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ABSTRACT

Pressure control in deep shale gas horizontal wells can reduce the stress sensitivity of hydraulic fractures and
improve the estimated ultimate recovery (EUR). In this study, a hydraulic fracture stress sensitivity model is pro-
posed to characterize the effect of pressure drop rate on fracture permeability. Furthermore, a production predic-
tion model is introduced accounting for a non-uniform hydraulic fracture conductivity distribution. The results
reveal that increasing the fracture conductivity leads to a rapid daily production increase in the early stages. How-
ever, above 0.50 D-cm, a further increase in the fracture conductivity has a limited effect on shale gas production
growth. The initial production is lower under pressure-controlled conditions than that under pressure-release. For
extended pressure control durations, the cumulative production initially increases and then decreases. For a frac-
ture conductivity of 0.10 D-cm, the increase in production output under controlled-pressure conditions is ~35%.
For representative deep shale gas wells (Southern Sichuan, China), if the pressure drop rate under controlled-pres-
sure conditions is reduced from 0.19 to 0.04 MPa/d, the EUR increase for 5 years of pressure-controlled produc-
tion is 41.0 million, with an increase percentage of ~29%.
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Nomenclature

Fep Fracture conductivity considering stress sensitivity, D-cm

K; Initial hydraulic fracture permeability, D

Wy Initial hydraulic fracture width, m

dr Stress sensitivity coefficient of shale hydraulic fracture, MPa '
Aoy Effective stress variation, MPa
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Effective stress coefficient, dimensionless

v Poisson ratio, dimensionless

vy Pressure sensitivity coefficient of shale hydraulic fracture, MPa ™'
Ap Pore pressure variation, MPa

Fircep Average fracture conductivity, D-cm

Fep(x) Conductivity along the hydraulic fracture length, D-cm
Ly Fracture half-length, m

X Fracture distance from the borehole, m

Ko Apparent permeability of the matrix system, D

P, Reservoir pressure, MPa

Ug Gas viscosity, mPa-s

Om Total matrix porosity, dimensionless

t The time, days

qa Adsorbed gas mass per unit volume of matrix, kg/m’
Pg Gas density, kg/m’

Gmf Mass exchange term between the matrix and the fracture, kg/s
Ax Grid block size along the x direction, m

Ay Grid block size along the y direction, m

Vs Matrix grid block volume, m’

hy Reservoir height, m

143 Langmuir volume, m>/kg

Py Langmuir pressure, MPa

Ds Shale matrix density, kg/m’

Vea Gas molar volume under standard conditions, m*/mol
M, Molar molecular mass, kg/mol

Py Hydraulic fracture pressure, MPa

@r Fracture porosity, dimensionless

Gwell Mass flow rate into the wellbore from the artificial fracture, kg/s
Wy Current hydraulic fracture width, m

K, Current hydraulic fracture permeability, D

P,y Bottom hole flow pressure, MPa

Teq Equivalent well radius, m

T Well radius, m

% Fracture grid block volume, m’

1 Introduction

The Sichuan Basin and its surroundings are the hotspots for shale gas in China. At present, shale gas
exploration is primarily focused on deep layers, which are expected to become the main source of shale
gas production in the future. However, deep shale gas exploration is faced with a series of problems
caused by geological conditions, such as high temperatures, pressures, and reservoir stress [1]. In
particular, high closure stress often leads to increased fracture stress sensitivity during shale gas
production. Moreover, proppants are prone to backflow, embedding, and fracturing, which can
significantly reduce fracture permeability [2—4], leading to a rapid decline in shale gas well production
and the EUR. To reduce the influence of fracture stress sensitivity on production, various studies have
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proposed a pressure control production method for seepage field stress sensitivity alleviation and EUR
improvement [5,6]. This method is widely employed in North America, and has been shown to increase
single well EUR by about 20%-30% [7,8].

