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Abstract. Conventional heating methods for oil shale extraction are limited by restricted heating
ranges and uneven temperature distribution. This study explores the feasibility of applying electrical
resistance heating to oil shale production. The in-situ extraction process involves complex chemical
reactions, multiphase flow, and pore evolution. To account for these factors, we developed a
mathematical model that integrates the electric field, heat transfer, chemical reactions, and mass
transfer. This model simulates the distribution of electrical energy and temperature within the
formation, as well as kerogen decomposition and production efficiency under electric heating
conditions. The results show that electrical resistance heating provides a more uniform temperature
distribution, making it an effective method for oil shale extraction. Moreover, the numerical model
serves as a valuable tool for evaluating and optimizing production strategies using this approach.
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1. Introduction

The development of unconventional oil and gas reservoirs has attracted significant global
attention. Oil shale, a sedimentary rock rich in organic matter, can generate oil and gas through
thermal decomposition (pyrolysis) [1]. Current global oil shale reserves are estimated to be as high
as 410 billion tons, highlighting oil shale's substantial potential for development and utilization [2].

Several in-situ heating methods have been proposed for oil shale extraction, including Shell’s
In-situ Conversion Process (ICP) [3], Chevron's CRUSH technology [4], and Texas A&M 's
Steamfrac method [5]. However, these techniques primarily rely on heat conduction or convection,
and due to oil shale’s low thermal conductivity and permeability, their heating efficiency remains
suboptimal. In recent times, radiation-based heating methods have surfaced as a viable alternative.
Zhang et al. [6] conducted numerical simulations comparing various heating methods to evaluate
their effectiveness. Zhu et al. [7] proposed an intermittent microwave heating approach and
assessed its performance through simulation. Similarly, Ramsay [8] explored the feasibility of
radio-frequency heating for oil shale, demonstrating its potential applications.

Beyond these conventional methods, electrical resistance heating (ERH) has shown promise in
efficiently elevating subsurface temperatures. Bera et al. [9] compared the heating efficiency and
shale oil recovery performance of resistive heating with hydrothermal methods through simulations
and experiments, finding ERH to be more effective for enhancing heavy oil recovery. Wang et al.
[10] experimentally validated the feasibility of ERH for gas reservoir exploitation. In shale oil
extraction, an electro-heating approach integrated with hydraulic fracturing was pioneered by
Symington et al. [11], who also carried out successful field tests. ERH has also been employed in
soil remediation, where Martin et al. [12] demonstrated its effectiveness in removing
trichloroethylene (TCE) from contaminated soil. Wang et al. [13] developed an electro-heating
method to enhance shale gas desorption, investigating the impact of reservoir and electrode
parameters on heating efficiency.

Many studies substitute heating wells with constant-temperature heat sources in their models
[14]. Yang et al. [15] used MATLAB's PDE toolbox to simulate the temperature distribution of
resistive heaters and conducted orthogonal experimental analysis to evaluate the influence of
various factors. However, their study did not account for kerogen pyrolysis or the subsequent flow
and extraction of the generated hydrocarbons.
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This study aims to develop a comprehensive mathematical model to elucidate the interactions
among electric field distribution, temperature distribution, and product flow in oil shale reservoirs
subjected to electrical resistance heating. The model considers the electric and thermal fields across
the overburden, underburden, and oil shale layers while characterizing the flow behavior of
generated hydrocarbons using Darcy’s law for porous media. The numerical solution, obtained via
the finite element method, enables the calculation of oil and gas production from in-situ pyrolysis
under ERH conditions. Our results confirm the feasibility of ERH for oil shale extraction,
demonstrating its superior thermal efficiency compared to conventional conduction heating. This
model enhances the theoretical understanding of ERH in in-situ oil shale extraction and provides
guidance for optimizing experimental studies and production strategies.

2. Mathematical model

2.1 Electrical field

The electric current flow within the stratum is assumed to satisfy the following conservation
equation :

-

=0 (D
where ) is electrical current density (A/m?), the relationship between ) and electrical field
intensity (V/m) is written as:

= ()

where s the electrical conductivity (S/m) of formation. The relationship between electrical field

-

intensity  and electrical potential (V) @ is written as:
E=— o 3)

-

== ¢ “4)
Substituting Eq. (4) into Eq. (1) yields the following equation of electrical potential in oil shale
reservoir:

Combining Egs. (2) and (3) gives:

( 9=0 o)
The power generated per unit volume within the formation, known as energy density (W/m?), is
defined as the temporal rate of energy output relative to the volume of the formation.

