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a b s t r a c t

In order to overcome the defects that the analysis of multi-well typical curves of shale gas reservoirs is
rarely applied to engineering, this study proposes a robust production data analysis method based on
deconvolution, which is used for multi-well inter-well interference research. In this study, a multi-well
conceptual trilinear seepage model for multi-stage fractured horizontal wells was established, and its
Laplace solutions under two different outer boundary conditions were obtained. Then, an improved
pressure deconvolution algorithmwas used to normalize the scattered production data. Furthermore, the
typical curve fitting was carried out using the production data and the seepage model solution. Finally,
some reservoir parameters and fracturing parameters were interpreted, and the intensity of inter-well
interference was compared. The effectiveness of the method was verified by analyzing the production
dynamic data of six shale gas wells in Duvernay area. The results showed that the fitting effect of typical
curves was greatly improved due to the mutual restriction between deconvolution calculation parameter
debugging and seepage model parameter debugging. Besides, by using the morphological characteristics
of the log-log typical curves and the time corresponding to the intersection point of the log-log typical
curves of two models under different outer boundary conditions, the strength of the interference be-
tween wells on the same well platform was well judged. This work can provide a reference for the
optimization of well spacing and hydraulic fracturing measures for shale gas wells.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Due to cost constraints, shale gas reservoirs typically rely on
platform-based deployment of horizontal wells, factory drilling and
fracturing, and sustained large-scale operations to achieve eco-
nomic development. To prevent the possible negative outcome of
reduced output from new wells due to interference from infill
drilling and fracturing operations, the shale gas well network and
well spacing must be optimally deployed at the initial stage (Wei
et al., 2018). As shown in Fig. 1. In infill drilling operations, the
interference between adjacent wells will affect the completion of
the well, especially the fracture propagation (Al-Shami et al., 2023).
Studies have shown that areas with well-developed natural
fracture-fracture networks aremore susceptible to interference and
@ustb.edu.cn (W.-C. Liu).
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fracture channeling occurs between or within the well group
platforms (Ge et al., 2022). Meanwhile, substantial inter-well
interference can arise when all adjacent wells on the same plat-
form produce simultaneously. Therefore, it is essential to ensure
the appropriateness of the deployment of well pattern and well
spacing at once. If the well spacing is too extensive, the inter-well
reservoir may be challenging to activate effectively through vol-
ume fracturing. On the contrary, inadequate well spacing can lead
to severe inter-well interference (Paryani et al., 2017; Gupta et al.,
2020; Chen et al., 2021). Both will affect the mining efficiency.
Hence, maintaining a balance between avoiding significant inter-
well interference due to inadequate well spacing and maximizing
the utilization efficiency of reservoirs is pivotal to enhance the
economic benefits of shale gas reservoir development.

Dynamic production data analysis method is one of the most
important means for the dynamic description of shale gas reser-
voirs. It combines the advantages of well test analysis and gas
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Diagram of inter-well interference of multi-stage fractured horizontal wells in shale gas reservoirs (modified from Al-Shami et al., 2023).
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reservoir engineering. Parameters such as reservoir permeability,
fracture length, fracture conductivity and well recoverable reserves
can be obtained by processing and analyzing production data. It can
provide a strong technical guarantee to enhance the development
efficiency and reduce the risk of shale gas reservoirs by detecting
inter-well interference effects and predicting gas well production
declines. The method has the characteristics of practicality, reli-
ability and cost-effectiveness (Villarreal and Moghanloo, 2022).
Due to the important role of dynamic production data analysis in
shale gas reservoirs exploitation, many methods have been pro-
posed by predecessors. The first method is the traditional produc-
tion decline analysis method (Sharma et al., 2019). Gupta et al.
(2018) proposed a new, simplified decline curve equation to pre-
dict the productivity of shale gas in the Haynesville and Eagle Ford
formations by modifying the existing Arps exponential decline
equation. Additionally, a hybrid approach was developed to predict
shale gas recoverable reserves in the Weiyuan Block of the Sichuan
Basin through a combination of stretch exponential production-
decline and an improved Duong's method (Wang et al., 2020).
However, the models used in these methods often rely on empirical
formulas and lack sufficient theoretical basis. Moreover, only pro-
duction prediction can be made, and prediction accuracy is also
greatly affected by various factors such as geological conditions,
development schemes, productionwell types. Thesemodels cannot
effectively identify the unique characteristics of hydraulic fractures
and reservoir parameters. Furthermore, the early production of
shale gas tends to decline significantly, and the production status
can be quite unstable. Because of these challenges, the traditional
production decline analysis method has limited applicability for
shale gas reservoirs. The second method is the dynamic production
data analysis method based on artificial intelligence (Ma et al.,
2018; Liu et al., 2021). Xiao et al. (2022) proposed an efficient and
robust post-history production forecasting framework using a
latent-space learning-based direct forecast approach; it has a good
effect on the productivity prediction of fractured shale reservoirs.
Two linear and nonlinear hybrid artificial intelligence prediction
methods were developed to predict shale gas production in
Pennsylvania and Texas (Wang and Jiang, 2019); the results showed
that the growth rate of shale gas production in Pennsylvania was
higher than that in Texas in 2017 and 2018. He et al. (2023)
established a shale gas production evaluation system based on
2503
data-drivenmodels to predict shale gas production. The accuracy of
production prediction can reach more than 95%. Meng et al. (2023)
proposed a multi-well data-driven framework. By using it to
analyze shale gas production data, suggestions for increasing pro-
duction are provided. In general, the dynamic production data
analysis method based on artificial intelligence can solve the tough
problem of complex production data processing and also improves
the reliability of the results. However, it ignores the internal rela-
tionship between the input feature data, and cannot fully extract
the feature information. It is also difficult to figure out which is the
main factor affecting production capacity. In addition, the dynamic
production data analysis method based on artificial intelligence
also needs a sufficient amount of learning samples. The third
method is typical curve analysis. Some scholars (Shi et al., 2020;
Zhang and Meybodi, 2020; Zeng et al., 2021) analyzed the flow
regime by establishing linear flow models to fit dynamic produc-
tion data; the product of the half length of fracture and the half
power of matrix permeability can be calculated according to the
slope of the log-log typical curves of flow rate at a specific flow
state. Lu et al. (2019) proposed a semi-analytical Blasingame
decline analysis model. This model incorporates multi-flow
mechanisms and modified material balance pseudo time for more
accurate analysis of shale reservoirs. In addition, this study suggests
a research method to investigate the impact of factors such as hy-
draulic fracture properties, gas desorption, and gas diffusion on
production decline using Blasingame typical curves. Ren and Lau
(2020) developed a quad-linear flow model for multi-stage frac-
tured horizontal wells in shale gas reservoirs by taking into account
secondary fractures that form around hydraulic fractures. The
model was validated using production data from two wells, and
sensitivity analysis of the uncertainty parameters was conducted to
identify factors affecting production capacity. Xu et al. (2021)
developed a semi-analytical model for shale gas reservoirs devel-
oped by hydraulically fractured wells. The model utilized the
wellbore pressure derivative curve and Blasingame production
decline integral derivative curve to classify various flow regimes
and analyze the characteristics of different flow types. Cui et al.
(2022) developed a semi-analytical model for a multi-horizontal
well pad with damaged fractures. By using numerical inversion
techniques, typical pressure derivative curves were obtained, and
the effects of critical parameters on transient pressure were
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studied; the results indicated that pressure derivative curves in-
crease gradually under inter-well interference. Wang et al. (2018)
proposed a semi-analytical method to simulate the pressure
interference response in multi-well pad. To verify the reliability of
the new model, the researchers applied it to a multi-well platform
comprising six wells in South China. The results confirmed the
validity of the model and its potential for practical field develop-
ment. In summary, the typical curve analysis method is commonly
used in petroleum engineering, despite its high requirements for
model selection. However, the above studies have shown that there
is still limited research on dynamic production data analysis for
shale gas reservoirs, particularly methods for analyzing multi-well
interference. This can be attributed to the unique seepage mecha-
nisms and complex development patterns in tight shale forma-
tions. Existing mathematical models for studying multi-well
interference in shale gas reservoirs tend to be highly complicated,
which further deter research progress in this area.What's more, the
production data of shale gas has relatively large errors, and the
pressure and production rate data are seriously fluctuated. As a
result, most of the existing multi-well models are still at the
theoretical level and lack of application to actual field cases.

