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a b s t r a c t

Laminated continental shale oil reservoirs have the potential for commercial development. In this paper, 
a new simulation method for interlayer and intra-layer coupled flow in laminated shale reservoirs is 
established. This method simulates the structural characteristics of shale-sandstone longitudinal 
interlayer distribution by dual-porositysystem, and combines with chemical reaction model to char-
acterize the desorption process of ad-/absorbed oil from kerogen in shale layers. Then, the intra-layer 
and interlayer interfacial flow mechanism in the depletion process is investigated, and the contribu-
tion of interfacial flow and desorption is analyzed. The results indicate that the sandstone layer is the 
main oil-producing layer, accounting for over 90% of the total oil production. However, the interlayer 
flow and kerogen desorption in the shale layers make significant contributions, resulting in an 
enhancement of 13.41% and 42.64% in the total oil production, respectively. Additionally, the desorption 
of ad-/absorbed oil from kerogen enhances the energy of both the shale and sandstone layers, signifi-
cantly increasing their production. Moreover, higher pressure drawdown, total organic carbon (TOC) 
content, desorption rate, and horizontal permeability of sandstone layers are advantageous for the 
exploitation of shale oil.

© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi 
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http:// 

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shale oil resources are abundant globally, with great explora-
tion and development potential, and have become an important 
strategic resource for unconventional energy reserves and pro-
duction enhancement [1,2]. The study of shale oil flow mechanism 

is of great significance to optimize the development plan, improve 
the recovery rate of shale reservoir, ensure national energy secu-
rity and realize sustainable development [3–5]. Compared with 
conventional reservoirs, shale reservoirs have the characteristics 
of low porosity and low permeability, integration of source and 
reservoir, rich in organic matter, nanoscale pore development and 
strong heterogeneity [6–9].

Laminated shale reservoirs have excellent hydrocarbon bearing 
characteristics and hydrocarbon generation and hydrocarbon 
expulsion potential, which has become the primary exploration 
breakthrough direction of shale reservoirs [4]. Lamination is the 
smallest sedimentary unit within sedimentary rocks, with a single 
layer thickness of less than 1 cm [10,11]. There are various classi-
fication criteria for lamination, primarily based on mineral 
composition, abundance of organic matter, lamination 
morphology, grain size difference, and sedimentary structure 
[12–17]. Research has found that laminated shale reservoirs often 
exhibit alternating sandstone-shale interbeds, where shale oil can 
flow through the shale layers and be produced from adjacent high-
permeability sandstone layers [18]. This indicates the commercial 
development potential of laminated shale reservoirs.
The occurrence of shale oil includes free state, adsorbed state, 

and absorbed state [19]. Due to the difficulty in distinguishing 
between the adsorbed and absorbed states, they are often referred 
to collectively as the ad-/absorbed oil [20]. The free oil exists in 
inorganic pores and organic pores, and the ad-/absorbed oil exists 
on the surface and inside of kerogen [7]. Lu et al. acknowledged
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that free oil is more prone to flow, and the ad-/absorbed oil is 
difficult to flow due to the influence of oil molecular size, physi-
cochemical properties, fluid-solid interaction and binding energy 
[21]. Currently, relying on natural energy depletion is an important 
method for shale oil development [22]. It has been found that the 
compression of kerogen leads to desorption of ad-/absorbed oil 
from kerogen during depressurization in depletion extraction ex-
periments [23]. Li et al. utilized a molecular model to investigate 
the multi-component shale oil flow in kerogen and quartz nano-
pores, and discovered that desorption of shale oil can trigger the 
transformation of flow morphology [24]. Therefore, the desorption 
of ad-/absorbed oil from kerogen is also an important mechanism 

for shale oil flow, and the contribution of ad-/absorbed oil to oil 
production should not be overlooked [25].
Currently, there is limited research on the shale oil flow 

