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Since the accurate early gas well production regime is related to the production period and final productivity, it is crucial to make
better use of early flow stage production data for gas well productivity evaluation. Absolute open flow potential (AOF) and
estimated ultimate recovery (EUR) are essential parameters for evaluating the productivity of shale gas wells. This study
establishes new AOF calculation methods for the early production stage. The analytical model can calculate the AOF only by
using stable pressure and production data in the flowback stage, which greatly improves the efficiency of productivity
evaluation. Three methods have, respectively, calculated the productivity of the shale gas wells above 3500m in the Luzhou
block. The results show that well L2-3 has the highest AOF, averaging 278:1 × 104 m3/d, whereas well Y2-8 has the lowest
AOF, averaging 100:2 × 104 m3/d. Different AOF calculation methods are identified for gas wells in different stages of
production. For gas wells in the initial unstable flow stage, a pseudogas production index method is recommended. A water
production index analysis method, with lower evaluation results, is proposed for gas wells in the flowback stage. A modern
production decline analysis method is found to be preferred for calculating the EUR of deep shale gas wells. Well L2-3 has the
highest average EUR of 1:26 × 108 m3, whereas well Y2-8 has the lowest average EUR of 0:42 × 108 m3. The Blasingame
method is recommended for medium-to-high-production gas wells, whereas a normalized pressure integral method is
suggested for low-production wells. A strong exponential quantitative link between the AOF and the EUR shows that a
fracture system’s initial productivity has a significant impact on a well’s EUR. The findings of this study enrich the
productivity evaluation system, increase the accuracy of productivity evaluation results, and provide theoretical support for
deep shale gas wells.

1. Introduction

Shale gas is an unconventional energy source with high devel-
opment potential [1–3]. However, the reservoir of natural frac-
tures and the cross-scale flow mechanism created by artificial
fracturing have led to the production features of high peak pro-
duction and decline rate. Shale has the characteristics of ultra-
low porosity and permeability [4]. Geological and engineering
factors have caused shale gas wells to be in an unstable flow

stage for a long time, making productivity evaluation particu-
larly difficult. Productivity evaluation is the most important
approach for monitoring well dynamics, predicting well pro-
ductivity, calculating reservoir parameters, and evaluating frac-
turing effects in the development process of gas wells [5].
Establishing a suitable controlled pressure and production sys-
tem at an early stage of development becomes especially valu-
able in order to obtain high gas production with lengthy
production periods under such complex geological conditions.
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The AOF and EUR in the early stage play an essential role in the
production regime [6].

The productivity of a gas well in conventional gas reser-
voirs is typically evaluated using the absolute open flow
potential (AOF) as an evaluation index, which is the gas pro-
duction when the flow pressure at the bottom of the well is
zero. It can be obtained by analyzing test data using the pro-
ductivity well test method [7]. The adsorbed and free gas
within the shale matrix are not taken into account by the
AOF in the test gas stage, which only accounts for produc-
tivity within the reservoir-reformed zone. Therefore, the
estimated ultimate recovery (EUR) has become another
mainstream evaluation index.

Currently, the methods for evaluating shale gas well pro-
ductivity are classified as follows: production decline analysis
method, analytical method, numerical simulation method,
and machine learning method. Many scholars proposed var-
ious empirical formulas and derivative methods [8–11] for
analyzing the production decline of a single well under con-
stant pressure production conditions, such as Arps, PLE,
SEPD, and YM-SEPD [12–18]. The production decline anal-
ysis method has been expanded by introducing the material
balance pseudotime and normalized pseudopressure func-
tions [19–25], which have been widely used in the produc-
tivity evaluation of tight gas reservoirs such as shale gas, as
the analysis object has been extended from a single gas well
production analysis to a two-parameter analysis of produc-
tion and pressure [26–31]. However, the limitations of
applying the production decline method for shale gas flow
stages have also caused some uncertainties in the productiv-
ity evaluation results [32–34].

As research scholars continue to study shale gas trans-
port laws in the subsurface, the analytical method of produc-
tivity evaluation can better describe the flow mechanisms in
different stages of shale gas development [35–39]. By using
the mass transfer control equation, which takes into account
the existence of distinct flow mechanisms like the Knudsen
diffusion [40–45], molecular surface diffusion, adsorption-
desorption, the Klinkenberg effect, the high-speed non-
Darcy effect, Darcy flow, and the effective stress sensitivity
of shale gas in the reservoirs [46–55], an analytical model
describing the cross-scale transport of molecules is created.
However, due to the many idealized assumptions in the ana-
lytical model, the analytical method cannot accurately reflect
the complex flow mechanisms and development laws of
shale gas in the actual formation [56–58]. With the continu-
ous integration of the artificial intelligence with oil and gas
field production sites, machine learning methods are gradu-
ally emphasized in the productivity evaluation of shale gas
wells [59–62].

However, shale gas has distinct geological properties,
complex flow mechanisms, advanced reservoir reforming
technologies, and preferred gas well production methods;
the productivity index is affected by both engineering and
geological considerations [63–65]. Thus, accurate results
are not easily obtained [66–68]. Therefore, establishing a
new and accurate productivity evaluation method for deep
shale gas wells is the focus of the current research in shale
gas reservoir engineering. Conventional productivity test

methods mainly include back pressure tests (BPTs), isochro-
nal tests, and modified isochronal tests. A productivity equa-
tion is fitted to stable pressure and production data obtained
from multiple production systems, and the AOF is calcu-
lated by combining the productivity curve. On the one hand,
verifying the results is difficult because the AOF is the ulti-
mate production of gas wells [69, 70]. Although the produc-
tion data used in these methods is readily available, a period
of decline in gas well production is required before the EUR
evaluation, and there is a time lag. The complex flow mech-
anism of shale gas leads to underfitting, and multiple fitting
parameters yield multiple solutions [71, 72]. An analytical
method requires detailed geological parameters of the gas
reservoir, a transfer equation can describe the cross-scale
flow mechanism of shale gas, and analytical solutions of pro-
duction can be obtained using the Laplace transform and
Green’s function [73–75]. However, a model for an analyti-
cal method is established with many idealized assumptions,
which cannot accurately reflect the actual flow of shale gas
in a subsurface reservoir. These errors can significantly affect
the accuracy of productivity evaluation [76, 77]. Briefly,
there are still many challenges in the current research on
shale gas well productivity evaluation.

