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The shale gas exploration and development potential in the Sichuan Basin is
huge. Production prediction and risk quantification are important in planning of
natural gas resources. Hubbert and Gauss models are used to predict the
growth trend of production in the gas reservoir. Based on the prediction
results, the Monte Carlo simulation is used to calculate the probability of
production realization. The evaluation matrix of risk level is established by
using indices of production realization probability and dispersion degree for
assessing the risk level of shale gas production. The results show that: 1) when
URR is at the same growth rate, Gauss model has a more stable yield growth
trend than Hubbert model, and the correlation coefficients of Gauss model are
all higher than that of Hubbert model. This means that the production
prediction results of the Gauss model have higher accuracy. 2) According to
the Gauss model, the shale gas will reach peak production of (280-460) X
108 m?/a in 2042 and will have stable production from 2037 to 2047. By the end
of the stable production stage, the URR exploitation degree is about 60%; 3) The
Monte Carlo method can be used to obtain the production realization
probability for each year. The risk level evaluation matrix can be established
by taking the probability of realization and the dispersion degree as evaluation
indices, which can provide the systematization of the risk levels. This study is
helpful to deepen the understanding of natural gas exploration and
development. And it is of great significance to gas field development
planning and production index realization.
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Introduction

In recent years, China’s natural gas industry has been
developing rapidly, its consumption has been growing rapidly,
and its importance in the national energy system has been
increasing (Du et al., 2021). Natural gas production prediction
and risk quantification are very important parts of gas field
development planning and the core work of gas field
development planning, which plays an important macro
guiding role in the realization of gas field development
planning and production index. At present, the research work
of long-term production growth forecast and risk quantification
of oil and gas has been carried out widely in the world. Countries
all over the world attach great importance to the research work of
oil and gas resource growth prediction and risk quantification
(Zhang and Rong, 2007).

In Sichuan Basin, shale gas is in the early and middle stage of
resource exploration. Shale gas reservoirs have strong resource
base and great potential of exploration and development, which
can greatly promote the increase of natural gas production and
benefit in Sichuan Basin (Li et al., 2015; Wang 2022).

However, the shale gas reservoir has strong reservoir
heterogeneity, complex pressure system and other geological
characteristics, which is not conducive to determine the future
production scale of the gas reservoir. At the same time,
determining production scale through reasonable research
methods is the key to efficient development of gas reservoirs
(Li et al., 2019; Xie et al.,, 2021). Therefore, strengthening the
research work of shale gas production growth prediction and risk
quantification in Sichuan Basin can further clarify the resource
exploration and development potential in this field. Furthermore,
it has an important guiding role for shale gas production
planning in this area.

There is many research on prediction models of natural gas
storage and production, such as peak prediction method, neural
network method, grey system method, etc. (Huang et al., 2011; Lu
et al, 2021). Among them, neural network method is the most
widely used method for predicting medium - and long-term
natural gas production (Liang et al., 2020; Wang et al., 2020; Hu,
2022). For the natural gas areas that are still in the early
development stage or the upper production stage, the
reservoir numerical simulation method is used to predict the
natural gas storage and production in the medium and long term,
which has higher accuracy and is more practical (Liu et al., 2020;
Zhang L. etal., 2021). Based on the new DAR method, Deng et al.,
2022 used multiple regression to establish dimensionless pseudo-
correlation function of independent variables of temperature and
pressure, and constantly modified the equation, and proposed a
new calculation formula of deviation coefficient for ultra-deep
HHT gas reservoirs. The research results can provide a reference
for accurately calculating the early dynamic reserves of ultra-
deep HP/HT gas reservoirs. Ye and Xue, 2009 established a
prediction model for oil and gas resources production and
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development in China by using nonlinear exponential
regression model and model method in grey system theory.
Qiao et al, 2021, taking Qinshui Basin as the research area,
established a grey prediction model to predict the gas production
change of COALbed methane reservoir, and verified the actual
gas production data, and concluded that the grey prediction
model has a good prediction effect on the dynamic change of
coalbed methane reservoir when gas production enters the
decline stage. Zhou et al, 2008 used exponential smoothing
method to process sample data and improved the calculation
method of the background value of the grey model. Case analysis
showed that the improved grey model had higher prediction
accuracy.