mechanisms in laminated shale reservoirs conducted by scholars 
both domestically and internationally. In terms of experiments, 
Zeng et al. conducted starting pressure gradient tests based on 
online nuclear magnetic displacement experiments, and found 
that laminated shale cores had the smallest starting pressure 
gradient and the strongest seepage capacity. Under the same 
pressure gradient, the flow rate of massive mudstone was only 10% 
of that of laminated shale [26]. Ma et al. conducted oil perme-
ability experiments under different conditions to analyze the ef-
fects of fluid viscosity, pore pressure, and water saturation on the 
flow capacity of laminated shale oil [27]. In experiments on the 
flow of shale oil in laminated shale reservoirs, the measured flow 
and pressure changes capture the overall influence of the lami-
nations. However, it is challenging to separate the specific effects 
of different layer properties on shale oil flow. Moreover, due to the 
low porosity and low permeability characteristics of shale cores, 
experiments on shale oil flow have longer durations and require 
precise measurements and significant testing time [28,29]. In 
terms of numerical simulation, Dong et al. established a concep-
tual model of shale oil reservoirs to investigate the influence of 
factors on shale oil flow, and validated the significant contribution 
of the interlayer flow mechanism in the elastic production process 
of shale oil in laminated shale reservoirs [18]. Zhao et al. estab-
lished a dynamic equivalent permeability model for laminated 
shale reservoirs, which allows for grid coarsening and accurate 
calculation of oil production during depletion recovery processes 
[30]. However, the flow of ad-/absorbed oil in kerogen was not 
considered in the above models.
In this study, we have established a simulation method to 

investigate the coupled flow mechanisms within and between 
layers in laminated shale reservoirs. The proposed method takes 
into account the differences in physical properties between the 
shale and sandstone layers in the laminated shale reservoirs. We 
employ a dual-porositysystem to describe the structural charac-
teristics of the interbedded distribution of shale and sandstone 
layers. Furthermore, we have established a chemical reaction 
model in the shale layers, which considers the flow of free oil and 
the desorption of ad-/absorbed oil. This model is used to charac-
terize the changes in fluid occurrence states and the flow pro-
cesses within the shale layers. Finally, the mechanism of intra-
interlayer interfacial flow in the depletion process of shale oil 
production is revealed, and the main controlling factors affecting 
the effective production of laminated shale oil are explored.

2. Model construction and simulation method

In this section, a characterization method for the laminated 
structure is proposed, and the desorption process of ad-/absorbed 
oil in kerogen is described using chemical reaction equations. 
Then, based on the geological characteristics of Changqing shale

reservoir, the concept model of laminated shale reservoir is 
established, and the detailed steps of chemical reaction model are 
listed.

2.1. Characterization of laminated structure

This study proposes a novel approach to characterize the 
interbedded distribution characteristics of shale and sandstone 
layers in laminated shale reservoirs. It involves using a dual-
porositysystem to equivalently represent the matrix and frac-
tures as the shale and sandstone layers, respectively (Fig. 1). In 
this approach, the matrix represents the shale layers, while the 
fractures represent the sandstone layers. There are a total of 10 
grids in the longitudinal direction, with each grid having a 
thickness of 1 m. Each grid is further divided into 3000 layers, 
resulting in a lamination thickness of 333 μm. This method has 
three advantages: (1) It enables the detailed description of the 
grid, overcoming the limitations of traditional large-scale grid 
discretization in considering the microscopic heterogeneity of 
shale reservoirs and flow processes. (2) It allows for lamination 
thickness to reach the micron scale, which better represents the 
real formations. (3) It accurately simulates the number of lami-
nations in the actual reservoir while improving computational 
speed.
Based on the parameters of Changqing shale oil reservoir, this 

paper establishes a conceptual model of shale and sandstone 
interlayer with a uniform distribution, with dimensions of 
102 m × 102 m × 10 m, using the CMG STARS module (Fig. 2). The 
model consists of a grid with dimensions of 51 × 51 × 10, where 
the grid step size is set at 2 m × 2 m × 1 m. The horizontal 
permeability of the shale layer is 0.0001 mD, while the horizontal 
permeability of the sandstone layer is 0.1 mD. The porosity of the 
shale layer is 12.69%, and the porosity of the sandstone layer is 15%. 
The initial formation pressure in the model is set at 15 MPa, and 
the formation temperature is 60 ◦ C. The specific parameters are 
shown in Table 1.

2.2. Desorption of ad-/absorbed oil

The most important characteristic of shale reservoirs is their 
richness in organic matter. The kerogen within the organic matter 
undergoes shale oil adsorption and desorption phenomena [31,32]. 
In this section, kerogen molecules are introduced into the shale 
layer, and a chemical reaction model is used to characterize the 
desorption process of ad-/absorbed oil in kerogen.