In summary, owing to geological and engineering fac-
tors, shale gas wells have been in the early unstable flow
and flowback stages for a long time [78]. In this study, a
pseudogas production index method and a water production
index analysis method are constructed in order to produce
more accurate results for gas well productivity evaluation
utilizing the production data in these stages and to decrease
their delay. The core principles of production decline analy-
sis (PDA) are defined concurrently in order to enhance the
shale gas well productivity evaluation system and get reliable
productivity forecast indices. The calculation results and
application prospects of each method are examined using
three shale gas wells from the Luzhou block of the Sichuan
Basin of China as examples. The research results are
expected to provide theoretical support for methods for eval-
uating shale gas well productivity as well as scientific guid-
ance for the formulation of development technology policies.

2. Theory of Productivity Evaluation Method of
Deep Shale Gas Well

2.1. Empirical Method. The traditional AOF calculation
method makes reference to test well analysis of production
data utilizing a BPT method. Exponential, binomial, and
one-point procedures make up the majority of BPT tech-
niques [7].

The exponential equation is an empirical relationship
between the gas well production and the constant flow pres-
sure proposed by Rawlins in 1936 [6], which is expressed in

qg = C p2R − p2wf
À Án

: ð1Þ

Logarithms of the two sides of Equation (1) are taken to

2 Geofluids



yield

lg qg = lg C + n lg p2R − p2wf
À Á

, ð2Þ

lg p2R − p2wf
À Á

= 1
n lg qg‐

1
n lg C: ð3Þ

From Equation (3), it can be interpreted that ðp2R − p2wf Þn
and qg are linearly related on a bilogarithmic plot with a
slope of 1/n and an intercept of −1/n lg C. The line repre-
sents the exponential productivity curve.

Using a BPT to obtain the constant production and pres-
sure, an exponential capacity curve can be easily drawn, the
slope of which provides the value of n; C can be obtained
from

C =
qg

p2R − p2wf
À Án : ð4Þ

At pwf = 0, substituting the initial reservoir pressure, pR,
into Equation (5) yields qAOF of the gas well.

qAOF = C p2R
À Án, ð5Þ

where qg is the gas production (104m3/d), pR is the initial
reservoir pressure (MPa), pwf is the flow pressure at the bot-
tom of the well (MPa), C is the productivity equation coeffi-
cient (104m3/d/MPa2n), and n is the seepage index.

2.2. Pseudogas Production Index Method. Production data
from deep shale gas wells are characterized by early and rap-
idly declining and long-term unstable flow stages, making it
difficult to reach the quasistable flow stage [77, 78]. When a
well is in the unstable flow stage, its pseudogas production
index versus material balance time bilogarithmic plot is a
straight line with a slope of 0 to −1/2 [69, 70]. The produc-
tion data of wells in the unstable flow stage are fit to a
straight-line section to obtain the early pseudogas produc-
tion index. The main benefit of the pseudogas production
index approach over the traditional method is that it
broadens the application conditions by calculating AOF
without requiring production to reach the quasistable flow
stage and providing future prediction findings. The pseudo-
gas production index is defined in

qg
Δm pð Þ =

qg
m pið Þ −m pwfð Þ , ð6Þ

m pkð Þ = 2
ðp
0

pk
μugkZk

dp: ð7Þ

According to Sun et al., the early-stage pressure meets
the conditions for using the p2 method, assuming that μZ
is a constant. Therefore, p2 is used to substitute mðpÞ [79].

The material balance time is defined in

tm =
Np
qg

: ð8Þ

The pseudogas production index for the first day is
obtained by fitting a straight-line section to the early unsta-
ble flow stage data, and the results are substituted into Equa-
tion (9) to calculate the AOF.

qAOF =
qg

Δm ptmbearly

� �m pið Þ, ð9Þ

where k = i or wf , mðpkÞ is the pseudopressure when the
pressure is pk (MPa2/(mPa s)), μgk is the gas viscosity when
the pressure is pk (mPa s), Zk is the gas deviation factor when
the reservoir pressure is pk , Np is the cumulative production
(m3), and tm is the material balance time (t).

The lack of test production from shale gas wells in a block
makes early productivity evaluation difficult [3]. Therefore,
this study establishes a pseudogas production index method
to calculate the AOF based on the analysis of production data
in the early unstable flow stage. However, because this method
requires gas well production data, it is applicable to deep shale
gas wells in the early unstable flow stage.

2.3. Flowback Water Production Index of Analytical Method.
Fracturing fluid flowback is performed after the completion
of gas well fracturing. A shale gas well’s hydraulic fracture
flowback model is shown in Figure 1. After hydraulic frac-
turing, the well is saturated, and the fracturing fluid then
flows from the microfracture into the main fracture and
finally into the wellbore to the surface. h is the fracture
height, w is the fracture width, and n is the number of frac-
tures. The flowback rates of shale gas wells worldwide are
low, only 10%–40%, among which those of deeper shale
gas wells are relatively higher [79, 80]. For a nonflowback
fracturing fluid, the following are generally accepted:

(1) A fracturing fluid enters the micropores in the
matrix because of imbibition

(2) A fracturing fluid is retained in fractures that rapidly
close within a short period

In this study, water is considered to constitute a large
proportion of a fracturing fluid and used to represent it.
The variations in the pressure, water production, and gas
production with time are shown in Figure 2. In the early
stage (Figure 2(a)), the mobile fluid in the fracture system
is single-phase water, gas production is not seen, the pres-
sure progressively changes, and the cumulative water pro-
duction rises, signifying an unstable flow stage. In the
middle stage (Figure 2(b)), the gas production in the fracture
system gradually increases, and both the pressure and water
production reach a peak. The water in one part of the frac-
ture is still in the unstable flow stage, whereas the water in
the other part of the fracture enters the pseudostable flow
stage. The gas starts to break through into the fracture, and
this stage belongs to the transition flow stage.

