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W N e

Abstract: The in situ conversion process (ICP) is a retorting method pyrolyzing the kerogen in shale
into oil and gas products, which shows great potential to promote the recovery of oil shale resources.
In this work, a thermo-hydro-chemical-coupled model for the in situ conversion process is established,
considering the temperature dependence of key properties and the transverse isotropy caused by the
layered characteristics of oil shale. Based on the proposed model, a series of simulations is conducted
to evaluate the production performance of the in situ conversion process of oil shale reservoirs. The
results indicate that energy efficiency reaches a maximum of 2.7 around the fifth year of the heating
process, indicating the feasibility of in situ conversion technology. Furthermore, the sensitivity
analysis shows that the heating temperature should be higher than 300 °C to avoid the energy
output being less than the energy input, and the oil/gas ratio decreases with increasing heating
temperature. Moreover, thermal conductivity is positively with production while heat capacity is
negatively correlated, and the energy efficiency decreases with increasing thermal conductivity and
matrix heat capacity. Finally, the heating period should be no longer than 4 years to maximize the
heating efficiency.

Keywords: in situ conversion process; multi-physics field; oil shale; production evaluation;
thermo-hydro-chemical coupled model; numerical analysis

1. Introduction

With the increasing consumption of conventional energy resources, the search for new
energy alternatives has become an important issue. As an unconventional energy resource,
oil shale is widely distributed all over the world and abundant in reserves. The equivalent
production of shale oil is 689 billion tons, which is four times the reserves of crude oil.
Therefore, the effective exploitation of oil shale resources is of great significance to solve
the increasingly strained global energy problem [1-4]. High-maturity oil shale reservoirs
are rich in liquid oil and gas, which can be directly exploited after using horizontal well
hydraulic fracturing technology to improve its permeability. Reservoirs of low maturity are
rich in various macromolecular solid organic matters (kerogen), and only contain a small
amount of movable oil and gas. It is necessary to convert the solid kerogen into liquid
products by retorting methods to exploit low-maturity oil shale reservoirs [5-8]. There are
two main retorting methods for low-maturity oil shale, one is aboveground retorting, and
the other is in situ conversion technology, i.e., underground retorting. The aboveground
retorting is only suitable for oil shale reservoirs with a shallow embedding depth and causes
enormous damage to the environment. In addition, the aboveground retorting process

Energies 2023, 16, 2103. https:/ /doi.org/10.3390/en16052103

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16052103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en16052103
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16052103?type=check_update&version=2

Energies 2023, 16, 2103

20f17

needs to be carried out in an anaerobic environment, which will inevitably produce a large
amount of toxic gases and residues while producing shale o0il and shale gas [9-11]. In situ
conversion technology supplies energy to the reservoir through strategically drilled wells
to pyrolyze the kerogen in oil shale to produce oil and gas; additionally, the permeability
of oil shale formations is improved, which subsequently promotes the extraction of oil
and gas products through the production wells [12-14], as shown in Figure 1. Compared
with aboveground retorting, in situ conversion technology is a more environmentally
friendly, cost-efficient, and an effective approach for the exploitation of low-maturity oil
shale reservoirs [15,16]. However, due to the complex geological environment of the oil
shale reservoir and enormous energy and time costs, in situ conversion technology is still
in the development stage, and a series of engineering and scientific problems hindering the
practice of the technique needs to be solved sooner rather than later [15].

In situ conversion technologies can be divided into four categories according to the
heating methods: in situ conduction heating, in situ convection heating, in situ combustion
heating, and radiation heating [17-19]. Among them, the in situ heating conduction
technology is the most mature, using electric heaters to heat the oil shale reservoir so that
the kerogen can be pyrolyzed into oil and gas products, and it has achieved great success
in the field tests of Royal Dutch Shell [20]. No matter which heating method is used, there
are two main challenges in the in situ conversion process: one is to heat the shale oil
reservoir to the pyrolysis temperature of kerogen, and the other is to extract the generated
oil and gas products to the ground. The pyrolysis temperature of kerogen is rather high
and the initial permeability of oil shale is very low, which limit the exploitation of oil
shale resources [21-23]. Field tests require enormous energy input, and often up to several
years, while laboratory experiments cannot capture the complex geological environment
of oil shale reservoirs [24,25]. Therefore, the numerical simulation method has become a
powerful tool that can provide theoretical guidance and technical support for the practical
application of in situ conversion technology.