2.2.1. Definition of solid components
In the component definition section, define free oil in the shale 

layers as dodecane (C 12 H 26 ) and free oil in the sandstone layer as 
(C 12 H 26 -2), and the properties of the free oil in both layers are the 
same. The shale and sandstone layers are labeled with different 
components to track the movement of oil in the shale layers, 
facilitating the calculation of interlayer flow and the oil production 
from each layers. In shale layers, define the solid component as 
kerogen and the kerogen_2C 12 H 26 . Kerogen represents free 
kerogen, while kerogen_2C 12 H 26 represents the complex of 
kerogen and ad-/absorbed oil, and both of them are immobile. 
When defining solid components, it is necessary to input the 
corresponding molecular weight and density, which can be ob-
tained through chemical reaction Eq. (2). The specific parameters 
are shown in Table 2.

2.2.2. Initial concentration calculation of solid components
The concentration of each solid component can be calculated 

based on the initial concentration of the dissolved oil and the mole
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fraction of the dissolved oil. Assuming that the composition of 
dissolved oil in kerogen is the same as the initial composition of 
free oil in the pore space, the concentration of the dissolved oil

under the original formation pressure is 0.58 mol/mol of kerogen 
[33]. The calculation of kerogen concentration can be obtained 
according to Eq. (1) [33]. Considering the distribution range of TOC 
in the Chang7 shale reservoir is 4%, and the density of shale is 
2600 kg/m 3 . Based on the study by Lee et al., the molecular weight 
of kerogen is estimated to be 0.45 kg/mol [34]. By combining 
chemical reaction Eq. (2), the calculated solid component con-
centrations for kerogen and kerogen_2C 12 H 26 are 164.01 mol/m 3 

and 66.99 mol/m 3 , respectively. kerogen concentration is calcu-
lated as follows:

C kerogen = 
n kerogen
V b

= 
V b ρ r TOC 

/ 
M kerogen

V b
= 

ρ r TOC
M kerogen

(1)

In the equation, C kerogen represents the concentration of 
kerogen in mol/m 3 ; ρ r represents rock density in kg/m 3 ; V b rep-
resents the volume of shale in m 3 ; M kerogen represents the mo-
lecular weight of kerogen in kg/mol.

2.2.3. Establishment of chemical reaction model
In this study, the conversion between the dissolved phase and 

the free phase is simulated using a non-equilibrium mass transfer 
model. This approach is employed because the non-equilibrium 

mass transfer model can simulate both chemical reactions and 
interphase mass transfer processes [35]. In this method, free oil is 
represented as a liquid component that can flow, while ad-/ 
absorbed oil is represented as a solid component that cannot flow. 
In the initial state, free oil is distributed in both the shale layers 
and the sandstone layers, while ad-/absorbed oil is only distrib-
uted in the shale layers.

Fig. 1. Diagram of she-sandstone interbedding characterized by dual-porositysystem.

Fig. 2. Conceptual model of laminated shale reservoirs.

Table 1
Parameters of the model in the numerical simulations.

Parameters Shale formation Sandstone formation

Number of grids 51 × 51 × 10 51 × 51 × 10
Grid step size, m 2 × 2 × 1 2 × 2 × 1 
Number of layers 15,000 15,000
Layer thickness, m 3.33 × 10 − 4 3.33 × 10 − 4 

Porosity, % 12.69 15
Horizontal permeability, mD 0.0001 0.1
Initial formation pressure, MPa 15 15
Oil saturation, % 100 100

Table 2
Table of basic parameters of shale formation.

Parameters Shale formation

TOC, % 4
Molecular weight of kerogen, kg/mol 0.45
Molecular weight of kerogen_2C 12 H 26 , kg/mol 0.79
Molecular weight of dodecane, kg/mol 0.17
Initial concentration of kerogen, mol/m 3 164.01
Initial concentration of kerogen_2C 12 H 26 , mol/m 3 66.99
Density of kerogen, kg/m 3 1400
Density of kerogen_2C 12 H 26 , kg/m 3 1550
Density of shale, kg/m 3 2600
Frequency factor 0.01
Order of reaction 1
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In this study, CMG STARS (version: 2020) was chosen to 
establish a chemical reaction model to characterize the utilization 
process of ad-/absorbed oil in kerogen. The assumptions of the 
chemical reaction model are as follows [36]: (1) kerogen is a pure 
substance with a uniform molecular structure; (2) temperature is 
constant; (3) the volume change of kerogen due to fluid desorp-
tion can be neglected. This study only considers the desorption 
process of ad-/absorbed oil from kerogen in the shale layers. The 
chemical reaction equation was established as shown in Eq. (2), 
and it represents the desorption kerogen_2C 12 H 26 from kerogen, 
resulting in the formation of free kerogen and ad-/absorbed oil. 
Free kerogen represents kerogen without any oil component 
dissolved within it. In this study, the stoichiometric number of 
the C 12 H 26 is set to 2. The stoichiometric number affects the 
properties of the solid component and the frequency factor of the 
chemical reaction.

