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The productivity of horizontal shale oil wells is low. To achieve cost-effective development,
hydraulic fracturing techniques are often used. After hydraulic fracturing, wells have a high
initial production rate. After a period of production, the production rate will decline rapidly
and then remain low for an extended period of time. The study of the decline characteristics
of horizontal wells is of great importance. We have collected development data from 94
horizontal wells in the Jimusar field. Some classical decline curve methods, such as the
“power law–loss ratio” rate decline model, the stretch exponential equation, and the Duong
decline curve, can be used to fit the production history. For example, Wells JHW018,
JI172_H, and JI36_H were analyzed for production variations at different stages after the
onset of production decline. On the basis of the performance of the parameters in typical
wells, it was found that only Valko extended decline curves could be used to obtain
satisfactory prediction results. A controlled fracture decline rate is proposed to describe
the extent of the initial decline. The findings of this study can help for better predict of shale
reservoir production after volume fracturing.
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INTRODUCTION

With the rapid development of society and economy, the development rate of conventional natural
gas can no longer meet the requirements of society for energy supply, and oil and gas developers are
gradually shifting the focus of development to unconventional oil and gas resources. Shale oil and
gas, as an important part of unconventional oil and gas resources, has huge development potential.
According to the US Energy Information Administration, global recoverable reserves of shale gas are
approximately equal to those of conventional natural gas, at 187 × 1012 m3 and are widely distributed
in Asia, Europe, North America, South America, and Africa.

Shale oil and gas is distinguished from conventional oil and gas by its very long extraction times
and production cycles, in some cases 30–50 years or even longer, but the productivity of horizontal
shale oil and gas wells is lower. To achieve cost-effective development, hydraulic fracturing
techniques are often used. After hydraulic fracturing, the well has a very high initial production
rate. After a period of production, the production rate will decline rapidly and then remain low for an
extended period of time. Therefore, the study of the production decline characteristics of horizontal
wells is of great importance to the development and production of oil and gas fields.

The prediction of shale reservoir decline is influenced by many factors such as geological
complexity, the presence of natural fractures, ground stress state, completion and fracture
characteristics, and multiphase flow characteristics (Kabir et al., 2011). The complex geological
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factors of fractures and the nadir permeability of the geological
model make it difficult to use numerical simulation methods to
predict producing wells. In addition, given the cost and time
required for numerical simulations, operators typically use semi-
analytical and empirical models. These methods require less data
and allow for faster prediction results.

For reservoir evaluation based on the rate time data of gas
wells produced under boundary dominant flow, Arps (1945)
empirical hyperbolic decline model and related types of curves
are usually used. For volumetric single-phase gas reservoirs
produced under constant bottom hole pressure (BHP), the
decline exponent b used in the Arps hyperbolic model can be
calculated completely according to the fluid properties and
bottom hole specifications at that time, without considering
the reservoir properties and collecting any rate time data.
Stumpf and Ayala (2016) applied the type curve and linear
analysis technology obtained from the hyperbolic model. The
reservoir properties of gas wells are successfully determined, and
the prediction ability of the model is verified by numerical
simulation and field data case study. Zhang and Ayala (2018)
rederived the decline exponent for the change of variable BHP.
The hyperbolic decline coefficient of variable BHP completely
depends on the fluid PVT characteristics, and its amplitude is the
largest compared with the production of constant-BHP.

At present, there are well-established methods for studying the
declining production pattern (or dynamic analysis) of gas wells:
the traditional Arps declining curve method, the classical
Fetkovich typical curve fitting method, as well as the
Blasingame typical curve fitting method and the Agarwal–
Gradner typical curve fitting method (Yuan, 2016; Chen et al.,
2018; Chong, 2019). For the study of the declining production
pattern of shale gas wells, scholars in North America have
proposed the exponential law declining method, the extended
exponential declining method, etc (Sheng, 2016; Odi et al., 2019;
Kocoglu et al., 2020; Wang and Ayala, 2020). In addition, some
traditional methods can also be combined with the production
characteristics of shale gas to improve the analysis and study of
the declining production pattern and production history of shale
gas (Ilk et al., 2008; Ilk et al., 2009).