As previously mentioned, the flow dynamics of shale gas res-
ervoirs during production are highly variable, with field-measured
production rates and pressures of horizontal wells constantly
changing over time. However, mathematical models used for the
analysis of production data typically assume internal boundary
conditions of constant flow rate or constant production pressure. In
conventional reservoir development techniques, well shut-in
testing techniques are commonly used to solve the problem of
mismatch between boundary conditions within an ideal mathe-
matical model and field data. Unfortunately, for unconventional
shale gas reservoirs, well shut-in tests may significantly impact
shale gas production and lead to significant economic losses due to
the extremely low reservoir permeability and the high cost of hy-
draulic fracturing measures. It is often easier to obtain production
data thanwell test data, but the accuracy of production data is often
lower. Using raw production data directly can result in a scattered
distribution of typical data points and lead to limited investigation
scope for production data analysis. Consequently, relying on raw
data alone can lead to a large degree of uncertainty in data fitting.
Although the conventional method of combining rate normalized
pressure with superposition time (Liang et al., 2017; Clarkson et al.,
2020) can convert pressure under variable flow rate conditions to
pressure under constant flow rate. However, it is only effective for
steady-state or slowly varying production rate and flow pressure
data over time. As such, it cannot effectively convert production
data with abrupt or discontinuous changes for unconventional
reservoirs. Fortunately, deconvolution based on Duhamel's princi-
ple as a useful tool can avoid the limitations of traditional
normalization methods. It can convert raw production data from
shale gas reservoirs into bottom hole flowing pressure per unit flow
rate, which is an approach that effectively matches the inner
boundary conditions of interpretation models. Unlike traditional
methods, deconvolution can also eliminate the effect of data errors,
suppress data divergence, and expand the scope of investigation for
interpretation. After more than 40 years of the research, the pres-
sure deconvolution algorithm has been mature. Representative
deconvolution algorithms include von Schroeter algorithm (von
Schroeter et al., 2004), ILK algorithm (Ilk et al., 2006), their
improved algorithms (Liu et al., 2018) and data-driven deconvolu-
tion algorithm (Pan et al., 2020). In addition, for the current multi-
well production mode, many multi-well deconvolution algorithms
have been proposed, which can remove the effect of well interfer-
ence. For example, Cumming et al. (2014) proposed a new method
for multi-well deconvolution by vectorizing the single-well
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deconvolution problem as framed by von Schroeter et al. (2004).
Jaffrezic et al. (2019) used pseudo-time to extend the application of
constrained multi-well deconvolution algorithm to gas reservoirs
with significant pressure depletion. Afanaskin et al. (2022) pro-
posed a specially modified CRM-model (capacitance resistive
model) for multi-well deconvolution in carbonate reservoirs to
assess inter-well interference and to determine the inter-well
seepage flow capacity. As pressure deconvolution algorithms
continue to be optimized, their application in unconventional
reservoir engineering becomes increasingly practical. This devel-
opment has greatly facilitated the progress of well testing and
dynamic production data analysis. However, when processing
actual field data from shale gas reservoirs that may be subject to
pressure and flow rate data noise, most multi-well deconvolution
algorithms remain subject to significant uncertainty. The success of
these algorithms is largely determined by the quality of pressure
and flow rate data, requiring high-resolution dynamic production
data. As a result, applying multi-well deconvolution algorithms to
large-scale production dynamic data analysis of shale gas wells has
proven challenging.

In this paper, a new robust production data analysis method for
studying inter-well interference in shale gas reservoirs was pro-
posed based on pressure deconvolution algorithm. Firstly, a multi-
well conceptual model was proposed to describe the seepage flow
process of shale gas reservoirs considering inter-well interference
and its Laplace solutions under two different outer boundary con-
ditions were given. Secondly, the improved pressure deconvolution
algorithm was used to normalize large amount of dynamic pro-
duction data. Thirdly, the adjustment of normalization parameters
of deconvolution calculation and the adjustment of model param-
eters of mathematical model were mutually restricted. Then, the
log-log typical curves of pseudo pressure drop and pseudo pressure
drop derivative calculated by the normalized dynamic production
data were fitted with the ones calculated by the mathematical
model with constant production rate. Finally, the strength of the
inter-well interference of shale gas multi-stage fractured horizontal
wells on the same well platform was judged by using the conver-
gence speed of the log-log typical curves in the later period and the
time corresponding to the intersection point of the log-log typical
curves under different outer boundary conditions. This study
greatly improves the fitting effect of the typical curves. It can
quickly and accurately interpret fracture parameters (fracture
conductivity, fracture half-length, etc.) and reservoir parameters
(outer boundary distance, permeability, porosity, recoverable res-
ervoirs of shale gas, etc.). The proposed method has important
practical significance as it could provide valuable technical support
for implementing stimulation measures, as well as predicting
production decline.

2. Dynamic production data analysis of shale gas reservoirs
based on deconvolution algorithm

2.1. Multi-well seepage model of multi-stage fractured horizontal
wells in shale gas reservoirs

Considering the zonal flow characteristics of shale gas in shale
reservoirs with multi-stage fractured horizontal well inter-well
interference, a multi-well conceptual model of shale gas reser-
voirs was established, as shown in Fig. 2. The physical model con-
sists of horizontal wells, main fractures and shale reservoir. The
shale reservoir is extremely tight, and then it can be considered
reasonably that the inter-well interference only exists between
adjacent wells. Due to the interference between adjacent wells,
outer boundaries equivalent to the closed boundary are formed, as
shown in red horizontal dotted lines in Fig. 2. No fluid flows at the



Fig. 2. Multi-well conceptual physical model of shale gas reservoirs.
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closed outer boundaries. After each well is disturbed by adjacent
wells, a sphere of influence is formed around the well, as shown in
Fig. 2 with different colored shaded areas. Assuming that the
formed potential is uniform, so it is considered that the outer
boundary distances on both sides of each well are equal. Twice the
outer boundary distance is the range of the potential formed by the
interference between wells, represented by xp in Fig. 2. Assuming
that the closed outer boundary is fixed, and the proposed con-
ceptual model is suitable for cases where the producing pressure
drop conditions of adjacent wells remain roughly the same such as
for adjacent wells on the same platform. The reasonableness of the
assumption that the closed outer boundary can be set as fixed is
explained in Appendix A. The conclusion in practical application
part also supports the assumption.

The seepage flow characteristics of shale gas affected by inter-
well interference are analyzed. Since the production period of
multi-stage fractured horizontal wells is mainly governed by linear
flow, by assuming the same hydraulic fracture is uniformly
distributed along the horizontal well length, the complex flow
process of shale gas in reservoirs can be simplified as linear flow in
three adjacent flow zones: main fracture flow zone, inter-fracture
flow zone and reservoir matrix flow zone (Brown et al., 2011).
That is, shale gas flows from the reservoir matrix flow zone to the
inter-fracture flow zone, and then flows to the main fracture flow
zone, and finally flows to the wellbore. It is worth noting that shale
gas mainly exists in organic-rich shale in the form of free gas and
adsorbed gas. Prior experience with shale gas production indicates
that the early stage of production mainly involves shale gas coming
from fractures and well-connected free gas. However, at the middle
and later stages of production, shale gas is mainly sourced from the
desorption of adsorbed gas found in mesopores and micropores of
organic matter (Xiong et al., 2022). Considering the adsorption and
desorption of shale gas reservoirs (Alafnan et al., 2021), mathe-
matical models for the flow in the three zones (Brown et al., 2011)
are established respectively. The model does not specifically
consider the confinement effect in nano-micron pores of shale
matrix (Du and Nojabaei, 2020), and the permeability of matrix can
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be considered as the homogenized apparent permeability. Main
fractures are assumed to have the same properties, equal spacing
along the horizontal well direction and equal fracture length.
Furthermore, the model does not take into account the flow within
horizontal wells. In other words, horizontal wells are assumed to be
infinitely conductive.