kerogen 2C 12 H 26 = kerogen + 2C 12 H 26 (2)

2.2.4. Establishment of reaction kinetics model
After establishing the chemical reaction equation, it is neces-

sary to determine the reaction rate. Chemical reaction kinetics is a 
branch of physical chemistry that studies the rate and reaction 
mechanisms of chemical processes. STARS simulator uses the 
Arrhenius equation as the reaction kinetics equation to describe 
the rate of chemical reactions.

r i = r rk exp( − E a =RT)⋅ 
∏ n

i=1

Cnii (3)

r i represents the moles of a reactant reacting per unit time per 
unit volume, indicating the reaction rate of a substance partici-
pating in the reaction at different temperatures and concentra-
tions of various substances involved in the reaction; r rk is the 
reaction rate constant, i.e., the frequency factor (which de-
termines the desorption rate of ad-/absorbed oil, with a fixed 
value of 0.01 in this article); E a is the activation energy (J/mol); R 
is Avogadro’s constant; T is the absolute temperature; n i is the 
order of reaction; C i is the concentration factor of reactant i, 
based on the concentrations of various components in the pore 
volume.
In the equation

C i= 
N i
V b

(4)

N i represents the moles of component i in a grid in the simu-
lator; V b is the total volume of the grid.
Under isothermal conditions without considering the activa-

tion energy, assuming that the reaction rate is proportional to the 
concentration of the solid and fluid components, the order of re-
action is 1. Eq. (3) simplifies to:

r i = r rk 
∏ n

i=1

(N i =V b ) (5)

2.2.5. Calculation of shale porosity
Fig. 3 shows pore and fluid distribution maps of sandstone and 

shale layers in laminated shale reservoirs. In the sandstone layers, 
only free oil is present in the pores of the inorganic matrix. In the 
shale layers, apart from the inorganic matrix pores that store free 
oil, it also includes kerogen and ad-/absorbed oil. In the sandstone 
layers, the pore volume is equal to the fluid volume. However, in

the shale layer, kerogen volume needs to be taken into account, the 
pore volume is greater than the fluid volume.

Sandstone layer : Fluid volume = Pore volume

= Total volume − Inorganic matrix volume: 

(6)

Shale formation : Fluid volume = Total volume

− Inorganic matrix volume

− Kerogen volume: (7)

Therefore, the total porosity of the shale formation is equal to 
the ratio of the sum of fluid volume, kerogen volume, and 
Kerogen_2C 12 H 26 vol, to the total volume of the shale formation. 
Eq. (8) represent the volume of each solid component.

V i = 
C i ⋅V b ⋅M i

ρ i
(8)

In the formula, V i represents the volume of solid component i; 
C i represents the concentration factor of solid component i based 
on the concentration of each component in the pore volume; V b 
represents the total volume of the grid; M i represents the molec-
ular weight of solid component i in kg/mol; ρ r represents the 
density of the rock in kg/m 3 . The calculation of the total porosity of 
the shale formation is represented as Eq. (9).

φ a =
V i
V b

+ φ f (9)

In the equation, φ a represents the total porosity of the shale 
formation, while φ f represents the fluid porosity of the shale 
formation.
By substituting the values of molecular weight, density, and 

concentration for kerogen and kerogen_2C 12 H 26 into Eq. (8), their 
volumes can be determined. Assuming the fluid porosity of the 
shale formation is 4%, the total porosity of the shale formation can 
be calculated as 12.69% using Eq. (9).

Fig. 3. Schematic diagram of pore and fluid distribution in laminated shale reservoir.
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3. Results and discussion