Heating well

iy

Production well

Fluid flow / /
\_

Oil shale reservoi

Multistage pyrolysis

Figure 1. Schematic diagram of the in situ conversion process [12,20].

To precisely reflect the pyrolysis of various substances during the in situ conversion
process, a reliable kinetic model is required, which has a key influence on the accuracy
of the model, especially the prediction of oil and gas production [26-29]. Hubbard and
Robinson [30] proposed a multi-stage pyrolysis model of kerogen that includes various
stages of bitumen, oil, gas, and coke. Based on the kinetic theory proposed by Antony
and Howard [31], Campbell et al. [32] analyzed the non-isothermal kinetics process of the
pyrolysis for Colorado oil shale and concluded that the pyrolysis of kerogen undergoes
three different stages with the change of temperature. Burnham and Braun [33] proposed
a reaction kinetic model combining multiple serial and parallel reactions, which was
widely used in later simulations and gained satisfactory results. To understand the complex
mechanisms associated with the in situ conversion process and the effects of the engineering
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and reservoir parameters on production, most researchers have adopted multi-physics
modeling. Considering borehole reflux heat loss and well skin effects of the production
well, Shen et al. [34] conducted a simulation based on a field test of Shell in Colorado,
and the results obtained were in good agreement with the production data. Fan et al. [35]
developed a thermo-hydro-chemical numerical formulation and analyzed the effects of
heating temperature, heater spacing, and heater pattern on the production performance of
the in situ conversion process. Song et al. [36] proposed a novel method using multilateral
wells to conduct in situ conversion via steam injection and conducted a sensitivity analysis
of oil shale properties and well arrangements. Given the anisotropy of the properties of oil
shale, Wang et al. [37] established a thermal-hydraulic-mechanical model to investigate the
in situ oil shale pyrolysis process by superheated steam.

Although many researchers have tried to establish a coupled multi-physics model to
describe the complex physical and chemical behavior during the in situ conversion process,
they generally have an insufficient coupling of various physical fields and some dynamic
changes of key physical properties, such as thermal conductivity and permeability, are
ignored, as well as the transverse isotropy of physical properties caused by the layered
characteristics of oil shale [25,38]. In this work, a fully coupled thermo-hydro-chemical
model is established to achieve a comprehensive analysis of in situ conversion technology.
First, a chemical reaction model is adopted to simulate the multi-stage pyrolysis of kerogen
in the in situ conversion process. Second, the output of oil and gas products is described by a
seepage model. Finally, the temperature field is calculated based on the energy conservation
equation considering heat conduction, heat convection, and reaction enthalpy [5,35]. On
this basis, a series of simulations is carried out to evaluate the production performance and
heating efficiency during the in situ conversion process, which provides a comprehensive
understanding and scientific guidance for in situ conversion technology.

The remaining part of this work is organized as follows: The thermo-hydro-chemical
coupled governing equation is illustrated in detail in Section 2. In Section 3.1, a base case is
established to evaluate the production performance of the in situ conversion process of oil
shale. The influence of heating temperature and thermophysical properties of oil shale are
analyzed in Sections 3.2 and 3.3, respectively. The sensitivity analysis of the heating period
is carried out in Section 3.4. Main findings of this work are stated in Section 4.

2. Model Description
2.1. Basic Assumptions

(1) The flow of fluid products is considered as single-phase flow.

(2) The deformation of oil shale is negligible.

(3) The density of solid components is constant.

(4) Due to the layered characteristics of oil shale, it is considered as a transversely
isotropic material.

(5) The porosity of oil shale is described as a function of temperature.

