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Table 2.1 Summary of Arps DCA equations (Poston et al

., 2008)
Decline . . . -
Decline rate Production rate Elapsed time Cumulative
exponent .
(b) (D) (@) (1) production ((J,)
Exponential 1 4 ! 4 .
n(qt) qexp(= Di) n( Qt) qlbqt
(b=0) 7 D
Hyperbolic _ , di iy
yp Dz: (‘L ) T (Qt) 1 ﬁ[li(ﬂ)l—b]
oO<b<1)y D@ (1+bDt)" ) %
Harmonic | D, ¢ @ G- G 4
=(—) —In(—)
(b=1) D, q; 1+ Dt Dq, D, qQ;
Harmonic (b=T1)
g=——
- AN 1+ D;t

q - . i

Exponential (b=0)

q= qie_Dr

Hyperbolic (0<b<1)

qi

U+bog4

}J

T T
4

Figure 2.1 Arps decline curves (Fekete Associates Inc

. 2013).



Table 2.2 AF52 Ai wAYS wat dibxoz 5= FEA
F s Uetdt FHel diEFo]l At ARFT ¢Ee] FAHAY
TF AFRSTL AT 05 oY w2 FHATHS BATh AL7FEHL )

G S FAFIE 7IIFE dolwEel A7 AEHH7] wel AAA

Barnett A A7F2A 7317] 7F2A oA V=3 647271 AAREE A5

Ay, Hit F 1.69 TEAFIES A TH(Baihly 5 2010).

Table 2.2 Typical range of decline exponent value depending on the reservoir

type (Fekete Associates Inc., 2013)

b-value Governing reservoir drive mechanism
0 Single-phase liquid (oil above bubble point)
Mild
0 Single-phase gas at high pressure
hyperbolic
0.1-0.4 Solution gas drive
0.4-0.5 Single-phase gas
St
rong 0.5 Effective edgewater drive
hyperbolic
0.5-1.0 Commingled layered reservoirs
9
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6= $(x) original estimator o= s(x*) bootstrap estimator
Vi(6—-6) — ¥ (u(P),0*(P)) V(6" = 8) = ¥ (ua(P), 03 (P))

N /

Figure 2.2 Basic idea of bootstrap method (Shimizu, 2010).
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Figure 2.4 Resampling method of moving block bootstrap.
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Figure 2.8 Original production data, the number of production data is 36.
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Figure 2.9 Synthetic data generated by conventional bootstrap, the number

of production data is 24.
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curve, the number of production data is 36.
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Figure 3.2 Generating cycles by concatenating the high run and low run,

the threshold value(median) is 63 Mscf, the number of cycle is 7.
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Figure 3.3 Sampled cycles by random sampling with replacement.
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Figure 3.4 Synthetic data generated by threshold bootstrap.
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Figure 3.5 Flow chart of the proposed probabilistic reserve estimation method.
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Figure 4.1 Location of Wise and Denton counties in Barnett shale gas play.
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QR olo] uhet A Fr19) AAANE, £92A W S & Y
ME PHS WIsA R Aol WHHE Pl Atk A9 A
E ¥ E o, 15 FEZEHS ol &3 AAFEHIAH EAHS ALt
2 ANARE o8 AT dF) BRUYL AEHOE FFRHA ¥
e Aoz BuHg
Table 4.1 Probabilistic reserve estimation of 98 shale gas wells by
conventional bootstrap
Matching period 12 18 24 36
(month) (1-12) (1-18) (1-24) (1-36)
Prediction period 60 54 48 36
(month) (13-72) (19-72) (25-72) (37-72)
Coverage probability (%) 58.2 55.1 51.0 48.0
Average absolute relative
12.5 8.2 6.2 4.0
error of P50 (%)
Average (P10-P90)/P50 0.29 0.14 0.10 0.06
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Gas production rate, MMscf/month
Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.2 Results of probabilistic reserve estimation by conventional bootstrap,

matching period = 12 months.

Gas production rate, MMscf/month
Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.3 Results of probabilistic reserve estimation by conventional bootstrap,

matching period = 18 months.
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Gas production rate, MMscf/month
Cumulative gas production, MMscf

80
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Figure 4.4 Results of probabilistic reserve estimation by conventional bootstrap,

matching period = 24 months.