When pressure reaches the fracture barrier in the latter
stage (Figure 2(c)), the entire fracture system appears to be
in a two-phase flow. The water in the matrix is difficult to
flowback because of the imbibition effect, and at this point, if
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there is no energy supplement from the reservoir, the flow is
anticipated to enter the suggested stable flow stage [81, 82].

Based on the flowback characteristics of the Luzhou deep
shale gas wells, the flowback water production index of ana-
lytical method is based on the data of stage a in Figure 2.
Stage a is in the early stage of gas well flowback. After a
period of well soak, a large amount of fracturing fluid and
movable water is discharged from the fracture. At this stage,
it is assumed that no gas is produced. The water in the
matrix-fracture system is assumed to behave as a bilinear
flow. The analytical model for the flowback stage is estab-
lished as expressed in Equation (10), and the boundary con-
ditions within the model correspond to constant production.
The model assumptions and the detailed derivation process
are presented in Appendix A.

∂2p
∂x2

= φμct
0:0853k

∂p
∂t

,

p x, 0ð Þ = pi,
∂p
∂x

� �
x⟶0

= qwBμ
0:0853khwn ,

p ∞,tð Þ = pi:

8>>>>>>>>><
>>>>>>>>>:

ð10Þ

Solving Equation (10) yields the following relationship
between water production and pressure:

qw = nhw pi − pwfð Þ
2Bw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0853πkφct

tμw

s
: ð11Þ

Using the same approach and assuming that the fluid in
the matrix-fracture system during the production stage is a
single-phase gas, an analytical bilinear flow model for gas
production during the production stage is expressed in

∂2m pð Þ
∂x2

= φμct
k

∂m pð Þ
∂t

,

m x, 0ð Þ = pi,
∂m
∂x

� �
x⟶0

=
qgμpscT

0:0853khwnTsc
,

m ∞,tð Þ = pi:

8>>>>>>>>><
>>>>>>>>>:

ð12Þ

Solving Equation (12) yields the relationship between gas
production and pseudopressure as follows:

qg =
nhw m pið Þ‐m pwfð Þð ÞTsc

2pscTBg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0853πkφct

tug

s
: ð13Þ

The gas well AOF is provided by

qAOF =
nhwTscm pið Þ

2pscTBg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0853πkφct

tμg

s
: ð14Þ

By combining Equations (11) and (14), the formula for
calculating the AOF following simplification is expressed in

qAOF
qw

= TscBwm pið Þ ffiffiffiffiffiffi
μw

p
pscTBg pi‐pwfð Þ ffiffiffiffiffi

μg
p : ð15Þ

Date

Pressure Gas volume
Flowback fluid volume Nozzle diameter

Soak
stage Flowback stage Production stageFlowww

a b c

Figure 2: Flowback and production characteristic curves of shale
gas well.

(the number of fractures)

Wellbore

Fracture

h

w

S

Figure 1: Hydraulic fracture flowback model of shale gas well.
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The AOF is calculated using Equation (16) by obtaining
the relevant parameters and the values of flowback rate and
pressure based on the gas well data.

qgAOF =
qw

pi − pwf

TscBwm pið Þ ffiffiffiffiffiffi
μw

p
pscTBg

ffiffiffiffiffi
μg

p : ð16Þ

In practical applications, the data related to the above equa-
tions are difficult to obtain accurately and complex to use.

Table 1: Summary of production decline analysis methods.

Method
category

Method subcategory Applicable conditions Advantages/disadvantages

Arps
Exponential decline curve
Harmonic decline curve
Hyperbolic decline curve

Quasistable flow/single well/
constant pressure production

system

Underfitting with data in early decline
stage/high productivity prediction result

Fetkovich
Theoretical plate method of normalized

decline curve fitting
Total production data fitting/constant

pressure only

New
empirical
model

PLED
SEPD
Duong

Improved hyperbolic decline

Unstable flow/quasistable flow/
single-well/constant-pressure

production system

Entire production data fitting/uncertainty
of prediction results is high when

production data are few

Modern
PDA
model

Blasingame
A-G and NPI

Entire production flow/single-
well/variable pressure production

system

Entire production data fitting/many fitting
parameters lead to existence of multiple

solutions

Flow
material
balance

Fitting method of material balance equation
for material balance pseudotime function

Quasistable flow/variable pressure
production system

Obtain linear relationship to calculate
geological reserves in unstable stage
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Figure 3: Production curves of pseudogas production index method: (a) L2-3, (b) Y2-8, and (c) Y4-5.

Table 2: Calculation parameters and results of pseudogas
production index method.

Well
name

pi
(MPa)

m pið Þ (MPa2/
(mPa s))

qg/Δm pð Þ (104m3/
d/MPa2)

qAOF
(104m3/d)

L2-3 72.00 5184 0.053 274.75

Y2-8 79.00 6241 0.016 99.85

Y4-5 75.00 5625 0.026 146.25
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Therefore, this study establishes a productivity evaluation
method using a water production index. For the curve smooth-
ing part, the relationship between cumulative water production
and pressure changes over a specific period of time is deter-
mined using the characteristic curve of the shale gas flowback
stage. The water production index, Jw, is calculated using the
cumulative water volume per unit time and unit pressure.