2.2. Pyrolytic Reaction Kinetics

As mentioned, the thermal decomposition of kerogen in oil shale is a complex pro-
cess involving a series of multistage pyrolysis reactions. In the modeling of the in situ
conversion process, the chemical reaction plays a decisive role in the alteration of the
concentration of each substance. In this work, the chemical reaction model is adopted from
Pei et al. [39], which is simplified based on the chemical reaction model proposed by Braun
and Burnham [33] in 1992. The simplification of the model reduces the computation time
while maintaining accuracy as much as possible. It should be noted that the kerogen in
the model cannot be described by a specific chemical formula, because it is an organic mix-
ture composed of macromolecular compounds, and a normalized form CH; 5N 02600.05
is adopted to represent kerogen [40]. Another challenge is that the heavy oil, light oil,
and hydrocarbon gas (hereinafter referred to as HC gas) in the reaction model exist as
integrated components, which makes it difficult to obtain their physical and chemical
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properties. Therefore, the physical and chemical properties of alkanes with the closest
molecular weight are adopted instead. The details of chemical reaction kinetics are shown
in Table 1.

Table 1. Reaction model for multistage pyrolysis of kerogen [39].

Reactions Frequency Factor (1/s) Activation Energy (kJ/mol) Enthalpy (kJ/mol)
Kerogen — 0.010699 Heavy oil + 0.009722 13 B
Light oil + 0.007131 HC gas + 0.641083 Prechar 3010 213.384 335
Heavy oil — 0.661282 Light oil + 1.503765 HC 13 B
gas + 13.4175 Prechar 1.0 x 10 226.09 46.5
Light oil — 3.237828 HC gas+ 5.182242 Prechar 5.0 x 10% 226.09 —465
Prechar — 0.017177 HC gas + 0.99021 Char 1.0 x 1013 226.09 —46.5

In this work, the first-order rate law is used to calculate the reaction rate of each
reactant [41]:

rp=Ki[Tei™ )

= -exp(—Ef) @
] ] RgT

where the subscript j represents the j-th reaction and i represents the reactant, r; is the
reaction rate (mol/(m?3-s)), ¢; is the molar concentration (mol/m3), vjj is the stoichiometric
number of reactant i in the j-th reaction. The forward rate constant is defined as K; (1/s),
which can be calculated by the Arrhenius expression [41]. A; is the reaction frequency factor
(1/s), E; represents the reaction activation energy (J/mol), Ry denotes the ideal gas constant
(J/(mol-K)), and T is the thermodynamic temperature (K).

The change in the concentration of fluid components during the in situ conversion
process depends on the chemical reaction, convection, and diffusion, and the governing
equation based on the mass conservation equation is expressed as [42]:

%‘FV'L"‘IJ'VQ:RZ’ (3)
where ¢ is 0il shale porosity, u is the flow velocity (m/s), J; is the diffusion flux (mol/(m?-s)),
R; is the total reaction rate of component i (mol/ (m3-s)):

Ji = —DiV¢; 4)
R; = Z”jvij ®)
j

where the diffusion coefficient of substance i (m?/s) is denoted as D;.

Compared with fluid components, the effects of diffusion and convection of solid
components can be ignored. Furthermore, the change in porosity does not contribute to the
change in the solid concentration [34]. Therefore, the concentration of solid components is
calculated as:

aCi o
5 =

Finally, the energy change Q (J) resulting from the multistage pyrolysis of kerogen is

expressed as:

R; (6)

Q=) riH; @)
j
where H; is the change in enthalpy (J/mol) of reaction j.

2.3. Flow in Porous Media

The pyrolysis of kerogen generates a large amount of oil and gas products, which are
directed to the production wells due to a pressure gradient. Since the flow of underground
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oil and gas products can be regarded as laminar flow through sediments, Darcy’s law is
valid for the flow velocity calculation [43]:

u=—£(VP+g) ®)

Here u is the flow velocity (m/s), k denotes the permeability of oil shale (m?), u is the
dynamic viscosity (Pa-s), p represents the fluid pressure (Pa), g is the gravity acceleration
(m/s?).

