zhao et al. (2018)).

with the verification work conducted by Lee (2014); the average 2) Fluid production. The production of fluid hydrocarbons such as

saturation of kerogen reaches nearly half of the initial saturation
after 5 years of treatment, and complete decomposition is
achieved after 7 years approximately. On the other hand, the
mass of heavy oil in the reservoir ultimately tends towards zero
(Fig. 6(b)). This is partly due to the flow and production of heavy
oil due to the improvement of permeability (Fig. 7(a)). However,
the role of heavy oil cracking should not be overlooked; without
cracking, a significant amount of heavy oil residue would inev-
itably remain in the pores, and there would be less light oil
available to produce.
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heavy oil and light oil depends on their susceptibility to
decomposition, their nature, and reservoir characteristics. For
gases, or fluids prone to transforming into gas-like forms (such
as water), due to their low viscosity, it is possible to achieve
almost total fluid production. Notably, the duration of gas pro-
duction, as depicted in Fig. 7(b), is distinctively longer when
compared to other fluids and gases. This extended production
duration can be attributed to the expulsion of gases resulting
from the cracking of heavy oil and kerogen. Conversely, the
production of water and water steam is more limited, influenced
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Table 1

Input parameters used in simulation model.
Parameters Value
Initial conditions
Initial temperature 338K
Initial pressure 20.0 x 108 Pa
Well producer pressure 3.0 x 10° Pa
Power heating 20 kW
Reservoir properties®
Matrix permeability 0.01 mD
Activated fracture’s permeability (AFP) 1.0 mD
Rock density 2500 kg/m?
Rock heat conductivity 2.0]J/m-K

Rock heat capacity
2 (Dang et al., 2016; Wood, 2022; Xue et al., 2019).

2000 J/kg-K

by the rise in temperature. Consequently, the quantity of the gas
phase that ultimately remains in the reservoir is relatively low.

3) Residue in pores. Firstly, the coke generated after the decompo-
sition of kerogen and heavy oil, being a solid fluid, will all
remain in place. Remarkably, for light oils, which demand higher
temperatures for effective cracking, a substantial quantity of oil
can be extracted during the treatment process (Fig. 6(c) and (d)).
However, simultaneously, a significant portion of oil remains
trapped within the reservoir pores. This is due to the direct ef-
fect of increased permeability on the production of fluids. The
accelerated flow and rapid drainage, facilitated by increased
permeability, promote a reduction in pressure, depleting the
reservoir's energy reserves. As a result, the drainage of light oil
becomes less efficient over time. Therefore, it can be concluded
that given a sufficiently extended treatment period, the pre-
dominant composition of the residual oil within the pores will
largely consist of light oil.

It should be noted that after prolonged heating and production,
the end stages of fluids might not be unique. For example, heavy oil
may either be cracked or produced directly as a fluid. Similarly, light
oil can be both produced as a fluid and have a portion remaining in
the pores.

In summary, in this section, an analysis of the geological features
of the Chang 7 formation and calculated the in-situ conversion
process under a constant heating power of 20 kW was conducted.
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Fig. 5. Curve depicting the temporal evolution of natural fracture activation proportion
within the reservoir during in-situ conversion. The activation proportion of natural
fractures is defined as the ratio between the number of activated natural fractures and
the total number of fractures. The three small insets in the figure represent the state of
fracture activation corresponding to the moments marked by circles on the curve, with
red denoting activated fractures and blue representing natural fractures that remain
inactive.

Here, three distinct stages in the entire lifecycle of in-situ conver-
sion and three possible outcomes for reservoir materials were
identified. However, since in situ conversion is a typical thermo-
fluid coupled process, both fluid flow and heat injection can have
an impact on chemical reactions and production. Depending on the
reservoir permeability and heating power conditions, the in-situ
conversion process may exhibit varying characteristics. Therefore,
based on the calculations presented in this section, permeability,
and heating power are adjusted to investigate their influence on the
in-situ conversion process.