Jw = Qw
pi‐pwfð Þt : ð17Þ

Equation (17) is substituted into Equation (16), which is
simplified as

qAOF = Jw
TscBwm pið Þ ffiffiffiffiffiffi

μw
p

pscTBg
ffiffiffiffiffi
μg

p , ð18Þ

where qw is the water production (m3/d); h is the fracture height
(m); w is the fracture length (m); pi is the initial reservoir pres-
sure (MPa); pwf is the flow pressure at the well bottom (MPa);
Bw is the water volume factor, with a value of 1.02; k is the per-
meability (mD); φ is the porosity (%); ct is the reservoir com-
pressibility coefficient; μw is the water viscosity, with a value
of 1.3mPa·s; qAOF is the AOF (104m3/d); Tsc is the standard
state temperature, with a value of 15°C; psc is the standard state
pressure, with a value of 0.101325MPa; Bg is the gas volume
factor, with a value of 3:0 × 10−3 m3/m3; μg is the gas viscosity,
with a value of 0.0135mPa·s; and Jw is the water production
index.

3. Theory of EUR Evaluation Method of Deep
Shale Gas Well

Shale gas EUR evaluation methods include the material bal-
ance, PDA empirical, and modern PDA methods. The PDA
method does not need to consider a reservoir geological
model and a production system and uses only production
data; the method has the characteristics of simplicity and
practicality. These methods have been developed into
mature commercial software (e.g., Harmony) and are the
mainstream methods for EUR evaluation. This study
describes the basic principles and application conditions of
productivity evaluation methods, establishes an EUR evalua-
tion process for deep shale gas wells, and evaluates the EURs
of the three shale gas wells in the Luzhou block.
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Figure 4: Flowback curve of L2-3 well.

Table 3: Calculation parameters and results of water production
index analytical method.

Well
name

Reservoir
pressure Pi (MPa)

Temperature
(°C)

Jw (m3/d/
MPa)

qAOF
(104m3/

d)

L2-3 72 138 132.45 262.54

Y2-8 79 145 39.72 90.89

Y4-5 75 140 62.23 132.93

Table 4: Calculation parameters and results of empirical method.

Back pressure
test

Nozzle
diameter (mm)

pwf
(MPa)

qg
(104m3/

d)

pr
2 − pwf

2

(MPa2)

Productivity
point 1

5 53.60 18.89 1721.444

Productivity
point 2

7 52.30 24.29 1859.216

Productivity
point 3

10 49.84 31.28 2110.18
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Gas wells must continuously produce in order for an
empirical method to work. An empirical method cannot be
used to produce a system with changeable bottom-hole flow
pressure [71]. However, most gas wells adopt such a system
for actual production. In addition, the actual production
process for a single-phase gas well has both variable pressure
and production, owing to the compressibility of the gas. For
the PDA of gas wells under variable production and pressure
conditions, Blasingame et al. and Jieming et al. presented a
material balance pseudotime function and a normalized
pseudopressure [30, 31]. This is the greatest advantage of
modern PDA methods.

The fundamental idea behind this approach is to use a
material balance pseudotime parameter to examine the tran-
sition of an evaluation object from liquid to gas phases.
Using normalized pressure parameters, the pseudopressure
flow equation of a gas well is changed into a normalized
pseudopressure flow equation. Finally, the application con-
dition of the PDA method is altered from being constant
pressure to variable pressure. By simplifying the flow equa-
tion and fitting it with actual production data, physical
parameters of the actual formation can be obtained, and
the gas well productivity can be effectively predicted [32].

The Blasingame method uses the material balance time
and a pseudotime function to obtain the material balance
pseudotime function and combines the normalized pseudo-
pressure to extend the Fetkovich method.

The pseudotime function of the material balance is
defined in

tca =
μgiCti
qg

ðt
0

qg
μgCt

dt: ð19Þ

The normalized pseudopressure is defined in

pp =
μgiZ

pi

ðp
0

p
μgZ

dp: ð20Þ

The pseudo-pressure-normalized production is defined
in

qg
Δpp

=
qg

ppi‐ppwf
, ð21Þ

where ugi and ug are the gas viscosities at pressures pi and p,
respectively (mPa·s); Cti and Ct are the total reservoir com-
pressibility coefficients at pressures pi and p, respectively
(MPa−1); t is the production time (d); tca is the material bal-
ance pseudotime (d); qg is the gas production (m3/d); and pp
is the normalized pseudopressure under reservoir conditions
p (MPa).

The Blasingame approach uses three characteristic
curves to collectively fit the data to compute the EUR in
order to improve calculation accuracy and combat result dis-
tortion caused by the low precision of the production data.
These are the pseudo-pressure-normalized production curve
ðqg/ΔppÞ, pseudo-pressure-normalized production integral
curve ðqg/ΔppÞi, and pseudo-pressure-normalized produc-

tion derivative curve.
The Agarwal-Gardner (A-G) method and the normal-

ized pressure integral (NPI) method are also the main
methods for PDA [33]. Based on the Blasingame decline
analysis method, the A-G method adds a dimensionless
parameter relationship to unstable well test analysis to estab-
lish a PDA-type curve. This type of curve fitting analysis
process is the same as the Blasingame method. This method
mainly analyzes the production and time relationship data.
The distinction between the Blasingame and A-G
approaches, which decreases the many solutions of the fit-
ting, is in the definitions of the dimensionless parameters.
The dimensionless production of the A-G technique is con-
verted to a dimensionless pressure using the type curve of
the NPI method. The horizontal axis of a type curve is still
a dimensionless time. The process of the type-curve fitting
analysis of the NPI method is similar to those of the other
two methods.

In addition to calculating the EUR, modern PDA
methods can quantify and analyze other reservoir parame-
ters, such as permeability and skin coefficient [34]. The
results of the type-curve fitting are subsequently used to
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3.24
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3.32
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 (p

2 R-
p2 w

f) 
(M

Pa
2 )

lgqg (104 m3/d)

y1 = 2.72 + 0.4x1
R2 = 0.96

Figure 5: Productivity curve of L2-3 using empirical method.

Table 5: Calculation parameters of numerical simulation method.