The equation of mass conservation of fluid in porous media can be described as:

2 (ep) + - (pu) = Qu ©)

where p represents the density of the fluid (kg/m?), and Qy, is the mass source/sink term
(kg/(m3-s)), which is determined by the generation/consumption of total fluid products
(heavy oil, light oil, HC gas) in multistage pyrolysis reaction of kerogen, and it is calculated

as follows:
Qm = E E rjvijMi (10)
ij

where M; is the molecular weight of substance i. Combining Equations (8)—(10), the
governing equation of pressure is obtained as:

)
% -V (’;K(W +g)> = ;]ervisz‘ ah

The accuracy of the fluid velocity calculation is vital for the prediction of production,
where porosity and permeability play key roles as shown in Equations (8) and (9). As a
kind of tight sedimentary rock, the porosity and permeability of oil shale reservoirs are
very low, which cannot provide a feasible storage and flow path for oil and gas [44,45].
During the in situ conversion process, the porosity and permeability of oil shale will be
greatly improved due to the pyrolysis of kerogen and the formation of thermal cracks,
which promotes the output of oil and gas products. Experiments show that the porosity
of oil shale can be improved from 0-0.05 to more than 0.2, and the permeability can be
improved from 0.0001 mD to more than 1 mD [46-48]. To precisely describe the evolution
of porosity during the in situ conversion process, this work presents an approach using
the porosity—temperature interpolation function relationship obtained by experiments. [46].
The variation of permeability with porosity can be described by the following Carman-—

Kozeny equation:
3 2
€ 1—¢p
— hdl 12
" KOX<€O> X<1_S) (12)

where ¢y and xg are the initial porosity and permeability, respectively. Considering the
difference of permeability in orthogonal directions caused by the bedding characteristic of
oil shale, the permeability perpendicular to beddings is set to one-tenth of the permeability
parallel to beddings [25,39,49].

2.4. Heat Transfer Model of Porous Media

Temperature is a decisive factor in the in situ conversion process. Not only is the
reaction rate of kerogen pyrolysis determined by temperature, but many key properties
are temperature-dependent. There are two main types of heating methods involved in
the in situ conversion process, one is the heat conduction caused by the heating well; the
other is heat convection owing to the flow of high-temperature oil and gas products. In
addition, the change in enthalpy of chemical reactions will also serve as a heat source/sink.
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In summary, the calculation of the temperature field based on the energy conservation
equation is [50]:

oT
(0Cp) o = TPCpiu-VT+V- (kegVT) = Q (13)

where Q denotes the heat source caused by chemical reactions, (0Cp)f is the equivalent
heat capacity, k. is the equivalent thermal conductivity (W/(m-K)) [50]:

(0Cp) o = (1= €)psCps + e0Cpy (14)

kyr = (1— e)ks + eky (15)

where ps, Cps and py, Cpr represent the density and volumetric heat capacity (J/ m?) of
oil shale matrix and fluid products, respectively, ks is the thermal conductivity of the oil
shale matrix, and ky is the thermal conductivity of fluid products. Considering the layered
characteristics of oil shale, the thermal conductivity parallel to the bedding direction ks_pa/
is set different from the thermal conductivity perpendicular to the bedding direction ks_per,
which is adapted from Wang et al. [38]:

k 0
o ] .
. [ el (16)
Ks_par = 4563 x 1076 x (T — 273.15)> — 0.00119 x (T — 273.15) + 07581  (17)
Ks_per = 1176 1076 x (T — 273.15)% — 0.00285 x (T — 273.15) +1.9381 (18

2.5. Numerical Model and Input Parameters

Based on the in situ conduction conversion technology, a two-dimensional simplified
oil shale reservoir model, with a size of 25 m x 30 m, is established as shown in Figure 2a.
The model is designed with 10 heating wells (which are distributed as regular triangles
with a side length of 6.5 m) and 2 production wells. The initial temperature of the oil shale
reservoir is set to 20 °C, the initial pressure is set to 8 MPa, the temperature of the heating
wells is set to a constant value of 360 °C, the bottom hole pressure of the production well is
set to 1 MPa, and the total simulation time is 8 years. Surrounding the oil shale reservoir is
a heat loss zone with a boundary that is thermally insulated far from the reservoir model in
Figure 2a. In other words, there is only mass and energy exchange at the boundary of the
heating wells and the production wells. All results in this study are calculated by assuming
a reservoir thickness of 1 m. The input parameters are summarized in Table 2.