4.2. Effects of activated fracture's permeability

Due to the low permeability of the shale matrix, in the case of
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Fig. 4. Temporal and spatial evolution of reservoir (a) temperature and (b) pressure during in-situ conversion. The curves in the figure represent the average temperature or
pressure within the reservoir, while the insets depict three-dimensional temperature or pressure fields corresponding to the moments marked by circles on the curves.
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Fig. 6. Temporal evolution curves of reservoir (a) kerogen mass, (b) heavy oil mass, (c) light oil mass, (d) methane gas mass, (e) steam mass, and (f) water mass during in-situ
conversion. The small insets within each graph depict the three-dimensional saturation fields of the fluids corresponding to the moments marked by circles on the curves.
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Fig. 7. (a) Cumulative mass of fluid production and (b) fluid production rate over time during in-situ conversion process.

naturally highly developed continental shale with abundant frac-
tures, the reservoir's permeability is primarily controlled by the
activated fracture's permeability (AFP). In general, the flow capacity
of fractures can be calculated using the cubic law. However, it is
challenging to determine the aperture of fractures accurately when
numerous fractures are present. In addition, due to the often
tortuous and rough nature of fracture surfaces, there can be sig-
nificant differences between the hydraulic aperture that governs
fracture flow and the mechanical aperture calculated based on
stress equilibrium. Therefore, assessing the increase in perme-
ability resulting from fracture activation is quite demanding. Hence,
this study treats AFP as a variable and investigates the impact of AFP
on the in-situ conversion process. For this purpose, injection is
maintained at a constant heating power of 19.5 kW, and a cumu-
lative 10-year heating development process is calculated for
various levels of activated fracture permeability. This allows us to
observe the effects of AFP on the in-situ conversion process and
hydrocarbon production.

First, from the computational results, higher AFP indeed en-
hances fluid production. From Fig. 8, it becomes evident that the
total production mass of fluids increases initially with higher AFP.
However, as the AFP increases, the increment in total production
mass varies for each fluid type and becomes smaller. Fig. 9 shows
that when the AFP is greater than 1.0 mD, the total production mass
of hydrocarbons is almost independent of AFP. This indicates that,
over a 10-year development period, AFP exceeding 1.0 mD is no
longer the bottleneck for fluid production.

Secondly, as denoted above, AFP has different effects on the
production of different fluids. For heavy hydrocarbons, Fig. 8(a) and
(b) demonstrate that high AFP enhances heavy oil production. With
the increase in AFP, the final production mass of heavy oil after 10
years gradually increases. However, after the AFP exceeds 1.0 mD,
the further increase no longer significantly promotes heavy oil
production. Furthermore, when comparing the saturation distri-
bution of heavy oil under different AFP conditions at the same
moment, as depicted in subplots in Fig. 8(a), higher AFP leads to
lower residual saturation of heavy oil in the reservoir. The main
reason for the promotion of heavy oil production by increased AFP
lies in the high viscosity of heavy oil, which creates a significant
flow resistance and acts as the primary bottleneck in heavy oil
production. Therefore, increased AFP proves advantageous for
heavy oil production.

The effect of AFP on the production of light oil and natural gas
differs significantly from its effect on heavy oil. Since the total mass
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of hydrocarbon fluids in the reservoir is fixed, and heavy oil can be
cracked to form light oil and natural gas, to some extent, the pro-
duction of heavy components and light components competes. As
AFP increases, heavy oil production rises, which in turn diminishes
the quality of light oil and natural gas generated through cracking,
resulting in a decline in the cumulative production mass of light oil
and natural gas with increasing AFP. This result also indicates that
the primary bottleneck in the production of light oil and natural gas
is not AFP, but rather the availability of a sufficient amount of heavy
oil to crack during heating. Observing the cumulative production
curves of light oil and natural gas, as shown in Fig. 8(d) and (f), a
reduction in AFP delays the onset of fluid production; however,
once production begins, higher production rates can be maintained.
It is noteworthy that the sustained higher rates are contingent upon
maintaining the reservoir's energy at an appropriate level. Since, as
mentioned in the previous section and seen in Fig. 9, high AFP leads
to a decrease in the reservoir's energy, limiting the effective pro-
duction of light hydrocarbons, as observed in the saturation dis-
tribution subplots (Fig. 8(c) and (e)). Therefore, appropriately
reducing AFP proves beneficial for the generation of light compo-
nents, leading to the production of more light oil and natural gas.

