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Abstract:

In-situ conversion is proposed applicable for low-medium maturity shale oil reservoir.
However, parallel chemical kinetic reactions and evolution of shale pores during in-situ
conversion make the numerical simulation a challenging problem. Although shale is typical
multiscale and heterogeneous media, few models in previous studies take the difference
between organic and inorganic system into consideration, which cannot simulate fluid
flow accurately. In this paper, a multi-continuum model, considering coupled thermal-
reactive compositional flow, is developed to simulate in-situ conversion process in low-
medium maturity shale oil reservoir. The reaction of kerogen and hydrocarbon is quantified
using kinetic reaction model. The evolution of fluid composition and shale properties are
also incorporated. The accuracy of multiple-interacting-continua model and compositional
model are demonstrated by comparing with commercial software and analytical solution.
Then, the typical hexagon vertical well heating pattern is simulated and the feasibility
is evaluated from an economic aspect. Finally, a series of case studies are conducted to
investigate the impact of operation parameters on shale oil production.
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1. Introduction

Continental shale oil is widely distributed in China and is
mainly of low-medium maturity (Yang et al., 2019b; Gao et al.,
2020). The natural maturation of such shale resource usually
takes long time (Braun and Burnham, 1987, 1990). Therefore,
low thermal maturity shale is mainly surface retorted in last
decades (Hazra et al., 2013). However, the ex-situ retorting
can cause damage to environment and obtain low quality oil
products (Fowler and Harold, 2009; Bi et al., 2020; Oja and
Eric, 2020). Recently, in-situ conversion process is put forward
to be feasible for clean and effective development of low-
medium maturity shale oil reservoirs (Zhao et al., 2020).

During the in-situ conversion process, kerogen pyroly-
sis and hydrocarbon cracking are involved when formation
temperature reaches the appropriate window. These kinetic
reactions have great impact on fluid composition, leading to
phase evolution and disappearance. And the reservoir fluid
properties (e.g., viscosity, density and specific capacity) can
vary a lot from initial state (Kibodeaux, 2014). Meanwhile,
shale pore space increases because solid organic matter (e.g.,

kerogen) is pyrolyzed into oil and gas, improving shale poros-
ity and permeability (Garipov et al., 2018). In conclusion,
these unique phenomena during artificial maturation process
make the accurate and efficient simulation of in-situ conversion
process remain a challenging problem.

Shale is complex mixture of different media (Naraghi and
Farzam, 2015; Yang et al., 2019a). Dual-porosity model was
first proposed by Barenblatt (1960) and then developed by
Warren and Root (1963), in which shale is separated into
fracture and matrix. Nevertheless, the inorganic constituent has
wider range of pore size distribution (from 10 nm to 100 pm)
while the organic matter mainly consists of nanopores and
macropores (from 10 to 500 nm) (Fan et al., 2018; Zhu et
al., 2020). In addition, organic pores play an important role
in retained fluid storage, and organic substance pyrolysis can
provide additional hydrocarbon (Wang et al., 2015). Therefore,
it is necessary to treat organic and inorganic system separately.
Zhang et al. (2015) presented a novel triple-continuum model,
in which different transfer model was used. However, the
triple-continuum model may be inaccuracy in shale oil reser-
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voirs because it usually takes long time to reach pseudo steady
state (Yan et al., 2018). The multiple-interacting-continua
(MINC) model is applied to describe the transient fluid transfer
among multiple continuum, in which the primary matrix grid
cell is divided into a series of nested subcells (Wu and Pruess,
1988; Liu et al., 2021a). And the accuracy of MINC model in
unconventional reservoir is proved (Farah et al., 2014).

A number of simulation studies have been conducted on
multiscale shale reservoir. Yan et al. (2018) presented an
efficient hybrid model for fractured shale reservoir, in which
MINC method was used to represent shale matrix and natural
fractures. Cheng et al. (2020) simulated shale gas flow with
multiple mechanism by using MINC and embed discrete
fracture model (EDFM). Liu et al. (2020a) proposed a novel
modified EDFM method for 3D unconventional reservoir with
complex fractures. Jiang and Rami (2015) developed a novel
model using unstructured discrete fracture model and MINC,
which had better flexibility for non-ideal fracture geometry.
In addition, a few simulation studies are carried out on in-situ
conversion process in recent years. Fan et al. (2010) presented
a thermal-compositional model, in which parallel chemical
kinetic reactions were considered. However, the multiscale
pore space in shale reservoir was neglected and effective
porosity was used instead. Egboga et al. (2017) evaluated
the thermal enhance oil recovery in shale oil reservoir from
economic aspect based on CMG Stars simulator. However,
only partial chemical reactions were considered and K-value
based flash calculation can cause inaccuracy. Lee et al. (2016)
took shale matrix and natural fractures into consideration
and proposed a thermal-chemical coupled numerical model,
in which MINC was used to simulate matrix and fracture
interaction. Whereas, few studies divided shale matrix into
inorganic and organic constituent during the simulation of in-
situ conversion, which can diverge widely from actual fluid
flow in shale oil reservoir.

