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Abstract

This study applies the Finite Volume Method to model non-isothermal flow in shale gas reservoirs, accounting for
adsorption and gas slippage effects. The analysis focuses on enhanced recovery through the use of static heaters.
The proposed model incorporates temperature-dependent absolute permeability and pressure- and temperature-
dependent adsorption. A fully implicit formulation is adopted, with linearization via the Picardmethod and solution
of the resulting systems using the Conjugate Gradient method. The results demonstrate that thermal stimulation
significantly improves shale gas production. In long-term scenarios, the use of eight heaters increased cumulative
production by up to 24% compared to the case without heating. Additionally, the analysis of different heating rates
revealed that the 80 kW scenario provides the most favorable performance, achieving a positive energy balance
after approximately 1900 days and exceeding 30% efficiency gain over a 40-year period. These findings highlight the
importance of thermal effects, adsorption, and slippage in non-isothermal shale gas flow, providing valuable insights
for optimizing recovery strategies and improving the economic viability of thermal methods.
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Resumo

Este estudo aplica o Método dos Volumes Finitos para modelar o escoamento não isotérmico em reservatórios de
gás de folhelho, considerando os efeitos de adsorção e escorregamento do gás. A análise concentra-se na recuper-
ação avançada por meio do uso de aquecedores estáticos. O modelo proposto incorpora a permeabilidade absoluta
dependente da temperatura, bem como a adsorção dependente da pressão e da temperatura. Uma formulação to-
talmente implícita é adotada, com linearização pelo método de Picard e solução dos sistemas resultantes por meio
dométodo dos Gradientes Conjugados. Os resultados demonstram que a estimulação térmica melhora significativa-
mente a produção de gás de folhelho. Em cenários de longo prazo, o uso de oito aquecedores aumentou a produção
acumulada em até 24% em comparação com o caso sem aquecimento. Além disso, a análise de diferentes taxas de
aquecimento revelou que o cenário de 80 kW apresenta o desempenho mais favorável, atingindo balanço energético
positivo após aproximadamente 1900 dias e superando um ganho de eficiência de 30% ao longo de um período de 40
anos. Esses resultados destacam a importância dos efeitos térmicos, da adsorção e do escorregamento no escoamento
não isotérmico de gás de folhelho, fornecendo insights valiosos para a otimização de estratégias de recuperação e para
a melhoria da viabilidade econômica de métodos térmicos.
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1 Introduction
The shift to cleaner energy sources such as natural gas is vital for mitigating global warming, especially given the
projected increase of 2.5 billion in the urban population by 2050 [1], which is expected to drive energy demand.
Natural gas offers lower emissions than coal and oil and serves diverse applications [2]. While cleaner than con-
ventional fuels, unconventional extraction, particularly shale gas [3], necessitates mitigation technologies such as
Carbon Capture and Storage (CCS) to reduce environmental impacts [4], alongside the continued development of
renewable energy sources [5].

Shale gas, natural gas contained within sedimentary shale rock, has become a significant production source, led
by the United States of America. Optimizing its extraction requires numerical simulation and reservoir engineering
[6] due to the uniquely low permeability and porosity of shale formations [7], where gas is trapped in fractures.

Reservoir engineering and numerical simulation are crucial for understanding and enhancing shale gas extrac-
tion [8]. Accurate modeling of adsorption [9] and non-Darcy effects such as gas slippage [10, 11], which are impor-
tant in low-permeability rocks, is essential for efficient extraction design [12]. Hydraulic fracturing enables shale gas
production by creating flow pathways [13], although environmental concerns exist and can be mitigated by proper
execution [14]. Thus, understanding gas flow in shale formationswhile considering these factors is key to optimizing
shale gas recovery in both economic and environmental terms.

Thermal methods are increasingly used to enhance shale gas recovery by releasing adsorbed gas through heating
[15]. This study focuses on static heaters and their impact on non-isothermal flow. In situ heating, used in Enhanced
Oil Recovery (EOR) [16], can increase shale gas production by freeing adsorbed gas [17]. Temperature also influ-
ences absolute permeability [18], which is a critical factor in thermal recovery optimization. While combustion is
another thermal method studied for enhanced recovery [19], non-isothermal flow in shale gas reservoirs involves
complex coupled processes such as adsorption and diffusion, inwhich temperature distribution significantly impacts
production [19], highlighting the value of simulation in optimizing thermal recovery.