The dynamic behavior of shale gas production is characterized by a rapid decline in the initial output,
followed by a transition into a stable production stage. Shale gas production loss under pressure release
mainly occurs due to the closure of supported and unsupported fractures [9,10]. Therefore, shale gas
production models must consider fracture stress sensitivity to accurately predict production. Certain
studies applied exponential functions to characterize the relationship between fracture permeability and
pressure [11,12], and initially established a production model considering stress sensitivity [13,14].
However, models employing a constant sensitivity coefficient often fail to reflect the severity of stress
sensitivity under different production conditions [15,16]. Yao et al. [17] studied the relationship between
principal stress and pore pressure variation and derived a model for pore pressure variation with fracture
conductivity in anisotropic shales. They used a variable sensitivity coefficient to characterize fracture
stress sensitivity. Mirani et al. [18] established a geomechanical coupling model considering matrix non-
Darcy effect, fracture viscoelastic deformation, and natural fracture stress sensitivity, and demonstrated
that a low initial production is beneficial to increase the EUR. Jia et al. [19] and Wang et al. [20]
proposed a hydraulic fracture stress sensitivity model with a variable sensitivity coefficient, and
established a coupling formation fracture dynamic shale gas production model with finite fracture
conductivity. They further observed that for this model, the initial production rate under pressure control
was lower than that under pressure-release conditions, but the EUR increased significantly. Yang et al.
[21] revealed that if the same relation is used to simulate the effect of stress sensitivity on production
under different conditions, the production allocation size has little effect on the final EUR. Kumar et al.
[22] established a fluid-structure coupling model to simulate shale gas production under complex fracture
conditions and optimized the well pressure drop rate using the net present value and bottom-hole pressure
drop rate chart. He et al. [23] used embedded discrete fractures to accurately characterize artificial and
natural fractures, and studied the effects of fracture and matrix stress sensitivity on shale gas well
production. For this model, the production rate increased by 42% under pressure control compared to its
absence. Guo et al. [24] proposed an embedded fracture discrete model for shale gas considering creep
and stress sensitivity effects, and revealed that only under the former consideration, the production rate
was better under pressure-controlled compared to pressure-release conditions. Wu et al. [25] conducted
stress sensitivity experiments on shale fractures by using the variable flow pressure method; they showed
that the greater the variation in the fracture effective stress, the more obvious the decrease in the artificial
fracture permeability.

Numerous studies have established pressure-controlled shale gas production models, recognizing the
relationship between fracture stress sensitivity, production pressure difference, and fracture creep [26-28].
Various stress sensitivity coefficients have been used to simulate shale gas production under varying
pressure differences [29,30]. These studies have revealed that although the initial output of pressure-
controlled production is lower than that of pressure-release production, the EUR eventually reverses and
increases over time. Certain studies have also speculated that the cumulative output of pressure-release
production is better than that of pressure-controlled production when only stress sensitivity is considered
[24,31].

Current pressure-controlled shale gas production models do not fully consider the permeability stress
sensitivity of deep shale hydraulic fractures, the non-uniform distribution of hydraulic fracture
conductivity, and the influence of unsupported fractures. Moreover, the use of a uniform fracture
conductivity and a fixed stress sensitivity coefficient may be inconsistent with practice [19,20,32].
Varying proppant sand concentration and stress sensitivity along the fracture length can lead to the rapid
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closure of unsupported or weakly-supported far-end fractures during the production process, effectively
reducing the fracture area, and hence, the EUR (Fig. 1).

‘ Increased closure stress during production process

Figure 1: Diagrammatic representation of the rapid closure of unsupported and weakly-supported far-end
hydraulic fractures during the shale gas production process

To clarify the internal relationship between pressure-controlled deep shale gas production and the EUR,
in this study, we comprehensively considered the effects of stress variation amplitude and the non-uniform
distribution of artificial fracture conductivity on the production rate. We assumed the fracture ends to be
proppant-free, and used a multi-cluster artificial fracture, characterized by discrete embedded fractures, to
establish a pressure-controlled deep shale gas well production prediction model. A simulation study was
conducted based on field examples while considering the influence of fracture conductivity, stress
sensitivity coefficient, and pressure-controlled production duration on the deep shale gas EUR. The
results of this study are of great significance for guiding the development of future pressure-controlled
deep shale gas production systems.