In summary, AFP plays a pivotal role in both fluid production
and heavy oil upgrading processes. Low AFP not only promotes the
saturation of light hydrocarbons but also contributes to maintain-
ing reservoir energy. Consequently, it is recommended to avoid
heavy oil production simultaneously with treatment to promote
heavy oil upgrading, increase reservoir pressure, and promote the
activation of fracture. These findings align with the conclusions of
Shi et al. (2023) regarding the benefits of maintaining high pres-
sures during injection before initiating production, which facilitates
oil exploitation. Once the pressure has significantly increased and a
considerable injection time has elapsed, the production of light
hydrocarbons can be initiated to maximize fluid production and
quality.

4.3. Effects of heating power

Since heat injection is the fundamental driving force for in-situ
conversion of continental shale, it is undoubtedly clear that the
amount of heat input will inevitably have an impact on in-situ
conversion. In this research, a constant heating power is
employed to maintain the shale at an optimal temperature for
efficient and controlled kerogen decomposition. To analyze the
impact of different energy inputs on resulting production, a
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Fig. 8. Cumulative mass production of (a) heavy oil, (c) light oil, and (e) methane gas as a function of AFP in mD, along with cumulative mass production of (b) heavy oil, (d) light oil,
and (f) methane gas over time under different AFP conditions. Insets in (a), (c), and (e) illustrate the three-dimensional saturation fields of fluids at typical times (time labels below
the insets) corresponding to permeability conditions marked by circles on the curves. All results correspond to a heating power of 19.5 kW.

sensitivity analysis is conducted. The simulations are performed
with an AFP of 10.0 mD.

The results indicate that the cumulative hydrocarbon produc-
tion increases significantly with higher heating power levels,
demonstrating a strong correlation between temperature and
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chemical decomposition. Specifically, the results shown in
Fig. 10(b), (d), and (f) illustrate that temperature increases lead to
higher fluid production and directly influence the onset of pro-
duction. As the heating power increases, the temperature within
the reservoir evolves more rapidly, reaching the producing wells
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more quickly and allowing for improved flow mobility (Briceno
et al,, 2023).

Furthermore, cumulative production reaches a satisfactory level
at a heating power of 14 kW, where the average reservoir tem-
perature exceeds 580 K, surpassing the decomposition temperature
threshold (Fig. 11). While heat injection continues beyond 16.5 kW,
increasing cumulative production, it becomes evident that the rate
of production growth slows considerably. This deceleration can be
attributed to the complete decomposition of kerogen. Remarkably,
as the heating power exceeds 17 kW, heavy oil production experi-
ences a noticeable decline (Fig. 10(a)). This decline occurs because
the elevated temperatures at this energy level surpass the heavy oil
cracking temperature, leading to increased saturation of light hy-
drocarbons (as shown in the subplots in Fig. 10(c) and (d)). Essen-
tially, despite the production slowdown due to complete kerogen
decomposition, the continued heat injection promotes heavy oil
cracking, resulting in increased saturation of light hydrocarbons.

In summary, the findings underscore the importance of
achieving a delicate balance in heating power within the reservoir.
Sufficient heating power is required to initiate kerogen decompo-
sition, but a critical temperature threshold exists that, once
exceeded, can significantly enhance the oil quality, leading to
increased production of lighter hydrocarbons. However, it is crucial
not to surpass this threshold, as excess energy becomes redundant
and results in energy wastage.

4.4. Comprehensive mode analysis

In the previous sections, the primary roles of AFP (the activated
fracture's permeability) and heat injection in thermal recovery
have been established. AFP defines the channels for fluid conduc-
tion resulting from decomposition to the production well, while
temperature changes provide the energy necessary to initiate
chemical reactions. To provide a more detailed analysis of the ef-
fects of AFP and heat injection, the cumulative production varia-
tions of the products obtained by combining both parameters are
investigated. To achieve this, over four hundred cases are
simulated.

The results are presented graphically in Fig. 12(a)—(d). The x and
y coordinates represent AFP and heating power, respectively, while
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the z coordinates and the color of the surface represent cumulative
production. From these results, four distinct modes of the in-situ
conversion process emerge with varying heat power and fracture
permeability.