The most commonly used decline curve analysis methods that
have been historically applied to shale reservoirs are Arps (1945),
Fetkovich (1980), Blasingame and Rushing (2005), Valko and Lee
(2010), Duong (2010), Fulford and Blasingame (2013), and other
methods. The Arps (1945), Fetkovich (1980), and Blasingame and
Rushing (2005) methods were originally explored for conventional
reservoir development and have certain limitations when applied to
unconventional reservoir development. On the other hand, Valko
and Lee (2010), Duong (2010), and Fulford and Blasingame (2013)
methods are specifically developed for unconventional shale

reservoirs. Here, we choose the classic Arps hyperbolic declining
(AHD) curve method, the Valko stretched exponential decline
(VSED) curve method, and the Duong harmonic declining
(DHD) curve method to compare the decreasing predictions.
Comparing the parameter fitting characteristics of typical wells,
the most effective decline model is obtained by comparing the
effectiveness of fitting parameters of three curves of 82
horizontal wells.

AHD Curve Method
Starting from the relationship between the rate of decline D and
time, the rate of decline is approximated by the law of decay
exponential function instead of the rate of decline in production,
introducing a new equation for calculating the rate of decline D
over time and distinguishing it from the hyperbolic decreasing
rate of decline calculation.

Arps (1945) published three empirical formulas to predict
the production performance of oil wells. They are exponential,
hyperbolic, and harmonic. These equations are valid for reservoirs
produced under constant BHP. It is assumed that the reservoir and
fluid properties remain constant throughout the life of the well. In
addition, the Arps empirical formula is valid only when the
production well does not encounter any workover operations in
the future. Table 1 shows three different Arps formulas. Arps
hyperbolic and harmonic equations are more suitable for solution-
gas-drive and water-drive reservoirs, whereas exponential equations
are suitable for limited large reservoirs without pressure supply.

In the Arps equations, q refers to the gas-production rate, qi is
the initial production rate, t refers to the time in days, D is the
instantaneous decline rate, Di is the initial decline rate, and b is
the decline exponent.

VSED Curve Method
Valko (2009) proposed an extension exponential declining
method to analyze the production history of tight formation
gas or shale gas wells. The applicability of the method is proved by
analyzing the production history of a large number of Barnett
shale gas wells in the United States. Using the concept of extended
exponential decay in mass in physics and applying it to the
production decline of tight formation gas, it is stated that the
production decline comes from the sum of many exponentially
decayed single heterogeneous factors.

Table 2 shows the equation proposed by Valko and Lee
(2010). Valko and Lee (2010) did not give the calculation
equation for D in the original paper, and it can be calculated
using the formula D = −1/q(dq/dt). Taking the logarithm on both
sides, the parameters τ and n can be obtained by plotting log(D)
(history fitting of production data) vs. log(t).

DHD Curve Method
Duong (2010) proposed an empirical analysis method for gas well
production decline for fractured shale gas reservoirs. On the basis

TABLE 1 | Exponential, hyperbolic, and harmonic equations from Arps (1945).

Exponential decline Hyperbolic decline Harmonic decline

q � qie−Di t q � qi(1 + bDit)−1/b q � qi(1 + Dit)−1
D � Di D � aqb ,Di � aqb

i D � aq,Di � aqi

D � Di D � 1
1/Di+bt D � 1

1/Di+t

TABLE 2 | Decline-curve equations proposed by Valko and Lee (2010).

Exponential decline Decline rate D

q � qi exp[−( t
τ)n] D � (1τ)nntn−1
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of the analysis of the production history of a large number of
Barnett shale gas wells in the United States, Duong stated that the
production history of gas wells shows fractured linear flow over a
long production period. This is mainly due to the relatively
developed fractures in such shale gas reservoirs and the ultra-
low permeability of the bedrock. In addition to fractures created
by hydraulic fracturing, there are primary and later secondary
fractures. It is difficult to produce gas wells with proposed radial
flow and proposed steady-state flow controlled by selected
boundaries.

Table 3 shows the equation proposed by Duong (2010). The
equation of D is not given in the original paper but calculated
using the formula D = −1/q(dq/dt). Duong stated that, for actual
shale gas wells, them value will always be greater than 1.0. If them
value is less than 1.0, then the gas well may be a conventional low-
permeability formation gas well.