Parameter
Well name

L2-3 Y2-8 Y4-5

Drainage area (ha) 152.1 155.30 136.50

Original gas in place (106m3) 288.13 402.64 297.97

Horizontal length (m) 1560 1853 1751

Facture half length (m) 25 15 30

Temperature (K) 411 418 413

Reservoir pressure (MPa) 72 79 75

Net pay (m) 22 25 20

Total porosity (%) 4.9 4.6 4.5

Initial gas saturation (%) 54 60 61

Permeability (mD) 0.27 0.21 0.19
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qualitatively identify the gas flow stage and production sta-
tus of a gas well.

The EUR evaluation methods for shale gas wells are
summarized in Table 1.

4. Results and Discussions

4.1. Results of Pseudogas Production Index Method. We eval-
uated three deep shale gas wells in the Luzhou block—L2-3,
Y4-5, and Y2-8—using the established pseudogas produc-
tion index method.

First, bilogarithmic curves of the pseudogas production
index and the material balance time were plotted using the
production data of the three gas wells in the unstable flow
stage. It is noticeable from Figure 3 that the data points vary
regularly over a straight line with a slope of 0 to −1/2. The
early pseudogas production index values of the three gas
wells were obtained by fitting the intersection of the
straight-line section exhibited in the early unsteady flow
stage with the vertical coordinate axis.

From Figure 3, the pseudogas production indexes are
0:053 × 104m3/d/MPa2 for L2-3, 0:016 × 104 m3/d/MPa2

for Y2-8, and 0:026 × 104 m3/d/MPa2 for Y4-5. The mea-
sured parameters and pseudogas production indexes of the
three gas wells were substituted into Equation (9), and the
AOF results were calculated, which are listed in Table 2.

The results in Table 2 suggest that a large productivity
gap occurs among the wells, where well L2-3 has the largest
AOF of 274:75 × 104 m3/d, whereas well Y2-8 has the lowest
AOF of 99:85 × 104 m3/d. This suggests that well L2-3 has
better reservoir conditions and a well-developed fracture
system than the other two wells, and the initial productivity
of this gas well is high.

4.2. Results of Flowback Water Production Index of Analytical
Method. The three deep shale gas wells in the Luzhou block
were analyzed using the water production index analytical
method. Shale gas was produced using a pressure-controlled
method during the flowback stage. Therefore, a smooth section
of the pressure curve variation was selected, and the water pro-
duction time, pressure value, and accumulated water produc-
tion were substituted into Equation (17) to calculate the water
production index, Jw. As shown in Figure 4, the water produc-
tion index, Jw, for well L2-3 is 132.45m

3/d/MPa, and those cal-
culated for the remaining two wells, Y2-8 and Y4-5, are
39.72m3/d/MPa and 62.23m3/d/MPa, respectively.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
0

10000

20000

30000

40000

50000

60000

70000

80000

Sa
nd

fa
ce

 p
re

ss
ur

e (
kP

a)

Gas rate (103 m3/d) 

L2-3

Y2-8

Y4-5

Figure 6: Numerical simulation results of IPRs of shale gas wells.

289.84
274.75

99.85

146.25

262.54

90.89

132.93

297

110

148

L2-3 Y2-8 Y4-5
0

50

100

150

200

250

300

q A
O

F (
10

4  m
3 /d

)

Well name

Empirical method
Pseudo-gas production index method
Analytical method
Numerical simulation method

Figure 7: Comparison results of different calculation methods.

8 Geofluids



The AOFs of the gas wells were calculated using the
water production index analytical method, and the results
are listed in Table 3. The AOF of well L2-3 is the highest
at 262:54 × 104 m3/d, whereas that of well Y2-8 is the lowest
at 90:89 × 104 m3/d. The water production index analytical
method only requires stable production data in the flowback
stage, to deduce the AOF, and the required data are accurate
and easily available, which significantly reduces the calcula-
tion cost and avoids the calculation errors caused by irregu-
lar data.

4.3. Results of Empirical Method. Conventional BPTs are
conducted for shale gas wells, which require that both the
wellhead pressure and gas production should be stable for
at least 5 days and their fluctuations should not exceed 5%.
However, deep shale gas well reservoirs have developed
micro-nanopores with extremely low porosity and perme-
ability and no natural productivity. Their complex fracture
system must be obtained by a large-scale reservoir fracturing
and reforming technology, owing to the industrial gas flow
and economic benefits [4]. Currently, many shale gas wells
are produced using pressure-controlled methods, which gen-
erally fail to obtain the required test pressure and test pro-
duction. Among the three shale gas wells in the block
considered in this study, only well L2-3 met the require-
ments for a BPT well analysis. An exponential empirical
method was used to calculate the AOF. The initial reservoir
pressure, pr, of well L2-3 was 72MPa, and the remaining
parameters were chosen as listed in Table 4.

Figure 5 illustrates that the slope of the productivity
curve of well L2-3 is 0.4 and the intercept is 2.72. According
to Equation (5) for the exponential empirical method, qAOF
= 289:84 × 104 m3/d for well L2-3.

4.4. Results of Numerical Simulation Method. In this study,
dynamic simulations of ultimate gas production were per-
formed for the three gas wells based on the properties of
the deep shale gas reservoirs in the Luzhou block as well as
the wellbore parameters and production systems of the gas
wells. The AOFs of the gas wells were obtained from the
simulated inflow performance relationship (IPR) curves
when the bottom-flow pressure was zero. The CH4 content
in the gas recovered from the three gas wells exceeded
98%, with extremely low amounts of CO2 and N2. The
detailed input parameters of the model are listed in Table 5.

As shown in Figure 6, the intersection of an IPR curve
with the x-axis is the AOF of the gas well. The results of
the numerical simulation are very similar to those calculated
by the pseudogas production index method and the water
production index analytical method. Among them, well
L2-3 has the highest AOF of 297:00 × 104 m3/d, whereas well
Y2-8 has the lowest AOF of 110:00 × 104 m3/d.