To this end, a novel multi-continuum model considering
coupled thermal-reactive flow is presented, to investigate the
practicability of in-situ conversion process in low-medium ma-
turity shale oil reservoir. In our model, first order parallel ki-
netic reaction model is used to quantitatively describe kerogen
pyrolysis and subsequent hydrocarbon cracking. Meanwhile,
MINC method is applied to handle the transient fluid transfer
between inorganic and organic system. Then, based on our
proposed model, typical hexagon heating pattern is simulated
and evaluated from economic aspect. And sensitivity analysis
is conducted on important influencing factors including heat-
ing temperature and heating pattern.

2. Numerical model and schemes

2.1 Mass and energy conservation equations

During in-situ conversion process, a series of chemical
kinetic reactions are involved, which is treated as the nonlinear
source term. And the mass conservation equation for each
mobile component is given below:
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where indices i and f refer to components and phases,
respectively; subscript k represents k-th reaction; ¢ is the shale
porosity; molar fraction of component i in phase B is Xig;
pg and p,, are molar density of phase 8 and water, mol/m3,
respectively; q’ﬁv and ¢, are source/sink term of phase 8 and
water per unit volume, mol/(m?3-s), respectively; v;ﬁ’k and v;g x
represent the stoichiometric coefficients of component i in
phase B in k-th reaction as product and reactant, respectively;
ry is the reaction rate of reaction k, s~ Sﬁ and S,, are the
fluid saturation of phase B and water, respectively; u,, is the
velocity of water, m/s; ug is the velocity of phase [, m/s,
given by Darcy’s law:

Vg 2

where K is the shale permeability, m?; kg is relative per-
meability of phase B; g is viscosity of phase f3, mPa-s;
yp represents the pseudo potential of phase , defined as
Vg = pg — PpgD, Pa; é} is pressure of phase 3, Pa; g is
gravity constant, 9.8 m/s”; D is reference depth, m.

Solid organic component is immobile, and the mass con-
servation equation can be simplified as:
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where Cgs is kerogen concentration, mol/m?; V;Ak and v, ; repre-
sent the stoichiometric coefficients of solid organic component
in k-th reaction as product and reactant, respectively.

The energy conservation equation is simplified by assum-
ing local thermal equilibrium and neglect chemical reaction
enthalpy (Lee et al., 2018b; Liu et al., 2021b):
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where index R refers to shale rock; Uﬁ and Uy is the internal
energy of phase 8 and shale rock, respectively, J/mol; pg is
density of shale rock, kg/m3; K is the comprehensive thermal
conductivity, given by k = (1 — @) kr+ @ (S, K, +SgKs + Sy k),
W/(m-K); S, and S, are saturation of oil and gas phase, respec-
tively; K,, K, and K, are thermal conductivity of oil, gas and
water phase, respectively; T is shale formation temperature,
K; g is the energy injected through horizontal heating well
per unit time per volume, J/(m?s); Hg is fluid enthalpy of
phase B, J/mol, given by:
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where H; is the enthalpy of component i, J/mol, defined as a
function of temperature:

H; = Hyi + Hy T + HeiT? + HyiT? + HyT* + Hi T (6)

where H,; ~ Hy; are the enthalpy coefficient of component i.

Cubic equation of state based flash calculation is used
in compositional model. The phase equilibrium is reached
when fugacity of each component i within different phases
is equivalent:

flﬁ (paTaxiﬁ) = ﬁ}’(paTaXiJ/) (7N

where fig is the fugacity of component i in phase B; Xg
and X;y are the molar fraction of component i in phase  and
phase 7, respectively. Sequentially, phase density, viscosity and
enthalpy can be derived.

Finally, the constitutive relations are applied to mass and
energy conservation equations:

S() +Sg +Sw =1 (8)
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As solid organic matter pyrolysis, the pore space of shale
matrix evolves. The porosity and permeability under different
concentration of solid organic substance is expressed as (Liu
et al., 2020b):
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where ¢ is time step; p, is the molar density of solid organic
matter, mol/m>; ck is the Carmen-Kozeny coefficient.