1) Ineffective heating mode. In our analysis of the effects of AFP and
heating power, a critical observation emerges regarding the
heating power's impact. At an AFP of 10.0 mD and a develop-
ment period of 10 years, a threshold heating power exists where
there is no fluid conversion and production. This means that a
heat injection below this power will not provide the energy
necessary to achieve the minimum temperature for the
decomposition of the components. It is evident that a heating
power threshold exists under different AFP conditions, and this
minimum injection remains almost the same across varying AFP
conditions. In the context of this study, this threshold is
approximately 13 kW. When heating power is below this
threshold, the cumulative production of natural gas, light oil, or
heavy oil is nearly zero. Therefore, regardless of reservoir con-
ditions, in-situ conversion development must ensure a certain
heating power as a prerequisite for fluid conversion and
production.

2) Heavy oil optimal mode. Earlier analyses of AFP have suggested
that higher AFP generally favors heavy oil production. However,
through comprehensive analysis becomes apparent that the
influence of AFP is not consistent across different heating power
levels. Specifically, when heating power slightly surpasses the
critical threshold and AFP is relatively high, it becomes most
favorable to heavy oil production. Conversely, in scenarios with
low AFP, heavy oil mobility is insufficient. Additionally, exces-
sive heating power leads to increased cracking of heavy oil into
light oil and natural gas. Both conditions contribute to a
reduction in heavy oil production to some extent.

3) Light oil optimal mode. In the same context, the analysis of AFP
indicated that relatively low AFP is favorable for light oil and
natural gas production. The comprehensive analysis shows that,
under different heating power levels, the effect of AFP is not
uniform. Specifically, when heating power exceeds the critical
power by a certain margin, and AFP is relatively low, it is most
favorable for light oil and natural gas production. Conversely, if
AFP is high, more heavy oil is produced, leading to a decrease in
the amount of light oil and natural gas generated. If heating
power is too low, the energy required for heavy oil cracking is
insufficient. In both cases, light oil and natural gas production is
reduced to some extent.

4) Competing mode. In cases where the production threshold is
exceeded by heating power and does not align with either the
heavy oil optimal mode or the light oil optimal mode, it can be
defined as a competing mode. Under the conditions of the
competing mode, neither heavy oil nor light fluids are produced
under the most favorable conditions. This competing mode can
be further divided into two sub-regions, each governed by its
own unique mechanisms. It is observed that in these two sub-
regions, when both AFP and heating power are relatively high,
heavy oil production is favored by the high AFP, but higher
heating promotes the cracking of heavy oil into light compo-
nents. Alternatively, when AFP and heating power are relatively
low, low AFP is conducive to light component production, but
low heating power is unfavorable for heavy oil cracking.

It is important to note that this classification of modes just
represents a trend. The heavy oil priority mode does not necessarily
mean that more heavy oil is produced than light oil, but rather that
it is the optimal mode for heavy oil development. Similarly, the
light oil priority mode does not necessarily mean that the quality of



Z.-B. Zhang, M,J. Briceiio Montilla, S.-D. Li et al.

(C)

Cumulative production, ton

(c)

Cumulative production, ton

(e)

Cumulative production, ton

500

450

400

350

300

250

200

150

100

50

200

180

140

120

100

80

60

40

20

200

180

160

140

120

100

80

60

40

20

~-60 years

~60 years

Time = Time =

i Heavy oil saturation
0 0.5 1.0
7 |
O T T T T T T T T T
10 1" 12 13 14 15 16 17 18 19 20
Power, kW
. -80Ye%®
Time = 8
1 Light oil saturation
0 Oi5 1.0
S . T T T T T T T T
10 1" 12 13 14 15 16 17 18 19 20
Power, kW
1 ~100
Time = 10
1 Gas saturation
0 0.5 1.0
1 |
@)
T T T T T T T T T
10 " 12 13 14 15 16 17 18 19 20

Power, kW

(b) 300

250

200

150

100

Cumulative production, ton

50

(d) 140

120

100

80

60

40

Cumulative production, ton

20

(f) 140

120

100

80

60

40

Cumulative production, ton

20

Petroleum Science 21 (2024) 2485—2501

13.0 kW, 10.0 mD
15.0 kW, 10.0 mD
19.5kW, 10.0 mD

5 6 7 8 9 10
Time, years
13.0 KW, 10.0 mD
15.0 kW, 10.0 mD
19.5 kW, 10.0 mD
5 6 7 8 9 10
Time, years
13.0 kW, 10.0 mD
15.0 KW, 10.0 mD
19.5 kW, 10.0 mD
4 5 6 7 8 9 10
Time, years

