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a b s t r a c t

Simulation of thermal-reactive-compositional flow processes is fundamental to the thermal recovery of
ultra-heavy hydrocarbon resources, and a typical oilfield practice is the in-situ conversion process (ICP)
implemented in oil shale exploitation. However, accurately capturing the intricate flow dynamics of ICP
requires a large number of fine-scale grid-blocks, which renders ICP simulations computationally
expensive. Apart from that, plenty of oil shale reservoirs contain natural fractures or require hydraulic
fracturing to enhance fluid mobility, creating further challenges in modeling pyrolysis reactions in both
rock matrices and fractures. Targeted at the above issues, this work proposes a novel dual-model dual-
grid upscaling (DDU) method specifically designed for solid-based thermal-reactive-compositional flow
simulations in fractured porous media. Unlike existing upscaling techniques, the DDU method in-
corporates the upscaling of fracture grids using the embedded discrete fracture modeling (EDFM)
approach and introduces a new concept of simplified models to approximate fine-scale results, which are
used to correct reaction rates in coarse-scale grids. This method uniquely achieves efficient upscaling for
both matrix and fracture grids, supports both open-source and commercial simulation platforms without
modifying source codes, and is validated through 3D ICP models with natural fractures. The results
indicate that the application of the DDUmethod can provide a close match with the fine-scale simulation
results. Moreover, the DDU method has drastically improved the computational efficiency and speeded
up the fine-scale simulation by 396e963 times. Therefore, the proposed DDU method has achieved
marked computational savings while maintaining high simulation accuracy, which is significant for the
development efficiency and production forecasting of oil shale reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Shale oil is an abundant unconventional hydrocarbon resource
widely distributed around the globe with an estimated technically
recoverable amount of 1.4 � 1012 tons, which is 3 times larger than
the amount of conventional oil reserves (Zhao et al., 2018). How-
ever, a significant portion of shale oil is of low to medium maturity
and is retained in a combustible solid material called kerogen,
y Elsevier B.V. on behalf of KeAi Co
which is the main organic component in oil shale formation (Zhao
et al., 2020). Kerogen can be pyrolyzed into mobile hydrocarbons at
approximately 343e371 �C (Fowler and Vinegar, 2009; Hazra et al.,
2013). Based on this principle, a typical method for the exploitation
of low to medium shale oil is known as in-situ conversion process
(ICP) that heats the oil shale formation to the pyrolysis temperature
of kerogen. Shell Oil Co. (Shell) first put this approach into practice
by using vertical electric heaters in Green River oil shale (Fowler
and Vinegar, 2009; Shen, 2009). Following that, ExxonMobil also
implemented this method by hydraulically fracturing the oil shale
formation and filling the fractures with electrically conductive
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proppants (Liu et al., 2023). Detailed application of ICP techniques
in oil shale development can be found in Fowler and Vinegar
(2009), Kang et al. (2020) and Liu et al. (2023). In China, for
instance, the amount of shale oil that can be recovered by ICP is
estimated to be 70 to 90 billion tons (Yang et al., 2019), highlighting
the significant role of oil shale ICP in the energy supply.

Several endeavors have been made to replicate the production
results of Shell's and ExxonMobil's ICP using reservoir modeling
software, such as Stanford's General Purpose Research Simulator
(GPRS) (Fan et al., 2010), Texas A&M Flow and Transport Simulator
(FTSim) (Lee et al., 2016) and CMG-STARS (Hazra et al., 2013;
PerezePerez et al., 2019; Shen, 2009). However, accurately simu-
lating the intricate thermal-reactive-compositional flow processes
in ICP necessitates fine-scale grids, which is computationally
expensive. Additionally, it is reported that natural fractures exist in
oil shale formation, which further increase the computational cost
of ICP simulation (Fowler and Vinegar, 2009). Considering that,
reliable upscaling techniques are required to model ICP by coarse-
scale grids while preserving reasonable simulation accuracy.

A great number of upscaling techniques developed so far typi-
cally focus on isothermal-nonreactive flow problems (Barker and
Thibeau, 1997; Durlofsky, 2005; Farmer, 2002; Zhang et al., 2021),
while that address thermal-reactive-compositional flow simula-
tions are relatively scarce. A recent effort for the upscaling of ICP
simulations was presented in Aouizerate et al. (2012). This work
proposed a local well model (LWM) that uses coarse-scale bound-
ary conditions and fine-scale solutions to derive the coarse-scale
heater-well indices. The upscaling of heater-well indices was also
considered in Li et al. (2016). This work introduced a multiscale
upscaling method that refines coarse-scale properties to fine-scale
grids at every simulation timestep, and then compute the fine-scale
reaction rates and heater temperature to calibrate the coarse-scale
reaction parameters and heater-well indices. Similarly, Alpak and
Vink (2016) developed a local-global multiscale upscaling proced-
ure for coarse-scale thermal and flow properties, including thermal
transmissibility, heater-well indices and permeability. This method
was applied on 2D ICP models and achieved speeded up the fine-
scale simulation by 5.5 times. However, the above techniques
were mostly employed on 2D ICP models, and were rarely applied
on 3D simulations. Moreover, these methods all require modifica-
tions on the internal source code of simulators, which are inac-
cessible to the users of closed-source commercial modeling
software. This significantly limits their widespread industrial
application.