2.2 Kinetic reaction model

Solid kerogen pyrolysis and cracking of hydrocarbon take
place when shale formation reaches designed temperature. In
our model, pseudo component IC37, ICy3 and IC; are used to
represent heavy oil, light oil and hydrocarbon gas, respectively.
The chemical kinetic reaction equations and corresponding
kinetics parameters are given in Table 1 (Lee et al., 2018a).

Above kinetic reactions are controlled by pyrolysis kinetics
parameters (Tissot and Welte, 2013) and can be handled with
first order general-package pyrolysis model. The reaction rate
is given by (Wang et al., 1984; Li et al., 1995):

Ty = KkHCVﬁkHCv‘k
iB

where Cjg is the concentration of component i in phase j3,
mol/m3; K;, is the reaction constant of the k-th reaction, L

and is given by Arrhenius law:

E;
= Arexp < RT)

where Ay, is the frequency factor of the k-th reaction, s 1. E;
represents the reaction activation energy of the k-th reaction,
J/mol; R is the universal gas constant, 8.314 J/(mol-K).
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2.3 Solution strategy

Finite volume method is applied to discretize the mass
and energy conservation equations. Due to highly nonlinear
governing equations, first-order backward finite difference
scheme is applied to discretize time. Flux and source terms dis-
cretization are carried out fully implicitly. Finally, discretized
mass and energy conservation equation can be written into
residual form as follows:
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Table 1. Chemical reactions and kinetic reaction parameters during in-situ conversion process.

Number  Reactions Frequency factor/day ~ Activation energy/kJ-mol~!
1 Kerogen(s)—0.00981C37+0.0175I1C3+0.04002I1C,+0.00541CO,  3.74x10'2 161.6

2 IC37(g)—0.20341C3+2.1153IC; 7.95x10'6 206.034

3 IC37(0)—1.82691C3+0.0402IC; 7.95x10'6 206.034

4 IC13(g)—5.19831C, 5.85x10'6 219.328

5 IC13(0)—0.51251C, 5.85x10'6 219.328

A
Inorganic
i matter

Fig. 1. Schematic of computational refined grid (left) and MINC grid (right).

where A is the mobility, given by A = k./u, mPa~l.s7;
subscript nm + 1/2 represents proper average at interface
between elements n and m; 1, denotes all the neighbor grid
cells of element n; Ty, is the transmissibility between elements
n and m, determined by:

B Aannm+1/2

Tom = 15
"= (15)

where A,,, is the interface area, m?; d" and d" represent
distance to the interface, m. In this study, the mobility and
transmissibility are derived with the upstream-weighting and
harmonic mean methods, respectively.

The above conservation equations are solved with Newton-
Raphson iteration method, until the convergence criterion is
satisfied. The following schemes are given by:

foj IR}, ()

S St = —RiHH (16)
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where subscript / denote the /-th primary variable; N, is the
number of components; j is the iteration step; 5x;, j+1 is the
increasement of primary variables; x represents the vector
of primary variables, including reservoir pressure p,, water
saturation S, and fluid composition z; (i =1,...,N, — 1).

Organic | |
matter

3. Results analysis
3.1 Model validation

To validate our model in simulating the in-situ conversion
process in low-medium maturity shale reservoir, we carried
out several numerical cases. Firstly, we validated the multi-
continuum model with refined grid simulation results from
COMSOL. Sequentially, the thermal-reactive compositional
model is verified and more specific description can be found
in Wang et al. (2021).

In this section, we build a two-dimension square shaped
shale matrix with separated organic and inorganic system.
The matrix dimension is 10x10 m?2, with central 5x5 m?
organic region. The boundary pressure is constantly kept at
5 MPa. The porosity of whole shale matrix is 0.08. The initial
fluid pressure is 20 MPa and is saturated by single oil phase.
The permeability of organic and inorganic shale matrix is
1x1072° m? and 1x107" m?, respectively. Refined grids
result is simulated in COMSOL, taken as the reference. In
MINC model, primary grid is divided into 8 nested subgrids.
The scheme of multiscale shale matrix and different gridding
strategies are shown in Fig. 1. The comparisons of cumulative
oil production with two different subdividing strategies are
illustrated in Fig. 2. It can be seen that MINC method can
obtain the same result as that of refined grids with fewer
grid cells. In addition, MINC method is more computationally
efficient than refined grids in single continuum model.
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3.2 Application of multi-continuum model in
low-moderate shale reservoir

In this section, we concentrate on the application of our
multi-continuum model in the simulating of in-situ conversion
technology. A typical multiscale shale oil reservoir with one
production well and hexagon heating wells is established and
MINC method is applied to shale matrix grid, as shown in
Fig. 3. The numerical model is initialized using parameters
from typical shale oil reservoirs, given in Table 2. Kerogen
decomposition and hydrocarbon cracking are quite complicate,
in which hundreds of reactants and products can be involved.
Therefore, components with similar properties are lumped
and pseudo components IC37, ICi3 and IC, are used to
represent heavy oil, light oil and hydrocarbon gas, respectively.
Thermodynamic properties of these pseudo component are
listed in Table 3.