2 Hydraulic Fracture Conductivity Model

In the deep shale gas well production process, hydraulic fractures are affected by the increasing effective
closure stress. Hydraulic fracture width and propped fracture permeability decrease due to proppant
deformation, embedment, and crushing [19]. The attenuation of hydraulic fracture conductivity, Fcp,
under stress sensitivity consideration, in deep shale can be expressed as [20]

FCD = KﬁVVﬁ exp(—df AO'eﬁf), (1)
where Ao, is the change in the effective stress, defined as [33]

(1 —2v)
Aoy = a——=Ap. 2
O-ff & (1 _ V) p ( )
By substituting Egs. (2) in (1), we obtain
Fep = KiWy; exp(—yy Ap), 3)

where y,is the shale hydraulic fracture pressure sensitivity coefficient, defined as

o dfOC (1 —2\))

=0y ()
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Experimental studies have shown the stress sensitivity coefficient to be a variable quantity in the
production process. Wu et al. [25] varied the effective stress in the range of 10-40 MPa and observed
that the greater the change in effective stress, the more pronounced the fracture permeability stress
sensitivity. Therefore, the fracture stress sensitivity coefficient can be considered as a function of the
stress change amplitude and stress variation rate during production. In other words, the greater the change
in effective stress within a given production period, the higher the fracture stress sensitivity; this
relationship can be expressed as

df = aAaeff + b, (%)

where the parameters a = 0.002 MPa * and b = 0.01 MPa ' were obtained from experiments.

As the hydraulic fracture width decreases along the fracture length, the influence of the interference
between fractures, non-plane propagation of fractures, and non-uniform stress results in the non-uniform
distribution of fracture conductivity. Assuming that the average value of the entire fracture is equal, the
fracture conductivity can be assumed to be a parabolic distribution, expressed as [32]

—3F4rep 5, 3

x* +=Furcp. (6)

F p—
o) 2L 2

3 Mathematical Model of Matrix-Fracture Coupling Seepage

3.1 Matrix-Seepage

The gas mass conservation equation for the shale gas matrix system while considering the combined
effects of microscale effects, such as deep shale gas adsorption/desorption, matrix pore gas slip flow, and
surface diffusion can be expressed as [34]

AyhiKpap, OP,, AxhiKpap, OP,, O(Pm u
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Assuming that the gas in the matrix is adsorbed onto the pore wall in the form of a monolayer, we can use
the Langmuir isotherm adsorption equation to describe its absolute amount as [34]

:psMg VLPm
Vstd PL +Pm '

®)

9a

3.2 Gas Seepage Through Hydraulic Fractures
Taking into account the deformation stress sensitivity and fracture permeability, Kj; the gas seepage
equations for the hydraulic fractures can be developed as [13-14,34]

0 (K Wihypg OPy A(prp,)
Ax— | ——=2—1L mf — Qwell =V 7g’ 9
8x< w Ox tnf — Qe = Viy — 5, ©)

where ¢,,.;; is the mass flow rate into the wellbore from the artificial fracture, which can be defined for a
horizontal well model as

ZﬂpgKfVV}" Pf — ow
e In(reg/ry)

(10)

Gwell =

We assume the outer boundary of the model to be closed and the inner boundary to be under constant
flow pressure, i.e., constant production. Egs. (1)—(10) constitute the mathematical seepage model for deep
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shale gas production prediction. Given an initial fracture permeability and fracture width, the initial fracture
conductivity was calculated using Eq. (3), while the conductivity distribution along the fracture length was
calculated using Eq. (6). The reservoir and hydraulic fracture systems were meshed and provided with the
property parameters, and the pressure distribution of hydraulic fracture and matrix system was obtained
by coupling and iteratively solving for the hydraulic fracture seepage (Eq. (9)) and matrix system
(Eq. (8)). The apparent permeability of the matrix was updated according to the matrix pressure
distribution and the fracture permeability was updated according to the hydraulic fracture grid pressure
distribution. Finally, Eq. (10) was used to calculate the production at each time step to obtain the deep
shale gas production curve for the preset period.

4 Sensitivity Analysis for Pressure-Controlled Production

We predicted the managed pressure production according to the reservoir and fracture parameters of a
shale gas well in Southern Sichuan, China [35]. The horizontal section of the shale gas well is ~2700 m,
buried at a depth of 4200 m. The horizontal well has a fracturing length of 2400 m, with a total of
30 fracturing sections and 8 clusters per section. Some sections of the horizontal well are naturally
developed fractures. Currently, the exploration of this horizontal well is relatively stable, with a good
pressure-controlled production effect (well parameters shown in Table 1).