Likewise, the existing upscaling techniques aimed at fracture
modeling pivot only on isothermal-nonreactive simulations. Chen
et al. (2015) categorized these techniques into analytical upscal-
ing and flow-based upscaling. The former was proposed by Oda
(1985) who calculated the equivalent permeability tensors of
fractures based on their geometric characteristics, such as aperture,
orientation, and length. This method requires less computational
cost compared to flow-based upscaling, but tends to overestimate
the equivalent permeability and yield less accurate simulation re-
sults (Ahmed and Geiger, 2012). To address this overestimation, Lee
et al. (2001) developed a hierarchical approach that classifies
fractures into short, medium, and long length scales. This method
accounted for the permeability contribution of short fractures
through analytical formula, applied a boundary element method
for medium fractures, and explicitly represented long fractures as
fluid conduits. This approach not only improves the representation
of directional, enhanced permeability but also captures efficient
fluid transport facilitated by long fractures. As for flow-based
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upscaling, Long et al. (1982) first applied linear pressure bound-
ary conditions to measure the equivalent permeability tensor of
fractured porous media in structured grids. Later, Chen et al. (2015)
extended this method to unstructured triangular using multi-point
flux approximation (MPFA). This approach considered fluid flow
across multiple boundaries, and the total flow rate in each coor-
dinate direction is the sum of flow rates in that direction through
these boundaries. Similar attempt on the upscaling of fracture
porous media in unstructured grids can also be found in Koudina
et al. (1998), who solved 2D pressure equations for fracture flows
to derive the equivalent permeability of 3D triangular mesh.
However, the above methods assume that the matrix is imperme-
able, and thus mass exchange only occurs between matrices and
fractures or within fractures. Targeted at this issue, Bogdanov et al.
(2003) considered the matrix permeability based on the upscaling
method of Koudina et al. (1998). Following that, Gong et al. (2006)
and Karimi-Fard et al. (2006) employed two-point flux approxi-
mation (TPFA) method in transmissibility upscaling to represent
the fracture in 2D and 3D dual-continuum models with the
consideration for gravity and capillary pressure. Similarly, Sherratt
et al. (2020) developed a fracture upscaling model (FUM) for dual-
continuum simulators. This work determined upscaled fracture
permeability through the averaged geological properties weighted
by fracture area. The upscaled fracture network could then be
exported to dual-continuum simulators based on finite difference
method to calculate the mass exchange between matrices and
fractures.

In a nutshell, the previous upscaling techniques regarding
thermal-reactive-compositional flow simulations have largely
overlooked the upscaling of fracture grids and rarely addressed 3D
models. To bridge these gaps, this paper presents a novel dual-
model dual-grid upscaling (DDU) method for solid-based ther-
mal-reactive-compositional flow simulations in fractured porous
media. The DDU method is the first to integrate the upscaling of
both matrix and fracture grids with compatibility to the EDFM
approach, a widely adopted non-intrusive fracture modeling tech-
nique (Moinfar et al., 2012, 2013; Xu et al., 2017, 2019, 2020; Yu
et al. 2021). Furthermore, this method is distinctive in its ability
to operate with existing modeling software by integrating thermal-
reactive-compositional flow simulators with externally executed
Python programs, eliminating the need for source code modifica-
tions. These features make the DDU method applicable to a wide
range of simulation scenarios. The layout of this paper is as follows:
first, we describe the governing equations and the upscaling
framework for ICP simulations involving natural fractures; second,
the performance and reliability of the proposed DDU method are
analyzed through multiple 3D simulation cases; finally, the con-
clusions of this paper is presented.
2. Governing equations

Prior to the elaboration of the DDU method, this section pre-
sents the key governing equations for the coupled thermal-
reactive-compositional flow processes in ICP simulations.
2.1. Mass- and energy-conservation equations

The mass-conservation equation for fluid component c in
thermal-reactive-compositional flow modeling is expressed as
follows (Li et al., 2016):
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where vt stands for the unit simulation timestep, s; Vf is the pore
volume of fluid phase, m3; V is the single grid-block volume, m3; rj
(j¼w for water, o for oil, g for gas or s for solid) represents the mass
density of phase j, kg/m3; Sj is the saturation of phase j, fraction;Mcj

is the mole fraction of component c in phase j, fraction; DMcj is the
difference in the mass fraction of component c in phase j between
the adjacent region and the current region of interest, fraction; nf
denotes the number of neighboring regions or grid-block faces; nr is
the total number of chemical reactions; DFj denotes the potential
difference of phase j between the node of the adjacent region and
the node of the current region of interest, kPa; f is the porosity of
fluid phase, fraction; s0kc and skc are the stoichiometric coefficients
for component c as product and reactant in kth (k ¼ 1, 2, 3, …)
chemical reaction, dimensionless; r is the volumetric rate of
chemical reaction k, which is calculated by the Arrhenius kinetic
model, kg/(m3$s); qj is the sink and source term of phase j, m3/s;
and lj is the transmissibility of phase j between two neighboring
grid-blocks, which is provided by

lj ¼KðfÞ
 
krj
mj

!
; (2)

where K(f) denotes current absolute rock permeability, m2; krj is
the relative permeability of phase j, dimensionless; and mj is the
dynamic viscosity of phase j, mPa$s.

The well-production rate for fluid phase j is given by

qj ¼ Ij
�
Pwf � P

�
; (3)

where Ij is the well index of fluid phase j, m3/(kPa$s); Pwf is the
wellbore pressure, kPa; and P is the node pressure of the current
grid-block of interest, kPa.

The mass-conservation equation for immobile solid component
c is given by (Li et al., 2016)
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where Cc is the mass concentration of solid component c, kg/m3.
The energy-conservation equation is expressed as (Li et al.,

2016)

v

vt

2
4Vf

X
j

�
rjSjUj

�þVvCsUsþVrUr

3
5¼Xnf

l¼1

�
ljrjHjDFj

�þXnf

l¼1

ðkDTÞ

þ
Xnr

k¼1

ðHrkrkÞþ
X
j

�
rjqjHj

�
�qH;

(5)

where Vv is the total pore volume of both fluid and reactive solid
components, m3; Vr is the volume of inert rock matrix, m3; Uj

represents the mass internal energy of phase j, J/kg; Us is the mass
internal energy of reactive solid components, J/kg; Ur is the volu-
metric internal energy of non-reactive rock matrix, J/m3; Cs is the
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total mass concentration of solid components, kg/m3; Hj is themass
enthalpy of phase j, J/kg; k is comprehensive thermal conductivity
of saturated rock matrix, J/(m$s$K); DT is the temperature differ-
ence between the current grid-block of interest and its neighboring
block, �C or K; Hrk is the mass enthalpy of reaction k, J/kg; and qH is
the energy input from heater wells, J/s.
2.2. Kinetic model

In this paper, kerogen is set as the primary solid component that
pyrolyzes into lighter fluid components under high temperature,
and the reaction rates are calculated by the Arrhenius kinetic model
(Arrhenius, 1889; Laidler, 1984; Lee et al., 2016; Nagy and Turanyi,
2011; Wellington et al., 2005). The reaction rate of the kerogen
pyrolysis reaction at temperature T is given by

r ¼ gexp
��E
RT

�
ðfvCÞn; (6)

where g is the reaction frequency factor, 1/s; E is the activation
energy, J/mol; T is the absolute temperature, K; R is the gas con-
stant, 8.314 J/(mol$K); fv is the void porosity (the total porosity of
fluid and reactive solid components), fraction; C is the mass con-
centration of kerogen, kg/m3; n is the reaction order, which is set as
1 in this study.
2.3. Calculation of reservoir properties

Permeability as a function of porosity. In this study, the abso-
lute rock permeability (K) is a function of fluid porosity via the
Carman-Kozeny formula (Carman, 1997), which is given by

K ¼K0

�
f

f0

�CKpower�1� f0
1� f

�2

; (7)

where K0 denote the initial absolute permeability of rock, m2; f and
f0 is the current and initial fluid porosity, separately, fraction;
CKpower is the Carman-Kozeny exponent, which is set to be 5 in
this work. As the fluid porosity reduces, the absolute rock perme-
ability decreases exponentially.