2 Governing Equations
In this work, we advanced toward building a numerical simulator to solve the governing equations of non-isothermal
gas flow in a shale gas reservoir, drawing upon elements present in models reported in the literature. This approach
enables the investigation of the combined physical effects of gas adsorption and slippage during thermal energy injec-
tion via static heaters, with the aim of enhancing production. Thus, absolute permeability is considered a function of
temperature, 𝐤(𝑇) [19], and the pressure- and temperature-dependent adsorption phenomenon is assumed, as dis-
cussed in [15]. Therefore, the development of this computational tool should allow for a discussion of the combined
effects of these physical phenomena on flow behavior, analyzing improvements in production due to the application
of static heaters.

The physical-mathematical model adopted in this work incorporates the following assumptions. The flow is con-
sidered non-isothermal, two-dimensional in the 𝑥𝑦-plane, single-phase, and transient. Local thermal equilibrium is
assumed to exist between the rock and the fluid. A thermal energy source term, representing volumetric heat genera-
tion, is included in themodel. The porousmedium is considered slightly compressible with constant compressibility
and is initially homogeneous and anisotropic with respect to absolute permeability. The porous medium is assumed
to be free of connate (irreducible) water, being fully saturated only by hydrocarbons in the gaseous phase. A mass
sink term, representing a production well, is incorporated. The fluid, dry natural gas, is considered Newtonian,
compressible, and of constant composition. Gas adsorption on the rockmatrix is taken into account, while chemical
reactions are neglected. Inertial and turbulent effects, as well as thermal exchanges by radiation and hydrodynamic
dispersion, are considered negligible. Electrokinetic effects are also disregarded, and the occurrence of gas slippage
is accounted for in the flow description.

To account for the influence of temperature, the approach based on the work of [18] was adopted. Thus, the
principal components of the absolute permeability tensor, 𝑘 (𝑇, 𝑡), are calculated as proposed in [19]

𝑘 (𝑇, 𝑡) = max
⏟⏟⏟
𝑡≥0

min {exp [
𝑇 − 𝑇𝑟𝑒𝑠
350 ln (5)]𝑘𝑖𝑛𝑖 , 5𝑘𝑖𝑛𝑖} , (1)

where 𝑇 is the temperature, 𝑡 is the time, 𝑘𝑖𝑛𝑖 is the initial absolute permeability and 𝑇𝑟𝑒𝑠 is the initial reservoir
temperature.

2.1 Conservation of mass
Starting from the continuity equation andDarcy’s law,modified to account for non-Darcy effects such as gas slippage,
a governing equation for the reservoir pressure can be derived [20]:
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(
Γ′𝑝 + Γ′𝑝,𝑎𝑑𝑠

) 𝜕𝑝
𝜕𝑡

− ∇ ⋅ (
𝐤𝑎
𝐵𝑔𝜇𝑔

∇𝑝) −
(
Γ′𝑇 + Γ′𝑇,𝑎𝑑𝑠

) 𝜕𝑇
𝜕𝑡

+
𝑞𝑠𝑐
𝑉𝑏

⏟⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⏟
=𝑆𝑚

= 0, (2)

where, for more compact notation, the following coefficients are introduced:

Γ′𝑝 = [
𝜙0𝑐𝜙
𝐵𝑔

+ 𝜙 𝜕
𝜕𝑝

(
1
𝐵𝑔
)] , (3)

Γ′𝑝,𝑎𝑑𝑠 = [
𝑉𝑎𝑑𝑠𝜌0𝑠 𝑐𝜌

𝐵𝑔
+ 𝜌𝑠𝑉𝑎𝑑𝑠

𝜕
𝜕𝑝

(
1
𝐵𝑔
) +

𝜌𝑠
𝐵𝑔

𝑉𝐿𝐾(𝑇)

(1 + 𝐾(𝑇)𝑝)2
] , (4)

Γ′𝑇 = [
𝜙0𝑐𝜙𝑇
𝐵𝑔

− 𝜙 𝜕
𝜕𝑇

(
1
𝐵𝑔
)] , (5)