@ Heating well O Production well

T

30 m

=
B (b) Chemical Reaction:
@---- +@ o Concentration
® O o 3
=
3
(] () ) %
o - i\ H o9 o, rectt Vi 2o
® ® L Fluid Flow: ——catconvedion Heat Transfer :
P
(a) Pressure ) Properties of fluid Temperature 2

Figure 2. Schematics for the geometry and the coupling relationship of the model: (a) two-
dimensional oil shale reservoir model; (b) the relationship of the coupled physical fields.
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Table 2. Parameters used in the simulations.

Parameter Value Source
Initial reservoir temperature 25°C -
Initial reservoir pressure 8 MPa -
Heating temperature 360 °C -
Bottom hole pressure 1 MPa -
Initial thermal cor}ductivity of the fluid 0.1 W/(m-K) }
mixture
Initial porosity of oil shale 0.019 [46]
Initial permeability of oil shale 0.001 mD -
Initial heat capacity of the fluid mixture 2050 ]/ (kg-K) [51]
Initial dynamic Yiscosity of the fluid 12 % 10-3 Pa-s [51]
mixture
Initial density of the fluid¥mixture 700 kg/ m? [51]
Density of oil shale 2520 kg/m? [35]
Molecular weight of kerogen 14.70 g/mol [39]
Molecular weight of heavy oil 382.4 g/mol [39]
Molecular weight of light oil 215.7 g/mol [39]
Molecular weight of HC gas 46.3 g/mol [39]
Molecular weight of prechar 12.7 g/mol [39]
Molecular weight of char 12.0 g/mol [39]

In summary, a thermo-hydro-chemical coupled model for the in situ conversion
process is established, and the temperature dependence and the transverse isotropy of
the physical properties of oil shale are taken into account in this work. The relationship
of the coupled physical fields is shown in Figure 2b, and the key parameters are listed in
Table 2. The proposed model was implemented in COMSOL Multiphysics, which is a finite
element analysis software developed by COMSOL Incorporation in Stockholm, Sweden.
Four modules were used to solve the model: Heat Transfer Module, Darcy Flow Module,
Chemical Engineering Module, and Transport of the Dilute Species Module, where the
GMRES iterative solver was adopted. Based on the proposed model, a series of analyses is
carried out to reveal the internal mechanism of the in situ conversion process.

3. Results and Discussions
3.1. Performance Evaluation of In Situ Conversion Process

Figures 3a and 4a illustrate the temperature distribution and evolution of the reservoir
during the in situ conversion process. Results show that the temperature of the oil shale
formation increases continuously with the heating time, and the average temperature of
the simulated area finally reaches about 300 °C. Meanwhile, the heat flux of heating wells
decreases rapidly with the heating time as shown in Figure 4a, which means that the energy
input is mainly concentrated in the first two years of the heating process, and this is the
reason for the stable average temperature after 2 years of heating. With the increase in
reservoir temperature, the kerogen in oil shale is gradually pyrolyzed into oil and gas
products and cokes, and more than 50% of the kerogen pyrolysis occurs in the first two
years of the heating process, as shown in Figure 3b.