Thermal conductivity as a function of porosity and phase
saturation. The comprehensive thermal conductivity of saturated
rock matrix is expressed as (Bejan, 2013)

k¼f
X
j

�
Sjkj
�þðfv �fÞks þ ð1�fvÞkr; (8)

where kj stands for the thermal conductivity of phase j, J/(m$s$K);
and kr is the thermal conductivity of inert rock matrix, J/(m$s$K).
2.4. Embedded discrete fracture modeling

The embedded discrete fracture modeling (EDFM) is an efficient
and non-intrusive method for fracture modeling developed by Lee
et al. (2001), Li and Lee (2008), and Moinfar et al. (2012, 2013). The
EDFM method discretizes each fracture segments into an inde-
pendent grid from the surrounding rock matrix and other fracture
segments. This approach facilitates themodification of fracture grid
properties during simulation, which is fundamental to the imple-
mentation of the proposed DDU method. Therefore, this paper
utilizes the EDFM to simulate reservoir fractures. The EDFM
method calculates the transmissibility betweenmatrix and fracture
blocks by (Moinfar et al., 2012, 2013)
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Tm-f ¼
Am-f$km-f

dm-f
; (9)

where Am-f is the surface area of the fracture segment contained in
the matrix block, m2; km-f is the harmonic average of matrix
permeability and fracture permeability, m2; and dm-f is the average
normal distance between the matrix and fracture blocks, as given
by

dm-f ¼

ð
V
xndV

V
; (10)

where dV represents the finite volume element of a grid-block, m3;
and xn is the normal distance of the finite volume element from the
fracture plane, m. In terms of the connection between two fracture
grids, their transmissibility is also computed through a harmonic
average formula:

Tf-f ¼
Tf1$Tf2
Tf1 þ Tf2

; (11)

Tf1 ¼ kf1af1l
df1

; Tf2 ¼ kf2af2l
df2

; (12)

where kf is the fracture permeability, m2; af is the fracture aperture,
m; l stands for the length of the intersection line that is perpen-
dicular to the normal vectors of the two intersecting fracture
planes, m.
3. Upscaling methodology

This work develops a dual-model dual-grid upscaling (DDU)
method to realize accurate coarse-scale simulations for solid-based
thermal-reactive-compositional flow problems. The main idea of
this method is illustrated in Fig. 1. This method proposed simplified
models to approximate the temperature evolution of the models
involving the coupled thermal-reactive-compositional flow pro-
cesses (hereinafter referred to as “full-physics models”). Mean-
while, coarse-scale full-physics simulations are leveraged to
improve the accuracy of the temperature evolution in simplified
models through a temperature compensation process. Following
that, the simulation results of grid temperature in fine-scale
simplified models are utilized to derive the reaction rates of fine-
scale full-physics grids, which will subsequently be employed to
correct the reaction rates of coarse-scale full-physics grids.

The detailed workflow of the DDUmethod for thermal-reactive-
compositional flow simulations is expounded as follows:
Fig. 1. The main idea of the DDU method.
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Step 1. Establishment of the mapping between coarse-scale
and fine-scale grids. For each coarse-scale matrix (or fracture)
grid, identify all fine-scale matrix (or fracture) grids that
correspond spatially, thereby establishing a mapping between
coarse-scale and fine-scale grids. It is important to note that the
matrix and fracture grids are mapped separately, as fractures are
modeled as independent grid blocks, similar to matrix blocks, in
the EDFM method. For instance, as shown in Fig. 2, the coarse-
scale matrix blocks in both Situations 1 and 2 contain 36 fine-
scale matrix blocks; however, the coarse-scale fracture block
in Situation 1 corresponds spatially to 22 fine-scale fracture
blocks, while that in Situation 2 corresponds to only 1 fine-scale
fracture block.
Step 2. Constructions of simplified models. Build simplified
coarse-scale and fine-scale models by setting the porosity of
coarse-scale and fine-scale models to zero. Since the porosity is
zero, the simplified models only include the heat conduction
process and do not contain the fluid flow process, resulting in
significantly faster simulation speeds compared to the full-
physics models. This approximation is valid attributed to the
low fluid porosity and permeability of oil shale, and thus the
heat conduction process is less influenced by the multiphase
flow in the full-physics models.
Step 3. Temperature compensation. Due to the omission of the
heat transfer of fluid phase in the simplified models, discrep-
ancies exist in the grid temperatures between the simplified
models and the full-physics models. To address this issue, a
temperature compensation procedure is performed according to
Steps 3.1 through 3.3.

Step 3.1 Firstly, simulate the full-physics coarse-scale model,
and the simplified coarse-scale and fine-scale models to
obtain the temperature evolution of these models.
The relationship between the grid-block temperature in

the full-physics models and that in the simplified models is
defined as

t t

T fulcoarsei ¼ Tsimcoarsei þ DTcoarseti ; (13)

t t

T fulfinei ¼ Tsimfine i þ DTfine

t
i ; (14)

where
t
i T

ful
coarse and

t
i T

sim
coarse represent the temperature of block i

(i¼ 1, 2, 3,…) in the full-physics and simplified coarse-scalemodels
at timestep t (t ¼ 1, 2, 3, …), respectively; Dt

i Tcoarse is the temper-

ature difference between
t
i T

ful
coarse and

t
i T

sim
coarse. Similarly,

t
i T

ful
fine and

t
i T

sim
fine stand for the temperature of block i in the full-physics and

simplified fine-scale models at timestep t, individually; and Dt
i Tfine

is the temperature difference between
t
i T

ful
fine and

t
i T

sim
fine.
Step 3.2 Secondly, calculate coarse-scale Dt
i Tcoarse based on

t
i T

ful
coarse and

t
i T

sim
coarse that are derived from Step 3.1.