3.1. Shale oil flow mechanism in laminated reservoir

In laminated shale reservoirs, there are three main pathways 
for the flow of shale oil: (1) Shale oil flows directly through the 
shale layers and produces at the wellbore. (2) Shale oil migrates to 
adjacent sandstone layers before being produced through the 
wellbore. (3) Shale oil flows within the same sandstone layers and 
produces at the wellbore [18]. The flow process of shale oil is 
shown in Fig. 4.
Fig. 5(a) calculates the proportion of oil production from shale 

layers and sandstone layers in the model considering ad-/absor-
bed oil desorption and not considering ad-/absorbed oil desorp-
tion. Under both conditions, the production from sandstone 
layers accounts for more than 98% of the total oil production, 
indicating that the production from sandstone layers is signifi-
cantly higher than that from shale layers. In Fig. 5(c), the oil 
production from the shale and sandstone layers is calculated with 
the consideration of interfacial flow and without considering 
interfacial flow, with the vertical permeability of the model set to
0 mD and 10 − 5 mD, respectively. The results indicate that after 
the occurrence of interfacial flow, the oil production from both 
the shale and sandstone layers is higher than the oil production 
without interfacial flow. This suggests that interfacial flow plays 
an important role in increasing the production of shale oil in 
laminated reservoirs.
The model was set with different reaction frequency factors of

0 and 0.01 while considering interfacial flow, and the oil produc-
tion from shale layers and sandstone layers was calculated with 
and without considering the desorption of ad-/absorbed oil. As 
shown in Fig. 5(d), it can be observed that with the consideration 
of ad-/absorbed oil desorption, the oil production from both shale 
layers and sandstone layers is higher compared to the case without 
ad-/absorbed oil desorption. Fig. 5(b) compares the total oil pro-
duction of the model under the conditions of no interfacial flow - 
without considering ad-/absorbed oil desorption, interfacial flow - 
without considering ad-/absorbed oil desorption, and interfacial 
flow - considering ad-/absorbed oil desorption. The results show 
that the total oil production is increased by 13.41% due to the 
interfacial flow of shale oil from shale layers to sandstone layers.

Furthermore, by considering ad-/absorbed oil desorption from the 
kerogen, the total oil production is further increased by 42.64%. 
Although the production from shale layers is relatively small, the 
contribution of interfacial flow and ad-/absorbed oil desorption is 
significant. The oil from shale layers can significantly heighten the 
total production through interlayer flow and ad-/absorbed oil 
desorption.
Based on the above, there are primarily four ways to boost shale 

oil production during the depletion process of laminated shale 
reservoirs: (1) the production from the shale layer itself; (2) the 
production from the sandstone layer itself; (3) the oil migrating 
from the shale layer to the sandstone layer and being produced; (4) 
the oil desorbing from the kerogen in the shale layer, both from 

shale layer production and from migrating to the sandstone layer 
and being produced (Fig. 4).
Fig. 6 illustrates a cross-section in the i direction from grid (1, 

26, 10) to (51, 26, 10) in the model. The purpose is to gather 
pressure and molar fraction data of the oil phase in the sandstone 
layers and analyze the variations in production from each layer 
and the total production, and study the contributions of interfacial 
flow and desorption to the overall oil production.
Fig. 7(a) represents the molar fraction of oil from the shale 

layers in the sandstone layers. Considering interfacial flow, a 
certain proportion of oil from the shale layers is present in the 
sandstone layers, indicating the migration of oil from the shale 
layers to the sandstone layers through interfacial flow. When 
considering the desorption of ad-/absorbed oil from the kerogen in 
the shale layers, the ad-/absorbed oil is also mobilized and mi-
grates into the sandstone layers, increasing the proportion of oil 
from the shale layers in the sandstone layers. Fig. 7(b) represents 
the variation of oil phase pressure in the sandstone layers. It can be 
observed that considering interfacial flow, the oil from the shale 
layers enters the sandstone layers, providing additional energy and 
resulting in higher pressure in the sandstone layers, thereby 
increasing the production from the sandstone layers. When 
considering the desorption of ad-/absorbed oil, the expansion of 
ad-/absorbed oil in the shale layers leads to the enhancement in 
shale layers pressure. As a result, shale oil flows into the sandstone 
layers, further supplementing the pressure in the sandstone layers 
and consequently boosting the production from both the sand-
stone layers and the total production.

Fig. 4. Schematic diagram of shale oil flow in a laminated shale reservoir.
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As shown in Fig. 8(a), considering the desorption of ad-/ 
absorbed oil, as the chemical reaction proceeds in Eq. (2), the 
amount of substance of kerogen_C 12 H 26 gradually decreases, while 
C 12 H 26 and kerogen heighten. As shown in Fig. 8(b), the concen-
tration of kerogen_C 12 H 26 decreases gradually, converting into free 
kerogen and C 12 H 26 . During the depletion production process, 
desorption of kerogen generates dissolved oil, which replenishes 
the total formation pressure , in Fig. 8(c). This is also the reason for 
the increased production from the shale layers and the overall 
production when considering desorption.