Based on the established shale gas multi-well conceptual model,
a traditional three-linear seepage model with closed outer
boundary conditions in the reservoir matrix flow zone is intro-
duced to characterize the shale gas seepage flow process with inter-
well interference. Then, the dimensionless pseudo bottom hole
flowing pressure solution corresponding to the constant flow rate
considering the skin effect is obtained by Laplace transform (Brown
et al., 2011):

~mwD ¼ kIxF
2kFwFs

ffiffiffiffiffi
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where mwD is the dimensionless pseudo bottom hole flowing
pressure solution corresponding to the constant flow rate; ~ rep-
resents in Laplace space; kI is the permeability of inter-fracture flow
zone, mD; xF is the half length of the main fracture, m; kF is the
permeability of the main fracture flow zone, mD;wF is the width of
the main fracture, m; s is the Laplace transform parameter; rw is the
wellbore radius, m; aF is the hydraulic fracture parameter in the
trilinear flow model.

The hydraulic fracture parameter is defined as Eq. (2):

aF¼
s

hFD
þ 2
CFD

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bO

yeDCRD
þ s

s
$tanh

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bO

yeDCRD
þ s

s 	
yeD�wD

2


#!

(2)

with



W.-C. Liu, C.-C. Qiao, P. Wang et al. Petroleum Science 21 (2024) 2502e2519
bO ¼
ffiffiffiffiffiffiffiffiffi
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where hFD is the dimensionless main fracture diffusivity; hOD is the
dimensionless matrix flow zone diffusion coefficient; CRD is the
dimensionless reservoir conductivity; CFD is the dimensionless
fracture conductivity; yeD is the dimensionless fracture spacing;wD
is the dimensionless main fracture width; xeD is the dimensionless
reservoir size in the x-direction.

To describe the seepage flow characteristics of shale gas reser-
voirs in the absence of inter-well interference, a trilinear seepage
model with an infinite outer boundary condition in the reservoir
matrix flow zone is also established. The dimensionless pseudo
bottom hole flowing pressure solution corresponding to the con-
stant flow rate considering the skin effect is obtained is obtained as
Eq. (4):
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In order to verify the correctness of the model solution without
considering the interference between wells, make xeD in Eq. (3) be
equal to infinity. At this time, Eq. (1) is equal to Eq. (4). Therefore,
the correctness of the model solution without considering the
inter-well interference can be proved.

For Eqs. (1) and (4), the dimensionless pseudo bottom hole
flowing pressure solution corresponding to the constant flow rate
when considering the wellbore storage effect is shown as Eq (7).
The detailed derivation process, related dimensionless definitions,
and themeaning of other parameters in above equations are shown
in Appendix B.

~mwD;storage ¼
~mwD

1þ CDs2 ~mwD
(7)

where CD is the dimensionless wellbore storage coefficient.
It is worth to mention that Eq. (7) is the solution in Laplace

space, so that numerical Stehfest algorithm (Stehfest, 1970) can be
used to obtain dimensionless pseudo pressure solutions in real
time space.

2.2. Pressure deconvolution

Shale gas production data are usually over time. However, the
outer boundary condition of the seepage mathematical model is
usually a constant flow rate. As a result, the production data needs
to be normalized before analysis. The traditional method of
normalizing the data, such as using the combination of rate
normalized pressure and superposition time, can lead to data
points from typical pressure curves in the normalized data being
scattered and fluctuating widely due to production data noise.
Consequently, the matching of the normalized data with the
theoretical model will be poor, leading to uncertainties in param-
eter interpretation. Based on this concern, a pressure
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deconvolution algorithm based on B-spline with nonlinear regu-
larization (Liu et al., 2018) is introduced.

Given the variable flow rate q and the corresponding pseudo
pressure m, this technique, which is based on Duhamel's principle,
can be used to calculate the pseudo pressure mu per unit flow rate
through Eq. (8).

mini �m¼
ðt
0
qðt � tÞm0

uðtÞdt (8)

The implementation process of pressure deconvolution algo-
rithm is as follows: Firstly, the sum of weights of Ilk second-order
B-spline functions is used to reconstruct the derivative of pseudo
pressure m0

u per unit flow rate. Secondly, using the mathematical
properties of convolution integral, the sensitivity matrix of
deconvolution calculation is solved quickly by piecewise integra-
tion according to the actual flow history. Finally, the idea of cur-
vature minimization (von Schroeter et al., 2004) is introduced for
the nonlinear regularization. What's more, the pseudo pressure mu
per unit flow rate calculated from Eq. (8) is compared with the
theoretical model as a direct constraint on the cardinality of B-
splines and the value of smoothing factor in the nonlinear regula-
rization process.

Using this pressure deconvolution algorithm, the raw flowing
pressure production data can be converted into flowing pressure
per unit flow rate so as to match the inner boundary conditions of
the theoretical flow model. This approach can effectively minimize
the impact of data errors, prevent data from diverging, and broaden
the investigation range of interpretation for typical curve analysis.
Additionally, it can also reduce the production requirements for
shale gas production data analysis, which does not require long
period of shut-in or even shut-in. In addition, the pressure decon-
volution algorithm has the advantages of high stability and fast
calculation speed, which can process huge amounts of production
data quickly and accurately (Liu et al., 2018).

Although this pressure deconvolution algorithm has many ad-
vantages, studies have shown that the following two basic re-
quirements should be met for pressure deconvolution calculation
(John and Lee., 2013).

1) The interpretation model remains unchanged in the process of
interpreting historical production data.

2) The pressure deconvolution algorithm can only be used in linear
or linearized problems (such as linear liquid flow model, line-
arized gas flow model, etc.), and then Duhamel's principle can
be applicable.
2.3. Dynamic production data analysis method in consideration of
inter-well interference in shale gas reservoirs

For the development of infill well patterns in shale gas reser-
voirs, it is assumed that interference can occur only between
adjacent wells due to the extremely tight shale reservoir. As a result
of the inter-well interference, it is expected that outer boundary
conditions similar to closed boundary conditions will develop be-
tween adjacent wells, with no fluid flow at the outer boundary.
Based on this assumption, the analysis of typical curves of single
well dynamic production data can be undertaken to interpret
fracture and reservoir parameters and to predict recoverable re-
serves. Subsequently, the same typical curve analysis is carried out
on the dynamic production data from adjacent wells to interpret
reservoir parameters and fracture parameters and predict recov-
erable reserves. Then, analysis of the later morphological aspects of
the log-log typical curves of pseudo pressure drop and pseudo
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pressure drop derivative is carried out by fitting dynamic produc-
tion data from multiple wells on the same well platform. Through
this analysis, the intensity of inter-well interference can be deter-
mined for wells on the same platform. If the log-log typical curves
converge faster and rise more obviously at the later stage, the in-
tensity of inter-well interference is greater. In addition, through the
time corresponding to the intersection point of the log-log typical
curves of the model under the closed outer boundary condition and
the log-log typical curves of the model under the infinite outer
boundary condition, a more intuitive method for judging the inter-
well interference intensity of horizontal wells on the same well
platform is proposed. For the multi-stage fractured horizontal wells
of the same well platform, the reservoir geological characteristics
are generally similar. Therefore, the analysis results of inter-well
interference intensity of wells on the same well platform are
more convincing. Since it is not affected by interference, the later
stage of the log-log typical curves made by the model under the
infinite outer boundary condition continues to be a linear flow
regime of reservoir matrix with a slope of 0.5. Therefore, it has an
intersection with the log-log typical curves made by the model
under closed outer boundary conditions. The sooner or later the
intersection occurs represents the intensity of inter-well interfer-
ence. The overall analysis process of inter-well interference in shale
gas reservoirs by production data analysis method based on
deconvolution is shown in Fig. 3. Among them, the specific process
of typical curves analysis for a single well is as follows.