Step 3.3 Lastly, for each coarse-scale block i and its corre-
sponding fine-scale blocks, use Dt

i Tcoarse as the approximate

values of Dt
i Tfine, and add them on

t
i T

sim
fine of the corresponding

fine-scale blocks to obtain the approximate values of
t
i T

ful
fine for

these fine-scale blocks.
Step 4. Computation of reaction rates and kerogen concen-

tration.Using the approximate values of
t
i T

ful
fine derived from Step

3, iteratively calculate the reaction rates and kerogen concen-
tration of all fine-scale blocks (Li et al., 2015). The iteration
process is expounded from Steps 4.1 through 4.4.
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Step 4.1 At the first timestep, initialize the values of reaction
frequency factor, activation energy, void porosity, and
kerogen concentration for all fine-scale grid-blocks.
Step 4.2 For timestep t þ 1, the reaction rate of fine-scale
block i is given by
0 1

rfine

tþ1
i ¼ gfineexp

B@� E

R$T fulfine
t
i

CA�fv$Cfine
t
i

�
; (15)

where tþ1
i rfine is the reaction rates of fine-scale block i at timestep

t þ 1; gfine is the fine-scale reaction frequency factor, which stays
the same as the initial value of the given chemical reaction; t

i Cfine
stands for the fine-scale kerogen concentration at timestep t.
Step 4.3 Update the fine-scale kerogen concentration at
timestep t þ 1 by
tþ1 t tþ1
Cfinei ¼ Cfinei � rfinei $Dtt ; (16)

where Dtt indicates the time duration of timestep t.

Step 4.4 Progress from timestep t to t þ 1, and repeat Steps
4.2 and 4.3 to the last timestep.

Step 5. Calculation of the average reaction rates of fine-scale
grids. Based on the calculated reaction rates for all fine-scale
grids, for each coarse-scale grid, compute the average reaction
rates of all the fine-scale grids within this coarse-scale grid
(hereinafter referred to as “the average fine-scale reaction

rates”, and is denoted by “ti rfine”).
Step 6. Upscaling simulation. Re-simulate the full-physics
coarse-scale model; at each simulation timestep, adjust the re-
action frequency factor g for each coarse-scale block to match
the corresponding average fine-scale reaction rates. The
adjustment of g is implemented in Steps 6.1 through 6.3.

Step 6.1 Initialize the values of reaction frequency factor,
activation energy, void porosity, and kerogen concentration
for coarse-scale blocks at the first timestep.
Step 6.2 For timestep t þ 1, the reaction rate of coarse-scale
block i is expressed as

0 1

tþ1
i rcoarse ¼ t

ig
*
coarseexp@� E

R,
t
i T

ful
coarse

A�fv ,
t
i Ccoarse

�
;

(17)

where tþ1
i rcoarse is the reaction rate of coarse-scale block i at

timestep t þ 1; t
ig

*
coarse is the adjusted reaction frequency factor of

coarse-scale block i at timestep t; t
i Ccoarse represents the coarse-

scale kerogen concentration at timestep t, which is obtained from
2482
the results of coarse-scale simulation at timestep t.

Step 6.3 Following that, calculate the adjustment factor of g
for each coarse-scale block through
tþ1

tþ1
i a¼ i rfine

tþ1
i rcoarse

; (18)

where tþ1
i a stands for the adjustment factor of coarse-scale block i

at timestep t þ 1.

Step 6.4 Consequently, the adjusted reaction rate for coarse-
scale block i is given by
tþ1 t

i g*coarse ¼ tþ1

i a,ig
*
coarse; (19)

where tþ1
i g*

coarse denotes the adjusted reaction frequency factor of
coarse-scale block i for timestep t þ 1.
Step 6.5 Finally, substitute tþ1
i g*

coarse for the original coarse-
scale reaction rates and simulate the coarse-scale model at
timestep t þ 1. Repeat Steps 6.1 through 6.3 until the final
timestep.
The framework of the proposed DDU method is illustrated in
Fig. 3. As an efficient framework, the multiscale finite volume
method (MSFV) is usually used to describe flow processes due to its
ability to simplify multi-scale interactions through operations like
prolongation and restriction (Jenny et al., 2006; Künze et al., 2013;
Lee et al., 2009; Lunati and Lee, 2009; Lunati et al., 2011; Zhou and
Tchelepi, 2008). However, the direct application of MSFV to our
approach is challenging due to the coupling of flow, heat transfer,
and chemical reactions in ICP simulations. In this work, an edited
Python programs is coupled with a widely applied thermal-
reactive-compositional flow simulator, CMG-STARS (Hazra et al.,
2013; Kelkar et al., 2011; PerezePerez et al., 2019; Shen, 2009), to
implement the DDU method. Alternatively, the simulator role of
CMG-STARS can also be replaced by another appropriate open-
source or commercial simulator.
4. Results and discussion

In this section, we conduct the thermal-reactive-compositional
flow upscaling in homogeneous 3D ICP models with natural frac-
tures. Firstly, the proposed DDU method is implemented on a
dipped 3Dmodel with five-point well pattern and natural fractures.
Following that, the porosity and permeability of the dipped 3D
model are changed to a series of different values to validate the
reliability of the DDU method. Afterwards, to better represent the
applicability of the DDUmethod on field-scale oil shale simulation,
the DDU method is performed on a large 3D oil shale model with



Fig. 3. The overall workflow of the DDU method.
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fracture multiple hexagonal well patterns. At the end of this sec-
tion, the enhancement in computational efficiency achieved by the
DDU method is discussed. The pyrolysis reaction of the solid
component (kerogen) dominates in those ICP simulations.
4.1. Case 1: Five-point well pattern in dipped oil shale reservoir
with natural fractures

This work first applied the proposed DDU method to the sce-
nario of a five-point well pattern in a dipped reservoir with natural
fractures to test its performance. As shown in Fig. 4(a), a fine-scale
3D ICP model is constructed with 25� 25� 25 grid-blocks in x, y
and z directions, respectively. The size of each block is
0:5 m� 0:5 m� 0:1 m in the x, y and z directions, individually. The
model has two natural fractures that are modeled by EDFM and a
15� dip. The corresponding coarse-scale model is generated
through the uniform coarsening of the fine-scale model. The
coarse-scale model has 5� 5� 3 blocks with the block size of
2:5 m� 2:5 m� 2:5 m in the x, y and z dimensions, separately, as
depicted in Fig. 4(b). Both the fine-scale and coarse-scale models
contain a production well and four heater wells. The production
well is located in the middle of the reservoir in the x-y plane,
whereas the four heaters are situated at the four corners of the
reservoir. The producer and four heaters perforate through all the
vertical layers of the reservoir. The power for all the heaters is
changing during the simulation, as presented in Fig. 5.