Γ′𝑇,𝑎𝑑𝑠 = [
𝑉𝑎𝑑𝑠𝜌0𝑠 𝑐𝜌𝑇

𝐵𝑔
− 𝜌𝑠𝑉𝑎𝑑𝑠

𝜕
𝜕𝑇

(
1
𝐵𝑔
) −

𝜌𝑠
𝐵𝑔

𝑉𝐿𝐾(𝑇)𝑝

(1 + 𝐾(𝑇)𝑝)2
(− 1

2𝑇 +
𝐸𝑎𝑑𝑠
𝑅𝑇2

)] , (6)

where the superscript “0” denotes reference values; 𝑝 is the pressure; 𝐤𝑎 denotes the apparent permeability tensor;
𝐵𝑔 = 𝜌𝑠𝑐∕𝜌𝑔 is the formation volume factor; the superscript “sc” denotes standard conditions; 𝜌𝑔 is the gas density;
𝜇𝑔 is the gas viscosity; 𝑞𝑠𝑐 is a source term;𝑉𝑏 is the bulk volume; 𝜙 is the porosity; 𝑐𝜙, 𝑐𝜙𝑇 , 𝑐𝜌 and 𝑐𝜌𝑇 are the rock and
shale formation compressibility and thermal expansion coefficients, respectively; 𝜌𝑠 is the shale formation density;
𝑉𝑎𝑑𝑠 is the adsorbed specific volume; 𝑉𝐿 is the Langmuir volume; 𝐾(𝑇) is the adsorption coefficient; 𝐸𝑎𝑑𝑠 is the
characteristic adsorption energy; and 𝑅 is the universal gas constant [20].

Now, the apparent permeability tensor is introduced as [10],

𝐤𝑎 = (1 +
4𝐾𝑛
1 + 𝐾𝑛

) 𝐤 (7)

where 𝐾𝑛 = 𝜆∕𝑅ℎ is the Knudsen number and

𝜆 =
𝜇𝑔
𝑝

√
𝜋𝑍𝑅𝑇
2𝑀 , (8)

𝑅ℎ = 2
√
2𝜏

√
𝑘𝑚
𝜙

(9)

represent the mean free path of the molecules and a characteristic length of the porous medium [10, 11], with 𝑍
being the compressibility factor; 𝑀 the molecular mass; 𝜏 representing the porous medium tortuosity; and 𝑘𝑚 the
geometric mean of the principal absolute permeabilities. In the case of the derivatives of 𝐵−1𝑔 , the calculation should
be performed using numerical approximations [21].

2.2 Energy conservation
In this study, the assumption of local thermal equilibrium is adopted, characterized by the equality between the
average temperatures of the fluid (𝑇𝑔) and the rock (𝑇𝑠). This methodological choice contrasts with the approach
taken by [22], which is based on the premise of local thermal non-equilibrium. It should be emphasized that this
represents a specific case of the more general model introduced by [23] and that, under certain hypotheses, it can
be applied in practice [24]. Therefore, by setting 𝑇𝑔 = 𝑇𝑠 = 𝑇, it is possible to obtain a one-equation model [23, 24].
Hence, the energy equation employed here is given by:

𝜕
𝜕𝑡
(𝜌𝑐𝑝𝑇) − ∇ ⋅ (𝜿∇𝑇)+∇ ⋅

(
𝜌𝑔ℎ𝑔𝐯

)
−
𝑞𝐻
𝑉𝑏

−
𝜌𝑠𝑐,𝑔𝑞𝑠𝑐ℎ𝑔

𝑉𝑏
⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟

=−𝑆𝑇

= 0, (10)

where 𝐯 is the superficial velocity and 𝜿 is the effective thermal dispersion tensor, considering the contribution of
thermal conductivity and excluding those of tortuosity and hydrodynamic dispersion [23],

𝜿 = 𝜙𝜿𝑔 + (1 − 𝜙)𝜿𝑠, (11)

where 𝜿𝑔 and 𝜿𝑠 are the thermal conductivities of the fluid and the rock,
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𝜌𝑐𝑝 = 𝜙
(
𝜌𝑔𝑐𝑝𝑔

)
+ (1 − 𝜙) (𝜌𝑠𝑐𝑝𝑠), (12)

𝑞𝐻 is the volumetric thermal source provided by the heaters, ℎ𝑔 = 𝑐𝑝𝑔𝑇𝑔 is the enthalpy, and 𝑐𝑝 is the specific heat.

