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ABSTRACT

Oil shale has abundant reserves and is an important
alternative resource for traditional oil and natural gas. In
situ mining is the most promising method for oil shale,
which mainly includes electric heating and steam
injection heating methods. However, both methods have
obvious drawbacks. Electric heating methods typically
require huge amounts of electricity consumption, while
steam injection results in significant heat loss from the
surface to the ground. This article combines two
methods organically and wuses wind and solar
complementary power to drive an electric heater,
thereby heating steam. By introducing the volatility
index complementarity rate, the supplementary energy
effect of electric heating wells in the all-weather wind
solar complementary process can be optimized. Then it
is substituted into the in-situ transformation model of oil
shale. The results show that during the process of
simultaneous electric heating and steam injection, the
complementary fluctuation of wind-solar energy supply
will generate additional secondary seepage channels.
This is mainly due to the instantaneous temperature
change, which leads to local thermal stress
concentration effect. From the perspective of
temperature field, fluctuating temperature changes lead
to periodic rapid heating in local areas and also trigger
the "thermal stress fatigue" effect. At this point, the
permeability mainly increases significantly along the
path of the main damage fracture evolution. This
provides a new technological approach for efficient in-
situ upgrading and development of oil shale.

Keywords: oil shale, heating-steam synergistic, wind-
solar energy supply, complementary fluctuation, fracture
evolution

1. INTRODUCTION

Oil shale is a fine-grained sedimentary rock with high
ash content (>40%) and rich organic matter, and can also
be used as solid fuel™. The organic matter content
(kerogen and a small amount of asphalt) in oil shale is
generally 15-50%, filled in the mineral skeleton. Shale oil
can be produced by heating, with an oil content generally
= 3.5%%. The world's oil shale reserves are enormous,
equivalent to approximately 689 billion tons of shale
0il®. The burial depth of oil shale determines its mining
method. For oil shale buried shallowly (generally not
exceeding 300 meters), surface dry distillation
technology can be used to directly excavate and mine it
to the surface for reusel®. The deeper the oil shale is
buried, the greater the influence of geostress, and the
mining efficiency is greatly reduced. It is difficult to
extract and utilize mid to deep oil shale through surface
distillation technology. The in-situ transformation
technology of oil shale will inevitably become the main
development trend®.

In the current in-situ transformation technology of
oil shale, it is mainly divided into three categories
according to the different heating methods: conduction
heating, fluid heating, and radiation heating!®. Among
them, conduction heating using electric heating
technology (ICP) is more mature. It mainly heats the oil
shale reservoir by placing an electric heater”. For
commercial mining projects, it generally takes 2-4 years.
According to the experimental results, the energy value
of the product obtained by using ICP technology for
mining is three times the energy value consumed during
the mining process. Fluid heating technology mainly
utilizes the principle of convective heating to achieve in-
situ transformation of oil shale, with a wider range of
thermal waves!®. Radiation heating is mainly used to
heat oil shale reservoirs through radio frequency. This
method has a fast heating and oil production rate, but
requires high energy and high cost?®. Taking mature
electric heating technology as an example, the high

# This is a paper for the 17th International Conference on Applied Energy (ICAE2025), December 8-12, 2025, Bangkok, Thailand.



energy consumption ratio of electric heaters and the use
of the public power grid as the main source of electricity
for electric heaters. The production cost and power
transmission issues will constrain the development and
application of in-situ modification of oil shale by electric
heating. Therefore, there is an urgent need for a new
system for in-situ modification of oil shale using electric
heating, which takes into account both cost and
modification effects.