Adiabatic boundaries are used in all our models, and a kerogen
pyrolysis reaction is specified, as shown in Table 1 (Burnham, 2015;
Lee et al., 2016). Reservoir properties are provided in Table 2, and
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the initial thermal conductivity for the rock, oil phase, gas phase,
water phase and solid phase in all the models are listed in Table 3.

The DDU method is implemented on the coarse-scale model to
obtain the upscaled model for Case 1. Figs. 6 and 7 demonstrate the
kerogen pyrolysis rates for the well blocks and fracture blocks in
Case 1. Considering the symmetry of the models, the kerogen py-
rolysis rates of the blocks in the third layer are the same as that of
the corresponding blocks in the first layer; therefore, Fig. 6 only
presents the kerogen pyrolysis rates for one heater and the pro-
ducer at the perforated blocks of the upper two layers. Similarly,
Fig. 7 shows the kerogen pyrolysis rates for the four coarse-scale
fracture blocks which include the reaction rate evolutions in the
other fracture blocks.

It is witnessed in Fig. 6 that at the first-layer perforated block of
the heater well, the coarse-scale kerogen pyrolysis rates display
unreasonably larger peak values (0.55 kg/(m3$day)) and end earlier
(the 2170th day) than the fine-scale results, which top at 0.23 kg/
(m3$day) and end at the 2640th day. Conversely, the upscaled re-
sults greatly reduce the peak values to the same level as that of the
fine-scale simulation, and the reaction duration is also closer to the
fine-scale one. Besides, the fine-scale rates have multiple peak
values due to the changes in heater power, which are not reflected
in the coarse-scale results, whereas the upscaled results accurately
capture the fine-scale variations. Thus, the upscaled results closely
align with the fine-scale reaction rates.

Similarly, for the second-layer perforated block of the heater
well, the coarse-scale peak value (0.64 kg/(m3$day)) is twice as high
as that of the fine-scale value (0.32 kg/(m3$day)), and the coarse-
scale reaction rates decrease to zero at the1930th day, which is



Fig. 4. ICP models in Case 1 (green cylinders: production wells; white cylinders: heater wells; light blue squares: natural fractures).

Fig. 5. Heater power evolution for the ICP model.

Table 2
Reservoir properties for the ICP models.

Reservoir properties Values

Initial matrix porosity for fluid phase 0.0625
Initial matrix porosity for reactive solid phase 0.1875
Initial horizontal permeability of the matrix, mD 5
Initial vertical permeability of the matrix, mD 0.5
Initial fracture porosity for fluid phase 0.25
Initial fracture porosity for reactive solid phase 0.75
Initial fracture permeability, mD 10000
Initial reservoir temperature, �C 10
Bottom hole pressure, kPa 300
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440 days earlier that the end of the fine-scale pyrolysis reaction at
the 2370th day. In comparison, after the application of the DDU
method, the difference between coarse-scale and fine-scale peak
reaction rates is significantly reduced to 0.01 kg/(m3$day), and the
upscaled reaction time also fits better to the fine-scale one.

Concerning the first-layer perforated block of production well,
Fig. 6 displays that the coarse-scale kerogen pyrolysis rates start at
around the 3000th day, which is much later than the fine-scale one
(the 2500th day). In addition, the kerogen in the coarse-scale block
is still reacting actively at the end of the simulation, while the fine-
scale kerogen is already depleted at the 4000th day. Apart from
that, the coarse-scale peak reaction rate (0.16 kg/(m3$day)) is less
than half of the fine-scale peak value (0.38 kg/(m3$day)). None-
theless, after the implementation of the DDU method, the coarse-
scale reaction rates start at the 2510th day and finish at the
Table 1
Chemical formula, reaction frequency factor, and activation energy of the kerogen pyroly

Reaction Chemical formula

Kerogen pyrolysis
reaction

Kerogen / 0.02691 H2O þ 0.009815 C22H46 þ 0.01755 C11H24 þ
0.00541 CO2 þ 0.5828 prechar
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3770th day. Furthermore, the coarse-scale peak value is adjusted to
0.41 kg/(m3$day) in the upscaled results, which is much closer to
the fine-scale results.

As for the reaction rates at the second-layer perforated block of
the production well, it is depicted in Fig. 6 that the coarse-scale
reaction time exhibits large discrepancies compared to the fine-
scale results. The coarse-scale reaction rates rise from approxi-
mately the 3000th day, and reach the highest value of 0.19 kg/
(m3$day) at the 4170th day, followed by a steady decline to the
5000th day. In contrast, the fine-scale reaction rates soar at a much
earlier date of the 2450th day, and hit the peak value of 0.52 kg/
(m3$day) at the 3100th day before dropping to zero at the 3450th
day. Nevertheless, the upscaled reaction time matches closely with
the fine-scale results, and the coarse-scale peak pyrolysis rate is
also improved to 0.61 kg/(m3$day) in the upscaled model. There-
fore, the DDU method has considerably improved both the coarse-
scale reaction time and peak value.

When it comes to the kerogen pyrolysis rates of the fracture
blocks, Fig. 7 demonstrates that at the first fracture block, the
coarse-scale reaction rates display inaccurate fluctuations and have
much lower peak value (0.22 kg/(m3$day)) compared to the fine-
scale results. Moreover, the coarse-scale reaction time is largely
sis reaction (Burnham, 2015; Lee et al., 2016).

Reaction frequency
factor, s�1

Activation energy,
J/mol

0.04002 C2H6 þ 0.01049 H2 þ 2 � 1013 217664



Table 3
The initial thermal conductivity of rock and fluid/reactive solid phase in J/(m$s$K).