At present, there are many research methods to quantify the
risk of natural gas storage and production, including probability
method, neural network method, fuzzy clustering method and so
on (Shaolei et al, 2021; Zhang et al., 2020; Ma et al,, 2021).
Among them, probability method is widely used in the study of
natural gas production risk quantification. For gas areas that are
less explored and developed, the probability method can predict
the probability of realization of different reservoir production
targets in the future according to the existing data, which
provides a reliable theoretical basis for the formulation of
production planning schemes. Wang et al, 2020 established
an improved multi-period generalized model based on the
generalized model commonly used in the life cycle model
method to determine the number of cycles in oil and gas field
production prediction and improve the prediction effect of the
model. The fitting effect of the improved model is better than that
of single-period model and multi-period model. In order to
quantitatively describe and analyze the risk of recoverable
gas Chen et 2022 established a
comprehensive evaluation model by using Monte Carlo

shale reserves, al,,
simulation from the perspective of probability and statistics.
The probability distribution is used to define the range of key
technical and economic parameters, describe the range of shale
gas recoverable reserves evaluation results, and reflect the actual
development status of shale gas projects. Zhang P. et al,, 2021
determined the distribution function of oil and gas reserve
evaluation parameters by using probability method and
thus
realizing the reserve evaluation of the whole gas field. The

conducted sensitivity analysis on each parameter,
reserves of the whole gas field are predicted by arithmetic
summation of each calculation unit. The proved reserves
predicted by deterministic volume method are close to the
Pmean reserves calculated by probability method.

Obviously, most of the research on natural gas production
prediction and production risk quantification are two
independent research contents. Therefore, the two research
contents need to be combined, that is, production risk
quantification research based on production prediction results
can provide more quantitative basis for the guidance of natural

gas exploration and development. In this paper, the final
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recoverable reserves (URR) are introduced into Hubbert and
Gauss prediction model as the boundary condition, and the
production prediction results of Sinian gas reservoir are
obtained. The prediction accuracy of the two models is
compared by correlation analysis. Monte Carlo simulation
method was used to randomly extract the output of each year
and calculate the probability p of production distribution and
realization of each year. At the same time, it provides evaluation
index for production risk grade evaluation by calculating
dispersion degree C. The production risk of natural gas is
systematically quantified through the self-built production
grade evaluation matrix, which provide reliable planning basis
for production target realization. The research process of shale
gas production prediction and risk quantification is shown in
Figure 1.

Theory of shale gas production
prediction and risk quantification

Theory of natural gas production
prediction

Hubbert prediction model

Hubbert model is a common life cycle model for shale gas
production peak prediction. This model mainly has the following
characteristics (Zhou et al., 2018):

When the oil and gas field is put into development, the
production starts to rise from 0, and gradually reaches the peak
with the extension of development time. After that, production
declines with the extension of development time until the
resource are exhausted. As the development time approaches
infinity, the area of the production curve and time is equal to the
final recoverable reserves of the field. The Hubbert model
equation is as follows:

_ URR
T 14 ettt

1)

Where, P represents the cumulative output, in unit 10%m°/a;
URR represents final recoverable reserves, unit 108m?; t is the
production and exploitation time, in unit of year; t, represents
peak production time; b is a model parameter, which can
represent the slope of the peak to a certain extent.

Take the derivative of formula (1) with respect to t, the
calculation formula of annual output can be obtained.

_dM _bxURR X ce b=t @)
Cdt [+ cettw)?

Q

Where, Q represents the annual output in unit 10%m3/a.

When t =t,, production growth reaches its peak. At this
point, the change rate of cumulative output M is the largest, that
is, dM/dt is the largest:
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M,, = b x URR/4 (3)

In the formula, Q,, is the peak annual production in unit of
10%m3/a.

Transform formula (3) into URR = 4Q,,,/b and substitute it
into Formula (2). The calculation formula of annual output of
Hubbert model can be obtained (Wang et al., 2016).

2M,,

Q= T cosh bt —1t,)] @

The curve of Hubbert model increases gently at the
beginning, then a stable period is reached at the peak, and
ultimately drops rapidly until the resources are completely
exhausted.

Gauss prediction model

Gauss and Hubbert models both are growth curves obtained
based on life cycles, and both present symmetric forms (Zhang
et al,, 2019; Zhou et al,, 2021). The distribution density function
of the Gauss model is:

fO = e ©

In the formula, y is the mean value; s is the standard
deviation.

The cumulative production within the interval of (0 — c0)
during production time ¢ is defined as the final recoverable
URR,
production can be obtained by multiplying the distribution

reserves and the calculation formula of annual

density function f(t) with the final recoverable reserves
URR [27).