Production data for shale gas in engineering are usually
nonlinear pressure data at variable flow rate. However, the solution
of the mathematical model for multi-stage fractured horizontal
wells in shale gas reservoirs in Section 2.1 is the pseudo pressure
corresponding to constant flow rate. Therefore, before analyzing
the dynamic production data, the pressure data should be con-
verted to pseudo pressure, so as to linearize the pressure data
firstly. Then, the pseudo pressure data corresponding to variable
Fig. 3. Analysis process of inter-well interference in shale gas reservo
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flow rate q is transformed into the pseudo pressure mu corre-
sponding to constant flow rate by using the deconvolution algo-
rithm based on Duhamel's principle in Section 2.2, so as to realize
the normalization of production data. At the same time, regulation
parameters including B-spline base and smoothing factor are
adjusted to reduce the noise of the oscillating production data
during deconvolution calculation. Finally, the log-log typical curves
of pressure production data with respect to pseudo pressure &
pseudo pressure derivative are analyzed by using the established
mathematical model solution of multi-stage fractured horizontal
wells. In particular, known fracturing data such as number of
clusters, horizontal well length, reservoir thickness, wellbore
radius, etc. can be used as constraints of parameter adjustment of
mathematical solution to fit the actual pressure production data.
Then, fracture conductivity, fracture half-length, flow regimes and
reservoir parameters such as outer boundary distance, perme-
ability, porosity and so on are also interpreted. What's more, by
means of Duhamel's principle, the flow rate solution per unit
pseudo pressure drop is calculated by convolution, and then the
flow rate solution corresponding to variable pseudo pressure (drop)
can be obtained. According to the interpreted fracture parameters
and reservoir parameters, combined with the flow rate solution
corresponding to variable pseudo pressure, the gas recoverable
reserves of multi-stage fractured horizontal wells in shale gas
reservoirs can be predicted.

The pressure deconvolution algorithm used in the dynamic
production data analysis method in this paper adopts analytical
method, which is more than 20 times faster than that of von
Schroeter algorithm (von Schroeter et al., 2004) applied by KAPPA
software (Liu et al., 2018). Therefore, deconvolution calculation of a
large amount of pressure data can be done quickly. Nonlinear
regularization is also used to enhance the stability of the algorithm.
At the same time, appropriate constraint condition of deconvolu-
tion calculation parameter regulation (Liu et al., 2018) is added to
irs by production data analysis method based on deconvolution.
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avoid the excessive smoothing of typical curves. Different from
traditional typical curves analysis method, this dynamic production
data analysis method combines deconvolution calculation with
typical curves fitting. By using the constraint conditions of adjust-
ing B-spline cardinality and smoothing factor proposed in the
nonlinear regularization process of pressure deconvolution (Liu
et al., 2018), the normalized parameter debugging of pressure
deconvolution calculation and the parameter debugging of seepage
theory model calculation are mutually restricted in the process of
typical curves fitting (Liu, 2019). In addition, hydraulic fracturing
date and static reservoir data are taken as the condition constraints.
The combination of these multiple constraints significantly reduces
the potential for multiple interpretation results. The application of
our proposed deconvolution algorithm to the analysis of produc-
tion data for inter-well interference in shale gas reservoirs over-
comes the challenges posed by complex multi-well mathematical
models and poor stability of multi-well deconvolution algorithms
in analysis methods of traditional typical curves. This study is of
considerable significance for identifying inter-well interference and
interpreting parameters with greater reliability.

3. Results and discussion

3.1. Analysis of isolated single well

Simonette, as the main Devonian development block in the
Western Canada Sedimentary Basin is rich in shale gas, and 108
wells have been put into production by September 2020. The main
target layer is the shale of Duvernay Formation. The effective
thickness of the reservoir is 30e45 m, total organic carbon content
(TOC) is 2%e6%, effective porosity is 3%e6%, permeability is
0.0001e0.0006 mD, and adsorbed gas content is 0.5e2.5 m3/t. The
shale gas production rate data and pseudo bottom hole flowing
pressure data from daily dynamic production monitoring are
shown in Fig. 4. Those points where production rate is 0 represent
shut-in operations. The cumulative shale gas production is
40.3624� 106 m3. And the average daily production is 14483 m3/d.
It is known that the initial pressure of gas reservoir is 62 MPa, the
reservoir temperature is 115 �C, and the reservoir thickness is 41 m.
The wellbore radius is 0.107 m, the horizontal length of the hori-
zontal well is 1962m, the number of fracture segments of hydraulic
fracturing is 21. The distance from the nearest well is about 3700m.
It can be considered an isolated well.

The pseudo bottom hole flowing pressure data are processed
according to the rate normalized pressure (RNP) and the combi-
nation of material balance time (MBT) method (Hasan and Mattar,
2017; Clarkson et al., 2020), and then the log-log typical curves of
pseudo pressure drop and pseudo pressure drop derivative are
Fig. 4. Shale gas production rate and pseudo bottom hole flowing pressure of the
multi-stage fractured horizontal well.
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obtained by calculation, as shown in Fig. 5. The longitudinal co-
ordinates RNPp/RNPp’ represent rate normalized pressure and rate
normalized pressure derivative respectively. It is evident that raw
data obtained from shale gas reservoirs often exhibit significant
fluctuations and divergence, thereby impeding the identification of
typical seepage flow regimes in shale gas reservoirs. These factors
render typical curves analysis challenging, especially when
attempting to fit the collected data with mathematical models.

The Duhamel's principle is applicable because the well pro-
duction process has no other technical measurements, the inter-
pretation model has not changed, and the production data have
also been linearized. Therefore, the pressure deconvolution algo-
rithm can be used to normalize the production data, and then the
actual pressure and flow data directly obtained by the field project
can be converted into the corresponding pseudo bottom hole
flowing pressure per unit flow rate. The calculation results are
shown in Fig. 6. It can be seen that despite the effects of frequent
shut-in operations, the calculated pseudo pressure data per unit
flow rate becomes physically smooth and natural because the
deconvolution algorithm can not only normalize the oscillating
production data but also eliminate the effects of data noise.
Therefore, this method has significant advantages for shale gas
wells with frequent shut-ins. The abscissa in Fig. 6 reflects real time,
providing a more intuitive and accurate depiction of the corre-
sponding pressure changes during the production time. Then the
normalization parameter adjustment of deconvolution calculation
and the parameter adjustment of theoretical seepage flow model
calculation are mutually restricted in the process of typical curves
fitting. Taking knownparameters such as initial formation pressure,
reservoir thickness, number of clusters and wellbore radius as
constraints, unknown parameters such as half-length of main
fracture, outer boundary distance, permeability, porosity and
comprehensive compression coefficients of main fracture & inter-
fracture flow zone & reservoir matrix flow zone are adjusted to
achieve the log-log typical curves fitting and pseudo pressure drop
data per unit flow rate fitting. Fig. 7(a) shows the fitting results of
the log-log typical curves of the pseudo pressure drop & pseudo
pressure drop derivative per unit flow rate calculated by decon-
volution and the ones calculated by the seepage flow theoretical
model. Fig. 7(b) shows the fitting results between the pseudo
pressure drop data per unit flow rate calculated by deconvolution
and the ones calculated by seepage flow theoretical model. It can be
seen that the curve fitting effect is excellent due to the mutual
restriction between deconvolution calculation parameter adjust-
ment and seepage flow model calculation parameter adjustment.
Fig. 5. The log-log typical curves of pseudo pressure drop & pseudo pressure drop
derivative corresponding to RNP-MBT method.



Fig. 6. Pseudo bottom hole flowing pressure data per unit flow rate.

Fig. 8. Fitting results diagram of log-log typical curves of pseudo pressure drop &
pseudo pressure drop derivative per unit flow rate by using RNP & MBT method.

Table 1
The results of interpretation parameters of an isolated well.

Parameter Value

Half-length of main fracture, m 45
Potential range of the interference, m 800
Average conductivity of main fracture, mD cm 16.5
Permeability of inter-fracture flow zone, mD 0.3
Permeability of reservoir matrix flow zone, mD 0.0006
Porosity of main fracture 0.15
Porosity of inter-fracture flow zone 0.05
Porosity of reservoir matrix flow zone 0.04
Composite compressibility of main fracture, MPa�1 0.004
Composite compressibility of inter-fracture flow zone, MPa�1 0.0004
Composite compressibility of reservoir matrix flow zone, MPa�1 0.001
Predicted shale gas recoverable reserve, m3 5.7 � 107
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Fig. 8 shows the fitting results of the log-log typical curves of the
pseudo pressure drop and pseudo pressure drop derivative per unit
flow rate calculated with RNP-MBT method, and the ones calcu-
lated by the seepage theoretical model. Obviously, compared with
Fig. 7(a), the log-log typical curves of the pseudo pressure drop &
pseudo pressure drop derivative per unit flow rate calculated by
deconvolution fits very well with the ones calculated by the
seepage theoretical model. It eliminates data errors and greatly
reduces the uncertainty of interpretation results. In contrast, the
log-log typical curves of the pseudo pressure drop & pseudo
pressure drop derivative per unit flow rate calculated by RNP &
MBT method is poorly fitted with the ones calculated by the
seepage flow theoretical model. It proves the strong superiority of
application of deconvolution algorithm into pressure transient
analysis of production data. What's more, due to the nonlinear
regularization and using B-spline function, the algorithm has good
robustness. Therefore, themethod incorporating deconvolution has
obvious advantages in the field of typical curve analysis of a large
number of dynamic shale gas production data.