Rock conductivity kr Oil conductivity ko Gas conductivity kg Water conductivity kw Solid conductivity ks

1.100 0.076 0.020 0.345 1.735

Fig. 6. Kerogen pyrolysis rates for the well blocks of the fine-scale, coarse-scale and upscaled models in Case 1.
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deviated from the fine-scale reaction time. In contrast, the upscaled
results corrected the deviations in reaction time, and greatly
improved the peak of the coarse-scale kerogen pyrolysis rates to
0.61 kg/(m3$day). Similar improvements in coarse-scale reaction
rates can also be found in the results of the second and the fourth
fracture blocks. It is noteworthy that for the third fracture block, the
coarse-scale reaction rates are close to zero throughout the entire
simulation, which is considerably different from the fine-scale re-
sults. On the contrary, the upscaled reaction rates match the fine-
scale ones closely, which proves the effectiveness of the DDU
method in capturing the fine-scale reaction dynamics.

For oil production, it is found in Fig. 8 that the coarse-scale oil
rates fluctuate heavily from the 1840th day to the 2630th day. Apart
from that, the peak value of coarse-scale oil rates (0.07 m3/day) is
lower than that of the fine-scale results (0.12 m3/day), leading to a
much longer oil production period. In comparison, the upscaled oil
rates almost coincide with the fine-scale ones. For instance, the
highest value of the upscaled production rates is 0.13 m3/day, and
the start time and end time of the upscaled results also closely fit
the fine-scale simulation. Similarly, Fig. 9 illustrates that the coarse-
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scale cumulative oil production is constantly lower than that of the
fine-scale results, whereas the upscaled curve almost overlaps the
fine-scale one. Therefore, the DDUmethod effectively preserves the
accuracy of the fine-scale simulations.
4.2. Effects of void porosity on the accuracy of the DDU method

The DDU method developed in this work utilizes the simplified
models to approximate the fine-scale reaction rates. Considering
the fact that the matrix void porosity (void porosity refers to the
total porosity of fluid phase and reactive solid phase) and fracture
void porosity of the simplified models are set to zero, the heat
transfer caused by fluid phase and reactive solid phase is omitted in
the simplified models, which gives rise to upscaling errors. There-
fore, to further validate the accuracy of the DDU method, we have
constructed a series of models with different matrix void porosity
based on the fine-scale model in Case 1. The matrix void porosity of
the fine-scale models built in this section varies from 0.05 to 0.45
with the step interval of 0.05, while the fracture void porosity of
these models is a constant value of 1. The porosity of fluid phase is



Fig. 7. Kerogen pyrolysis rates for the fracture blocks of the fine-scale, coarse-scale and upscaled models in Case 1.

Fig. 8. Oil rates for the fine-scale, coarse-scale, and upscaled models in Case 1. Fig. 9. Cumulative oil production for the fine-scale, coarse-scale, and upscaled models
in Case 1.
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1/3 of the porosity of reactive solid phase. The other parameters of
the models in this section are the same as that in Case 1.

Compared to the fine-scale model, the mean absolute error
(MAE) were analyzed for the coarse-scale and upscaled oil pro-
duction results. The MAE is given by

MAE¼1
n

Xn
t¼1

���Valtf �Valtc=u
���; (20)

where n is the total timestep number; Valtc=u is the coarse-scale or

upscaled parameter value at timestep t; and Valtf is the fine-scale
parameter value at timestep t.

Further, a new parameter IM was introduced in this section to
demonstrate the improvements in accuracy of the upscaled to the
coarse-scale model by the DDU method, listed in Table 4. The im-
provements achieved by the DDU method (symbolized as “IM”) is
specified as
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IM¼MAEc �MAEu
MAEc

� 100%; (21)

where MAEc is the MAE of coarse-scale models; and MAEu is the
MAE of upscaled models. A closer IM to 100% implies that the
upscaled results reduce more coarse-scale errors and match fine-
scale results better. If IM equals 100%, it implies that the upscal-
ing procedure eliminates all the coarse-scale errors and provides
the same results as fine-scale simulation.

First and foremost, Fig. 10 demonstrates that both the coarse-
scale and upscaled MAEs experience an upward trend as the ma-
trix void porosity increases. As for the coarse-scale models, since
the increments in void porosity enlarge fluid and reactive solid
phase as well as their impacts on coarse-scale simulation results,
and the coarse-scalemodel cannot accurately capture the dynamics
of fluid and reactive solid phase, the MAE of coarse-scale models is
in a positive correlation to the matrix void porosity. On the flip side,



Table 4
The MAE for the coarse-scale and upscaled models with different initial void porosity of the matrix, and the improvements achieved by the DDU method.

Parameter Initial void porosity MAE IM, %

Coarse-scale model Upscaled model

Cumulative oil production 0.05 2.496 0.126 94.95
0.10 5.022 0.343 93.17
0.15 7.634 0.545 92.86
0.20 10.468 0.767 92.67
0.25 14.000 0.897 93.59
0.30 16.315 1.422 91.28
0.35 19.638 1.515 92.29
0.40 23.042 1.854 91.95
0.45 26.620 2.090 92.15

Daily oil rate 0.05 0.004 3.384�10�4 91.54
0.10 0.008 0.001 87.50
0.15 0.011 0.001 90.91
0.20 0.015 0.002 86.67
0.25 0.019 0.003 84.21
0.30 0.022 0.004 81.82
0.35 0.025 0.005 80.00
0.40 0.029 0.006 79.31
0.45 0.032 0.007 78.13

Fig. 10. The MAE of oil rates and cumulative oil production for the coarse-scale and
upscaled models with different matrix void porosity.

Fig. 11. The MAE of oil rates and cumulative oil production for the coarse-scale and
upscaled models with different permeability values.
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the MAE of upscaled models mainly comes from two aspects. The
first one is the inadequate capability of the coarse-scale grids to
accurately simulate the effects of fluid and reactive solid phases.
The second source of errors is the omission of fluid and reactive
solid phases in the simplified models, where void porosity is set to
zero. However, attributed to the reason that the DDU method
introduced in this work specifically addresses the first source of
errors, and the MAE of the upscaled models is significantly lower
than that of the coarse-scale simulation, it can be inferred that the
first source of errors is the primary contributor to the simulation
errors. In contrast, the second source of errors contributes far less to
the overall simulation errors, largely because the temperature
compensation procedure applied in the DDU method has reduced
the impacts of omitting the fluid and reactive solid phase. There-
fore, the remarkably ameliorated MAE of coarse-scale models val-
idates the reliability of the DDU method.