4.5. Contrast and Verification. We compared the AOF
results obtained using the various calculation methods. As
shown in Figure 7, well L2-3 has the highest AOF, with an
average of 278:1 × 104 m3/d. Well Y2-8 has the lowest
AOF, with an average of 100:2 × 104 m3/d, whereas well
Y4-5 has an average AOF of 142:4 × 104 m3/d.

By comparing the AOFs calculated by the different
methods, Figure 7 shows that the results calculated using the
water production index analytical method are small, which is
caused by using the pressure square, instead of the pseudopres-
sure. This is because the initial reservoir pressure in deep shale is
high, typically greater than 40MPa. However, as a gas well con-
tinues to produce, the pressure rapidly decreases to 20–30MPa
and subsequently remains stable. This suggests that a small por-
tion of the pressure in the initial stages of gas production is
overestimated by the analytical method. The accuracy of the
analytical pseudogas production index method and water pro-
duction index method for computing the AOFs is confirmed
by the findings of the various approaches, which generally show
minimal difference. In the absence of productivity test data, this
study suggests that different methods should be used to calcu-
late the AOFs for gas wells in different production stages. For
gas wells in the flowback stage, the water production index anal-
ysis method is recommended, and for early gas-producing wells
in the unstable flow stage, the pseudogas production index
method is suggested to evaluate well productivity.

4.6. Results of EUR Evaluation Method. There are multiple
ways to determine the EUR of gas wells, as explained in Sec-
tion 3, and the results must be based on a thorough investi-
gation of the fitting effects of various approaches. To better
fit the dynamic production curves of shale gas wells, this
study uses modern PDA methods to calculate the EUR,
which mainly include the Blasingame, A-G, and NPI
methods. The production curves of the three gas wells in
the block exhibit good characteristics and are in the contin-
uous or fluctuating decline stage, thus meeting the condi-
tions for the modern PDA methods. This paper briefly
describes the calculation process and presents the analysis
and discussion of the calculation results.

Table 6: Calculation parameters of modern PDA method.

Parameter
Well name

L2-3 Y2-8 Y4-5

Wellhead temperature (K) 65 70 65

Sandface temperature (K) 411 418 413

Reservoir pressure (MPa) 72 79 75

Net pay (m) 22 25 20

Total porosity (%) 4.9 4.6 4.5

Measured depth (m) 5600 6100 6260

True vertical depth (m) 3891 4057 4129

Maximum deviation angle (°) 92.6 96.5 93.9

Initial gas saturation (%) 54 60 61

Gas impurity

CO2 (%) 1.33 1.46 0.98

H2S (%) 0 0 0.03

N2 (%) 0.56 0.56 0.61

Deviation factor (Z) 1.5

Volume factor (Bg) 3

Gas viscosity (mPa·s) 0.0135
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4.6.1. Production Data Preprocessing. Shale gas well produc-
tion data can show various incorrect data points, which are
errors caused by on-site testing. In particular, data points
near the times when a well is switched on and off typically
have large errors, and researchers must manually filter and
remove such erroneous information.

4.6.2. Calculation Parameters. Modern PDA methods
mainly analyze gas production and wellhead tubing pres-
sure, and the latter parameter needs to be converted using
the wellbore tubular flow into the wellbore flow pressure
for modification. In addition, various parameters such as
the gas well temperature, initial reservoir pressure, net pay,
porosity, and gas saturation are required, and the values of
all parameters are listed in Table 6.

4.6.3. Fitting Type Curve and Calculating EUR. The pseudo-
pressure-normalized production curve ðqg/△ppÞ, pseudo-

pressure-normalized production integral curve ðqg/ΔppÞi,
and pseudo-pressure-normalized production derivative
curve were obtained from the production data of the three
gas wells. The three curves were fitted using the type curves
of the Blasingame, A-G, and NPI methods. The results in
Figures 8–10 show that the Blasingame method fits the data
of L2-3 and Y4-5 the best, whereas the NPI method fits the
data of Y2-8 the best.

As shown in Figures 8–10, the three shale gas wells reach
the pseudostable flow stage, and the three methods are fitted
well. Based on Figures 8(b) and 8(c) and 9(b) and 9(c), we
conclude that, in the early unstable flow stage, the actual
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Figure 8: Fitting of Blasingame method type curve and production data: (a) L2-3, (b) Y2-8, and (c) Y4-5.
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Figure 9: Fitting of A-G method type curve and production data: (a) L2-3, (b) Y2-8, and (c) Y4-5.
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production curves of Y2-8 and Y4-5 deviate slightly from the
type curve, and the actual curves gradually approach the
type curve downward. This suggests that the skin coefficients
in the early stages of Y2-8 and Y4-5 gradually increase, and
the fracturing fluid contaminates the surrounding gas wells,

which negatively affects the gas production and leads to a
relatively lower AOF and EUR. From Figures 8(a) and
9(a), the gas production of well L2-3 is reliable and without
contamination.

The EURs of the gas wells were calculated using a com-
mercial software, and the results are provided in Table 7.

According to Table 7, the average EURs of L2-3 and Y2-
8 are the highest and lowest at 1:26 × 108 m3 and 0:42 ×
108 m3, respectively, while the average EUR of Y4-5 is 0:89
× 108 m3. The results demonstrate that the modern PDA
methods are suitable for the gas wells in the block. A set of
EUR evaluation processes for deep shale gas wells was pro-
posed for this method, and the EURs of the three gas wells
in the block were fitted and calculated. The calculation
results presented some differences between the various
methods, which indicates the uncertainty of the EUR evalu-
ation. The Blasingame method is recommended for
medium-to-high-production gas wells, and the NPI method
is suggested for low-production wells. The A-G method does
not fit well for the Luzhou deep shale gas well production
data and is not recommended.

Based on the productivity evaluation results of the three
shale gas wells in the block, the relationship curve between
the AOF and EUR was drawn and obtained quantitatively,
which is shown in Figure 11.