0.15

e
=
)

0.09

0.06

Cumulative oil production/m®

0.03 Reference result
O MINC model
0. 00 1 1 1 1 1
0 100 200 300 400 500 600
Time/day

Fig. 2. Comparisons of cumulative oil production from MINC model and
reference results.
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In order to evaluate the feasibility of in-situ conversion
process, the oil and gas cumulative production of artificial con-
version and depletion are compared, and the result is shown in
Fig. 4. It can be seen that cumulative hydrocarbon production
increases dramatically after in-situ conversion. However, in
the depletion case, the production rate declines quickly and
only limited oil and gas are naturally produced. Due to low
thermal maturation of shale, storage space is not developed
and retained hydrocarbon is of high viscosity. Therefore, only
a few of un-expelled oil and gas can be produced during the
short-term depletion and the production rate declines quickly.
While during in-situ conversion process, shale formation is
heated and a series of chemical kinetic reactions occur, leading
to additional artificial oil and gas production.

Table 2. Basic model parameters of shale oil reservoir.

Parameters Unit Value
Model dimension m 30x30x20
Grid number - 38x38x1
Porosity - 0.05
Organic matter permeability m? 1.5x1071°
Inorganic matter permeability ~ m? 2x10720
Organic volume fraction - 0.31

Shale density kg/m? 2850
Shale heat capacity J/(kg-:K) 1046.7
Shale compressibility Pa~! 1x107°
Initial reservoir pressure MPa 25

Initial reservoir temperature K 353.15
Initial water saturation - 0.1

Well bottom hole pressure MPa 9.5
Heating temperature K 600
Simulation time day 1500

Inorganic matter

Fig. 3. The schematic diagram of the hexagon heating pattern and computational grids. Blue dot and red dots indicate production well and heating wells,

respectively.
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Table 3. The calculating parameters for fluid phase behavior.

Component ~ Molecular weight/g-mol~!  Pc/bar Tc/K Acentric factor ~ Molar fraction/%
CO, 44.01 73.80151  304.2 0.225 2.109349
N» 28.013 33.9439 126.2 0.039 8.243334
1C; 30.07 46.09009  288.7444  0.008 5.273372
1Cy3 169.52 24.0503 7153611  0.365 10.54674
1C37 465.83 9.3555 962.2833  0.818 73.8272
200 30 1500
iz In-situ conversion (@) —— Barrel oil cost (left axis) =
g —— Depletion A25 - —— Oil equivalent (right axis) 1200 2
5150 - = 8
3 =20} E
e = 41900 ‘3
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2 = >
kS g1or k|
= < =
g 0 A 1300 &
o J S
0 : ' : ' % 300 600 900 1200 00
0 300 600 900 1200 1500 f 15
] Time/day
Time/day
20000 (b) 500 Fig. 5. The variation of energy cost per barrel oil with time during 1500
& In-situ conversion (left axis) days of in-situ conversion.
~ . . .
g —— Depletion (right axis 4400
-2 15000 P (rig ) . .
9 bbl; coste.s represents calorific value price of natural gas,
B_ 4300 $/MMBtu; e is energy conversion efficiency.
10000 | The cost of in-situ conversion during 1500 days heating is
S 200 illustrated in Fig. 5. As shown in Fig. 5, the energy cost in-
E creases quickly at early production and then decreases slightly,
- . .
< 5000 finally remains between 18.79 $/bbl and 21.59 $/bbl. This
g 1100 is because the energy is injected to formation while limited
O retained oil and gas can be produced at the early period,
0 ) ) ) ) 0 leading to cost increasement. As shale formation is heated, the
0 300 600 900 1200 1500 decomposition of kerogen and cracking of hydrocarbon take
Time/day place, providing more artificial hydrocarbon and thus cutting

Fig. 4. Comparisons of cumulative (a) oil production and (b) gas production
of in-situ conversion and depletion.