In recent years, renewable energy sources such as
wind and solar have developed rapidly, but their
individual energy supply still has regional dispersion.
Therefore, establishing a wind solar complementary
energy system can  effectively utilize the
complementarity of wind and solar energy resources in
terms of time and region*?), Wind energy resources are
usually abundant in spring and winter, which can make
up for the shortage of solar energy resources during the
same period. Similarly, in summer and autumn, relatively
abundant solar energy resources can neutralize the
shortage of wind energy resources. In the short term,
abundant wind energy resources at night can effectively
compensate for the shortage of solar energy resources.
This also provides a foundation for wind solar
complementary energy supply oil shale electric heating
equipment. The wind solar complementary energy
supply system can achieve power supply for oil shale
electric heating equipment. This system can maximize
the use of solar and wind energy while minimizing the
use of traditional energy sources for power supply (as
shown in Figure 1). However, its energy supply
characteristics are usually accompanied by randomness
and volatility. Therefore, the focus of this study is on how
to effectively integrate the two for energy supply,
achieve optimal control of combined energy supply
fluctuations, and achieve efficient in-situ upgrading of oil
shale through electric heating.

Electric heating well
Injection well

il shale
Fig. 1 Schematic diagram of wind-solar complementary
fluctuation energy supply
Based on the fundamental theory of wind-solar
hybrid systems, this paper comprehensively considers
the optimal system capacity ratio of wind-solar hybrid
characteristics. By constructing models for wind energy

output and photovoltaic output, the complementarity
rate in fluctuation theory is used as a measure of
complementarity. With the help of Matlab, the optimal
correlation ratio of wind-solar energy supply is
calculated, and an all-weather fluctuation energy supply
model is comprehensively derived. Based on this model,
with the help of the COMSOL LiveLink™ for MATLAB
function module, the optimized energy supply model is
inputted into the heat source term of the oil shale model
in real time. The organic combination of electric heating
technology and convective heating technology is
achieved to maximize the expansion of oil shale fractures
and expand the heat wave range. The multi-physics
coupling of temperature, pressure, solid mechanics, and
rock damage (as shown in Figure 2) is comprehensively
considered. The law of oil shale fracture expansion and
porosity change is explored.
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Fig. 2 Multi physics field coupling relationship
2. MODELS AND METHODS

2.1 Mathematical equation

2.1.1 Wind-solar complementary model

Wind-solar hybrid power generation modeling is a
multivariable nonlinear system™. The output of wind
turbines primarily utilizes natural wind speed to convert
mechanical energy into electrical energy. Wind turbines
have a cut-in wind speed and a cut-out wind speed. Only
when operating between these two speeds can they
generate usable electricity. When neglecting the time lag
effect of wind power generation, the theoretical model
is as follows!?,

0 (v<v, vy, ,)
P(v—v,
P, = Alv=v,) (v, <v<y,) (1)
Vr_vin
Pr (Vrgv<vuut)

P, represents the rated power of the wind turbine; v,
denotes the rated wind speed of the wind turbine; vi, and



Vout respectively represent the cut-in wind speed and cut-
out wind speed; v represents the real-time wind speed in
the selected research area.

Solar radiation is the primary energy source for
photovoltaic power generation. It is also influenced by
factors such as cloud cover, solar position, and
meteorological conditions. In this article, the altitude
angle and azimuth angle are used to describe solar
altitude, with the calculation formula as follows.

sinS,, =cosLcos&cosp+sinLsing (2)

In the formula, S., represents the solar altitude angle,
rad; L represents the latitude of the local calculation
point, rad; £ represents the solar declination angle, rad;
@ represents the solar hour angle, rad.

At any point on Earth, on any day, and at any time
during the day, the solar irradiance on the horizontal
plane outside the atmosphere is calculated as follows.

2
G=G,sinsS,, x{1+0.033c05(%‘éayﬂ 3)

In the formula: G represents the solar irradiance,
denoted in W/m?, and G, denotes the solar irradiance
measured per unit area within 1 hour, which is 1353
W/m?2,

This article adopts the photovoltaic effect for direct
conversion and establishes a photovoltaic power
generation unit model as follows.

P, =1CG 4)

P,, represents the electricity generated per unit area
of a photovoltaic cell, measured in W/m?; C denotes the
area concentration ratio; and n signifies the
photoelectric conversion efficiency.