URR
= ——e
sV2m

_ (w?

2 (6)

The derivative of Formula (6) is applied to the mining time ¢.

dQ  t-u URR

dr - 2

_ (e
e 22

7
sV2m @

When the production growth reaches the peak, the annual
production change rate é—? = 0.At this point.

b = U (8)

By substituting t,, = 4 into formula (6), the peak annual
production Q,, can be obtained.

_ URR
T s\2n

Qn )]

By substituting formulas (8) and (9) into Formula (6), the
calculation formula of annual output of Gauss model can be
obtained.

_ t)?

Q = Qme 22

(10)
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FIGURE 1

In the formula, the model parameters s can represent the
fluctuation of the peak to a certain extent.

Theory of quantifying production risk

Monte Carlo probability method

The basic idea of Monte Carlo probability method is to
establish the of the probability of
occurrence through the statistical characteristics of “sampling

calculation model

test,” and get the approximate results of the realization
probability.

The specific steps of Monte Carlo probability method are as
follows: Firstly, the solved problem is transformed into the
expected value of a probability model, and then a computer
simulation test is carried out to conduct random sampling of the
model, extract enough random numbers, and conduct statistical
analysis on the problem to be solved [28].

Suppose that the distribution density of random variable f (x)
is y(x), then the mathematical expectation of variable f (x) is:

E= JXI f(x)g(x)dx (11)

According to the distribution density function g(x), N sample
points x; are randomly selected, and the arithmetic mean value
of the function value f (x;) corresponding to the sample points is
taken as the integral estimation value.

Frontiers in Earth Science

Flow chart of shale gas production prediction and risk quantification research.

— 1<
EN = sz (X,’) (12)

Monte Carlo simulation can realize the calculation process of
variable random sampling. According to the probability
distribution density function of the variable, the variable
values are extracted randomly in turn, and the probability
density distribution of the objective function can be obtained
through many repeated independent simulation (Zhang S. et al.,
2021).

It is the premise of Monte Carlo simulation to determine the
mathematical model of objective function and the probability
distribution of variables in the model. According to the given
probability distribution parameters, many random samples are
generated, and the probability density distribution curve of the
objective function is calculated by the model. Figure 2 shows the
specific calculation steps.

Risk level evaluation matrix

Two indexes, realization probability p and production
dispersion degree C, are need to evaluate the risk level of
production. The discrete degree of output refers to the degree
of difference between output values and other output values, that
is, the degree of production change caused by the change of
production risk factors (Gutierrez et al., 2016). Therefore, the
smaller the value of dispersion degree C is, the less it is affected by
risk factors, and the greater the stability of output is.
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N
e Establishment of the mathematical formula of the simulated target.
J
'
¢ Determination of the main independent model variables.
7
¢ Determination of the probability distribution function of the variables, including normal distribution,
exponential distribution, triangular distribution, uniform distribution, and other functions.
7
¢ Determination of the simulation times, random sampling according to the variable distribution function
and input into the analysis model.
S
-
e Final determination of the probability distribution and statistical characteristics of the target variables
through sufcient simulation time.
W

FIGURE 2
Monte Carlo method calculation steps.

100%

25%

10%

W
X

Dispersion degree C

o
X

FIGURE 3

Production risk rating evaluation matrix.

The calculation formula of dispersion degree is as follows:

prediction

In the formula, p is the mean value and s is the standard

I risk tevel 1 [ Risk level 11 deviation.
g Risk level IIII:I Risk level IV

The establishment of risk assessment matrix requires
comprehensive consideration of production realization probability
p and dispersion degree C. According to the shale gas production
production  risk can  be
comprehensively quantified by referring to the four grades of
production risk (Figure 3).

The corresponding relationship between regions of output
risk matrix and risk grade judgment criteria is shown in Figure 4.

Shale gas production projections

Estimate of final recoverable
reserves (URR)

100%  80%  50% 20% 0% According to the shale gas production curve starting since

Realization probability P

2011 (Figure 5), the exploration and development of shale gas in
Sichuan Basin is relatively short. The trend of shale gas
production curve maintaining rapid growth is consistent with
the trend of Hubbert and Gauss prediction model (Eqs 4, 10) in

the early growth stage of the curve. Therefore, these two
prediction models can be used in the study of shale gas

c=1-% (13)

production prediction.