2.3 Initial and boundary conditions
A phenomenon described by parabolic partial differential equations is incomplete unless appropriate initial and
boundary conditions are provided. Therefore, for the problem to be mathematically well posed, the initial pressure
and temperature of the reservoir are prescribed throughout its domain at a given arbitrary initial time, that is,

𝑝(𝑥, 𝑦, 𝑇, 𝑡 = 0) = 𝑝0(𝑥, 𝑦, 𝑇), (13)

𝑇(𝑥, 𝑦, 𝑝, 𝑡 = 0) = 𝑇0(𝑥, 𝑦, 𝑝). (14)

Regarding the boundary conditions, a no-flow condition is considered at the reservoir boundaries, that is, at
𝑥 = 0 and 𝑦 = 0, and at 𝑥 = 𝐿𝑥 and 𝑦 = 𝐿𝑦:

(
𝜕𝑝
𝜕𝑥

)
𝑥=0,𝐿𝑥

= (
𝜕𝑝
𝜕𝑦

)
𝑦=0,𝐿𝑦

= 0, (15)

(𝜕𝑇
𝜕𝑥

)
𝑥=0,𝐿𝑥

= (𝜕𝑇
𝜕𝑦

)
𝑦=0,𝐿𝑦

= 0, (16)

where 𝐿𝑥 and 𝐿𝑦 represent the length and width of the reservoir, respectively, and its height is 𝐿𝑧.
Furthermore, the prescribed production rate from the well (of length 𝐿𝑤𝑓) is imposed via amass source term [25]

𝑞𝑠𝑐 = −𝐽𝑤
(
𝑝 − 𝑝𝑤𝑓

)
, (17)

where 𝐽𝑤 is the productivity index and 𝑝𝑤𝑓 is the bottomhole flowing pressure. Equation (17) allows the calculation
of the well pressure once its flow rate is prescribed, and vice versa.

3 Numerical Methodology
The Finite Volume Method (FVM) originates from the integral formulation of conservation laws, which grants it
several advantages [26]. Among these benefits, its ability to preserve conserved quantities, such as mass, momen-
tum, and energy, throughout the domain discretization process stands out, contributing to numerically stable and
conservative solutions.

The domain is then partitioned into finite volumes, and the governing equations are integrated over each of these
volumes and in time, resulting in a system of algebraic equations. The approximate solution of this system, obtained
using the Conjugate Gradient Method, provides the desired pressure and average temperature fields.

Following the nomenclature commonly adopted in the literature [26], the uppercase subscripts 𝑊 (West), 𝐸
(East), 𝑆 (South), and𝑁 (North) indicate the neighboring nodes to the central node 𝑃, while the lowercase subscripts
(𝑤, 𝑒, 𝑠, and 𝑛) indicate the corresponding faces of the central finite volume in each direction. The structured mesh
consists of 𝑛𝑥 and 𝑛𝑦 finite volumes in the 𝑥- and 𝑦-axis directions, respectively, with spatial increments equal to ∆𝑥
and ∆𝑦. The time increment is denoted by ∆𝑡.

After integrating the governing equations over a finite volume and in time, from 𝑡𝑛 (old) to 𝑡𝑛+1 (new), employ-
ing fully implicit time formulations, three-point centered differences for the spatial derivatives, and conservative
expansions for the accumulation terms [21], the final discretized forms are obtained [20]. Regarding the equation
for determining pressure:

Λ𝑃𝑝𝑛𝑒𝑤𝑃 = Λ𝑒𝑝𝑛𝑒𝑤𝐸 + Λ𝑤𝑝𝑛𝑒𝑤𝑊 + Λ𝑛𝑝𝑛𝑒𝑤𝑁 + Λ𝑠𝑝𝑛𝑒𝑤𝑆 + (𝑆𝑚)𝑛𝑒𝑤𝑃 +
(
Γ𝑝 + Γ𝑝,𝑎𝑑𝑠

)𝑛𝑒𝑤
𝑃

𝑝𝑜𝑙𝑑𝑃 , (18)

where the different coefficients are given by
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Λ𝑃 =
(
Γ𝑝 + Γ𝑝,𝑎𝑑𝑠

)𝑛𝑒𝑤
𝑃

+ Λ𝑒 + Λ𝑤 + Λ𝑛 + Λ𝑠, (19)

Λ𝑒 = (
𝑘𝑎𝑥∆𝑦𝑃𝐿𝑧
𝐵𝑔𝜇𝑔∆𝑥𝑒

)
𝑛𝑒𝑤

𝑒

, Λ𝑤 = (
𝑘𝑎𝑥∆𝑦𝑃𝐿𝑧
𝐵𝑔𝜇𝑔∆𝑥𝑤

)
𝑛𝑒𝑤

𝑤

, (20)