The complementary capacity of wind and solar
energy is related to various factors. Changes in the ratio
of wind power generation to photovoltaic power
generation directly lead to changes in the output power
of wind and solar energy, which in turn affect joint power
generation and complementarity. The complementarity
of wind and solar energy supply corresponds to the
stability of joint wind and solar power generation. The
volatility index can precisely reflect the degree of
smoothness of the curve. Standard deviation can
describe the stability of data, and its rational application
can describe the complementarity of wind and solar
output. The expression for standard deviation is as

follows.
1 N
o=,— —X)?
"N,Zl(x’ X) (5)

In addition, to describe the changes in output power
stability before and after integrating wind and solar
energy, this paper utilizes the standard deviation as a
basis and employs the complementarity ratio as an

evaluation metric to describe the degree of
complementarity in wind and solar resource output,
thereby determining the optimal energy supply ratio.
The expression for the complementarity ratio A is as
follows.

(6)

In the formula, 64 represents the standard deviation
of the output power of the resource with a larger
capacity proportion in the complementary system. &s
represents the standard deviation of the overall output
power after the joint complementarity of wind and solar
resources. The value range of the complementarity rate
is between (-oo, 1]. The larger the complementarity ratio
value, the better the degree of wind-solar
complementarity.

2.1.2 Solid mechanics model

Under high-temperature upgrading, oil shale will
form a large number of fractures and pores. The
generation of these pores and fractures will cause
thermo-mechanical coupling damage to the solid
skeleton of oil shale, ultimately leading to the
deterioration of its mechanical properties. High-
temperature upgrading of oil shale is a process of
damage accumulation, which can be described as the
accumulation of microstructural changes. At the
macroscopic level, this damage manifests specifically as
a weakening of the elastic modulus of oil shale, which in
turn leads to a decrease in its strength.

This article assumes that oil shale is an ideal
thermoelastic body, and therefore considers the
contribution equations of seepage and heat transfer to
stress as follows.

u ; +muw —azp, —Ka, T, =0 (7)

In the formula, G denotes the shear modulus, N/m?;
u stands for Poisson's ratio; as signifies the thermal
expansion coefficient of rock, 1/K; u indicates the
displacement, m; p;is the pore pressure, Pa; K'is the bulk
modulus, N/m?; as is the Biot-Willis coefficient; and T;
represents the absolute temperature, K.

Under the conditions of high temperature and in-situ
stress in oil shale reservoirs, oil shale exhibits certain
elastoplastic characteristics!*®. The Mohr-Coulomb
condition, a criterion in plastic theory, considers the yield
of maximum shear stress or single shear stress under the
action of normal stress or average stress. When oil
shale is damaged, fractures begin to develop and then
expand. Meanwhile, the maximum tensile stress
criterion and the Mohr-Coulomb criterion are used to
judge tensile damage and shear damage, respectively.
These two strength criteria are as follows.



F=0,-1 (8)
1+sin@
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Where F; and F; are the threshold functions for
tensile and shear damage, respectively; o; and o3 are the
maximum and minimum principal stresses, respectively,
in Pa; f; and f. are the tensile and compressive strengths,
respectively, in Pa; ¢ is the internal friction angle, in
degrees.

For continuum damage mechanics, it is necessary to
introduce a damage variable into the elastic constitutive
equation to reflect the average effect of fracture micro-
defects. The relationship between strain and damage
variable D can be expressed as.

0 F, <0,F, <0
D=:1-|g /¢, F =0,dF, >0 (10)
1-le. /e, F =0,dF, >0

In this article, E is used to represent the elastic
modulus of oil shale during damage, and the evolution
model of elastic modulus is as follows.

E, =(1-D)E, (11)

For porous sedimentary rocks such as oil shale, the
drastic stress changes during electric heating can lead to
pore compression. In this paper, a stress-dependent
porosity model is adopted.

¢=(4,— 9 )exp-a40,)+¢, (12)

Where ¢ represents the initial porosity under stress-
free conditions, and ¢, denotes the residual porosity.
These are core parameters for assessing the structural
characteristics of porous media. This index directly
impacts the mechanical strength and thermal
conductivity of materials. When the porosity exceeds the
critical value of 5%, the compressive strength of oil shale
decreases exponentially. a, is the sensitivity coefficient
of porosity to stress, and o is the average effective
stress, expressed in Pa.