Estimate the URR range of final recoverable reserves (hereinafter

s referred to as URR) is a prerequisite for shale gas production

Frontiers in Earth Science 05
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Risk level 1

The production
target is very
achievable. Judgment
criteria: production
realization probability
P>80%, and dispersion
degree C<5%

Risk level 111

The production target
is relatively easy to
achieve. Judgment
criteria: 20% < P <

50%, and C < 10%; or

P >50%, and
10%<C<25%.

FIGURE 4
Risk grade judgment criteria.

I Raw data of annual output

2012 2014 2016 2018 2020
year

FIGURE 5
Annual production growth trend of shale gas.
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Risk level 1T

The production
target is easy to
achieve. Judgment
criteria: 50%=<P<80%,
and C<10%; or
P>80%, and
5%<C<10%.

Risk level IV

The production target
is not easy to achieve.
Judgment criteria: P <
20%;
20%<P<50%, and
C>10%; or C>25%.

prediction. The rapid growth in shale gas production indicates that
the resource is still in the early stages of exploration and development
(Figure 5). Because of the short exploration and development time of
shale gas, the cognition degree of gas reservoir is not enough.
Therefore, URR is simply estimated by numerical method.

Geological exploration has proved that the resource of
shale gas in Sichuan Basin is 31.14 x 10'2m>. On the basis of
analyzing the law of exploration and development of several
gas reservoirs in Sichuan Basin, the appropriate exploration
speed and recovery range of shale gas are selected. In the
current technical conditions of shale gas exploration and
exploitation, the proved rate of shale gas in Sichuan Basin is
15-25%, and the cumulative proved reserves at the end-of-
life cycle are (4.67 —7.79) x 102m>. The current recovery
factor of shale gas in the Sichuan Basin is about 20%, and the
URR range is estimated to be (9342 -15570) x 10%m>. It
should be noted that with the deepening of the cognition
of gas reservoir, the calculation method of URR also needs to
be improved.
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TABLE 1 Correlation analysis of production prediction results.

Discovery rate of shale gas 15%

URR (108m3) 9,342

Correlation coefficient Hubbert model 0.9787
Gauss model 0.9886

A
=— Production raw data

500+ 460 —— URR=9342x10°m®

R A T == — URR=10899x10*m’

2 o3 7N\ —— URR=12456x10*m’
g 400 )I' S\ —  URR=14013x10°m’
% 1328 __ _/ LN = URR=15570x10m?

z 300 - (V4 1 Stage 1: production growth

= 1 1 Stage 2: production stabilization

§ 2_41 - J - .:,.’. :I, N \\ Stage 3: product%on rapid decl'ine
2 2004191 //, 1 1 Stage 4: production slow decline

§ ----- - 0 \\ '

:é' 7, 1 1 I Production intersection
= 100 ] =100

= Stage 1 : tzage: Stage 3 Stage 4

0 2037, 12047 1206
T T T T T T T
2020 2030 2040 2050 2060 2070 2080 2090 2100
year
Production prediction results
FIGURE 6
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17.5% 20% 22.5% 25%
10,899 12,456 14,013 15,570
0.9774 0.9836 0.9857 0.9814
0.9862 0.9897 0.9887 0.9896
550 . . . . . — 0.14
-
[ Hubbert model peak yield O, . |
500 - "
=— Hubbert model parameters b‘ '[ J Lo.12 -
g | T
S a - 7] P
S 450 - [ g
2 [ _ g
Z 400 [ e Ho.10 §
3 Il g
2. [ =
T 350 v 2
£ | L0.08 &
- | -
5 300- . 5
z e 2
£ 5504 L0.06 =
|
|
2007 anne F0.04
T T T
10000 11000 12000 13000 14000 15000

Final recoverable reserves URR (><108m3)

Prediction results of model parameters

Prediction results of shale gas production based on Hubbert model. (A) Production prediction results. (B) Prediction results of model

parameters.

Shale gas production growth trend
prediction

Hubbert and Gauss peak prediction models are used to
predict 15%-25% peak shale gas production. The URR values
corresponding to each exploration rate is calculated
(Table 1), and the shale gas production growth trends
under these five different detection rates is studied by
selecting the discovery rates of 15%, 175%, 20%, 22.5% and
25%, respectively.