The production and concentration curves of the fluid products (oil and gas) and cokes
are presented in Figure 5a,b, respectively. As the primary product of kerogen pyrolysis, the
production of heavy oil increases rapidly during the first two years of the heating process
and then remains almost constant while the concentration of prechar shows a fluctuating
trend of first increasing and then decreasing. This is because the high temperature in the
later stage of the heating process promotes the pyrolysis of the primary products. As the
final product of kerogen pyrolysis, production of HC gas and the concentration of char
increase continuously. Although light oil is the primary product of kerogen pyrolysis, the
pyrolysis of light oil is more difficult than that of heavy oil and prechar, thus the production
of light oil keeps increasing.
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Figure 3. Temperature and kerogen concentration distribution during the in situ conversion process:
(a) temperature distribution; (b) kerogen concentration distribution.
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Figure 4. Temperature and energy evolution during the in situ conversion process: (a) evolution of
average reservoir temperature and heat flux of heating wells; (b) evolution of energy input, energy
output, and energy efficiency.
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Figure 5. Evolution of production of fluid components and concentration of solid components during
the in situ conversion process: (a) cumulative production of heavy oil, light oil, and hydrocarbon gas;
(b) the average concentration of kerogen, prechar, and char.

Energy efficiency is a key indicator of the feasibility of in situ conversion technology.
This study analyzed the variations of the input energy, output energy, and energy efficiency
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during the in situ conversion process. The input energy (E;,) is obtained by integrating
the heat flux of the heating well (J), the output energy (E,:) denotes the sum of the total
standard-state combustion heat of the produced heavy oil, light oil, and HC gas (J), and the
energy efficiency () is defined as the ratio of output energy to input energy, which can be
calculated as follows [36,39]:

Ein = [{ qudsdt (19)
3
Eout = Z ciAH; (20)
i=1
y= @
m

It is shown in Figure 4b that the output energy is less than the input energy in the first
year of the heating process, which leads to a negative return. After 390 days of heating, the
energy flow reaches a balanced state, with the energy efficiency obtained is 1. Then, the
production of oil and gas grows continuously, and the energy efficiency is also improved
at this stage, which reaches a maximum value of 2.7 around the fifth year. Subsequently,
as the increment in production of oil declines, the energy efficiency slightly decreases to
about 2.6.

In conclusion, the pyrolysis of kerogen, and the output of heavy oil and light oil are
concentrated in the first four years of the heating process, and the energy efficiency also
keeps increasing. After five years of heating, the energy efficiency gradually decreases,
meaning that the benefits of heating in the following years are considerably low. Therefore,
it is necessary to reduce the heating period to obtain the highest energy efficiency, which
will be investigated in Section 3.4.

3.2. Effect of Heating Temperature on Production Performance

Temperature is a key factor that has a comprehensive influence on the production
performance of oil shale reservoir during the in situ conversion process. On the one hand,
the pyrolysis rate is determined by temperature as shown in Equations (1) and (2). On the
other hand, some of the key properties such as porosity, permeability, and conductivity are
temperature-dependent. In this section, the influence of different heating temperatures in
the range of 300 °C to 400 °C on the ICP is investigated. Figure 6a shows the variation of
concentrations of kerogen and cokes, as well as the average temperature of the reservoir. As
the heating temperature increases from 300 °C to 400 °C, the average reservoir temperature
raises from 255 °C to 327 °C, the kerogen concentration decreases from 3762 to 923 mol/ m3,
and the pyrolysis rate (ratio of pyrolyzed kerogen to its initial concentration) is improved
from 68.65 to 92.31%. As the primary pyrolysis product of kerogen, the concentration of
prechar continuously declines, while that of the final pyrolysis product char builds up at
an almost constant rate. As shown in Figure 6b, the increment of heating temperature
also improves the porosity and permeability of the oil shale, implying that the oil and
gas products can flow into the production well more efficiently. However, the increment
of the heating temperature is not completely beneficial. As illustrated in Figure 6¢, with
the heating temperature increasing, the production of heavy oil first increases and then
decreases, and reaches the maximum value at 320 °C. The production of light oil gradually
builds up and remains constant at a temperature of 360 °C. Moreover, the production of HC
gas continues to increase, which means that the oil/gas ratio in the product continuously
decreases with increasing heating temperature. A higher heating temperature indicates
more energy input. As shown in Figure 6d, the input energy, output energy, and energy
efficiency continuously increase with the heating temperature, but the increment in energy
efficiency gradually slows down when the temperature exceeds 360 °C. It should be noted
that when the heating temperature is 300 °C, the final energy efficiency is less than 1. In
this situation, the entire in situ conversion has a lager input energy than output energy,
which should be avoided. In short, the heating temperature must be higher than 300 °C;
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however, the o0il/gas ratio in the product decreases with increasing heating temperature,
and the benefit of increasing the heating temperature over 360 °C is limited.
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Figure 6. Effect of heating temperature on: (a) average reservoir temperature and concentration of
solid matter; (b) average porosity and permeability; (c) cumulative production of oil and gas products;
(d) cumulative input energy, output energy and energy efficiency.