The results of interpretation parameters are shown in Table 1.
The bottom hole flowing pressure in the final stage of production is
9 MPa, and it is set to continue mining for 30 years with this con-
stant pressure. Production rate prediction is carried out by using
interpretation parameters and flow rate solution of seepage flow
model corresponding to variable pseudo pressure. As shown in
Fig. 9, although the production data are very scattered, the pro-
duction rate calculated by the seepage flow model is in good
Fig. 7. Curve fitting effect diagram. (a) The log-log typical curves of normalized pseudo pre
drop data per unit flow rate.
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agreement with the actual production rate on site. The calculated
shale gas recoverable reserve of the well is also shown in Table 1.

By analyzing log-log typical curves of the pseudo pressure drop
and pseudo pressure drop derivative in Fig. 10, five significant
typical seepage flow regimes in the production process of shale gas
reservoirs by a multi-stage fractured horizontal well can be iden-
tified. The five stages of the production process are defined by four
black dotted lines on the graph. Starting from the leftmost side, the
ssure drop & pseudo pressure drop derivative per unit flow rate; (b) Pseudo pressure



Fig. 9. Fitting result diagram of calculated shale gas production rate and field shale gas
production rate data.
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first stage represents the early linear flow regime of the inter-
fracture flow zone. This regime is mainly shale gas flowing from
the inter-fracture flow zone into the main fractures. Due to the high
conductivity of the main fracture, the reservoir pressure in the
inter-fracture flow zone will decrease significantly. Depending on
the rapid release of elastic energy (including desorption of adsor-
bed gas) in the inter-fracture flow zone, shale gas is squeezed into
the main fracture. The slope of the pseudo pressure and pseudo
pressure derivative curve at this stage is 0.5, and the duration is
short (10 d). The second is the transition flow regime 1. It is a
transition from linear flow mainly in inter-fracture flow zone to
linear flow mainly in reservoir matrix flow zone. The third is the
medium linear flow regime in the reservoir matrix zone. The
reservoir pressure drop in the inter-fracture flow zone at this
regime has stabilized. Shale gas in the reservoir matrix flow zone
flows gently and steadily into the inter-fracture flow zone around
the horizontal well under pressure gradient. The slope of the
pseudo pressure and pseudo pressure derivative curve at this stage
is also 0.5, but the duration is relatively long (1000 d). That is
because the single well is basically not affected by the surrounding
wells, and the intensity of inter-well interference is extremely
weak. The fourth is the transition flow regime 2. It is a transition
from linear flow mainly in reservoir matrix flow zone to outer
boundary-dominated flow. And the fifth is the outer boundary-
Fig. 10. Division diagram of flow regimes based on log-log typical curves of pseudo
pressure drop & pseudo pressure drop derivative per unit flow rate calculated by
deconvolution.
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dominated flow regime in which the later flow reaches the outer
boundary. And the entire flow process at this regime begins to be
dominated by the outer boundary. The pressure and pressure de-
rivative curve slope value is 1.0 in the fifth regime. And the occur-
rence time of this regime (10000 d) is closely related to factors such
as horizontal well spacing and outer boundary distance.
3.2. Analysis of multiwells with interference

Moreover, the typical curves of 6 multi-stage fractured hori-
zontal wells in shale gas reservoirs with different well spacing in
Duvernay area are analyzed by using the production data analysis
method of shale gas reservoirs. The location of each well with
different well spacing is illustrated in Fig. 11. Among them, well 1 is
the isolatedwell analyzed in Section 3.1.Wells 2 and 3 are twowells
selected from the middle of the same well platform. Wells 4, 5, and
6 are three wells selected from themiddle of another well platform.
The well spacing of horizontal wells in the same well platform is
approximately equal, and the production pressure drop conditions
of wells on the samewell platform are roughly the same. The fitting
results of pseudo pressure drop & pseudo pressure drop derivative
log-log typical curves for the other five wells except well 1 are
shown in Appendix C. It is worth noting that the pressure derivative
curves of somewells show two concave shapes in the results of log-
log typical curve fitting, and dual-porosity model in the analysis of
typical curves may be used instead of the single-porosity one for
enhancing the fitting performance due to the model extensibility in
the proposed typical curve analysis method for shale gas reservoirs.

The average conductivity of main fracture, half-length of main
Fig. 11. Multi-stage fractured horizontal well location diagram. Location diagram of
well 1 (a), wells 2 and 3 (b), and wells 4, 5, and 6 (c).



Fig. 12. Relationship between amount of proppant every section and main fracture
half-length.
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fracture, the distance of outer boundary, permeability of matrix,
porosity of matrix, comprehensive compression coefficient of inter-
fracture flow zone, comprehensive compression coefficient of
reservoir matrix flow zone, and gas recoverable reserves are
interpreted. It is worth to mention that for any two adjacent multi-
stage fractured horizontal wells, a closed outer boundary (Ahmadi
et al., 2022) effect may be generated between thewells due to inter-
well interference. Results of parameter interpretation are shown in
Table 2.

Table 2 reveals that the potential range formed by inter-well
interference of isolated wells is the largest of all. For wells with a
spacing of 390 m, the range of the potential formed by inter-well
interference of well 2 is smaller than that of well 3. As a result,
the predicted recoverable gas reserves of well 2 are also less than
those of well 3. Furthermore, for wells with a spacing of 200 m, the
range of the potential formed by inter-well interference of well 4 is
smaller than that of wells 5 and 6. Similarly, the predicted recov-
erable gas reserves of well 4 are obviously smaller than those of
wells 5 and 6. The closed outer boundary response shown in the
results of the potential range of the interference interpretation in
Table 2 and field data typical curve fitting in Appendix C also
effectively supports the proposed conceptual model.

Fig. 12 shows the relationship between the amount of proppant
per section and main fracture half-length. The graph shows that
there is a positive correlation between fracture half-length and
amount of proppant per section. This observation provides further
affirmation of the effectiveness of the proposedmethod of dynamic
production data analysis.

Through the analysis of the parameter interpretation results in
Tables 2 and it can be seen that for the well with 3700 m far from
the closest well, the interpreted potential range of the interference
is much smaller than the well spacing. Consequently, it can be
concluded that the reservoir is not being utilized efficiently in this
particular well. For two groups of adjacent wells with well spacing
of 390 and 200 m, the sum of the interpreted potential range of the
interference is just approximately equal to the well spacing. Addi-
tionally, it is worth noting that as the well spacing decreases, the
interpreted potential range of interference becomes shorter as well.
Therefore, the inter-well interference intensity of wells with close
spacing is greater than that of wells with large spacing. All areas of
Table 2
The interpretation results of the parameters of wells with different spacing.