Λ𝑛 = (
𝑘𝑎𝑦∆𝑥𝑃𝐿𝑧
𝐵𝑔𝜇𝑔∆𝑦𝑛

)
𝑛𝑒𝑤

𝑛

, Λ𝑠 = (
𝑘𝑎𝑦∆𝑥𝑃𝐿𝑧
𝐵𝑔𝜇𝑔∆𝑦𝑠

)
𝑛𝑒𝑤

𝑠

, (21)

(𝑆𝑚)𝑛𝑒𝑤𝑃 = (𝑞𝑠𝑐)
𝑛𝑒𝑤
𝑃 +

(
Γ𝑇 + Γ𝑇,𝑎𝑑𝑠

)𝑛𝑒𝑤 (
𝑇𝑛𝑒𝑤𝑃 − 𝑇𝑜𝑙𝑑𝑃

)
, (22)

where Γ𝑝 = Γ′𝑝𝑉𝑏∕∆𝑡; Γ𝑝,𝑎𝑑𝑠 = Γ′𝑝,𝑎𝑑𝑠𝑉𝑏∕∆𝑡; Γ𝑇 = Γ′𝑇𝑉𝑏∕∆𝑡; and Γ𝑇,𝑎𝑑𝑠 = Γ′𝑇,𝑎𝑑𝑠𝑉𝑏∕∆𝑡. The terms Λ𝑒, Λ𝑤, Λ𝑛,
and Λ𝑠 are called transmissibilities, and the properties that must be evaluated at the faces of the finite volumes are
calculated using harmonic averages for rock properties and arithmetic averages for fluid properties [22].

Next, the final discretized form of the energy equation is presented:

Φ𝑃𝑇𝑛𝑒𝑤𝑃 = Φ𝑒𝑇𝑛𝑒𝑤𝐸 + Φ𝑤𝑇𝑛𝑒𝑤𝑊 + Φ𝑛𝑇𝑛𝑒𝑤𝑁 + Φ𝑠𝑇𝑛𝑒𝑤𝑆 + (𝑆𝑇)𝑛𝑒𝑤𝑃 +

(
𝜌𝑐𝑝𝑉𝑏

)𝑜𝑙𝑑
𝑃

∆𝑡 𝑇𝑜𝑙𝑑𝑃 , (23)

with its coefficients calculated according to the following equations:

Φ𝑃 =

(
𝜌𝑐𝑝𝑉𝑏

)𝑛𝑒𝑤
𝑃

∆𝑡 + Φ𝑒 + Φ𝑤 + Φ𝑛 + Φ𝑠, (24)

Φ𝑒 = (
𝜅𝑥∆𝑦𝑃𝐿𝑧
∆𝑥𝑒

)
𝑛𝑒𝑤

𝑒
, Φ𝑤 = (

𝜅𝑥∆𝑦𝑃𝐿𝑧
∆𝑥𝑤

)
𝑛𝑒𝑤

𝑤
, (25)

Φ𝑛 = (
𝜅𝑦∆𝑥𝑃𝐿𝑧
∆𝑦𝑛

)
𝑛𝑒𝑤

𝑛

, Φ𝑠 = (
𝜅𝑦∆𝑥𝑃𝐿𝑧
∆𝑦𝑠

)
𝑛𝑒𝑤

𝑠

, (26)

(𝑆𝑇)𝑛𝑒𝑤𝑃 = (𝑞𝐻)
𝑛𝑒𝑤
𝑃 +

[(
𝜌𝑠𝑐ℎ𝑔 + 𝐵𝑔𝑝

)
𝑞𝑠𝑐
]𝑛𝑒𝑤
𝑃

+ 𝜑, (27)

where

𝜑 = Λ𝑇,𝑒𝑝𝑛𝑒𝑤𝐸 + Λ𝑇,𝑤𝑝𝑛𝑒𝑤𝑊 + Λ𝑇,𝑛𝑝𝑛𝑒𝑤𝑁 + Λ𝑇,𝑠𝑝𝑛𝑒𝑤𝑆 −
(
Λ𝑇,𝑒 + Λ𝑇,𝑤 + Λ𝑇,𝑛 + Λ𝑇,𝑠

)
𝑝𝑛𝑒𝑤𝑃 (28)

and

Λ𝑇,𝜂 =
[(
𝜌𝑠𝑐ℎ𝑔

)
Λ
]
𝜂

(29)

for each direction 𝜂 = 𝑒,𝑤, 𝑛, 𝑠.
The numerical solution employs operator splitting [27], sequentially solving linearized algebraic systems for pres-

sure and then temperature. Each solution involves Picard iterations [28], in which coefficients are updated based
on values from the previous iteration (𝑣) to calculate the current values (𝑣 + 1). For the pressure calculation, the
coefficients are evaluated using 𝑝𝑣 and 𝑇𝑣, and the iterations proceed until pressure convergence is achieved within
a tolerance (𝑡𝑜𝑙2). The temperature calculation follows a similar procedure, using 𝑇𝑣 and the updated 𝑝𝑣+1, and
iterating until temperature convergence. The inner linear systems for each variable are solved to a tolerance (𝑡𝑜𝑙1).