Based on the fitting results, this study concludes that the
AOFs and EURs of the deep shale gas wells in the Luzhou
block have a good exponential relationship and R2 = 0:99.
The error analysis of the calculated value of the model and
the actual value is shown in Table 8.

This is because water production in the flowback stage
effectively characterizes the initial productivity of the fracture
system, and high water production implies good fracture
development. The productivity of a shale gas well is deter-
mined by the original geological reserves and the fracture sys-
tem’s channel conductivity. There must be a quantitative
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Figure 10: Fitting of NPI method-type curve and production data: (a) L2-3, (b) Y2-8, and (c) Y4-5.

Table 7: Calculation results of modern production decline analysis
methods.

Well name
EUR (108m3)

Average EUR
(108m3)Blasingame

A-
G

NPI FMB

L2-3 1.33 1.26 1.25 1.21 1.26

Y2-8 0.44 0.43 0.41 0.41 0.42

Y4-5 0.81 0.97 0.94 0.84 0.89
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Figure 11: Relationship curve between AOF and EUR of three gas
wells.
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relationship between initial productivity and the EUR. Theo-
retical analysis suggests that a high initial productivity of the
fracture system implies a high EUR of a gas well. As a result,
achieving optimal gas well development early on and achiev-
ing significant initial production productivity are critical issues
for shale gas to effectively increase production. Geological and
engineering factors influence both of these key parameters of
production productivity evaluation. Furthermore, research
on the dominant productivity control factors is the foundation
for developing a model for high-production shale gas wells,
which requires additional in-depth research.

5. Conclusion

AOF and EUR are critical parameters for assessing produc-
tivity. In this study, the productivity of three deep shale gas
wells from the Luzhou block in the Sichuan Basin of China
is calculated by using the established method. The utility
and potential of the various methods are discussed and ana-
lyzed. The main conclusions of this study are as follows:

(1) A pseudogas production index method and a water
production index analytical method are introduced
in this study as new methods for calculating the
AOF. The water production index analytical method
only requires stable production data in the flowback
stage to derive the AOF, which are simple to obtain,
reducing the calculation costs and avoiding the calcu-
lation errors caused by multiple parameters. The
results show that wells L2-3 and Y2-8 have the highest
and lowest AOFs, averaging 278:1 × 104 m3/d and
100:2 × 104 m3/d, respectively, and the average AOF
of well Y4-5 is 142:4 × 104 m3/d. The AOF calculation
methods for gas wells in different stages of production
are different. The pseudogas production indexmethod
is recommended for gas wells in the early unstable
flow stage. The water production index analytical
method is suggested for gas wells in the flowback stage,
These methods focus on the accuracy of the selected
data, mainly including identification of the flow phase,
pressure, gas production, water production, and time;
otherwise, it will cause errors in the results

(2) The AOFs of the three shale gas wells are calculated
using an exponential method and a numerical simula-
tion method, and the results are comparable to those
of the pseudogas production index method and the
water production index analytical method. Conse-
quently, the accuracies of the new methods and the
enhancement of their reliability are confirmed

(3) The areas near the wellbores of Y2-8 and Y4-5 are
contaminated with the fracturing fluid, which is det-
rimental to obtaining a high AOF and EUR. The
EUR calculation results show that the average EUR
of L2-3 is the highest at 1:26 × 108 m3 and the lowest
at 0:42 × 108 m3. Based on the fitting results, the
Blasingame method is recommended for medium-
to-high-production gas wells, whereas the NPI
method is suggested for low-production wells

(4) The AOFs and EURs of the gas wells have a strong
exponential relationship and R2 = 0:99. The AOF of
a gas well characterizes the maximum productivity
of the shale fracture system. The results suggest that
the magnitude of gas production is proportional to
the initial productivity of the fracture system. The
original geological reserves and the fracture system
channel conductivity are critical factors for deter-
mining whether a gas well is highly productive. A
high initial productivity of the fracture system
implies a high EUR of a single well

Appendix

A. Flowback Fluid Production Index of
Analytical Method

Herein, we provide the derivation of the water production
index analytical method for predicting the productivity of
deep shale gas wells.

The following assumptions were made for the model for-
mulation, which are explained subsequently:

(1) The reservoir is horizontal, infinite, and homoge-
neous with uniform thickness and constant porosity

(2) The analytical model is developed based on the flow-
back stage in Figure 2, considering the flowback pro-
cess in the artificial fracture. The fluid is a single-
phase microcompressible fluid with a constant com-
pressibility coefficient and viscosity

(3) The shale gas well production analytical model
assumes that the fluid is a single-phase compressible
gas, μZ is a constant, and the pressure drop in the
gas production stage is large and fast. Therefore,
the pseudopressure is replaced by pressure squared
p2 in the differential equation

(4) The effects of shale gas desorption and diffusion are
negligible

Table 8: Error analysis results.

Well name Fitting model EUR (108m3) qAOF (104m3/d) (model value) qAOF (104m3/d) (actual value) Error analysis (%)

L2-3

y2 = 65:44 + 15:51e1:97x2
1.26 270.3 278.1 2.81

Y2-8 0.42 100.32 100.2 0.12

Y4-5 0.89 139.4 142.4 2.11
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(5) Darcy’s law dominates the fluid flow in the fracture.
The entire flow process is isothermal

The derivation process is as follows:
For the flowback stage, the differential equation describ-

ing the fluid flow between the matrix and the fracture is
expressed in Equation (A.1), where 0.0853 is the coefficient
generated in the unit conversion process.