The evolution model of permeability related to
porosity and damage variable is as follows!*°.,

k =k, (¢£)3 exp(a,D) (13)

0
Where ko is the initial permeability, and ax is the
correlation  coefficient between damage and
permeability.
2.1.3 Darcy's seepage model

Darcy's law is applicable to low-velocity flows or
media with small porosity, where the main driving force
is the pressure gradient and the internal frictional
resistance in the pores cannot be ignored™®.. The velocity
field of Darcy's law is jointly influenced by the pressure
gradient, fluid viscosity, and porous medium structure.

Therefore, the velocity field of oil shale can be derived
through Darcy's law.

B
Pz, a—f+V(pu)=Qm (14)

Where u is the Darcy velocity vector, m/s; p is the
density of gas, kg/m?3; p is the pressure of gas, Pa; Qu is
the mass source term, kg/(m?3-s).

2.1.4 Heat transfer model

In this study, regarding the interaction between
high-temperature and high-pressure nitrogen gas and
thermal fractures in oil shale, we consider both the heat
conduction problem within the oil shale solid caused by
the high temperature provided by the central electric
heating well and nitrogen gas, as well as the convective
heat transfer effect between nitrogen gas and the solid
surface of oil shale. At the same time, for the sake of
simplicity and cost-saving in research and calculation,
when studying the fracture propagation in oil shale, we
focus on the dynamic expansion of fractures within a
plane and the temperature distribution nearby. Based on
heat transfer theory, assuming that the solid and gas are
always in a local thermal equilibrium state, we couple the
strain term and pressure term into the heat transfer
model, and ultimately derive the heat transfer equation
for oil shale as follows.

oT oe, k
P % KTa, ot PGy ;VPVT— 2gV'T =G5 +Qyp (15)
PCoy =pSCS(1—¢)+ngg¢ (16)
g = AL P)+ 1t (1)

In the formula, go represents the convective heat
flux, W/m3; Quwe denotes the fluctuating energy supply
heat source, W; &, stands for volumetric strain; Ces
signifies the equivalent specific heat capacity; Aeg
indicates the thermal conductivity, W/(m-K); and ¢
indicates the porosity.

2.2 Establishment of geometric model

The two-dimensional geometric model of oil shale
numerical simulation adopted in this paper is influenced
by the maximum and minimum principal stresses in the
vertical and horizontal directions, respectively. During
fluid flow and heat transfer processes, all external
boundaries are closed. The external boundary loading
conditions are simulated as geostress conditions. The
model size is 20mx20m (Figure 3). To study the fracture
propagation law of oil shale, the pyrolysis temperature
of oil shale kerogen is usually at 400°C, thereby
generating thermal fractures. Therefore, in this paper,
the oil shale is pre-placed at an initial temperature of
400°C. While it is electrically heated, high-temperature
nitrogen (preset at 600°C) is injected into the reservoir.



The heat source of the high-temperature nitrogen is
provided by the variable energy supply of wind and solar
fluctuations.

wog

Electric heating well
Injection well

Fig. 3 Oil shale fracture propagation model

The key parameters used in the numerical simulation
presented in this paper are listed in Table 1 below. Since
400°C is the threshold temperature for the mechanical
property transformation of oil shalel!”), as the
temperature increases, the compressive strength, axial
strain, and transverse strain of oil shale gradually
decrease. This is largely related to the thermal expansion
stress caused by temperature, and also reflects that oil
shale is more prone to fracture propagation and thermal
damage at high temperatures.