For the problem considered in this work, where there is a vertical producer well of length 𝐿𝑧,

𝐽𝑤 = {(2𝜋
√
𝑘𝑎𝑥𝑘𝑎𝑦𝐿𝑧) [𝐵𝑔𝜇𝑔 ln (

𝑟𝑒𝑞
𝑟𝑤

)]
−1
}
𝑛𝑒𝑤

𝑃

(30)

where 𝑟𝑤 is the well radius and 𝑟𝑒𝑞 is the equivalent radius [29], having been adapted for use with apparent perme-
abilities [20], considering the computation of properties in the finite volume that hosts the wellbore.
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4 Numerical Results
The numerical code was developed in the C programming language using the Visual Studio Code editor, version
1.82.2, compiledwithgcc (GNUCCompiler) version 11.4.0, and executed on aGNU/Linux operating system (Ubuntu
22.04.03 LTS).

Tables 1, 2, and 3 provide the values of the properties and parameters used to define the base case, which considers
the effects of gas adsorption and slippage. In Table 3, 𝛾 represents the specific weight of the gas, and is used in the
determination of pseudo-critical pressure and temperature, such that the formation volume factor is calculated from
the equation of state [30]

𝐵𝑔 =
𝑝𝑠𝑐
𝑝𝑔

𝑇𝑔
𝑇𝑠𝑐

𝑍𝑔(𝑝𝑔, 𝑇𝑔, 𝛾), (31)

where the compressibility factor of the gas 𝑍𝑔 is a function of the pressure, temperature, and density of the gas [30].

Table 1: General parameters.

Parameter Value Unit Parameter Value Unit
𝐹∆𝑡 1.2 - 𝑡𝑚𝑎𝑥 1,464 day

ℎ𝑝𝑜𝑠 20 m 𝑡𝑜𝑙1 1×10−5 kPa

𝐿𝑥 = 𝐿𝑦 1,080 m 𝑡𝑜𝑙2 1×10−5 K

𝐿𝑧 = 𝐿𝑤𝑓 40 m 𝑇init = 𝑇0 400.15 K

𝑛𝑥 = 𝑛𝑦 185 - 𝑥𝑤 = 𝑦𝑤 540 m

𝑝init = 𝑝0 45,000 kPa ∆𝑡init 0.5 day

𝑞𝑠𝑐 -2,500 std m3/day ∆𝑡final 5 day

Table 2: Rock Parameters.

Parameter Value Unit Parameter Value Unit
𝑐𝜙 1.45×10−6 kPa−1 𝑘𝑥 = 𝑘𝑦 5×10−18 m2

𝑐𝜙𝑇 5.4×10−6 K−1 𝜅𝑟 3.5 W/(m K)

𝑐𝜌 10−6 kPa−1 𝜌𝑠 3,203.7 kg/m3

𝑐𝜌𝑇 5.0×10−9 K−1 𝜏 1.41 -

𝑐𝑝𝑟 1.25604 kJ/(kg K) 𝜙0 0.08 -

Table 3: Fluid Parameters.

Parameter Value Unit Parameter Value Unit
𝑐𝑝𝑔 2.5 kJ/(kg K) 𝑅 8.3161 J/(mol K)

𝐸𝑎𝑑𝑠 -20.936 J/mol 𝑇𝑠𝑐 298.15 K

𝐾0 3.2288×10−9 K0.5 𝑉𝐿 3.12398×10−5 m3/kg

𝑝𝐿 1,100 kPa 𝛾 0.6 -
𝑝𝑠𝑐 101.325 kPa 𝜅𝑔 0.075 W/(m K)
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The simulation begins with an initial time step ∆𝑡𝑖𝑛𝑖𝑡, which is multiplied by the growth factor 𝐹∆𝑡 to determine
the subsequent time steps. This procedure continues until the maximum time step, ∆𝑡final, is reached, after which
it remains constant. The total production time is defined as 𝑡𝑚𝑎𝑥. Finally, the coordinates defining the well location
are given by (𝑥𝑤, 𝑦𝑤).