∂2p
∂x2

= φμct
0:0853k

∂p
∂t

: ðA:1Þ

The boundary conditions are as expressed in

p x, 0ð Þ = pi, ðA:2Þ

∂p
∂x

� �
x⟶0

= qwBμ
0:0853khwn , ðA:3Þ

p ∞,tð Þ = pi: ðA:4Þ
The dimensionless variable relationship is defined in

pD = 0:0853kh pi − pð Þn
qwμB

, ðA:5Þ

tD = 0:0853kt
ϕμctw2 , ðA:6Þ

xD = x
w
: ðA:7Þ

Substituting Equations (A.5)–(A.7) into Equation (A.1)
yields a dimensionless differential equation, which is
expressed in

∂2pD
∂xD2 = ∂pD

∂tD
: ðA:8Þ

The boundary conditions are as expressed in

pD xD, 0ð Þ = 0, ðA:9Þ

∂2pD 0, tDð Þ
∂x2

= −1, ðA:10Þ

pD ∞,tDð Þ = 0: ðA:11Þ
If pDðxD, tDÞ =mDðxD, tDÞ × xD, Equation (A.8) can be

expressed as Equation (A.13).

∂ xD ∂mD/∂xDð Þ +mD ∂xD/∂xDð Þð Þ
∂xD

= ∂mD
∂tD

, ðA:12Þ

∂2mD
∂x2D

+ 2
xD

∂mD
∂xD

= ∂mD
∂tD

: ðA:13Þ

The boundary conditions are converted into

mD xD, 0ð Þ = 0, ðA:14Þ

xD
∂mD xD, tDð Þ

∂xD
+mD

� �
xD⟶0

= −1, ðA:15Þ

mD ∞,tDð Þ = 0: ðA:16Þ
Taking u = xD/

ffiffiffiffiffiffiffi4tD
p

yields

∂u
∂xD

= 4tDð Þ−1/2, ðA:17Þ

∂u
∂tD

= 1
4 xDtD

−3/2, ðA:18Þ

∂mD
∂xD

= ∂mD
∂u

∂u
∂xD

= ∂mD
∂u 4tDð Þ−1/2, ðA:19Þ

∂2mD
∂x2D

= ∂
∂xD

∂mD
∂u

∂u
∂xD

� �
= ∂
∂xD

∂mD
∂u 4tDð Þ−1/2

� �

= ∂
∂u

∂mD
∂u

∂u
∂xD

4tDð Þ−1/2
� �

= ∂2mD
∂u2 4tDð Þ−1/2,

ðA:20Þ
∂mD
∂tD

= ∂mD
∂u

∂u
∂tD

= ‐ 14
∂mD
∂u xDtD‐3/2: ðA:21Þ

Substituting Equations (A.19)–(A.21) into Equation
(A.13) yields

∂2mD
∂u2 + 2

xD
4tDð Þ1/2 ∂mD

∂u = ‐ ∂mD
∂u xDtD‐1/2: ðA:22Þ

Since u = xD/
ffiffiffiffiffiffiffi4tD

p
, Equation (A.22) can be converted to

d2mD
dx2

+ 2
u
+ 2u

� �
dmD
du

= 0, ðA:23Þ

mD u⟶∞ð Þ = 0, ðA:24Þ

u
dmD
du

+mD

� �
u⟶0

= −1: ðA:25Þ

If dmD/du =mD ′, Equation (A.23) can be converted into

dmD ′
du + u

2 + 2u
� �

mD ′ = 0, ðA:26Þ

1
mD ′

dmD ′ = −
2
u
+ 2u

� �
du, ðA:27Þ

ln mD ′ + 2 lnu = −u2 + c, ðA:28Þ

u2mD ′ = e−u
2+c, ðA:29Þ
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mD ′ = C1
e−u

2

u2
, ðA:30Þ

mD = C1

ðu
∞

e−u
2

u2
du: ðA:31Þ

Substituting Equation (A.30) and Equation (A.31) into
Equations (A.24) and (A.25) yields the integral constant,
C1, as expressed in Equation (A.33).

lim
u⟶0

C1u
e−u

2

u2
+ C1

ðu
∞

e−u
2

u2
du = ‐1, ðA:32Þ

C1 = −
1ffiffiffi
π

p : ðA:33Þ

By introducing an exponential integral function exp ðxÞ
and a complementary error function erfc ðxÞ, Equation
(A.31) can be converted into

mD = −
1ffiffiffi
π

p
ðu
∞

e−u
2

u2
du = 1ffiffiffi

π
p e−u

2

u
+ 2
ðu
∞
e−u

2du
 !

= 1ffiffiffi
π

p e−u
2

u
‐erfc uð Þ:

ðA:34Þ

Multiplying both sides of the equation by xD yields

pD xD, tDð Þ = xDmD = 2 ffiffiffiffiffi
tD

pffiffiffi
π

p exp −
x2D
4tD

� �
− xD erfc xD

2 ffiffiffiffiffi
tD

p
� �

:

ðA:35Þ

When xD = 0, the flowing bottom-hole pressure is
obtained by

pwD tDð Þ = 2
ffiffiffiffiffi
tD
π

r
: ðA:36Þ

Equation (A.35) is subtracted from Equation (A.36) to
yield

pD xD,tDð Þ − pwD 0, tDð Þ = 2 ffiffiffiffiffitDpffiffiffi
π

p exp ‐ x
2
D

4tD

� �

− xD erfc xD
2 ffiffiffiffiffi

tD
p

� �
− 2

ffiffiffiffiffitDp ffiffiffi
π

p :

ðA:37Þ

Substituting Equations (A.5)–(A.7) into Equation (A.37)
yields

qw = nhw pi − pwfð Þ
2Bw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0853πkφct

tμw

s
: ðA:38Þ

For the production stage, based on the same approach, a
differential equation that can describe the shale gas flow
between the matrix and fracture is established, which is

expressed in

∂2m pð Þ
∂x2

= φμct
k

∂m pð Þ
∂t

,

m x, 0ð Þ = pi,
∂m
∂x

� �
x⟶0

=
qgμpscT

0:0853khwnTsc
,

m ∞,tð Þ = pi:

8>>>>>>>>><
>>>>>>>>>:

ðA:39Þ

The obtained relationship between gas production and
pseudopressure is expressed in

qg =
nhw m pið Þ‐m pwfð Þð ÞTsc

2pscTBg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0853πkφct

tug

s
: ðA:40Þ
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