Table. 1 Calculation Parameters

Type Parameters Numerical References
value
Wind-solar Calculate Iatltfjde 46.63 \
Photoelectric
complemen .
conversion 0.15 \
tary energy .
efficiency
supply A trati
model rea concgn ration 10 \
ratio
Initial temperature 400 °C \
initial pressure 8 MPa \
Oil shale Thermal 1.08 [17]
properties conductivity W/(m-K)
Porosity 0.04 [18]
Permeability 0.001 mD [18]
Young's modulus 24 GPa [19]
Poisson's ratio 0.18 [20]
Mechanical Compressive
property strength 12 MPa (21]
Thermal e_zx.pansmn 1.4x10°5 1/K (2]
coefficient

2.3 Model validation

To verify the reliability of the numerical model, this
paper is based on the experiment conducted by Zhang!??
on the fracture propagation of hydraulic fracturing in oil
shale with bedding. The fracture propagation path under
the same conditions is simulated. The maximum
horizontal principal stress is in the X direction (5MPa).
Figure 4 compares the fracture propagation paths
obtained from the numerical simulation results and the
experimental results. Figure 4a shows the numerical

simulation results, while Figure 4b shows the
experimental results cited. It can be seen that the
fracture propagation paths obtained from the numerical
simulation and the experimental results are basically
consistent, and the fracture propagation patterns are
essentially identical. This indicates the accuracy of the
method and model adopted in tfgis paper.

Fig. 4 Comparison of fracture propagation between
numerical simulation results and experimental results:
(a) Experimental results from the reference??; (b)
Numerical simulation result

3. RESULTS AND ANALYSIS

3.1 Analysis of complementary characteristics of wind
and solar energy

Based on the temporal complementary
characteristics of wind and solar power generation and
the dynamic coupling mechanism of oil shale electric
heating. This study constructed a fluctuating power
replenishment model for wind solar synergy. By
deconstructing the spatiotemporal distribution patterns
of wind and light, and introducing the wind solar
complementarity rate as the core regulatory parameter,
the optimal scheme for wind solar complementarity is
studied. At the same time, taking the on-site power of
electric heating technology as a reference!??, the optimal
ratio evaluation of wind solar complementarity is carried
out over a long time scale. The value of wind solar
complementarity ratio is [-eo, 1], and the higher the
value, the stronger the complementarity of wind solar
joint output. In addition, changes in photovoltaics can
more easily affect the degree of complementarity of
complementary systems. This is consistent with the
characteristics of wind energy resources and solar
energy resources. Compared with wind energy, the
utilization of solar energy resources is less restricted by
geography and has stronger controllability during the
available period.

The degree of complementarity between wind and
solar energy varies across different seasons. To maximize
the impact of each season on oil shale extraction, this
paper calculates the optimal wind-solar energy system
ratio (WE/PV) for different seasons. As shown in Figure
5, from the perspective of complementarity rate
changes, as the wind-solar (WE/PV) ratio varies, the
complementarity rate first increases and then decreases,



with a peak value in between. In other words, during the
actual electric heating process, to achieve better wind-
solar complementarity in each season, the wind-solar
ratio needs to be stabilized at a certain proportion.
Overall, the complementarity rate is higher in spring,
summer, and autumn, while it is lower in winter. This also
reflects the impact of winter's illumination intensity on
the entire system. Therefore, to ensure oil shale
production, wind energy should dominate in the system
ratio during winter.
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Fig. 5 Corresponding graph of complementarity rate and
wind-solar power generation ratio change: (a) Spring;
(b) Summer; (c) Autumn; (d) Winter

Based on the «changes in the wind-solar
complementary rate, a real-time fluctuation-based
supplementary power model for the entire year is
derived. As can be seen from Figure 6, the trends of wind
and photovoltaic power generation are opposite over
time. Meanwhile, compared to photovoltaic power
generation, wind power generation exhibits stronger
real-time fluctuation characteristics. Photovoltaic
fluctuations at the second level exhibit peak and trough
states (as shown in the local zoom window). At the same
time, the supplementation of wind energy can effectively
coordinate peak shaving in oil shale electric heating,
thereby avoiding the impact of severe fluctuations on the
electric heating well.
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Fig. 6 Wind-solar complementary fluctuation power
compensation model