3.2. Effect of production pressure drawdown

The production pressure drawdown determines the elastic 
energy of the reservoir during the depletion process, the greater 
the production pressure drawdown, the higher its elastic energy, 
which is more conducive to the production of more shale oil. Fig. 9 
illustrates the total oil production of the model and the oil pro-
duction of shale and sandstone layers under the production 
pressure drawdown of 4 MPa, 8 MPa and 13 MPa respectively. It 
can be found that with the rise of production pressure drawdown, 
the model total oil production, shale layers production and sand-
stone layers production enhance. The reason is that the higher 
production pressure drawdown enhances the increment of pres-
sure in the sandstone layers as Fig. 10(a) and leads to an advance in 
the migration of shale oil from the shale layers to the sandstone 
layers as Fig. 10(b).
In order to investigate the production enhancement effect of 

interlayer flow and desorption of ad-/absorbed oil on laminated 
shale reservoirs, this study defines the interfacial flow contribu-
tion and desorption contribution, respectively. Without consid-
ering the desorption of ad-/absorbed oil, the difference of total oil 
production between the model with and without interlayer flow is 
defined as the interfacial flow contribution. When interfacial flow 
occurs, the difference in total oil production between considering 
the desorption of ad-/absorbed oil and not considering it is defined 
as the desorption contribution. As shown in Fig. 11, the interfacial 
flow contribution gradually rises as the production pressure 
drawdown increases, while the desorption contribution remains 
unchanged. The reason is that the higher production pressure 
drawdown generates greater expansion energy, which makes the 
pressure in the sandstone layers more replenishment, resulting in 
more shale oil flowing into the sandstone layers. In this paper, it is 
assumed that the frequency factor is constant, the amount of

Fig. 5. Total production comparison and the comparison of production between sandstone layers and shale layers: (a) proportion of oil production between the shale and 
sandstone layers; (b) total oil production comparison; (c) without ad-/absorbed oil, comparison of oil production between sandstone layers and shale layers; (d) with interfacial 
flow, comparison of oil production between sandstone layers and shale layers. (For convenience, the ad-/absorbed oil in the figure is simply written as ad-/ab oil.)

Fig. 6. Model horizontal section selection diagram.

X. Guo, M. Dong, Q. Sang et al. Petroleum 12 (2026) 143–153

148



dissolved oil produced by kerogen desorption is the same, and the 
amount of formation energy added is the same, so the desorption 
contribution is unchanged.
In conclusion, for the laminated shale reservoirs, the produc-

tion pressure drawdown mainly affects quantity of shale oil 
migrating towards the sandstone layers and the expansion energy 
of the reservoir, which is the key to improve the production from 

the shale-sandstone layers and the total oil yield.

3.3. Effect of TOC content

The TOC content determines the content of adsorbed and dis-
solved oil. Fig. 12 illustrates the total oil production of the model 
and the oil production of shale and sandstone layers under the 
production of TOC content 3%, 4% and 5%. It can be observed that as 
the TOC content increases, the total oil production, shale layers oil

Fig. 7. The pressure and molar fraction of oil phase in the sandstone layers: (a) the molar fraction of oil from the shale layers in the sandstone layers; (b) the oil phase pressure 
curve in the sandstone layers.

Fig. 8. The changes in the amount of substance, concentration of each solid component, and the average reservoir pressure of the model, considering desorption: (a) amount of 
substance; (b) concentration; (c) average reservoir pressure.

Fig. 9. The variation of cumulative oil production under different pressure drawdown.

Fig. 10. The increment of oil phase pressure and oil phase molar fraction in the sandstone layers under different pressure drawdown: (a) increment of oil phase pressure in the 
sandstone layers; (b) molar fraction of oil from the shale layers in the sandstone layers.
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production, and sandstone layers oil production all raise. The 
reason is that higher TOC content leads to more desorption of 
dissolved oil by the kerogen as Fig. 13(c), resulting in increased 
shale oil availability and greater energy replenishment in the shale 
layer, leading to an enhancement in shale layers production. At the 
same time, as the TOC boosts, the increment of oil phase pressure 
in the sandstone layers also augments as Fig. 13(a), resulting in the 
rise in the migration of shale oil from the shale layers to the

sandstone layers as Fig. 13(b). This leads to an augmentation in the 
production of the sandstone layers, further enhancing the overall 
oil production.
From Fig. 14, it is observed that with the aggrandizement in 

TOC, the interfacial flow contribution remains unchanged, while 
the desorption contribution increases. The reason is that TOC 
content does not affect the interlayer flow when only interfacial 
flow is considered without desorption. When ad-/absorbed oil 
desorption is considered, as described above, the aggrandizement 
in TOC content will desorption more dissolved oil, which will 
greatly supplement the shale and sandstone pressure, thus 
enhancing the overall oil production in the model.