Data type Parameter

Practical data Well spacing, m
Initial reservoir pressure, MPa
Horizontal well length, m
Reservoir thickness, m
Number of fracturing segments
Stage spacing, m
Amount of proppant/section, t

Interpretation data Average conductivity of main fracture, mD cm
Main fracture half-length, m
The potential range of the interference, m
Matrix permeability, mD
Matrix porosity, %
Matrix comprehensive compressibility, MPa�1

Inter-fracture flow zone comprehensive compressibility, MPa
Predicted gas recoverable reserves, m3
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the reservoir between the adjacent wells can be considered effec-
tively developed. In other words, compared with the multi-stage
fractured horizontal wells with well spacing of 3700 m, the wells
with well spacing of 390 and 200 m have a higher degree of
reservoir utilization. The well with well spacing of 3700 m has the
longest average fracture half-length and the highest average con-
ductivity of main fracture. The average conductivity of main frac-
ture and the average fracture half-length of the other five wells are
relatively small. This corresponds with actual engineering prac-
tices, where a smaller well spacing requires a longer horizontal well
length and a greater number of fracturing segments in order to
lessen inter-well interference and ensure recoverable reserves. This
observation is further supported by the analysis presented in
Table 2. It is known that excessive fracturing scale usually causes
inter-well interference to damage productivity (Ayers et al., 2018).
When the adjacent horizontal wells on a well platform are frac-
tured synchronously, the formation deformation and stress change
are caused by fracturing fluid injection and rock fracturing. It will
affect fracture propagation path and fracturing effect (Tang et al.,
2022). With this in mind, it is recommended to use a lower
average amount of proppant per stage for wells that are located in
Well number

Well 1 Well 2 Well 3 Well 4 Well 5 Well 6

3700 390 390 200 200 200
62 59 60 59.2 59.2 59.2
1962 2084 2200 2861 2900 2873
41 38 36 36 36.9 36.9
21 30 32 57 58 57
93.4 69.4 68.7 50.2 49.8 50.4
209 199 199 135 134 130

16.5 6.0 6.3 6.3 9.0 8.1
45 40 40 35 37 33
800 380 400 180 220 220
6e-4 1e-4 1e-4 2e-4 1e-4 1.8e-4
0.04 0.02 0.03 0.05 0.03 0.055
1e-3 3e-3 4e-3 2.3e-3 8e-3 5e-3

�1 4e-4 4e-3 2.5e-3 2e-3 2.5e-3 2e-3
5.7e7 4.4e7 5.8e7 3.9e7 7.3e7 8.7e7



Fig. 13. Comparison chart of normalized pseudo-pressure actual data log-log typical
curves of multiple wells: (a) Isolated well; (b) Wells with spacing of 390 m; (c) Wells
with spacing of 200 m.
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close proximity to each other. Consequently, the interpreted half
length of fracture and conductivity of fracture tend to decrease,
with a more noticeable reduction in half length of fracture.

Based on the analysis of wells with the same well spacing and
nearly the same horizontal well length, it is found that estimated
recoverable reserves are closely related to the average conductivity
of main fracture and matrix porosity. Specifically, a higher average
conductivity of the primary fracture and greater matrix porosity
tend to result in larger recoverable gas reserves. Analysis of six
wells shows that the length of horizontal wells is closely related to
the predicted recoverable gas reserves. In other words, the longer
the horizontal well, the greater the predicted recoverable gas re-
serves for the well. Additionally, it has also been noted that the
comprehensive compression coefficient of the matrix is positively
associated with the predicted recoverable gas reserves. What's
more, the interpreted matrix comprehensive compressibility value
is just in the order of 0.001 MPa�1, which indicates that desorption
function of shale gas is much weaker than that of coalbed methane.

Fig. 13 shows the comparison of log-log typical curves of the
normalized pseudo pressure actual data corresponding to unit flow
rate of 6 wells calculated by the pressure deconvolution algorithm.
They are divided into three groups based on well spacing. This
figure reflects the variation of pseudo pressure drop and pressure
derivative per well corresponding to unit flow rate. It is evident that
for the isolated well, the linear flow regime of reservoir matrix in
the middle period lasts for a long time. Since it is not disturbed by
the surrounding wells, the log-log typical curves rise and converge
very late in the later period. For wells 2 and 3 with a spacing of
390 m, the log-log typical curve of well 2 reaches the outer
boundary-dominated flow regime with slope 1 earlier. This in-
dicates that well 2 is more strongly interfered by adjacent wells. For
wells 4, 5, and 6 with a well spacing of 200 m, compared with the
other two wells, well 4 obviously reaches the outer boundary-
dominated flow regime, then well 5, and finally well 6. This
means that well 4 of the threewells is most affected by the adjacent
well interference. Productivity index refers to daily gas production
of gas wells under unit production pressure drop (Al-Rbeawi and
Artun, 2019). Therefore, reciprocal of pseudo pressure drops for
each well in Fig. 12 can reflect the transient change of productivity
index. Then it can be inferred that the smaller the well spacing, the
lower the pressure drop but the higher the productivity index,
except for well 4. This is because well 4 is significantly impacted by
inter-well interference. These findings alignwith the interpretation
outcomes listed in Table 2. Specifically, because the influence of
inter-well interference intensity on well 2 is stronger than that on
well 3, the predicted gas recoverable reserves of well 2 are less than
those of well 3. Similarly, the predicted gas recoverable reserves of
well 4 are significantly less than those of wells 5 and 6 which are
less affected by inter-well interference.

Table 3 shows the duration of flow regime sequence or the
occurrence time of the flow regime sequence for six wells according
to the characteristics of log-log typical curves. Upon comparing the
duration or the occurrence time of different flow regimes, it be-
comes evident that the latest flow regime sequence is boundary-
dominated flow regime. Moreover, it can further be observed that
the linear flow regime in the reservoir matrix zone of well 1, which
has the largest well spacing among the tested wells, typically lasts
longer than the other wells. Additionally, the occurrence time of the
outer boundary-dominated flow regime in well 1 is generally later
than that observed in the other wells. It should be noted that the
occurrence time of outer boundary-dominated flow regime is closely
related to factors such as horizontal well spacing and outer
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boundary distance. In general, a larger well spacing leads to a later
occurrence time for the boundary-dominated flow regime. However,
due to the serious influence of inter-well interference, well 4 has the
least potential. Besides, the duration of each typical flow regime in
well 4 with a well spacing of 200 m is the shortest and the occur-
rence time of outer boundary-dominated flow regime is the earliest.



Table 3
Duration of flow regime sequences for six wells.

Well
number

Well spacing,
m

Duration of inter-fracture zone linear flow
regime, d

Duration of reservoir matrix zone linear flow
regime, d

Occurrence time of outer boundary-dominated flow
regime, d

Well 1 3700 10 1000 10000
Well 2 390 14 200 5000
Well 3 390 32 370 13000
Well 4 200 12 56 1400
Well 5 200 13 800 5800
Well 6 200 20 700 7000

Fig. 15. The schematic diagram of the potential range formed by the interference
between well 2 and well 3.
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3.3. Multi-well interference judgment of the same well platform

The log-log typical curves in Fig. 13 can be used to simply
compare the strength of inter-well interference effect for wells
located on the same well platform. In order to further characterize
the influence strength of inter-well interference more vividly, the
log-log typical curves of the model under the closed outer
boundary condition considering inter-well interference and the
log-log typical curves of the model under the infinite outer
boundary conditionwithout considering inter-well interference are
drawn. Taking wells 2 and 3 on the same well platform as an
example, using the parameter results explained in Section 3.2 and
the model solutions with and without inter-well interference in
Section 2.1, the log-log typical curves of the model under different
outer boundary conditions are shown in Fig. 14. Point A2 is the
intersection of the log-log typical curves with and without inter-
well interference of well 2. And point A3 is the intersection of the
log-log typical curves with and without inter-well interference of
well 3. The time corresponding to points A2 and A3 in the figure
represents the beginning of the interference between wells. It can
be observed that the time corresponding to point A2 is approxi-
mately 2000 d, while the time corresponding to point A3 is roughly
3200 d. The time corresponding to point A2 is obviously earlier than
that corresponding to point A3. This indicates that the inter-well
interference of well 2 is significantly stronger than that of well 3.
This is consistent with the conclusion that well 2 is subject to
greater inter-well interference intensity as the log-log typical
curves of well 2 in Fig. 13(b) converge earlier to reach the boundary
Fig. 14. The log-log typical curves of models with differe
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dominated flow.
The schematic diagram of the potential range formed by the

interference between well 2 and well 3 is shown in Fig. 15. The
potential range of well 2 is smaller than that of well 3. This is
consistent with the interpretation results obtained according to
Fig. 14. Well 2 receives stronger inter-well interference. Therefore,
in the case of similar reservoir conditions and production condi-
tions, the estimated recoverable reserves of well 2 are relatively
lower.
nt outer boundary conditions. (a) Well 2; (b) Well 3.



W.-C. Liu, C.-C. Qiao, P. Wang et al. Petroleum Science 21 (2024) 2502e2519
The analysis of wells 2 and 3 from the same well platform in-
dicates that the time sequence of the intersection point of the log-
log typical curves made by the mathematical model solution of the
infinite outer boundary condition and the log-log typical curves
made by the mathematical model solution of the closed outer
boundary condition provides a more intuitive measure of the
interference strength between multiple wells. It can be helpful in
optimizing mining measures to reduce inter-well interference and
improve productivity.