CHARACTERISTICS OF JIMUSAR SHALE
OIL AND GAS DEVELOPMENT

Figure 1 shows the well location distribution of the Jimusar shale
oil area. The Jimusar shale oil area was formally put into
development in 2010. The shale oil has integrated source and
reservoir, frequent interbeds, complex and changeable lithology,
and no obvious source and reservoir. The characteristics of the

boundary are obviously different from the North American
Bakken marine shale oil and the Ordos continental shale oil.
The Lucaogou Formation shale oil reservoir is a low-porosity and
ultra-low permeability reservoir. The average porosity of the
overburden porosity and permeability samples is 9.5%, and the
permeability is 0.001 × 10−3 μm2~0.6 × 10−3 μm2; Micropores
dominate, and large-size nanopores and micropores are the main
storage space for oil and gas. The “sweet spot” with porosity
greater than 12% has an average oil saturation of 84%, and the
“sweet spot” with a porosity of 8%–12% has an average oil
saturation of 65%. On the plane, the properties of the crude
oil from the Lucaogou Formation deteriorated from the middle of
the depression to the edge, and the viscosity of the crude oil in the
lower “sweet spot”was higher than that of the upper “sweet spot”.
The average surface crude oil density of the upper “sweet body” is
0.88 g/cm3, the viscosity at 50°C is 50.27 mPas, and the formation
crude oil viscosity is 10.58 mPas. The average surface crude oil
density of the lower “sweet body” is 0.90 g/cm3, and the viscosity
is 123.23 mPas at 50°C. Because of the poor physical properties of
shale oil reservoirs and lack of continuous production capacity, it
is difficult to achieve economic and effective production.

The development of the Jimusar shale oil area was
implemented step by step (Zhang et al., 2011; Zhang et al.,
2013). The first batch of horizontal wells were opened in 2012,
14 new wells were opened between 2012 and 2014, and two
horizontal wells were developed and tested in 2016, and the
output increased significantly. In 2018, 21 horizontal wells were
deployed with the development method of “horizontal wells +
subdivision-cut volume fracturing” to further determine the
distribution of oil layers and explore reasonable horizontal
well spacing (Zhou et al., 2014, Xi and Morgan, 2019). In
2018, the upper “sweet spot” put into operation nine
horizontal wells with good production results. In 2019, a

TABLE 3 | Decline-curve equations proposed by Duong (2010).

Harmonic decline Decline rate D

q � qit−me
a

1−m (t1−m−1) D � m
t − a

tm

FIGURE 1 | Jimusar shale oil field.
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breakthrough was made in the production increase test of
horizontal wells in the lower “sweet spot”. At the beginning of
2019, the planning and deployment plan for the whole district
was completed. From 2012 to 2019, a total of 94 horizontal wells
were completed and put into production, of which 14 wells were
put into production for more than 3 years. The historical
production characteristics of these 94 horizontal wells are
summarized as follows:

(1) For wells that have been in production for more than 3 years,
single well fluid production, oil production and oil pressure
decline rapidly. After the decline trend is formed, it will soon
enter the matrix control flow stage.

(2) The fluid production, water cut and flow pressure of most
wells have stabilized within 3 years; wells that have been
produced for less than 3 years are in the fracture-controlled
production stage and have not yet entered the matrix-
controlled production stage.

(3) Oil nozzle adjustment, pumping, fracturing, and workover
have a significant impact on production and pressure (Weng

and Siebrits, 2007; He and Gao, 2009; Wigwe et al., 2019a;
Wigwe et al., 2019b; Wigwe et al., 2019c; Wigwe et al., 2020).

(4) Well production is affected by geological and engineering
factors.

Take Well JHW018 as an example; the left part of the purple
line in Figure 2 shows the production of Well JHW018 without
fracturing, when the daily oil production was almost zero,
whereas, to the right of the intersection of the nozzle size
curve and the purple line, fracturing was carried out and
gradually replaced by a larger size nozzle, the oil pressure
drop rate gradually accelerated with the larger size of the
nozzle, and the daily oil production increased rapidly while oil
flow started to be produced, which indicates that the fracturing
measures are effective. When the oil pressure drops rapidly as the
nozzle size increases, the daily fluid production drops rapidly at
the same time, and when the well is shut down for a period of
time, the formation pressure recovers and the daily fluid
production approaches the daily oil production when the well
is opened again as the pressure stabilizes.