Fig. 10. Cumulative mass production of (a) heavy oil, (c) light oil, and (e) methane gas vs. heating power curves, and (b) cumulative mass production of heavy oil, (d) light oil, and (f)
methane gas vs. time curves under different heating power conditions. The insets in figures (a), (c), and (e) depict three-dimensional saturation fields of fluids at typical times (times
marked below the insets) corresponding to the heating power conditions marked with circles on the curves. All results correspond to an AFP of 10 mD.
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modes.

In summary, under different AFP conditions, the in-situ con-
version process exhibits these four modes with varying heating
power. First, it is crucial to avoid falling into the ineffective heating
mode. Second, under effective heating conditions, if the goal is to
produce more heavy oil, heating power should be reduced appro-
priately, and fluids should be produced as quickly as possible.
Conversely, if the goal is to produce more light oil and natural gas,
heating power should be increased, and shut-in periods should be
applied to allow more time for heavy oil cracking.

4.5. Energy efficiency

The goal of in-situ conversion for oil and gas development is to
obtain energy, but the heating process itself consumes a significant
amount of energy. Therefore, to assess the feasibility of this in-situ
conversion approach, it is essential to analyze energy utilization
efficiency. Fan et al. (2010) proposed an efficiency measure for the
in-situ method, quantified by the external energy ratio (EER), as
introduced by Brandt (2008).

Eout

in

EER= (17)

In this context, Eoy¢ represents the higher heating value of the

final refined product output, calculated by multiplying the final
mass production of gas, light oil, and heavy oil for each simulation

120 240
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production, ton
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heating mode

Competing mode
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Fig. 12. After 10 years of in-situ conversion development, trends in the mass of (a) methane gas, (b) light oil, (c) heavy oil as a function of heating power and AFP in mD. Each small
black dot in the figure represents a computational case, while the colored surfaces represent results smoothed based on these cases. (d) Presents a dimensional surface illustrating
the four different modes that emerge with the variation of fracture permeability and injection power, providing a conclusive overview integrating the findings from the first three
plots.
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Fig.13. (a) Trends in the energy utilization efficiency of in-situ conversion development as a function of heating power and AFP in mD. Each small black dot in the figure represents
a computational case, while the colored surfaces represent results smoothed based on these cases. (b) Time-dependent variations in energy utilization efficiency under different

heating power and reservoir permeability conditions.

case by their respective heat values. These heat values, derived
from the standard heat released during combustion (World Nuclear
Association, 2023), typically range from 55 M]/kg for gas to 47 M]/
kg for liquid oil. While E;,, represents the primary energy input from
the external energy system, computed by multiplying the power
injected by the simulation time. In their studies, Fan et al. (2010)
and Huang et al. (2023) focused on analyzing efficiency ratios us-
ing a hexagonal injection pattern of the shell ICP method, assuming
a 90% recovery efficiency of the system. In contrast, our research
determines the energy efficiency ratio based on the cumulative
production of various hydrocarbons (heavy oil, light oil, and gas)
achieved in each simulation case.

Overall, except in cases of ineffective heating mode, the EER for
in-situ conversion is about 4 (Fig. 13). In simpler terms, for each unit
of energy used for heating, theoretically, around 4.0 units of heat
are produced during fluid combustion. Specifically, when the
heating power slightly exceeds the critical level, and the reservoir
fracture permeability is high, as seen in the heavy oil optimal mode,
the EER is highest, reaching around 5. Moreover, since in-situ
conversion can handle short-term fluctuations in heating power,
it can effectively use waste energy from wind and solar sources,
which is almost cost-free. Therefore, economically speaking, this
method of using waste energy for heating is feasible.