4. Conclusions

In this paper, a novel and robust production data analysis
method for studying inter-well interference in shale gas reservoirs
based on pressure deconvolution algorithm was proposed. The
improved pressure deconvolution algorithm is used to normalize
the large-scale fluctuant dynamic production data of multi-stage
fractured horizontal wells in shale gas reservoirs. By fitting log-
log typical curves of the normalized dynamic production data
and the pseudo pressure solutions of the established multi-well
conceptual model, the production data of six actual production
wells with different well spacing in Duvernay shale inWest Canada
Basin of North America were analyzed. Some shale reservoir pa-
rameters and fracturing characteristic parameters were inter-
preted. Moreover, we proposed a method for judging the strength
of inter-well interference for multi-stage fractured horizontal wells
located on the same well platform based on the fitted log-log
typical curves. The effectiveness of the proposed method was
verified through field applications. The following conclusions are
drawn.

(1) The analysis method of typical curves based on deconvolu-
tion proposed in this paper can effectively solve the problem
of serious fluctuation and large error of dynamic production
data of a shale gas reservoir. The problem of mismatch be-
tween dynamic production data and outer boundary condi-
tions of seepage flow model is solved. Furthermore, because
the adjustment of normalization parameters of deconvolu-
tion calculation and the adjustment of model parameters of
mathematical model aremutually restricted in the process of
fitting typical curves, it greatly improves the fitting effect of
the typical curves and reduces the multiplicity of the inter-
pretation results.

(2) According to the slope characteristics of log-log typical
curves of pseudo pressure drop and pseudo pressure drop
derivative per unit flow rate fitted by this method, the flow
regimes in shale gas reservoirs can be divided.

(3) The new method can reasonably interpret shale reservoir
and fracture parameters such as parameters such as half
length of main fracture, fracture conductivity, the potential
range of inter-well interference, porosity, and comprehen-
sive compression coefficient. As a result, the effect of fracture
fracturing can be evaluated.

(4) This method can predict the recoverable reserves of multi-
stage fractured horizontal wells. At the same time, it can be
normalized to evaluate the productivity of different wells.

(5) For wells on the same well platform, the convergence speed
of the log-log typical curves in the later period can be used to
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judge the strength of the inter-well interference. And the
time corresponding to the intersection point of the log-log
typical curves under closed outer boundary condition and
infinite outer boundary condition can be used to judge the
strength of inter-well interference more intuitively. The time
corresponding to the intersection of the typical curves of well
2 is 2000 d, and the time corresponding to the intersection of
the typical curves of well 3 is 3200 d. It indicates that the
inter-well interference in well 2 is stronger than that in well
3.

The dynamic production data analysis method based on pres-
sure deconvolution algorithm in this paper can provide technical
support for the implementation of the hydraulic fracturing mea-
surements (such as well spacing setting and fracturing spacing
design) and production decline prediction in shale gas reservoirs. It
is of great significance to the economic exploitation of shale gas
reservoirs. However, the relevant model does not consider some
complex influencing factors of seepage law in the process of shale
gas reservoir exploitation such as multi-phase flow, phase behavior
and so on. Therefore, in the next step, we will comprehensively
consider various factors and establish an analysis method for dy-
namic multi-phase production data of shale gas reservoirs.
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Appendix A

For any two adjacent multi-stage fractured horizontal wells on
the same platform, it can be considered approximatively that the
two wells are two point sources respectively; and 1D parallel flow
happens between them. As shown in Fig. A.1, points M and N
represent two wells respectively, and point xT represents the
location of the closed outer boundary under the influence of inter-
well interference. The distance between the two point sources is
the well distance, which is represented by L.
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Fig. A.1. Schematic diagram of two adjacent horizontal wells in point source form.

The one-dimensional flow control equation at the point source
M is established as

v2m
vx2

¼ 1
h

vm
vt

(A.1)

with

h ¼ k
fmCt

(A.2)

Shale reservoirs are extremely tight, so early rapid pressure
drops occur mainly around hydraulic fractures. The later produc-
tion pseudo wellbore pressure of multi-stage fractured horizontal
wells is basically maintained at a constant value such as shown in
Fig. 4. Define the variable Dm ¼ mi � mðx; tÞ, then the governing
equations, initial conditions and boundary conditions of point
source M can be written as

v2DmMðx; tÞ
vx2

¼ 1
h

vDmMðx; tÞ
vt

(A.3)

DmMðx; tÞjt¼0 ¼ 0 (A.4)

DmMðx; tÞjx¼0 ¼ mu (A.5)

DmMðx; tÞjx/∞ ¼ 0 (A.6)

where mu is the initial reservoir pseudo pressure minus the fixed
pseudo wellbore pressure at the later stage of production. It is a
fixed value.

Laplace transformation is performed on the model established
above:

v2L fDmMðx; tÞ g
vx2

¼ 1
h
$s$L fDmMðx; tÞ g (A.7)

L fDmMðx; tÞ gjx¼0 ¼ mu

s
(A.8)

L fDmMðx; tÞ gjx/∞ ¼ 0 (A.9)

The pressure solution of the model is obtained by using the
general solution of the partial differential equation and the
boundary conditions. The pressure distribution of the point source
M is

L fDmMðx; tÞ g ¼ mu

s
$e�

ffiffi
s
h

p
$x (A.10)

For point source N, the seepage flow model is similar to that of
point source M. The difference lies in the inner boundary
2515
conditions. As adjacent wells on the same well platform, two wells
have similar pressure conditions. There is a multiple relationship
between the inner boundary pressure conditions of the two point
sources. Therefore, its inner boundary condition is set as

mNðx; tÞjx¼0 ¼ C0mu (A.11)

where C0 is a constant.
It can be obtained that the pressure distribution of point source

N is

L fDmNðy; tÞ g ¼ C0mu$e
� ffiffi

s
h

p
$y (A.12)

By Laplace transformation correspondence, the forms of Eqs.
(A.10) and (A.12) in the real space domain can be obtained as

DmMðx; tÞ ¼ mu$

�
1� 2ffiffiffiffi

p
p

ð x
2
ffiffiffi
ht

p

0
e�x2dx

�
(A.13)

DmNðy; tÞ ¼ C0mu$

�
1� 2ffiffiffiffi

p
p

ð y

2
ffiffiffi
ht

p

0
e�y2dy

�
(A.14)

Therefore, the flow rate at the closed outer boundary satisfies
the superposition principle and can be expressed as

vDmM

vx
� vDmN

vy
¼ �mu$

1ffiffiffiffiffiffiffiffi
pht

p e�
x2
4ht þ C0mu$

1ffiffiffiffiffiffiffiffi
pht

p e�
y2

4ht ¼ 0

(A.15)

Eq. (A.15) can be simplified to

e
x2�y2

4ht ¼ 1
C0

¼ eC1 (A.16)

with

C1 ¼ �lnC0; L ¼ xþ y (A.17)

Therefore, we can find that the distance x between the closed
outer boundary and the left point source M is

x¼4htC1
2L

þ L
2

(A.18)

It changes over time. However, through the calculation data of
pseudo pressure drop of adjacent wells in Duvernay block, it is
found that the pseudo pressure drop multiple C0 of the two wells is
usually between 0.94 and 1.06, so the constant C1 is
between �0.0583 and 0.0618. According to the reservoir parame-
ters of the above field blocks, the calculated value of h is usually
between 5.0 and 6.0 m2/d. Therefore, when 30 years is the aban-
donment time of horizontal well production, the variation range of
x with time is about 12.8e19.0 m.

In summary, the multi-well conceptual model with fixed closed
outer boundary can be used to describe the phenomenon of multi-
well inter-well interference. Although the outer boundary is indeed
mobile, the range of movement is very limited. Within this limited
range of variation, the idea of average is introduced. The closed
outer boundary xT is actually an average index that can quantita-
tively characterize the inter-well interference. In practical
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applications, although factors such as formation heterogeneity,
multi-well superposition and so on may also have an impact on xT,
the conceptual model still works as shown in practical application
part.