FIGURE 2 | Production curve and nozzle oil pressure variation curve for Well JHW018.
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(5) The oil pressure declines quickly at the beginning of the well
opening during the self-spout period, and the decline
becomes slower in the later stage, and the smaller the oil
pressure drop per unit fluid volume, the better the
development effect.

(6) Some wells have pressure interference and inter-well
connectivity.

(7) The morphology of the near-well fracture network caused by
fracturing is obviously different.

The fracture network formed after fracturingWell JHW018 is of
the perifracture SRV type, where there is generally no superposition
of SRVs at each stage and cluster of fractures, so that, after
fracturing, the fractures around the near-well first communicate
with the bottom of the well, and daily fluid production

gradually increases as more sheet fractures communicate with
the bottom of the well. Production declines rapidly when all
fractures communicate with the bottom of the well.

RESEARCH ON HORIZONTAL WELL
PRODUCTION DECLINE METHOD

This chapter adopts the idea of using existing production dynamic
data to perform regression and transformation to obtain a typical
curve to establish a typical decline curve. The idea is as follows:

1) According to the differences in block wells’ planar physical
properties, geochemical indicators, well types, productivity,
production time, cumulative production, production system,

TABLE 4 | Basic information of 10 typical wells in Jimusar.

Basic situation Modification parameters Production status

Number Production time (day) Total
liquid volume (m3)

Total
sand volume (m3)

Fracture stage Cumulative
oil production (t)

Peak
daily production (t)

Valid date (day)

JI172_H 2012 16,030.0 1,798.0 15 2,3274.3 69.5 2,391
JHW015 2013 16,905.0 1,310.3 18 8,399.7 17.9 1,775
JI36_H 2013 19,602.0 1,411.0 20 10,252.9 31.0 1,328
JHW018 2014 24,346.8 1,700.6 23 17,135.5 36.2 1,823
JHW031 2018 44,186.3 2,970.0 34 5,575.3 39.7 422
JHW032 2018 29,536.7 2,615.0 33 9,086.9 52.1 511
JHW034 2018 56,642.4 3,510.0 30 15,789.0 68.9 608
JHW036 2018 70,069.8 4,550.0 33 21,297.0 80.0 656
J10022_H 2019 28,893.7 1,760.0 20 3,178.7 31.6 390
J10038_H 2019 36,450.1 2,780.0 35 7,590.4 74.0 253

FIGURE 3 | Production performance curve of Well JHW018.
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production mode, etc. We select Jimusar representative wells
with long production history.

The typical wells selected were all produced for more than
3 years, produced continuously or shut in for less than 10% of the

production cycle, and produced continuously after reaching peak
production. The values of the parameters (decreasing rate,
decreasing index, etc.) obtained from the fitting of such
production wells conform to the characteristics of a decreasing
curve.

FIGURE 4 | Production performance curve of Well JHW018.

FIGURE 5 | Production performance curve of Well JI172_H.
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2) For fixed production wells, if the production decline has not
yet occurred, on the basis of the principle of decline typical
curve, then the difference of typical wells can be unified into
the relationship between the two characterization

indicators, and the indicators can be mathematically
processed to establish a fitting Relations, extract the
decreasing typical curve, and analyze its characterization
significance.

FIGURE 6 | Production performance curve of Well JI172_H.

FIGURE 7 | Production performance curve of Well JI36_H.
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3) For constant pressure production wells or blowout production
wells, use a variety of classic decline theories to analyze and fit
corresponding curves to predict future production and
recoverable reserves and summarize the decline laws of
these wells.

As shown in the Table 4, according to the differences in the
plane physical properties, geochemical indicators, well types,
productivity, production time, cumulative production,
production system, and production methods of Jimusar shale
reservoirs, 10 typical Jimusar reservoirs with representative and
long production history are selected. Well, explore the typical
curve of its production decline.

Here, the processing method of Well JHW018, Well JI172_H,
and Well JI36_H are used as the examples to briefly describe the
analysis process of shale oil and gas reservoir production decline.