- -

= E (6)
2.2 Chemical reactions

The first-order rate law is employed to describe the reaction rates of each individual reaction:

rj = kj |_| Cj (7)
I react
where, I; is the reaction rate of the j-th order reaction (mol/(m’® s)), k; i the reaction rate constant

of the j-th order reaction (mol/(m? s)), and c; is the concentration of the reactant component i
(mol/m®). Arrhenius proposed the analytical equation of the reaction rate constant as follows[16]:

E.
kj = Ajexp(— %) (®)
where A; is the frequency factor of the j-th order reaction(1/s), E;j is the activation energy of the

J-th order reaction(J/mol), Ry is the gas constant (8.314 J/(mol K)).
The chemical reaction heat is defined as:

=2 9
where is the enthalpy of the j-th order reaction (J/mol).
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Table 1.Kinetic data for the decomposition reaction of kerogen

Frequency Activation

Decomposition reactions factor (1/5) energy (J/

mol)

Kerogen => 0.279 Heavy Oil +0.143 Light Oil + 13 5

M 0.018 Gas +0.005 Méthane + 0.555 Cokel 3x10 2:259x10
Heavy Oil => 0.37 Light Oil +0.156 Gas + 0.03 3 5

2 Methane +0.441 Coke2 1x10 2.134x10
(3) | Light Oil => 0.595Gas +0.115Methane + 0.29Coke2 5x10!! 2.259x10°
) Cokel =>0.031 Gas + 0.033Methane + 0.936 11013 7959%10°

Coke2
) Coke2 =>0.003 Gasczk(;.gBMethane +0.964 5%10!1 2 259% 105

This study adopts the reaction model proposed by Burnham and Braun[17]. As illustrated in
Table 1, the products of the first-order reaction (kerogen pyrolysis) simultaneously serve as
reactants for the secondary reactions, which involve the cracking of heavy and light oils.

2.3 Mass transfer

The pyrolysis of kerogen in a porous medium produces various chemical components, including
both solids and fluids. The mass conservation equations for each component are employed to
determine their respective concentrations:

A(egCi >,

—(ZF;C') + Jitu G=R; (10)

where ¢; is the concentration of component i, U is the mass average velocity vector (m/s), R; is
the mass source due to chemical reaction (mol/(m? s)), which is obtained from Eq.(7), The variable

-

Ji represents the mass flux in relation to the velocity averaged over mass, measured in moles per
square meter per second (mol/(m?s)).:

== (11)
where is the effective diffusion coefficient of component i in porous media (m?%/s).

As solid kerogen is decomposed and new solid products are formed, the porosity evolves
accordingly. These changes in porosity directly affect the permeability, which, in turn, significantly
influences fluid flow through the porous medium. It is important to note that the porosity used in the
governing equations refers to the effective porosity €, :

e =¢1— 3 6) (12)
i solid
where € is the absolute porosity, 0; denotes the volume fraction of solid components relative to the
absolute porosity.

The velocity U appearing in the convective terms of Eq. (10) is governed by Darcy's law:

- k -

i=—£( P~ (9) (13)
where K is the permeability of the oil shale (m?), p is the dynamic viscosity of the fluid

(kg/(m s)), and P is the fluid pressure (Pa). The relationship between permeability and porosity in

oil shale is established based on the findings of Burnham [18]:
30€3°

K=o (14)

2.4 Heat transfer

In the energy conservation equation, both heat conduction and heat convection are considered:
—+ o+ (k)= (15)
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where  is the overall density of the formation (kg/m?), Cp is the specific heat capacity of the
formation at constant stress (J/(kg K)), ¢ is the density of the fluid (kg/m?), C; is the specific heat

capacity of the fluid at constant stress(J/(kg K)), U is the velocity of fluid (m/s), K is the
equivalent thermal conductivity of the formation (W/(m K)), and Q is the heat source term (W/m?).
The expression for Cp is given by:

Cr=2¢ {Ct+(1—¢p) Cs (16)
where g, is the porosity of porous medium, ¢ is the density of the solid(kg/m’), and Cs is the
specific heat capacity of the solid at constant stress (J/(kg K)).

The equivalent thermal conductivity, Ke is defined as:

Ketr = Epkf +(1- Ep)ks (17)
where K; is the thermal conductivity of mixed fluid in oil shale (W/(m K)), and k¢ is the thermal
conductivity of solid (W/(m K)).

The source term in the energy conservation equation consists of the following two components:
Q=Qe+Qc (18)
where Qg is the energy density defined in Eq.(6), and Q¢ is the reaction heat defined in Eq.(9).

2.5 Numerical solution

This study employs the finite element method to solve four physical fields. In conjunction with
the control equations used in the numerical model, the coupling logic illustrated in Fig. 1 is adopted
as the solution strategy for the model's numerical resolution.
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Fig.1 Relationship of physical fields coupling for electrical resistance heating of oil shale

3. Results and discussion

3.1 Reservoir model

In this paper, we develop a three-dimensional physical model to simulate the resistance heating
of oil shale using horizontal wells, as shown in Fig. 2. The model represents an oil shale reservoir
bounded by overburden and underburden layers, which differ from the reservoir in electrical and
thermal conductivities and do not contain kerogen. The geometric model, based on the conceptual
diagram in Fig.2, has dimensions of 15 m x 15 m in area and 5 m in height for both the overburden
and reservoir layers. Two parallel electrodes, each 10 m long and spaced 9 m apart, are placed in
the middle of the reservoir.
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Fig.2 Diagram of electrical resistance heating oil shale reservoir using horizontal electrode wells.