Appendix B

For reservoir matrix flow zone, the equation of motion is

v!O ¼ � kO
m

gradðPOÞ (B.1)

The state equation is

rO ¼ POM
ZRT

(B.2)

The fluid mass conservation equation is

vðrOfO þ rscVEÞ
vt

þ div
�
rO v!O

�
¼ 0 (B.3)

where the subscript ‘O’ represents the reservoir matrix flow zone; k
is the permeability, mD; m is the viscosity of shale gas, mPa s; P is
pressure, MPa; Z is the gas deviation factor, dimensionless; r is the
density of gas, kg/m3; M is the molar mass of gas, kg/mol; R is the
gas constant, 8.314 J/(mol K); rsc is the density of gas under stan-
dard conditions, kg/m3; VE is the adsorption capacity of shale gas,
expressed by Langmuir adsorption model, m3/m3.

Substitute the equation of motion and the equation of state into
the conservation of mass equation and simplify

v

vx

�
PO
Z

vPO
vx

�
¼ 1
hO

PO
Z

vPO
vt

(B.4)

where hO is the diffusion coefficient in the matrix flow zone, m2/s,
and defined as follows:

hO ¼ kO
fOCtOm

(B.5)

where Cto is the comprehensive compression coefficients of reser-
voir matrix flow zone, MPa�1.

The establishedmodel is linearized by defining pseudo pressure,
where the pseudo pressure is defined as Eq. (B.6):

m¼ 2
ðp
0

P
mZ

dP (B.6)

The model is linearized by pseudo-pressure, and then the
dimensionless model is obtained

v2mOD

vx2D
¼ 1
hOD

vmOD

vtD
(B.7)

The infinite outer boundary condition and internal boundary
condition are shown in Eqs. (B.8) and (B.9) respectively:

mODjx¼þ∞ ¼ 0 (B.8)

mODjxD¼1 ¼mIDjxD¼1 (B.9)
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The general solution of the model is obtained by Laplace
transform:

~mOD ¼AOe
� ffiffiffiffiffi

s
hOD

p
xD þ BOe

ffiffiffiffiffi
s

hOD

p
xD (B.10)

According to the boundary conditions, we can get

AO¼
~mIDjxD¼1

e
�

ffiffiffiffiffi
s

hOD

p (B.11)

v ~mOD

vxD

������
xD¼1

¼ �
ffiffiffiffiffiffiffiffiffi
s

hOD

r ~mID

����
xD¼1

e
� ffiffiffiffiffi

s
hOD

p $e
� ffiffiffiffiffi

s
hOD

p
¼ �

ffiffiffiffiffiffiffiffiffi
s

hOD

r
$ ~mID

����
xD¼1

¼ �dO$ ~mID

����
xD¼1

(B.12)

with

dO ¼
ffiffiffiffiffiffiffiffiffi
s

hOD

r
(B.13)

For inter-fracture flow zone, it can be similarly obtained

v2mID

vyD2 þ 1
yeDCRD

vmOD

vxD

����
xD¼1

¼ vmID

vtD
(B.14)

The outer boundary condition and internal boundary condition
are

vmID

vyD

����
yD¼yeD

¼ 0 (B.15)

mIDjyD¼wD
2
¼mFDjyD¼wD

2
(B.16)

The general solution of the model is obtained by Laplace
transform:

~mID ¼ AIexp
	
�

ffiffiffiffi
S
0
I

q
yD


þ BIexp

	 ffiffiffiffi
S
0
I

q
yD



(B.17)

v ~mID

vyD
¼ �

ffiffiffiffi
S
0
I

q
AIexp

	
�

ffiffiffiffi
S
0
I

q
yD


þ

ffiffiffiffi
S
0
I

q
BIexp

	 ffiffiffiffi
S
0
I

q
yD



(B.18)

with

S
0
I ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dO

yeDCRD
þ s

s
(B.19)

According to the boundary conditions, we can get

v ~mID

vyD

����
yD¼wD

2

¼ � b0I ~mFDjyD¼wD
2

(B.20)

with
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b0I ¼
ffiffiffiffi
S0I

q
tanh

h ffiffiffiffi
S0I

q 	
yeD �wD

2


i
(B.21)

For main fracture flow zone

v2mFD

vxD2 þ 2
CFD

vmID

vyD

����
yD¼wD

2

¼ vmFD

vtD
(B.22)

vmFD

vxD
jxD¼1 ¼0 (B.23)

vmFD

vxD
jxD¼0 ¼ � 1

2CFD
(B.24)

The general solution of the model is obtained by Laplace
transform:

~mFD ¼ AFexp
	
�

ffiffiffiffiffi
S
0
F

q
xD


þ BFexp

	 ffiffiffiffiffi
S
0
F

q
xD



(B.25)

v ~mFD

vxD
¼ �

ffiffiffiffiffi
S
0
F

q
AFexp

	
�

ffiffiffiffiffi
S
0
F

q
xD


þ

ffiffiffiffiffi
S
0
F

q
BFexp

	 ffiffiffiffiffi
S
0
F

q
xD



(B.26)

with

S0F ¼
s

hFD
þ 2b0I
CFD

(B.27)

According to the boundary conditions, the dimensionless
pseudo bottom hole flowing pressure solution corresponding to the
constant flow rate considering the skin effect is obtained

~mwD ¼ kIxF

2kFwFs
ffiffiffiffiffi
S
0
F

q
tanh

� ffiffiffiffiffi
S
0
F

q � þ kIh
kFwFs

�
ln
�

h
2rw

�
� p

2

�

(B.28)

where mOD, mID, and mFD are the dimensionless pseudo pressure
corresponding to the pressure in reservoir matrix flow zone, inter-
fracture flow zone, andmain fracture zone; xeD is the dimensionless
closed outer boundary distance formed by inter-well interference;
yeD is the dimensionless half of the distance between adjacent main
fractures.

Considering the wellbore storage effect, the dimensionless
pseudo bottom hole flowing pressure solution corresponding to the
constant flow rate is

~mwD;storage ¼
~mwD

1þ CDs2 ~mwD
(B.29)

The definition of dimensionless variables in mentioned mathe-
matical models are defined as follows:

mwD ¼ kIhTSC
0:0864qFPSCT

ðmi �mFÞ (B.30)
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CFD ¼ kFwF

kIxF
(B.31)

CRD ¼ kIxF
kOye

(B.32)

hFD ¼ hF
hI

¼ kFðfCtÞI
kIðfCtÞF

(B.33)

hOD ¼ hO
hI

¼ kOðfCtÞI
kIðfCtÞO

(B.34)

xeD ¼ xe
xF

(B.35)

yeD ¼ ye
xF

(B.36)

wD ¼wF

xF
(B.37)

CD ¼ C
2pðfctÞIhxF2

(B.38)

where mi is the pseudo pressure corresponding to the initial
reservoir pressure calculated according to Eq. (B.6), MPa2/(mPa s);
kO is the permeability of reservoir matrix flow zone, mD; fO, fI, and
fF are the porosity of reservoir matrix flow zone, inter-fracture flow
zone, and main fracture zone, %; hI is the diffusion coefficient of
inter-fracture flow zone, m2/s; hF is the hydraulic fracture diffusion
coefficient, m2/s; CtI and CtF are the comprehensive compression
coefficients of inter-fracture flow zone and main fracture zone,
MPa�1; C is the wellbore storage coefficient.

The comprehensive compression coefficients of reservoir matrix
flow zone and inter-fracture flow zone considering adsorption gas
desorption are as follows (Wu et al., 2018):

Ctj ¼
1
Pj

� 1
Z

vZ
vPj

þ rscVLPL
fj

M
RT

Pj
Z

�
PL þ Pj

�2; ðj ¼ O; IÞ (B.39)

where Pj is the pressure in j zone, MPa; ‘O’ represents reservoir
matrix flow zone and ‘I’ represents inter-fracture flow zone; VL is
the Langmuir volume, m3/m3; PL is the Langmuir pressure, MPa; M
is the molar mass of the gas, g/mol; R is the molar constant, J/(K
mol).

The comprehensive compression coefficient of main fracture
flow zone is shown as

CtF ¼
1
PF

� 1
Z

vZ
vPF

(B.40)

where PF is the pressure in the main fracture flow zone, MPa.
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Appendix C
Fig. C.1. The fitting results of pseudo pressure drop & pseudo pressure drop derivative log-log typical curves for the other five wells. (a) Well 2; (b) Well 3; (c) Well 4; (d) Well 5; (e)
Well 6.
2518
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