Find the peak value of daily oil production from Figure 3 and
record it as qi. As shown in Figure 4, record the peak value and
subsequent production data, and use nonlinear fitting software to
fit the three decreasing curves, respectively, and get the
corresponding parameter value statistics are as follows.

Using the same processing method to obtain the qi of Well
JI172_H.

Figure 5; Figure 6 show the process of finding qi for
production data of Well JI172_H.

Using the same processing method to obtain the qi of Well
JI36_H.

Figures 7 and 8 show the process of finding qi for production
data of Well JI36_H.

It can be easily said that the most time-consuming part of this
part of the work is to use the history fitting method to obtain the
parameter values of the three types of curves. As shown in
Table 5, we will sort out the results obtained and sort out the
parameter data of typical wells for analysis (Pan et al., 2014).

The peak of both Well JHW018 (Figure 4) and Well JI36_H
(Figure 8) occurred after volumetric fracturing, and these two
groups formed a control group to compare the change in
production after fracturing. As mentioned earlier, Well
JHW018 produced much more fluid per day than oil per day
before fracturing and produced steadily for over 1,000 days after
forming a SRV-developed fracture network around the fracture.
Well JI36_H had a peak after shut-in fracturing close to the
pre–shut-in peak production, with production declining rapidly
after the end of fracture flow due to intra-volume fracturing to
communicate the fractures and low permeability of the
unfractured matrix. For Well JI_172H (Figure 6), which was
the first well to be volumetrically fractured as an experimental

FIGURE 8 | Production performance curve of Well JI36_H.

TABLE 5 | Fitting parameters of 10 typical horizontal wells.

Number AHD VSED DHD

b Di n τ a m

JI172_H 2.56 0.224 0.199 11.306 0.0006 0.366
JHW015 5.06 0.370 0.175 100.133 -0.0002 0.209
JI36_H 2.20 0.025 0.256 76.036 1.122 1.094
JHW018 3.60 0.105 0.198 85.250 0.792 1.008
JHW031 2.17 0.046 0.387 90.648 1.088 1.086
JHW032 1.37 0.019 0.492 123.167 1.269 1.141
JHW034 2.88 0.011 0.327 186.177 1.021 1.064
JHW036 1.25 0.012 0.499 202.169 1.224 1.116
J10022_H 2.77 0.103 0.305 61.465 0.874 1.480
J10038_H 2.65 0.051 0.399 110.207 −0.004 0.153
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well at the beginning of production and produced continuously
and steadily, the best historical fit was achieved for Well JI_172H
when comparing Well JHW018 and JI36_H.

By observing Figure 3 to Figure 8, it can be seen that the three
wells were shut down for a period of time before the peak
production appeared. After the well was opened again, the
water cut fluctuated drastically, and the beginning of the
production decline basically coincided with the severe water
cut fluctuating time. For the rapid decline in production, it is
speculated that this is related to the continuous expansion of the
area affected by water flooding. Combined with the microseismic
detection result map ofWell JHW018, the effect of horizontal well
+ volume fracturing is limited, and production can only be
increased in a short time. For long-term stable and high
production, it is still necessary to improve technology or
develop new technologies.

The point matrix in Figure 9 is a horizontal projection of the
microseismic test performed after volumetric fracturing of Well
JHW018, characterizing the fracture scale and fracture pattern,
corresponding to the production characteristics of Well JHW018.
The size of the modification volume has a large impact on the late
production of multi-stage fractured horizontal wells, mainly
because the large modification volume reduces the fluid flow
resistance after the late pressure wave propagates beyond the
modification area, and the production rises rapidly at the
beginning of the modification, reaches a peak and then

declines rapidly and remains at a certain lower production
rate. The rise in yield occurs during the retrofit volume with
low flow resistance and fast flow velocity, the pressure wave
propagates outside the retrofit volume and the yield decreases to a
certain lower constant value, when seepage within the matrix
occurs with high flow resistance and low flow velocity.

According Figure 9 showing Well JHW018(local SRV type)
microseismic detection result map, it was transformed into a high
production well after volume fracturing.