3.2 The response mechanism of fluctuating energy
supply to oil shale seepage

This article is based on the wind solar complementary
fluctuation power replenishment model to conduct
research on the fracture propagation of oil shale models.
The model is preset at 400°C to simulate the
temperature of oil shale during kerogen cracking, while
continuously supplying electricity to the fluctuation of
the model's electric heating well. To achieve a wider
range of fracture propagation, high-temperature hot
nitrogen gas (600°C) is injected into the reservoir. During
the injection process, the hot nitrogen gas s
simultaneously affected by the electric heating well, that
is, the electric heating well of oil shale also serves as an
injection well for high-temperature hot nitrogen gas.
Therefore, based on the synergistic mechanism of
fluctuating electric heating and high-temperature hot
nitrogen gas reservoir injection. Through this method,
the problem of limited heat transfer range in traditional
electric heating can be solved, while also providing
continuous heating to hot nitrogen gas to ensure the
output of heat flow.

From the perspective of fracture propagation,
through the complementary approach of wind and solar
energy, fluctuating energy supply is more likely to form
secondary thermal fracture channels without significant
changes in the main seepage channel. This will lead to
local stress concentration, periodic stress repeatedly
acting on the oil shale skeleton, resulting in the
formation of branches outside the original main seepage

channel.

a

Fig. 7 Damage field of oil shale fracture propagation: (a)
Wind-solar complementary electric heating; (b)
Traditional power supply electric heating

From the temperature field perspective (Figure 8),
the overall temperature of oil shale exhibits a radial
expansion, with strong temperature gradients present
locally. The heat triggers non-stationary and non-
uniform expansion effects. Oil shale has obvious thermal
brittleness, and the thermal stress field gradient caused
by temperature changes is the key to the initiation of
small fractures. Fluctuating temperature changes lead to
periodic rapid temperature rise in local areas, triggering
the "thermal stress fatigue" effect. This can easily lead to
tensile damage or strain concentration in the rock
around the heating well, forming directional fractures.
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Fig. 8 Oil shale temperature field: (a) Wind-solar
complementary; (b) Traditional electric heating
In terms of porosity and permeability of oil shale,
both show a cyclic increase (Figure 9). The permeability
is consistent with the fracture propagation path. This will
lead to the failure of local oil shale units, thereby
reducing their elastic modulus and bearing capacity. The
fluctuating temperature changes cause shrinkage stress,
enhance fracture propagation, and increase porosity and
permeability.

a

o

Fig. 9 The variation of pore permeability in oil shale:
(a) Porosity; (b) Permeability
4. CONCLUSION

This article establishes a wind solar complementary
fluctuation energy supply model and introduces it into
the study of oil shale seepage response mechanism. The
evolution laws of temperature field, damage field,
porosity and permeability are systematically analyzed.
The main conclusions are as follows:

Fluctuating heating enhances local thermal stress
response, forming a temperature concentration zone.
Compared with a constant heat source, it induces
stronger thermal expansion/contraction cycles in the
wellbore area, effectively triggering the thermal
brittleness of oil shale and exhibiting time-varying
unsteady heat transfer characteristics. The evolution of
the damage field shows a trend of multi-directional
fracture propagation, resulting in additional secondary
fracture branches. The fluctuation of energy supply
induces strain fatigue effect and thermal stress, forming
stress redistribution near the fracture initiation point.
This makes the fractures exhibit a typical dendritic and
multi branched morphology during the expansion
process, enhancing the complexity and connectivity of
the fracture network. Porosity and permeability rapidly
evolve under fluctuating energy loading, forming
significant spatiotemporal heterogeneity. The porosity
increases rapidly in the early stage and expands outward

along the wellbore, while the permeability mainly
increases significantly along the path of the main damage
fracture, showing directional expansion characteristics
of the fracture.

In summary, the complementary volatility of wind
and solar energy not only conforms to the thermal
brittleness characteristics of oil shale in terms of physical
mechanism, but also fits more closely. Moreover, it
demonstrates superior fracture excitation and seepage
improvement capabilities in numerical simulations. This
provides a technical approach for efficient in-situ
upgrading and development of oil shale.
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