In addition, the energy cost of in-situ conversion production
should also be considered because large amount of energy
is required to heat target shale formation. In this section,
cumulative gas production is converted into oil equivalent by
regarding 155.12 m® gas equivalent to 1 barrel of oil and the
heat value of 1 barrel of oil is 5.6 MMBtu (Fan et al., 2010).
With the calorific value price of natural gas 2.6 $/MMBtu
taken as reference, energy cost per barrel oil can be given by
(Tatyana and Eduardo, 2017):

o Ein
COSIBOE — ﬁ X

where costgop is energy cost per barrel, $/bbl; E;, is cumula-
tive energy input, MMBtu; BOE is oil equivalent production,

COStgqs/e (18)

down the energy cost.

3.3 Sensitivity analysis of in-situ conversion
process

3.3.1 Effect of heating temperature

During in-situ conversion, several kinetic reactions take
place sequentially. And heating temperature has great impact
on reaction type and rate. In this section, three numerical
experiments are conducted with heating temperature of 600
K, 580 K, 560 K. Other reservoir properties and operation
parameters are identical to those in section 3.2, similarly
hereinafter. The comparisons of cumulative oil and gas with
different heating temperature are shown in Fig. 6. From Fig.
6 it can be seen that hydrocarbon production increases with
higher heating temperature. This is because chemical kinetic
reaction can be accelerated with higher energy injection rate.
Meanwhile, from Eq. (12), the starting temperature of each
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Fig. 6. Comparisons of cumulative (a) oil production and (b) gas production
with different heating temperature after 1500 days of in-situ conversion
process.
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Fig. 7. Comparisons of enrgy cost per barrel oil with different heating
temperature after 1500 days of in-situ conversion.

kinetic reactions can be derived and the required temperature
for kerogen decomposition and hydrocarbon cracking is 544 K
and 569 K, respectively. Therefore, only kerogen pyrolysis is
involved in the 560 K heating temperature. The 560 K heating
case has slower gas production rate and finally leads to the
lowest hydrocarbon production. The energy cost per barrel oil
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with different heating pattern after 1500 days of in-situ conversion process.

during in-situ conversion is given in Fig. 7. It is clear that
the energy cost per barrel oil decreases against higher heating
temperature. Although more energy is injected with higher
heating temperature, more kinetic reactions can take place,
providing more mobile oil and gas and thus cutting down the
energy cost.

3.3.2 Effect of heating pattern

In actual reservoir development, plenty of heating and
production wells should be assigned on the target formation. A
typical production unit of in-situ conversion usually contains
one production well, surrounded by several heating wells. In
our study, we focus on the hydro-thermal coupling mechanism
in one typical production unit. In this section, we design
hexagon, square and triangle heating pattern and investigate
its impact on cumulative production. Fig. 8 shows the com-
parisons of cumulative production of oil and gas with different
heating patterns. It is obvious that hexagon heating pattern can
produce more oil and gas than other two cases. In addition,
gas production with hexagon heating pattern increases more
quickly while triangle heating pattern takes longer time to heat
shale formation to designed temperature. Fig. 9 illustrates the
energy cost per barrel oil with different heating pattern. It can
be seen that hexagon heating pattern has lowest average energy
cost while triangle heating pattern has limited economic bene-
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Fig. 9. Comparisons of energy cost per barrel oil with different heating
pattern after 1500 days of in-situ conversion.

fit. This is because the heat conduction in shale reservoir is
a slow process. Triangle heating pattern is relatively sparse
and it takes more time to heat shale formation. Conversely,
hexagon heating pattern has highest heating efficiency and
lowest energy cost.

4. Conclusions

In this paper, a multi-continuum model considering cou-
pled hydro-thermal process is developed, in which the transient
interaction between organic and inorganic system, shale oil
upgrading and porosity evolution are incorporated. Several
numerical cases are carried out to evaluate the feasibility of
in-situ conversion and investigate key influencing factors that
affect shale oil production. The conclusions are as follows:

1) Due to low storage capacity of primary pore space,
depletion is insufficient to obtain economic yield. In-situ
conversion technology is feasible in low-medium maturity
shale oil reservoir, and can remain high production rate
for a long term compared with depletion production. The
energy cost per barrel oil basically remains between 18.79
and 21.59 $/bbl.

2) Heating temperature and organic matter content deter-
mine reaction rate and type. More kinetic reactions (e.g.,
hydrocarbon cracking) can be involved with higher heat-
ing temperature to further upgrade shale oil.

3) Hexagon heating pattern has higher heating efficiency and
lower energy cost per barrel oil. Although triangle heating
pattern is less expensive to practice, it takes long time to
reach desired temperature due to slow heat propagation.
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