The numerical approach was validated against two analytical solutions: one for transient diffusion in pressure
and another for dimensionless transient advection-diffusion in temperature, showing good agreement [20]. Mesh
refinement studies further confirmed the accuracy of the method, with results converging to a unique solution as
the mesh was refined [20].

4.1 Enhanced Oil Recovery (EOR) Performance
The performance of static heaters under various shale gas production scenarios is now analyzed. To this end, the
pressure at the productionwell was kept constant at𝑝𝑤𝑓 = 300 kPa, simulating an operational constraint, and the re-
lationship from [25] was used to calculate the flow rate and production at each time step, that is, 𝑞𝑠𝑐 = 𝐽𝑤

(
𝑝 − 𝑝𝑤𝑓

)
,

corresponding to Eq. (17).
In all scenarios, amaximumallowable average temperature of 680Kwas adopted for any cell. It is understood that

exceeding this value could lead to gas combustion [19]. Once this limit is reached, the heaters are turned off. In the
simulated cases shown in Figs. 1 and 2, where ℎ𝑝𝑜𝑠 represents the distance between the heaters and the production
well and 𝐺𝑝 the cumulative production, after the heaters are turned off and the maximum temperature decreases
to 670 K, they are turned on again, thus repeating the heating process cyclically. Prescribing the temperature in the
heater cell would not be a suitable approach, as it would not be physically realistic due to the model geometry and
the lack of a heater-reservoir coupling model.
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Figure 1: Production rate and cumulative production: Variation in the number of heaters.

Figure 1 shows the results with the heaters positioned 20 m from the production well and evaluates the effect
on gas production when using four or eight heaters, as well as without any heating. When comparing the different
production configurations over longer durations, it is observed that increasing the number of static heaters leads to
a significant attenuation of the flow rate decline, in some cases even reversing it.

This behavior is directly related to the increase in absolute permeability in the heated region and gas desorption
driven by the temperature increase. These findings are consistent with results reported in the literature, where
thermal stimulation enhances gas desorption and increases apparent permeability in shale formations, leading to
improved production performance [17, 19].

The long-term analysis reveals a considerable increase in cumulative shale gas production due to reservoir heat-
ing, as illustrated in Fig. 1. The cumulative production curve shows substantial gains with an increasing number of
static heaters, with quantitative values presented in Table 4. Recovery using four and eight heaters substantially out-
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Figure 2: Production rate and cumulative production: Proximity of the heaters.

performs production without employing the thermal recovery method. The positive effect of increased temperature
on shale gas production is also highlighted.

Table 4: Production increase by varying the number of heaters.

Case 𝐺𝑝 (std MMm3) Production increase

Without heating 64.38 0%

4 heaters 74.19 15%
8 heaters 79.73 24%

Although the slippage effectwas attenuated due to the adoption of themodel proposed by [10], the results indicate
that the gains associated with the temperature increase outweigh any reduction, resulting in an overall increase in
shale gas production.

However, it can be observed from the cumulative production curve that a significant amount of time may be
required to realize any substantial gain associatedwith the use of the recoverymethod, as the curves begin to separate
after more than 2,000 days of production.

In turn, the results presented in Fig. 2 show that there is an advantage to positioning the heaters as close as
possible to the production well. As anticipated, for larger distances, the effect of thermal heating becomes negligible.
The observed reduction in effectiveness with increasing distance from the production well is in agreement with
previous studies, which indicate that thermal effects are highly localized and strongly dependent on heat transfer
efficiency within the reservoir [17, 19].

Moving now to another scenario, whose results are shown in Fig. 3, where SD stands for Shut Down, the effect
of not restarting the heaters once the stipulated temperature limit of 680 K is reached is studied. It is noted that,
moments after shutdown, the production rate curve abruptly deviates, revealing a situation that characterizes an
increase in production from that point onward.

This gain in production rate can be explained by the combination of decreasing pressure and temperature over
time, since the reduction in pressure favors gas slippage, which, in turn, is mitigated by the increase in temperature.
As shown in Fig. 4, for a heating rate of 50 kWwith four heaters positioned 20m from the productionwell, shutdown
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Figure 3: Production rate and cumulative production: Continuous heating.

occurred only after 9,039 days of operation, resulting in a total energy injection of 43.39 GWh into the reservoir,
whereas at a heating rate of 80 kW, it was 7.86 GWh in just 1,024 days of production.
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Figure 4: Production rate and cumulative production: Heating off.