Observing the fitting results in Figure 10, it can be seen that,
for Well JHW018, the simulation effects of the three curves are
very similar. Only in the early stage of production decline, there
are obvious differences in the fitting results. It is speculated that
this fitting result is due to the sufficient production data of this
production well. The difference between the three declining
fitting curves is very small, which also confirms the
applicability of the three declining curves.

Observing the fitting results in Figure 11, it can be seen that, for
Well JI172_H, the three curve fitting results are very close, and the
fitting is close to the actual production data during the rapid
decline stage of production. TheWell JI172_Hwas shut down from
2,250 to 2,500 days after the beginning of the production decline.
After the well was opened again, the production recovered
somewhat. The curve fitting results have a large deviation from
the production data. This is not a problem of the fitting curve itself
but more affected by engineering geological factors.

FIGURE 9 | Well JHW018 microseismic detection result map (local SRV type).
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FIGURE 10 | Three decreasing fitting curves of Well JHW018: (A) AHD
fitting curve of Well JHW018, (B) VSED fitting curve of Well JHW018, and (C)
DHD fitting curve of Well JHW018.

FIGURE 11 | Three decreasing fitting curves of Well JI172_H: (A) AHD
fitting curve of Well JI172_H, (B) VSED fitting curve of Well JI172_H, and (C)
DHD fitting curve of Well JI172_H.
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Observing the fitting results in Figure 12, it can be seen that,
for Well JI36_H, VSED curve of the three curves is the closest to
the production history, and AHD and DHD only have a better
fitting effect within the first 50 days of the production decline.
Similar to Well JI172_H, Well JI36_H also adjusted the
production situation through shutdown adjustments. When
the well was opened again, it was affected by engineering
geological factors, and the decline curve could no longer fit
the actual production well.

CONCLUSION

Shale reservoirs are matrix and fracture dual pore media, but the
adsorption and diffusion characteristics of shale reservoirs make
shale gas reservoirs different from conventional oil and gas
reservoirs. In this paper, the declining production pattern of
82 horizontal wells in the Jimusar shale reservoir is analyzed by
the declining curve analysis method proposed by domestic and
foreign scholars, and the declining influencing factors are
analyzed. The conclusions are as follows:

① Three typical wells with long production histories were
selected: Well JI172_H, Well JI36_H, and Well JHW018.
JI36_H was the best fit because it produced continuously
after reaching peak production and was shut in for a short
period of time before production was suspended. Similarly,
Well JHW018, which was shut-in 200–400 days after peak, did
not fit as well as Well JI36_H.
② The number of valid wells for the three curve fits totaled 55
(red font in Supplementary Appendix A), excluding wells
with low data volumes, no production peaks, and wells with
multiple workovers or shut-ins. For the AHD curve, the
number of validly fitted wells is 31 (b>1,0 < Di < 1),
removing three of them that do not meet the fitting
parameters, i.e., b < 0 (marked in green in Supplementary
Appendix A); for the VSED curve, the number of validly fitted
wells is 36 (0 < n < 1, 50<τ < 200), removing 4 of them, i.e., n < 0
(marked in green in Supplementary Appendix A); for the DHD
curve, the number of validly fitted wells is 14 (a≈1, m > 1),
removing 19 of them, i.e., a<0 (marked in green in
Supplementary Appendix A). According to statistics obtained,
the DHD method has the lowest success rate of effectively
fitting production, so it is no longer suitable for forecasting
shale oil and gas production. Both the VSED curve and the
AHD curve can fit production history of most horizontal wells,
and the VSED can obtain more satisfactory prediction results.
③ In response to the characteristics of fast decreasing
production of Jimusar shale oil, wells that have been in
production for more than 2 years can be considered to be
in the middle to late stage of self-injection production, when
the activated reserves mainly originate from the matrix, and
the preliminary modification process has less influence on
production and geological factors have more influence. To
increase production, it is recommended to adopt the

FIGURE 12 | Three decreasing fitting curves of Well JI36_H: (A) AHD
fitting curve of Well JI36_H, (B) VSED fitting curve ofWell JI36_H, and (C)DHD
fitting curve of Well JI36_H.
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technology of horizontal well + volume fracturing and
constant flow production, so as to prevent the rapid decline
of initial production.
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