As shown in Fig. 10, that the coarse-scale MAE for the oil rates
grows rapidly from 0.004 at the void porosity of 0.05 to 0.032 at
that of 0.045. However, the upscaled MAE is markedly lower than
the coarse-scale MAE. A case in point is that at the void porosity of
0.05, the upscaled MAE is almost zero with the value of 3.384 �
10�4, which is ten times smaller than the correspondingMAE of the
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coarse-scale models. Furthermore, compared to the coarse-scale
results, the MAE of the upscaled simulation only rises up to 0.007
when the void porosity reaches 0.45, indicating that the upscaled
model has markedly reduced the coarse-scale simulation errors.

Similar phenomena are witnessed in the MAE of cumulative oil
production. The MAE of coarse-scale models surged more than ten-
fold from 2.496 to 26.62 as the matrix void porosity goes up from
0.05 to 0.45. In comparison, the MAE of the upscaled results is
11.47e19.81 times less than the corresponding MAE of the coarse-
scale results. Therefore, the DDU method can effectively preserve
the high accuracy of fine-scale simulation in the dipped oil shale
reservoir containing natural fractures and developed by changing
heater power.

In terms of the improvements achieved by the DDU method
(IM), it is observed in Table 4 that as the matrix void porosity rises,
the IM for oil rates gradually decreases from 91.29% to 77.94% with
small fluctuations, which suggests that larger matrix void porosity
leads to lower IM for oil rates. On the contrary, the IM for cumu-
lative oil production is consistently higher than 91.29% across the
entire range of matrix void porosity. This denotes that the DDU
method is more effective at enhancing the coarse-scale accuracy of
cumulative oil production than oil rates.



Table 5
The MAE of coarse-scale and upscaled models with different initial absolute permeability of the matrix, and the improvements achieved by the DDU method.

Parameter Initial absolute permeability, mD MAE IM, %

Coarse-scale model Upscaled model

Cumulative oil production 0.5 12.743 1.306 89.75
1 12.898 1.073 91.68
5 14.000 0.897 93.59

10 12.935 0.905 93.01
50 12.966 0.817 93.70

100 12.878 0.944 92.67
500 13.874 0.713 94.86

Daily oil rate 0.5 0.018 0.003 82.67
1 0.018 0.003 84.71
5 0.019 0.003 84.21

10 0.018 0.003 84.79
50 0.018 0.003 84.92

100 0.017 0.003 83.55
500 0.018 0.002 87.45

Fig. 12. ICP models in Case 2 (green cylinders: production wells; white cylinders: heater wells; light blue squares: natural fractures).

Fig. 13. The locations of production wells and heater wells for the coarse-scale model
in Case 2.
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To sum up, the MAE for both coarse-scale and upscaled models
goes upward as the matrix void porosity increases. On another
aspect, although the simplified models omit the void porosity of
matrix and fracture grid-blocks, the DDU method can still effec-
tively and reliably reduce the coarse-scale errors throughout a large
range of reservoir void porosity.

4.3. Effects of initial absolute permeability on the accuracy of the
DDU method

In the simplified models, the omission of porosity also leads to
the omission of permeability. Therefore, this section discusses the
impacts of different initial absolute permeability on upscaling ac-
curacy. Based on the fine-scale model in Case 1, we established a
group of models with varying initial absolute permeability for
matrix blocks. In those models, the initial horizontal permeability
of matrix ranges from 0.5 to 500 mD, while the initial vertical
permeability of matrix is 1/10 of the horizontal one. The initial
absolute permeability of fracture grids is kept at a constant value of
10000mD in all directions. The MAE of the oil rates and cumulative
oil production for themodels with different permeability values are
depicted in Fig. 11, and the enhancements in accuracy achieved by
the upscaling procedure are shown in Table 5.

It is witnessed in Fig. 11 that the MAE for the coarse-scale and
upscaled models fluctuates slightly as the initial horizontal
2488



Fig. 14. Kerogen pyrolysis rates for the well blocks of the fine-scale, coarse-scale, and upscaled models in Case 2.
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permeability increases from 0.5 to 500 mD. This denotes that the
MAE of coarse-scale models is not sensitive to initial absolute
permeability, which is attributed to the reason that as solid kerogen
pyrolyzes, the enlarged fluid porosity increases the absolute matrix
permeability according to Eq. (7), and thus the absolute perme-
ability expands a large range during simulation. Similarly, the IM of
the DDU method varies moderately within 4.78% for oil rates and
5.11% for cumulative oil production, and the changes are non-
monotonic as the initial horizontal permeability rises, suggesting
that the initial absolute permeability does not significantly influ-
ence the performance of the DDU method.

However, the MAE of upscaled oil rates is 5.8e8.0 times smaller
than that of the coarse-scale simulation, and the MAE of upscaled
cumulative oil production is 9.8e19.5 times less than that of the
coarse-scale results. The IM of the novel upscaled method is above
82.67% for oil rates and reaches 94.86% for cumulative oil produc-
tion. These results indicate that the DDU method has drastically
improved the coarse-scale accuracy.
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4.4. Case 2: Large-scale hexagonal well patterns in naturally
fractured oil shale reservoir

Based on the good performance of the proposed DDU method
for a five-point well pattern in a dipped reservoir with natural
fractures, this work further considers a larger oil shale reservoir
with natural fractures and multiple hexagonal heater well patterns
to verify its potential to be implemented in field-scale reservoir
modeling. Firstly, a fine-scale ICP model is established with
75� 75� 20 grid-blocks in the x, y and z dimensions, respectively,
as presented in Fig. 12(a). The size of each fine-scale block is
0:5 m� 0:5 m� 2 m in the x, y and z directions, respectively. Thus,
the fine-scale model in Case 2 is 48 times the size of that in Case 1.
Themodel contains two natural fractures and seven hexagonal well
patterns comprising 7 production wells and 24 heater wells. The
power for all the heaters is 400 W/m. The locations of production
wells and heater wells are illustrated in Fig. 13. The corresponding
coarse-scale model, which is built by the uniform coarsening of the



Fig. 15. Kerogen pyrolysis rates for the fracture blocks of the fine-scale, coarse-scale, and upscaled models in Case 2.