Different URR values are substituted into formulas (4) and
(10), respectively, to obtain the shale gas production growth
formulas (Formulas (14) and (15)) and shale gas production
prediction results (Figure 6A and Figure 7A). Formula (14) is the
output growth formula of Hubbert model, and Formula (15) is
the output growth formula of Gauss model. The peak annual
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production Q,,, peak production time ¢,,, peak slope b, standard
deviation s and other model parameters of the two formulas
represent different URR conditions. These two formulas
correspond to Figures 6A, 7A respectively.

2 x 199.92 o 3
,URR= 9342 x 10°m
1 + cosh[0.0856 (f — 2042)]
2 x 254.49
X ,URR= 10899 x 10°n°
1 + cosh[0.0934 (¢ — 2042)]
2 x 355.62
Q= ,URR= 12456 x 10°m’
1+ cosh[0.1142 (¢ — 2042)]
2 x 455.26
X ,URR= 14013 x 10°m°
1+ cosh[0.1271 (¢ — 2042)]
2 x511.47
X ,URR= 15570 x 10*m>
1 + cosh[0.1314 (f — 2042)]

(14)
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Prediction results of model parameters

Prediction results of natural gas production based on Gauss model. (A) Production prediction results. (B) Prediction results of model

parameters.

177.44 x e~ 2027/ (22190) RR= 9342 x 10°m
286.41 x 20127/ (21518) TRR= 10899 x 10%m®
367.58 x ¢~ (2027 (3x1352) URR= 12456 x 10°m’
445,22 x 2017/ (21358) RR= 14013 x 10%m°
521.82 x e 202/ (>X1196) 7RR— 15570 x 10%m

(15)

By studying the relationship between the above model
parameters and URR, the growth law of shale gas production
with URR can be further analyzed. In the estimated range
URR = (9342 — 15570) x 10%m3, 100 different URR values are
uniformly extracted. The above URR values are calculated by
substituting them into formulas (4) and (10), and corresponding
model parameter values (Figures 6B, 7B) are extracted through
different production prediction results obtained (Figures 6A,
7A). In this paper, the production prediction results of five
kinds of URR are selected to display, including the upper and
lower boundary values of URR estimation range, to predict the
boundary of future production.

It can be seen from Figures 6A, 7A that the production
prediction results of the two models are highly similar and can be
analyzed simultaneously. The production always reaches the
peak in 2042 with the increase of URR, i.e. t, = 2042. During
the period of 2022-2062, the production growth curve is
axisymmetric with respect to t=2042.

In Figure 6B, with the increase of URR, the peak production
Q,; and parameter b of Hubbert model show a ladder growth
trend. When the URR increases to a certain value, the parameter
will increase rapidly, and then show a gentle increase. In
Figure 7B, the output peak Q,, of Gauss model increases
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linearly. With the increase of URR, the numerical curve of
parameter s keeps a relatively smooth downward trend, and
the decreasing rate gradually decreases. The variation of model
parameters reflects the production variation. Therefore, when
URR is at the same growth rate, Gauss model has a more stable
yield growth trend than Hubbert model.

According to the production growth rate, the production
growth process in the future period can be divided into four
stages: the production rise stage (2022-2037), the production
stability stage (2037-2047), the production rapid decline stage
(2047-2064) and the production slow decline stage (2064-2090).
In 2022-2037, the output is in a period of rapid annual growth.
From 2037 to 2042, the output will keep steady growth and reach
the peak Q,, in 2042. From 2042 to 2047, the output will keep a
steady decline. From 2047 to 2064, the production began to
decrease rapidly with the increase of years. After 2064, the
production curve begins to decline slowly and gradually
approaches zero. Notably, the production curve converges in
2064 when annual yield is Q = 100 x 10%m°. Therefore, the year
2064 is regarded as the dividing line between the rapid decline
stage and the slow decline stage.

By introducing the correlation analysis process, the accuracy of
the two production prediction results can be compared. Correlation
analysis was conducted between Hubbert model and historical data
for five kinds of production prediction data, and the same with
Gauss model. As shown in Table 1, the correlation coefficients of the
two models are very close to 1, and the corresponding yield
prediction results are very accurate. However, the correlation
coefficients of Gauss model under the same URR are all higher
than that of Hubbert model. Therefore, the prediction data of Gauss
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TABLE 2 Production prediction results of shale gas under different URR.