Furthermore, considering the balance of the difference between the scenarios with and without heating, it is
necessary to account for whether gains were achieved through the use of the recovery method. Thus, considering
that 1 m3 of natural gas is equivalent to 36,303 BTU, the balances, converted into energy measured in MMBTU (106
BTU), were calculated, and the results are presented in Figs. 5 and 6. An efficiency of 70% was assumed for the
thermal energy injection operation.

The curve for 100 kW showed that an adjustment is essential when choosing the energy injection rate into the
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system, as it proved to be, by far, the worst case, despite the increased heating rate. Moreover, analyzing Figs. 5 and 6,
it is observed that from approximately 1,900 days (more than five years), in the 80 kW heating scenario, a positive
energy balance began to occur.

The delayed onset of significant production gains is consistent with the thermal diffusion process in porous me-
dia, which typically requires extended periods to effectively propagate heat and impact reservoir properties. This
increase continued over the 40 years of operation, resulting in gains exceeding 30% at the end of this period.

In contrast, the other scenarios did not show the same advantage. The analysis revealed that using the thermal
energy injectionmethodwith 80 kWheating until the target temperaturewas reached proved to be themost favorable
compared to the other evaluated configurations. The identification of an optimal heating rate is consistent with
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previous studies on thermal recovery processes, which emphasize that excessive energy input may reduce overall
efficiency, highlighting the importance of balancing energy injection and production gains [19].

4.2 Sensitivity Analysis
This section presents a sensitivity analysis aimed at evaluating the influence of key operational and physical param-
eters on the reservoir behavior and production performance. In particular, the effects of variations in production
time and thermal stimulation are investigated to assess their impact on pressure and temperature distributions.

4.2.1 Production Time

Figures 7, 8, and 9 display the results for reservoir and well pressures, as well as temperature, as functions of pro-
duction time. It can be observed that, as production time increases, both pressure and temperature are affected,
with a notable change in pressure occurring after approximately 2,000 days. Furthermore, a subsequent increase in
temperature is observed due to the influence of the static heaters.
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Figure 7: Variation of production time: Well pressure.
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Figure 8: Variation of production time: Reservoir pressure.
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Figure 9: Variation of production time: Reservoir temperature.

4.2.2 Heater Wells Placement

The following results were obtained by varying the distance between the heater wells and the producer. Distances
of 20, 60, and 100 m from the vertical production well location were considered.

Due to their positioning in the reservoir, the temperature increase affected the pressure in the production well
only for the case where the distance was 20 m, over the stipulated production time, as observed in Fig. 10, leading
to a smaller pressure drop. From Figs. 11 and 12, it was found that the reservoir pressure was practically unaffected
and that the maximum temperatures reached were virtually the same, although only the wells positioned closer to
the production well appreciably affected the temperature in the region containing the well.
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Figure 10: Variation of heater well positioning: Well pressure.

In this case, due to the variation of the absolute permeability as a function of temperature, it is expected to increase
in the vicinity of the production well, contributing to a reduction in flow resistance in the aforementioned region.
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5 Conclusions
The results indicate that increasing reservoir temperature as a stimulation method in the near-wellbore region,
thereby enhancing absolute permeability in the heated area, can significantly benefit shale gas production in the
long term, particularly when the heaters are located close to the production well. The heating rate also plays a cru-
cial role in the efficiency of the recovery process, highlighting the importance of evaluating different production
scenarios to achieve tangible gains. However, it is important to note that the benefits associated with this recovery
method may take several years to become significant.

From an economic perspective, the feasibility of shale gas reservoir heating projects depends onmultiple factors,
including operational and installation costs. In this context, the 80 kW heating scenario demonstrated the most
favorable cost-benefit ratio, achieving a positive energy balance after approximately 1900 days and resulting in effi-
ciency gains exceeding 30% over long-term operation. These findings reinforce the potential of optimized thermal
strategies to improve the practical viability of such recovery methods.

Regarding the analysis of pressure and temperature fields during sensitivity tests, significant variations in bot-
tomhole pressure and temperature profileswere observed over production time. The combined effects led to pressure
drops and temperature increases, emphasizing the importance of monitoring and control in long-term operations.
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