3.4. Effect of desorption rate

The frequency factor determines the rate of chemical reactions. 
In this study, the magnitude of the frequency factor is varied to 
characterize the speed of desorption of ad-/absorbed oil in 
kerogen. The model sets the frequency factor to be 0.0001, 0.001, 
0.01, and the simulation results is shown in Fig. 15. It can be 
observed that as the desorption rate increases, the total oil pro-
duction, shale oil production, and sandstone oil production in the 
model all improve. According to Eq. (2), an aggrandizement in the 
frequency factor accelerates the rate of the reaction. Consequently, 
the kerogen-C 12 H 26 content decreases, while the content of ad-/

Fig. 11. The variation of interfacial flow contribution and desorption contribution 
under different pressure drawdown.

Fig. 12. The variation of cumulative oil production under different TOC content.

Fig. 13. The increment of oil phase pressure and oil phase molar fraction in the sandstone layers and amount of substance with ad-/absorbed oil under different TOC content: (a) 
increment of oil phase pressure in the sandstone layers; (b) the molar fraction of oil from the shale layers in the sandstone layers; (c) amount of substance with ad-/absorbed oil.

Fig. 14. The variation of interfacial flow contribution and desorption contribution 
under different TOC content.
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absorbed oil boosts as Fig. 16(c), leading to an enhancement in 
shale layers production. Additionally, as shown in Fig. 16(a) and 
(b), with the rise in desorption rate, a larger amount of shale oil 
migrates towards the sandstone layers, resulting in an advance in 
sandstone layers pressure. This, in turn, enhances the production 
in the sandstone layers and overall model production.
According to Fig. 17, it can be inferred that the desorption 

contribution depends on the desorption rate, while the interfacial 
flow contribution is independent of the desorption rate. In other 
words, a higher desorption rate will result in a greater extent of 
desorption of ad-/absorbed oil, leading to sufficient energy 
replenishment in the reservoir and enhancing the overall oil 
production.

3.5. Effect of horizontal permeability of the sandstone layers

The sandstone layers, as the main oil-producing layers, have 
their horizontal permeability determining the flow capacity of the 
sandstone layers, which in turn determines the flow rate of shale 
oil. The model sets the horizontal permeability of the sandstone 
layers to 0.01 mD, 0.1 mD, and 1 mD, and the simulation result is 
shown in Fig. 18. An increase in the horizontal permeability of the 
sandstone layers is beneficial for enhancing the overall oil pro-
duction, shale layers production, and sandstone layers production. 
The reason is that the rise in horizontal permeability of the 
sandstone layers accelerates the flow rate of shale oil in the 
sandstone layers, resulting in higher oil production from the 
sandstone layers. Moreover, a higher horizontal permeability of 
the sandstone layers also modifies the vertical permeability

(which is 0.1 times the horizontal permeability). This enhance-
ment in vertical permeability improves the vertical flow capacity, 
resulting in an increased migration of shale oil from the shale 
layers to the sandstone layers (Fig. 19), further amplifying the 
overall oil production.

Fig. 15. The variation of cumulative oil production under different desorption rate.

Fig. 16. The increment of oil phase pressure and oil phase molar fraction in the sandstone layers and amount of substance with ad-/absorbed oil under different desorption rate: (a) 
increment of oil phase pressure in the sandstone layers; (b) the molar fraction of oil from the shale layers in the sandstone layers; (c) amount of substance with ad-/absorbed oil.

Fig. 17. The variation of interfacial flow contribution and desorption contribution 
under different desorption rate.

Fig. 18. The variation of cumulative oil production under different horizontal 
permeability of the sandstone layers.
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From Fig. 20, it can be observed that both the interfacial flow 
contribution and desorption contribution are positively correlated 
with the horizontal permeability of the sandstone layers. As 
mentioned earlier, the rise in the horizontal permeability of the 
sandstone layers enhances the vertical flow capacity and leads to a 
greater pressure drawdown between the shale and sandstone 
layers, making interfacial flow more likely to occur. Therefore, the 
interfacial flow contribution significantly heightens. Although the 
desorption quantity from the shale layers remains the same, the 
heightened horizontal flow capacity of the sandstone layers fa-
cilitates a greater migration of ad-/absorbed oil from the shale 
layers to the sandstone layers, resulting in an increased desorption 
contribution.