Furthermore, to simplify the calculations, continuous heat in-
jection at a constant power level is assumed over a 10-year period
of hydrocarbon production. However, through our analysis,
considering the effects of heating power and referencing the find-
ings of Shi et al. (2023) on injection energy and productivity, it is
revealed that maintaining constant injection energy may not be
necessary throughout the entire treatment duration. This is
attributed that the decomposition of kerogen occurs at earlier
stages, leading to a reduction in required energy input over time. A
more effective strategy would involve applying higher power
heating in the early stages of in-situ conversion and subsequently
lowering the heating power as the temperature reaches the point of
kerogen and heavy oil cracking. As shown in Fig. 13(b), under
different conditions, the EER exhibits an initial ascent followed by a
subsequent decline over time, indicating that continued heating
beyond a certain stage does not yield additional benefits. Therefore,
in the design of the actual in-situ conversion process, it is crucial to
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consider using different heating powers at different stages. Such an
optimization strategy will result in higher energy utilization effi-
ciency than the values predicted in this paper.

Consequently, the actual injection energy input in practical ap-
plications is lower than what was simulated, suggesting that the
presented EER values are underestimated. Recognizing this obser-
vation is essential as it underscores the potential for even greater
energy efficiency in real-world implementations of the in-situ
conversion method. These insights provide valuable guidance for
optimizing the energy input strategy, contributing to a more ac-
curate evaluation of the method's overall efficiency and applica-
bility in the context of sustainable energy practices.

In summary, this in-situ development method for continental
shale oil is feasible in terms of energy utilization. Additionally,
when considering the utilization of waste energy and the potential
improvement in energy utilization efficiency through the optimi-
zation of injection power over time, this in-situ conversion method
has the potential to become a promising approach for future con-
tinental shale oil development.

5. Conclusions

In-situ conversion is one of the potential methods for devel-
oping shale oil in continental shale reservoirs. However, the sig-
nificant energy requirements associated with this approach pose
challenges to its implementation. To address this issue, this
research proposes a scheme to employ excess energy from wind
and solar sources to provide heating within the reservoir, thereby
rendering this method more feasible. Hence, assuming the imple-
mentation of this approach, a three-dimensional heterogeneous
computational model, considering natural fractures, has been
developed. Based on this model, the paper investigates the char-
acteristics of phase evolution and optimization strategies for in-situ
transformation during the heating process. The primary conclu-
sions are as follows:

Firstly, an analysis of the entire life cycle of in-situ conversion
development was conducted. It was observed that the stages of
heating, reaction, and production do not occur simultaneously, but
can be roughly categorized in terms of time as the heating stage,
reaction stage, and production stage. In the reaction stage,
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decomposition leads to an increase in fluid pressure, which in turn
activates fractures. Fracture activation is a critical factor in ensuring
reservoir permeability during subsequent production stages.
Additionally, after a sufficiently long period of heating develop-
ment, reservoir fluids have three possible fates: thermal cracking
(mainly including kerogen and heavy oil), production (light oil,
natural gas, water), and pore residuals (coke and light oil).

Secondly, the paper clarifies the roles of activated fracture's
permeability (AFP) and heating power in the in-situ conversion
process. In general, bigger AFP is advantageous for overall pro-
duction and for boosting heavy oil production but may suppress
light oil and natural gas production. On the other hand, increasing
heating power is favorable for light oil and natural gas production.
However, in-situ conversion only takes place when the heating
power exceeds the minimum power to surpass the temperature of
decomposition.

Thirdly, a comprehensive analysis of the effects of AFP and
heating power reveals four in-situ conversion modes in a coordi-
nate system formed by these two factors: ineffective heating mode,
heavy oil optimal mode, light oil optimal mode, and competing mode.
During production, it is essential to avoid falling into the ineffective
heating mode. To obtain more heavy oil, it is advisable to increase
permeability and maintain low heating power to make it in the
heavy oil optimal mode. For those aiming to acquire more light oil
and natural gas, production should be delayed to some extent, and
heating power should be increased to make it in the light oil optimal
mode.

Finally, the energy utilization efficiency of in-situ conversion
under different conditions is analyzed. Under the condition of
injecting one unit of energy, in-situ conversion can develop
approximately 4.0 units of energy. Considering that, the injected
energy comes from wasted wind and solar energy, the in-situ
conversion method is feasible in terms of energy utilization.

In summary, this paper provides a quantitative analysis of the
in-situ conversion production process through numerical simula-
tions, focusing on a particular reservoir. While specific numerical
values, such as heating power and production rates, may not be
directly applicable to other reservoirs, the patterns revealed are
universal and enhance our comprehension of the in-situ conversion
process.
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