URR/ Peak Production stabilization stage
108m? production
8.3
Qul tw 10°m’ [y Time/ Minimum Cumulative URR
year production/ 10%m? production/ 10%m? exploitation

degree (%)

9,342 177.44/2042 2034-2047 172 4,473 47.88
10,899 286.41/2042 2034-2047 271 6,402 58.74
12,456 367.58/2042 2034-2047 343 7,764 62.33
14,013 455.22/2042 2034-2047 411 9,036 64.48
15,570 521.82/2042 2034-2047 478 10,270 65.96
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FIGURE 8

Yield prediction results under different URR. (A) Production increase stage. (B) Production stabilization stage. (C) Production rapid decline stage.
(D) Production slow decline stage.
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model with higher correlation coefficient are selected as the result of
shale gas production prediction. The yield prediction results under
different URR conditions are obtained (Table 2).

Comprehensive evaluation

The exploration and development of shale gas is relatively low
and there are many unknown factors, so the URR of recoverable
reserves eventually becomes the dominant factor affecting the
production trend. The estimated value range of URR was
introduced into Hubbert and Gauss models for yield prediction,
and the accuracy of yield prediction results was verified by
correlation analysis. Under the same URR, the correlation
coefficients of Gaussian model are higher than that of Hubbert
model. Compared with Hubbert model, gauss model has higher
precision in predicting output. It provides a theoretical basis for shale
gas exploration and development planning by establishing a forecast
model for shale gas production growth trend under different
exploration rates. It is predicted that shale gas production in
Sichuan Basin will continue to grow rapidly in the next 15 years.
15 years later, shale gas production will reach its peak in 2037-2047
(among which, the yield reached the highest point in 2042, which
was (280 — 460) x 108m3/a), and show a rapid decline in
2047-2064. After 2064, shale gas production will further decrease
with time passing by.

Quantification of gas production risk
in shale gas

Calculation of production realization
probability based on Monte Carlo method

The process of production growth in the future period is
divided into four stages. According to the characteristics of
different
calculated for different stages of yield growth.

stages, the probability of yield realization is

To clearly reflect the influence rule of URR on yield
of the
production growth stages in Figure 7A are locally amplified,

prediction results, the prediction results four
and the abscissa of these graphs are defined as URR to obtain the
URR-production prediction results of each stage and in different
years (Figure 8).

Taking the result diagram of the production increase stage of
Figure 8A as an example, the meaning of the URR-yield prediction
result diagram is described. Figure 8A is a dot line diagram, with
lines of different colors representing the production of different
years. The details of the dot chart are as follows:

The lines in different colors represent the trend of production
in different years with the increase of URR. The abscissa in the
figure is the URR corresponding to the production, and the

ordinate represents the annual output. For example, the brown
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line in Figure 8A corresponds to the yield year of 2036. The
abscissa of the upper right of the brown line in the figure is
15,570 and the ordinate of the top is 458.99. The coordinate of the
point on the top right of the adjacent yellow line is 402.78, and
the difference of the ordinate of the two points can be calculated
as 56.21. That is, when URR = 15570 x 108>, the annual
production of 2036 Q =458.99 x 103m>, and the difference
between it and 2034 Q=402.78 x10%#%® is AQ=
56.21 x 108m>.

Monte

production

the
realization probability of four

different
production

Carlo method can calculate
growth stages each year. In the mathematical model of
probabilistic simulation based on Gauss yield calculation
equation of Formula (10), URR is the main independent
variable affecting production. The year 2030 is taken as an
example to introduce the probability calculation process. Since
the value of URR is uniformly extracted, the uniformly
distributed URR value is directly randomly extracted for
multiple times. of URR as
100,000 times and extract each URR value to obtain the
corresponding  Q,, 7B
respectively, and put them into Formula (10) together with
t=2030 to obtain the output Q in 2030.

After 100,000 the
distribution probability of annual production value Q is

Set the extraction times

and t, values from Figure

times of production calculation,
calculated, and the corresponding cumulative probability is
obtained through a cumulative way, which is the realization
probability of production. Due to the uniform distribution of
URR, the accuracy of production probability statistics can be
guaranteed. Figure 9 shows the production realization
probability results of representative years in four stages.
Table 3 shows the calculation results of realization probability
of annual output at different stages.

The cumulative probability and realization probability both
represent the possibility of output reaching the corresponding
In 2060, “P80 =79.38 x 103m>/a”

probability of production reaching 79.38 x 108m?/a is 80%. In

scale. means that the
this paper, the risk of shale gas production in different probability
intervals is calculated and the risk is quantified. Where, the
production of P80 is guaranteed, the production of P50 is the
average yield, and the production of P20 is ideal. The probability
of different shale gas development targets can be obtained from
the production simulation results, which provides important
reference and guidance for the formulation and feasibility
analysis of shale gas exploration and development plans.