3.2 Numerical result

In this section, a 25kW power source is applied to continuously heat the formation, with the
assumption that all electrical energy is entirely converted into heat. Fig.3(a) illustrates the
distribution of the electric field within the formation, showing a higher field strength and denser
field lines in proximity to the electrodes. Fig.3(b) presents the energy density distribution, which
mirrors the pattern of the electric field strength.

The analysis shows that high energy density is concentrated near the electrodes, primarily due to
the large potential gradient in this region. As illustrated in Fig.3(c), the energy density is
represented by the height, with higher energy densities corresponding to greater heights. This region
is the first to experience a temperature increase, and kerogen undergoes pyrolysis earliest in this
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(a)Electric field intensity; (b)Energy density; (c)Energy density of the middle x-y plane.
Fig. 3 Electric field calculation result.

The energy density near the electrodes is high, leading to rapid temperature rise. Fig.4(a)
illustrates the temperature distribution on the xy-plane at 200, 400, 600, and 800 days. At 200 days,
the formation undergoes initial heating; under the combined effects of thermoelectric conversion
and heat conduction, it continues to increase in temperature. By 600 days, most of the region
reaches the temperature necessary for kerogen pyrolysis reactions to occur.

The pyrolysis of kerogen is directly influenced by temperature. Once the temperature reaches the
reaction threshold, kerogen begins to undergo pyrolysis, resulting in the generation of various
hydrocarbons. Fig.4(b) illustrates the distribution of kerogen concentration at four distinct time
points on the central horizontal plane, reflecting the same characteristics as the temperature
distribution depicted in Fig.4(a).
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Fig.4 Distribution of temperature and kerogen concentration.

By comparing the calculated results of temperature and kerogen concentration, it is evident that
significant kerogen consumption occurs in regions where the temperature exceeds 300°C. The

reaction temperature is consistent with the experimental phenomena of previous researchers[19].
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Fig.5 The consumption of kerogen and the volume of heated region.
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Fig.5 illustrates the volume of the region where the temperature exceeds 300°C (black curve), as
well as the corresponding changes in kerogen reserves (red curve) and the daily rate of kerogen
pyrolysis (blue curve). It is evident that as more regions are heated to the reaction temperature, the
pyrolysis rate of kerogen rapidly increases. The expansion rate of the heated region and the increase
in the pyrolysis rate show a similar trend. By day 800, the entire reservoir has been heated above
300°C, and the pyrolysis rate reaches its peak. According to Eq. (7), the reaction rate is dependent
on the concentration of the reactants, and as the kerogen reserves (red curve) gradually decrease, the
pyrolysis rate also begins to decline after day.
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(c) light oil concentration distribution
Fig.6 production of oil.

As kerogen undergoes pyrolysis, various products are continuously generated. Fig.6(a) illustrates
the production and reserves of oil products. Combining this with the temperature distribution shown
in Fig.4(a), it can be observed that from 1 to 400 days, the areas near the electrodes reach the
pyrolysis temperature, leading to significant production of heavy oil during this period. As the
heated region expands, kerogen located farther away begins to undergo pyrolysis; however, these
areas are too distant from the production wells for timely extraction. The black curve in the figure
reflects the reserves of oil products under these circumstances.

Fig. 6(b) shows the concentration distribution of heavy oil, indicating its migration toward the
production well. However, its concentration drops sharply near the well due to high temperatures,
which accelerate heavy oil cracking. As a result, Fig. 6(c) reveals a corresponding increase in light
oil concentration in these regions. This trend is further supported by Fig. 6(a), where light oil
production remains high even after heavy oil production ceases, suggesting that light oil is
generated not only from direct kerogen pyrolysis but also from heavy oil cracking. After 600 days,
light oil production declines while its in-place reserves continue to grow, primarily from kerogen
pyrolysis in more distant regions. By 800 days, production ceases, but residual oil remains in the
formation and will eventually crack into lighter products.
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Fig.7 Production of gas.

Fig.7 illustrates the production of gas products, indicating that the yield and reserves of
hydrocarbon gas reach their peak between days 700 and 800. This increase is primarily due to the
significant cracking of both heavy oil and light oil during this period. By day 1000, all produced
hydrocarbon gas has been fully extracted from the production wells.

4. Summary

This study investigates the feasibility of using electrical resistance heating (ERH) for in-situ oil
shale extraction through numerical simulation. A comprehensive mathematical model was
developed to integrate the electric field, heat transfer, chemical reactions, and mass transport
processes.

The findings highlight the critical role of temperature in influencing the decomposition pathways
of kerogen and the subsequent formation of heavy oil, light oil, and gas. The results also confirm
that heavy oil undergoes secondary cracking near production wells, contributing to light oil
production. Furthermore, the analysis of hydrocarbon migration and reservoir evolution underscores
the importance of optimizing electrode placement and heating power to maximize extraction
efficiency.

This research provides valuable insights into the theoretical mechanisms of ERH for oil shale
extraction and serves as a foundation for further experimental validation and optimization studies.
Future work should focus on refining the model by incorporating field-scale conditions, optimizing
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heating strategies, and evaluating the long-term economic feasibility of ERH for large-scale
deployment in oil shale reservoirs.
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