Fig. 16. Total oil rates for the fine-scale, coarse-scale, and upscaled models in Case 2. Fig. 17. Total cumulative oil production for the fine-scale, coarse-scale, and upscaled
models in Case 2.

Table 6
Computational speedup achieved by the DDU method.

Case Work type Simulation runtime, min Speedup

Case 1 Fine-scale simulation 8710 396
Upscaling 22

Case 2 Fine-scale simulation 241700 963
Upscaling 251
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fine-scale model, consists of 15� 15� 4 blocks with each block
measuring 2:5 m� 2:5 m� 10 m in the x, y and z directions,
separately, as shown in Fig. 12(b). The other parameters are the
same as that in Case 1.

We implement the DDU method on the coarse-scale model to
obtain the upscaled model for Case 2. Figs. 14 and 15 demonstrate
the kerogen pyrolysis rates for the well blocks and fracture blocks.
Due to the symmetry of the models, Fig. 14 only presents the
kerogen pyrolysis rates for the grids containing thewells within the
yellow region highlighted in Fig. 13, and the kerogen pyrolysis rates
for the fracture grids shown in Fig.15 also incorporate the evolution
patterns of kerogen pyrolysis rates in other fracture blocks. For
brevity, the legend is displayed only in the first sub-graph for both
Figs. 14 and 15.

In terms of the first-layer perforated block of heater 1, Fig. 14
illustrates that the coarse-scale results experience unreasonably
high peak value (1.832 kg/(m3$day)) with reference to the fine-
scale one (0.69 kg/(m3$day)). Moreover, the coarse-scale reaction
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rates endedmuch earlier (the 728th day) than the fine-scale results
(the 1051th day). After the implementation of the DDUmethod, the
upscaled peak reaction rate is markedly ameliorated to 0.77 kg/
(m3$day), and the upscaled reaction time is closely aligned with the
fine-scale simulation as well. More importantly, it is noteworthy
that the fine-scale reaction rates demonstrate a short period of
fluctuation from the 181th day to the 324th day for the first-layer
perforated block of heater 1, and similar fluctuations can also be
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found in the fine-scale results of other blocks perforated by heaters.
Nevertheless, these phenomena are not shown in the curves of
coarse-scale reaction rates. In contrast, the upscaled kerogen py-
rolysis rates have accurately captured these variations, thus
providing a precise match to the fine-scale results.

With respect to the fracture blocks, it is shown in Fig. 15 that the
coarse-scale kerogen pyrolysis rates in the first fracture block rise
later than the fine-scale rates, and illustrate a much larger peak
value of 1.21 kg/(m3$day) at around the 1700th day. However, the
fine-scale model tops at 0.98 kg/(m3$day) at the 1587th day. In
comparison, the upscaled reaction rates reach the highest value of
0.93 kg/(m3$day) at the 1554th day, which fits closely to the fine-
scale results. Similar improvements in reaction rates that are ach-
ieved by the DDU method can also be found in other well blocks
and fracture blocks.

Fig. 16 illustrates the total oil rates for the ICP models in Case 2.
The peak value of the coarse-scale oil rates is lower (5.55 m3/day)
compared to the fine-scale simulation (7.74 m3/day). The coarse-
scale oil rates exhibit marked fluctuations between approximately
the 840th day and the 1650th day, leading to notable differences
between the coarse-scale and fine-scale results. Conversely, the
peak value of the upscaled model (6.96 m3/day) matches much
closer to that of the fine-scale model, and the upscaled oil rates
provide a smooth fit to the fine-scale ones. Fig. 17 displays that the
total cumulative oil production of the coarse-scale model is
consistently lower than the fine-scale results during the production
period from the 500th day to the 2100th day, and the maximum
difference between the coarse-scale and fine-scale cumulative oil
production reaches 382.29 m3. However, it is noteworthy that the
total cumulative oil production in the upscaled model almost co-
incides with the fine-scale simulation. Therefore, the DDU method
has maintained the high accuracy of fine-scale simulation.

4.5. Simulation speedup of the DDU method

The enormous advantage of the upscalingmethod is to speed up
the simulation, enhance the calculation efficiency and save time. To
verify the speedup performance of the proposed DDUmethod, this
section compared the overall simulation runtime for the fine-scale
and upscaled models in Case 1 and Case 2, as listed in Table 6. All
the simulations in this work are performed using six Intel Xeon
Platinum 8260 CPU (2.4 GHz). The fine-scale simulation of Case 1
costs 8710min (6 days approximately), while the upscalingmethod
only consumes 22 min, which is remarkable improvement in
computational efficiency with a speedup of 397 time. As for the
large-scale models in Case 2, the fine-scale runtime reaches an
astonishing 241700min (about 168 days). In contrast, the upscaling
procedure is completed within 251 min with a considerable
computational speedup of 962 times. This suggests that the DDU
method is highly efficient for large-scale solid-based thermal-
reactive-compositional flow simulations. Consequently, it can be
implemented on the modeling of field-scale low-moderate matu-
rity oil shale reservoirs to accurately forecast production perfor-
mance, enhance optimization efficiency and accelerate decision-
making processes.

5. Conclusions

This work proposes a novel dual-model dual-grid upscaling
(DDU) method for solid-based thermal-reactive-compositional
flow modeling involving fracture grids. The DDU method utilizes
simplifiedmodels to approximate the reaction kinetics of fine-scale
simulations and equates the reaction rates of each coarse-scale grid
block to the averaged fine-scale reaction rates within the corre-
sponding coarse-scale block. This method is particularly suited for
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fracture grids modeled independently of the surrounding rock
volume and is compatible with both open-source and closed-
source modeling software, as it does not require modifications to
the underlying simulator source code. Based on the above discus-
sion, the main conclusions of this study can be drawn as follows:

(1) The DDU method integrates fracture and matrix upscaling
whilemaintaining the accuracy of fine-scale simulations, and
is applicable to 3D ICP simulations.

(2) The proposed method provides significant computational
savings, as demonstrated in 3D cases where the DDUmethod
accelerates the fine-scale simulations by 396e963 times.

(3) The proposed method has been successfully validated on
large-scale oil shale models with hexagonal well patterns,
proving its robustness and applicability for real-world
reservoir modeling.

The results show that the DDU method effectively corrects
coarse-scale errors in kerogen pyrolysis reaction rates, oil produc-
tion rates, and cumulative oil production, achieving up to 94.95%
accuracy improvement over coarse-scale models.
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