3.6. Implications and limitations of current work

Laminated continental shale oil reservoirs have the potential 
for commercial development, however there are significant dif-
ferences in the seepage characters between the mudstone and

other interbeds, and the flow mechanism of shale oil becomes 
more complex. The flow mechanism of shale oil in laminated shale 
reservoir is still unclear. From the field point of view, relying on the 
oil field’s own energy depletion is still one of the main mining 
methods of shale oil. For laminated shale reservoirs, previous 
studies only considered the difference of laminated structure 
(porosity and permeability), but did not consider the mechanism 

of action of organic matter in shale rock on shale oil. Compared to 
sandstone reservoirs, the kerogen in shale layers undergoes 
desorption during the pressure depletion process. Therefore, this 
paper characterizes the desorption process of kerogen using a 
chemical reaction model, and controls the rate of the reaction 
through a reaction kinetics equation, effectively addressing this 
issue.
The actual laminaceous structure can often reach around 

2000–3000 layers per meter. If we were to represent shale and 
sandstone layers separately in the vertical direction using inde-
pendent grids, it would require a large number of grids. The more 
grids there are, the more difficult it is for the model to converge, 
prolonging the computational time of the model. As indicated in 
the second section, the model established in this paper uses a 
dual-medium approach to equivalently represent sandstone and 
shale layers, effectively simulating the actual number of layers in 
the reservoir. Currently, there are relatively few experimental and 
simulation studies on laminated continental shale oil reservoirs. 
This study clarifies the mechanisms of interlayer crossflow and 
kerogen desorption through a conceptual model, providing certain 
guidance and reference for field oil production.
Current research efforts still have some limitations. This paper 

aims to investigate the desorption of kerogen and the interlayer 
crossflow mechanisms, resulting in a simplified model. However, 
actual reservoirs are more complex. Future research should focus 
on the impact of factors such as the thickness of the layers, the 
distribution of the layers, and the number and distribution of 
fractures on shale oil production. In addition, in this paper, it is 
assumed that the kerogen desorption rate is affected by the con-
centration, and other factors (such as pressure, permeability, etc.) 
are not considered, which will be more complicated. We will 
further refine the model in this paper and provide analysis in 
future work.

4. Conclusions

This paper establishes a simulation method for coupled flow 
within and between laminated shale reservoirs, revealing the 
interlayer flow mechanism in the shale oil reservoir during the 
depletion production process. It identifies the main controlling 
factors for production in shale and sandstone layers, and analyzes 
the contribution of interfacial flow and desorption. To the author’s 
knowledge, this is the first time that the desorption process of 
kerogen has been considered in the simulation of shale oil flow in 
laminated shale reservoirs.

(1) Based on the chemical reaction model, it is possible to 
simulate the desorption process of ad-/absorbed oil in 
kerogen, achieving the transformation of ad-/absorbed oil to 
free oil, which makes the total production calculation of 
laminar shale reservoirs more accurate.

(2) By simulating the structural characteristics of laminar for-
mations using a dual-porositysystem, it becomes possible to 
accurately represent the actual thickness of the laminar 
formations. This approach can also enhance the computa-
tional speed of the model while addressing the shortcom-
ings of traditional coarse grid representations in capturing

Fig. 19. The molar fraction of oil from the shale layers in the sandstone layers under 
different horizontal permeability of the sandstone layers.

Fig. 20. The variation of interfacial flow contribution and desorption contribution 
under different horizontal permeability of the sandstone layers.
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the micro-heterogeneity of shale reservoirs and flow 
processes.

(3) The oil production from the sandstone layers is significantly 
higher than that from the shale layers. However, the hy-
drocarbons in the shale layers can heighten the production 
of each layer and the total production through interfacial 
flow and desorption processes in the kerogen, demon-
strating the significant contribution of shale oil interfacial 
flow and kerogen desorption to the total production.

(4) Higher production differential, desorption rate, TOC content, 
and horizontal permeability of sandstone layers are advan-
tageous for the exploitation of shale oil in both shale and 
sandstone layers. In field operations, the method proposed 
in this paper that combines the dual-porosity system with 
kerogen desorption can be extended to CO 2 flooding or CO 2 
huff and puff oil recovery processes, in order to simulate the 
two-phase flow of oil and gas in laminated shale reservoirs.
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