Production risk level evaluation based on
matrix analysis

By introducing a risk matrix (Figure 3), quantitative risk

research and risk grade evaluation are conducted on shale gas
production. According to the probability calculation method
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TABLE 3 Production realization probability calculation results of different stage years.

Annual P90 P80 P70 P60
production

Q/ ((10%m3/a)

2030 116.94 153.88 178.08 198.08
2042 197.21 254.65 295.76 330.81
2060 58.09 79.38 91.19 100.66
2070 15.24 18.97 22.10 25.21
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P50 P40 P30 P20 P10
21637 233.77 250.88 268.66 289.96
363.58 395.49 427.41 460.87 500.83
109.10 116.92 124.44 132.19 141.49
28.61 3258 37.46 43.96 60.36
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in Section 4.2, the probability of production distribution in
each year of the four stages is obtained and the realization
probability curve is drawn. According to the distribution
probability curve, the mean value y and standard deviation
s of annual output are calculated, and then substituted into
Formula (13), the dispersion degree ¢ of annual output was
obtained.

In the stage of increasing production and slowly decreasing
production, 5% <C <10%. At this time, p > 80% corresponds to
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grade IT risk, 20% < p <5 0% corresponds to grade III risk, and p <
20% corresponds to grade IV risk.

10% < C < 25% in stable production stage and rapid
production decline stage. In this case, p>50% corresponds to
grade III risk, while p < 50% corresponds to grade IV risk.

In view of the value range of C in different stages, the yield
realization probability curves of different years in the four stages
are superimposed with the areas of risk matrix to obtain the
annual yield target risk levels in different stages (Figure 10).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.977200

Li et al.

As can be seen from Figure 10, as the product value increases,
the corresponding realization probability decreases gradually, and
the risk level of the production realization probability increases
accordingly. According to the quantification results of production
risk at different stages in Figure 10, the realization probability and
risk level of different production in different years can be directly
obtained. Because the production risk level indicates that the
production target is difficult to achieve, the quantitative study of
production risk based on probability calculation and matrix analysis
can provide theoretical basis for feasibility analysis of shale gas
production target at different time nodes.

Comprehensive evaluation

The quantitative study of shale gas production risk is to
analyze the probability distribution of production in each year
under the premise of uniform distribution of URR. Based on the
evaluation indexes of shale gas production realization probability
p and dispersion degree C at different time nodes, the production
risk is quantified. By introducing evaluation matrix, risk grade
evaluation and target risk analysis of annual production in
different production growth stages are carried out.

Due to the low cognition of shale gas exploration and
development in Sichuan Basin, the establishment criteria of risk
grade evaluation matrix are not fully combined with shale gas
exploration and development, so URR is used as the influencing
factor of production prediction in this paper. Therefore, with the
advance of shale gas exploration and development in the future, the
methods of production prediction and risk matrix establishment
need to be constantly improved and updated to meet the needs of
shale gas exploitation.

Conclusion

In this paper, Hubbert model and Gauss model are used to
predict the production growth trend of gas reservoirs. Monte
Carlo method is used to simulate the probability of production
realization. The conclusions are as follows:

1) when URR is at the same growth rate, Gauss model has a
more stable yield growth trend than Hubbert model, and the
correlation coefficients of Gauss model are all higher than that of
Hubbert model. This means that the production prediction
results of the Gauss model have higher accuracy.

2) URR is introduced into Hubbert and Gauss model to forecast
shale gas production growth trend. The production growth process
can be divided into four stages, and the production growth rate in
each stage has obvious difference. Production projections indicate
that shale gas production will reach its peak range of
(280 — 460) x 108m3/a in 2042. In 2037-3047, it will be a stable
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production stage, and the URR recovery will reach 60% at the end of
the stable production period.

3) Production risk quantification research based on
production prediction results can provide more quantitative
The
production growth curve with URR as independent variable

basis for shale gas exploration and development.

was simulated by Monte Carlo, and the production realization
probability p of each year with URR as influencing factor was
obtained. Combining this index with dispersion degree C, the
risk grade evaluation matrix is established. It has promoted the
establishment of shale gas production target risk quantification
system in Sichuan Basin.
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