3.3. Effect of Thermophysical Properties on Production Performance

In addition to the heating temperature, the thermophysical properties of oil shale, such
as thermal conductivity and heat capacity, also have great influence on the temperature
changing in the reservoir, as reflected in Equations (13) and (15). Assuming that the thermal
conductivity and heat capacity of oil shale in the base case are ky and Cpy, the effects of
thermal conductivity ranging from 0.6 kj to 1.4 kg and heat capacity ranging from 0.6 Cpy to
1.4 Cpg on production performance are analyzed in this section. As illustrated in Figure 7a,
with the increase in thermal conductivity, the average temperature of the reservoir builds
up, which accelerates the pyrolysis of the kerogen. As shown in Figure 8a, in the early
stage of the heating process, the energy efficiency is improved with the increasing thermal
conductivity. However, when the heating time exceeds 4.5 years, with the increase in
thermal conductivity, the energy efficiency decreases instead. The energy input and output
are presented in Figure 8c. It can be observed that more kerogen is pyrolyzed, and more
output energy is obtained with the increment in thermal conductivity. However, the
input energy also increases at the same time, and its rising amplitude is greater than that
of the output energy, resulting in a decline in the final energy efficiency. In Section 3.1,
it was shown that the benefit of heating in the later stage is small, so higher thermal
conductivity leads to more energy being wasted in the later stage of heating, resulting in
lower energy efficiency.
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As shown in Figure 7b, as the heat capacity of oil shale increases, the average temperature
of the reservoir decreases, and less kerogen is pyrolyzed. This is because a larger heat capacity
means more energy is required to heat the oil shale reservoir to a specific temperature. At the
same time, the production of oil and gas decreases, reducing the output energy, which ultimately
results in lower energy efficiency as shown in Figure 8b,d. Unlike the thermal conductivity, a
decrease in the heat capacity means less energy is needed to heat the oil shale reservoir, whereas
an increase in thermal conductivity denotes a higher heating rate and the total energy entering
into the oil shale reservoir is the same. Therefore, the heating efficiency in Figure 8a,b shows
different trends in the later stage of the heating process.

As shown in Figure 9a,b, the sensitivity of the cumulative production of fluid components
to the change in thermal conductivity and heat capacity is ranked as heavy oil > light oil >
HC gas. Meanwhile, oil and gas products are more sensitive to any reduction in thermal
conductivity and heat capacity than they are to any increment in the two parameters. Porosity
and permeability show insensitivity to changes in thermal conductivity and heat capacity.
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3.4. Effect of the Heating Period on Production Performance

As mentioned in Section 3.1, the output of heavy oil and light oil is concentrated in
the first 4 years of the heating period, and the energy efficiency gradually decreases after
five years, so the heating period should be shortened to obtain the highest benefit. To this
end, this section analyzes the effect of a heating period ranging from four to eight years
on the in situ conversion process. Note that the physical operation of shutting down the
heating well is mathematically represented by a change in the boundary conditions, i.e.,
from a constant heating temperature to a thermally-insulated boundary (from the Dirichlet
boundary condition to the Neumann boundary condition). In addition, the porosity-
temperature relationship adopted in this study is monotonically increasing, which means
that the decrease in formation temperature after shutting down the heating well will lead
to a decrease in porosity, which is unreasonable. The increase in porosity with temperature
can be considered to be caused by the pyrolysis of kerogen and other solid substances
and thermal cracks, but the decrease in temperature will not affect these irreversible
changes [46,48]. Therefore, to avoid a decrease in porosity after stopping the heating,
the historical maximum value of porosity is defined as ¢,;, and the change of historical
parameter g, can be described by the Kuhn-Tucker relationship:

ém = 0,6y —€<0,&m(em—e) =0 (22)

As shown in Figures 10a and 11a, after shutting down the heating wells, the reservoir
temperature gradually decreases, and a shorter heating period leads to a lower average
reservoir temperature. Although the average temperature is lower, most of the kerogen
is pyrolyzed when the heating period is 4 years as shown in Figures 10c and 11b, and
the pyrolysis rate of kerogen is 75.88%. As the heating period reaches eight years, the
pyrolysis rate is improved to 87.25%. Figure 10b presents the production with different
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heating periods. It is observed that the effect of the heating period on the production
of heavy oil is minimal. As the heating period decreases, the production of heavy oil is
improved slightly, as shown in Figure 10d, because a higher temperature can lead to more
pyrolysis of heavy oil. The production of light oil increased slightly with the increase in
the heating period, while the production of HC gas is significantly improved with the
increasing heating period.
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Figure 10. Effect of the heating period on: (a) average reservoir temperature; (b) cumulative production
of fluid components; (c) the average concentration of kerogen; (d) production of heavy oil.
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Figure 11. Effect of the heating period on: (a) temperature distribution; (b) kerogen concentration distribution.

Figure 12a depicts the variation of average unmodified porosity. It is observed that
if the historical maximum value of porosity is not adopted, the porosity will decrease
unreasonably after the heating stops. Figure 12b presents the historical maximum porosity
and the corresponding permeability; it can be seen that the effect of the heating period
on porosity and permeability is negligible. Finally, the influence of the heating period
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is analyzed from the perspective of energy. Figure 13a shows that the output energy
continues to increase after stopping the heating, while the input energy does not change.
As shown in Figure 13b, both input energy and output energy increase with a longer heating
period, but the growth of the former is higher than the latter, which leads to decreasing
energy efficiency.
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Figure 12. Porosity and permeability under different heating periods: (a) evolution of average
unmodified porosity; (b) average porosity and permeability.
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Figure 13. Effects of the heating period on: (a) input and output energy evolution; (b) cumulative
input energy, output energy and energy efficiency.

4. Conclusions

In this work, a thermo-hydro-chemical-coupled model for the in situ conversion
process is established to evaluate the production performance of oil shale reservoirs, where
the temperature dependence of key parameters and the transverse isotropic characteristic
of oil shale are considered. Subsequently, the internal mechanism of the in situ conversion
process is comprehensively analyzed. It is found that the increase in the primary products
of kerogen pyrolysis is concentrated in the early stage of the heating period, while the
yield of the secondary products keeps increasing during the heating process. The energy
efficiency of the in situ conversion process is greater than 1 after heating to 390 days and
shows a trend of increasing first and then decreasing, reaching a maximum of 2.7 around the
fifth year of the heating process. In addition, a sensitivity analysis is performed to study the
effect of the heating temperature, the thermophysical properties of oil shale, and the heating
period on production performance. It is observed that the heating temperature should be
higher than 300 °C, otherwise the energy efficiency will be less than 1, but a higher heating
temperature will lead to a smaller oil/gas ratio, and a heating temperature higher than
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360 °C is associated with limited benefits. Additionally, higher thermal conductivity and
smaller matrix heat capacity improve the oil and gas production, and oil production is more
sensitive to the change in the thermophysical properties than gas production. Finally, it is
found that when the heating period is more than 4 years, any increase in the heating period
does not significantly affect the amount of pyrolyzed kerogen and oil production, and the
energy efficiency decreases with increasing heating period due to more energy input.
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