Table 1: Reservoir and fracturing parameters of a deep shale gas well in eastern Sichuan

Parameter Value Unit Parameter Value Unit
Number of fracturing segments 30 - Number of cluster per section 8 -
Horizontal segment length 2400 m Cluster spacing 10 m
Well radius 0.1 m Sensitivity coefficient of stress 0.04 MPa '
Flow pressure at the bottom of the well 3 MPa Initial fracture conductivity 0.1 D-cm
Initial pressure 70 MPa The fracture length 120 m
Reservoir temperature 139  °C  Fracture height 12 m
Gas saturation 75 % Gas content 6 m’/t
The total matrix porosity 5.2 % Matrix permeability 100 nD

4.1 Influence of Fracture Conductivity on the EUR

We studied the impact of fracture conductivity on the deep shale gas production in the study area
(Fig. 2). As the fracture conductivity increased from 0.01-1.00 D-cm, the cumulative production
increased by 100%, indicating a significant effect (Table 2). When the fracture conductivity was increased
from 0.01-0.20 D-cm, the cumulative production increased by 108% over three years. Although the
percentage of increase decreased over time, it still reached up to 70%. At 0.50 D-cm, the cumulative
production increased by 14% in three years. Albeit with a relatively small magnitude, the production rate
continued to increase (a cumulative increase of 10% over 20 years). For 1 D-cm, the cumulative
production increased by ~10 million m®, while the EUR increased by ~5%. Overall, when the fracture
conductivity was increased from 0.01 to 1.00 D.cm, the cumulative production in 20 years increased by a
total of 99.32 million m*. However, for a value of 0.50 D.cm, fracture conductivity had a limited effect
on shale gas production. The impact of fracture conductivity on production indicates that deep shale gas
fractures are sensitive to high stress and fracture conductivity. Therefore, high sand concentration is of
great significance for improving the EUR of deep shale gas.
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Figure 2: Influence of fracture conductivity on shale gas production and EUR

Table 2: Influence of fracture conductivity on the shale gas production increase percentage

Fracture Production increase Production increase Production increase
conductivity (D-cm) percentage (3 years) percentage (10 years) percentage (20 years)
0.01 0 0 0

0.2 108% 83% 70%

0.5 14% 12% 10%

1 7% 6% 5%

4.2 Influence of Pressure-Controlled Production Time on the EUR

According to the predictions for a hydraulic fracture with a fracture conductivity of 0.10 D-cm (Fig. 3a),
the production in the initial stages of pressure-release production was significantly higher than that of
pressure-controlled production, resulting in a higher cumulative production for the former condition over
a certain period. However, as the duration under pressure control increased, the production rate reversed.
One year of pressure control had the greatest impact on production growth, with a cumulative production
growth rate of 24% over 10 years and 22% over 20 years (Fig. 3b; Table 3). The increase in cumulative
production decreased significantly after two years of pressure control compared to one. Cumulative
production increased by 8% in 10 years and 7% in 20 years. The increase in cumulative production after
3 years of pressure control was smaller than that after 2 years, with a growth rate of only 3% over both
10 and 20 years. Therefore, controlling pressure for more than a year had little effect on the increase in
production, and with the increasing duration, the daily production in the early stages decreased, but the
cumulative production in the later stages gradually increased. When pressure control was applied for
3 years, the cumulative production increased by ~44.00 million m® over 20 years, indicating that
pressure-controlled production can significantly improve the EUR of deep shale gas wells.

4.3 Effect of Stress Sensitivity on the EUR

We further analyzed the effect of the stress sensitivity coefficient on the cumulative production of shale
gas (Fig. 4). As the stress sensitivity coefficient increased, the cumulative production sharply decreased
within a given production time. As the value of the coefficient increased from 0.050 to 0.075 MPa ', the
cumulative production growth rate decreased by 21% over 10 years and by 20% over 20 years. When the
coefficient value was further increased to 0.100 MPa ', the cumulative production decreased by 25% and
24% over 10 and 20 years, respectively. For 0.125 MPa ', the cumulative production decreased by 24%
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and 23% over 10 and 20 years, respectively. Therefore, as the stress sensitivity coefficient increased, the
cumulative production consistently and gradually decreased. Moreover, as the stress sensitivity coefficient
was increased from 0.050 to 0.125 MPa !, the total cumulative production loss over 20 years was
138.5 million m°, i.e., a reduction of ~53% (Table 4). These results indicate that hydraulic fracture stress
sensitivity is an extremely important factor in deep shale gas extraction, and reducing it is necessary to
improve the final EUR.

@ ®) 15000
@ a5 | === Pressure release production method ~16000 - — ___::—_-_"'__-
'é 1 vear of " | g - - =
% 3 year of pressure contro 14000 1 "
S 30 |' === 2 years of pressure control = —
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Production time(day) Production time(day)

Figure 3: (a) Daily gas production under pressure-controlled and pressure-release conditions.
(b) Cumulative production under pressure-controlled and pressure-release conditions

Table 3: Influence of pressure control and pressure release conditions on the increase of shale gas production
for a fracture conductivity of 0.10 D-cm

Pressure control production time Production increase percentage  Production increase percentage

(10 years) (20 years)
None 0 0
Controlled pressure production for 24% 22%
1 year
Controlled pressure production for 8% 7%
2 years
Controlled pressure production for 3% 3%
3 years

5 Practical Application of Pressure-Controlled Production

Field monitoring revealed that the horizontal well in the study area has been operational for six months,
and its bottom hole pressure has decreased from 75 to ~40 MPa, with an actual pressure drop rate of
~0.19 MPa/d. We assumed the bottom-hole flow pressure to change linearly (Table 5). The influence of
different pressure-controlled durations on the production and EUR of the deep shale was examined and
the cumulative production rates were obtained (Table 6).
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Figure 4: Effect of stress sensitivity coefficient on shale gas well production and EUR

Table 4: Influence of stress sensitivity coefficient on the increase of shale gas production

Stress sensitivity Production increase percentage Production increase percentage
coefficient (10 years) (20 years)

0.05 MPa ™" 0% 0%

0.075 MPa —21% —20%

0.1 MPa™' —25% —24%

0.125 MPa' —24% —23%

Table 5: Simulation schemes for pressure-controlled deep shale gas well production

Control pressure time 3 months 0.5 year 1 year 3 years 5 years
Pressure drop rate (MPa/d) 0.7 0.35 0.192 0.065 0.039

Table 6: Accumulated production of different pressure control production schemes

Control pressure time 0 3 months 0.5 year 1 year 3 years 5 years
Cumulative gas production for 5 years (10*'m>) 8261 9096 9791 10,755 12,824 13,332
Cumulative gas production for 10 years (104rn3 ) 10,249 11,109 11,829 12,852 15,269 16,417
Cumulative gas production for 20 years (10*m®) 12,177 13,048 13,781 14,831 17,392 18,752

As the pressure-control duration increased, the cumulative shale gas production gradually increased
(Fig. 5; Table 6). Increasing the pressure drop rate above the actual rate, i.e., pressure control for
3 months, resulted in a cumulative output loss of 17.0 million m> over 20 years, whereas, reducing it, i.e.,
pressure control for 5 years, increased the EUR by ~23.8 million m®. Controlled pressure for 5 years
resulted in a EUR increase of ~41.0 million m® (~29%) compared to that for 3 months. Therefore, based
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on this relationship between pressure-controlled production duration and cumulative production, we
recommend an optimal pressure-control duration of 3—5 years to maximize shale gas production.
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12000
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6000
3000 —e— 5 years 10 years —®—15years —@— 20 years
O T T T T T
0 1 2 3 4 5 6

Pressure control production time(year)

Figure 5: Effect of pressure control durations on shale gas production

6 Conclusion

In this study, we established a deep shale gas production model by considering the hydraulic fracture
permeability stress sensitivity and uniform fracture conductivity characteristics. Upon analyzing the
influence of pressure-control production duration, fracture conductivity, and stress sensitivity coefficient
on the shale gas EUR using this model, we drew the following primary conclusions:

(1) Increasing the initial fracture conductivity increases the daily output along with a gradual increase in
the tired production. However, a fracture conductivity value of 0.50 D-cm has a very limited improvement
effect on the shale gas production rate.

(2) The initial output of pressure-controlled production is lower than that of pressure-release production.
However, with an increase in the pressure control duration, the production rate initially increases and then
decreases. Although the early cumulative production is reduced in this case, the output gradually
increases over 20 years.

(3) As the stress sensitivity coefficient increases, the cumulative production gradually decreases; for
0.125 MPa ', the total cumulative production loss of the deep shale gas well over 20 years is predicted to
be 138.5 million m®. Therefore, stress sensitivity is a key factor affecting deep shale gas production.

(4) For deep shale gas wells in the study area, increasing the pressure-controlled production duration
from 1 to 5 years increases the EUR by 41.0 million (~29%).
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