Gas production rate, MMscf/month

Cumulative gas production, MMscf/month

80

Time, month Time, month

Figure 4.5 Results of probabilistic reserve estimation by conventional bootstrap,

matching period = 36 months.
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Figure 4.6 Backward analysis for 20%, 30%, 50% of production data.
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Table 4.2 Results of backward analysis, matching period = 12 months

Backward analysis

Case No. Base case
1(50%) 2(30%) 3(20%)
. . 12 6 4 2 Result
Matching period | > (7-12) 9-12)  (11-12)
Coverage
. 58.2 79.6 82.7 459 92.9
probability (%)
Average
absolute relative
12.5 25.4 27.9 39.8 25.4
error of P50
(%0)
Average
(P10-P90)/P50 0.29 ) i ) 0.86
Table 4.3 Results of backward analysis, matching period = 18 months
Backward analysis
Case No. Base case
1(50%) 2(30%) 3(20%)
18 9 5 4 Result
Matchi i
atching period (o) (1o-18)  (14-18)  (15-18)
Coverage
o 55.1 68.3 60.2 69.4 88.8
probability (%)
Average
absolute relative
8.2 14.6 18.8 21.7 15.4
error of P50
(%)
Average
(P10-P90)/P50 0.14 ) i ) 0.54
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Table 4.4 Results of backward analysis, matching period = 24 months

Backward analysis

Case No. Base case
1(50%) 2(30%) 3(20%)
. . 24 12 7 5 Result
Matching period | hp) 1324y (18240 (2024
Coverage
o 51.0 54.0 68.4 68.4 86.7
probability (%)
Average
absolute relative
6.2 12.2 12.6 13.2 10.1
error of P50
(%0)
Average
(P10-P90)/P50 0.10 ) i ) 0.37
Table 4.5 Results of backward analysis, matching period = 36 months
Backward analysis
Case No. Base case
1(50%) 2(30%) 3(20%)
. . 36 18 11 7 Result
Maiching period | 300 (19.36)  (2636)  (30-36)
Coverage
o 48.0 60.2 60.2 61.2 84.7
probability (%)
Average
absolute relative
4.0 5.0 5.5 6.2 4.7
error of P50
(%0)
Average
(P10-P90)/P50 0.06 ) i ) 0.19
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Gas production rate, MMscf/month

Gas production rate, MMscf/month

Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.7 Results of probabilistic reserve estimation by backward analysis,

matching period = 12 months.

Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.8 Results of probabilistic reserve estimation by backward analysis,

matching period = 18 months.
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Gas production rate, MMscf/month

Gas production rate, MMscf

Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.9 Results of probabilistic reserve estimation by backward analysis,

matching period = 24 months.

Cumulative gas production, MMscf

80

Time, month Time, month

Figure 4.10 Results of probabilistic reserve estimation by backward analysis,

matching period = 36 months.
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Table 4.6 Comparison of the results

depending on the matching period for each methods

Matching
period 12 18 24 36
(month)
Conventional = Backward Proposed Conventional = Backward Proposed Conventional | Backward Proposed Conventional = Backward Proposed
Method . . . .
bootstrap analysis method bootstrap analysis method bootstrap analysis method bootstrap analysis method
Coverage
probability 58.2 92.9 75.5 55.1 88.8 81.6 51.0 86.7 85.7 48.0 84.7 92.0
(o)
Average
absolute
. 12.5 254 12.4 8.2 154 8.2 6.2 10.1 6.2 4.0 4.7 4.1
relative error
of P50 (%)
Average
0.29 0.86 0.46 0.14 0.54 0.37 0.10 0.37 0.33 0.06 0.19 0.26

(P10-P90)/P50

48



Cumulative gas production, MMscf

80

Time, month

(a) Conventional bootstrap

1,400

|| @&—@—@ True
1200 __ P10 <
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.
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Cumulative gas production, MMscf
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(b) Backward analysis (¢) Proposed model

Figure 4.11 Results of probabilistic reserve estimation for each methods, well #I,

matching period = 12 months.
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Cumulative gas production, MMscf

80

Time, month

(a) Conventional bootstrap

Cumulative gas production, MMscf
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Figure 4.12 Results of probabilistic reserve estimation for each methods, well #2,

matching period = 12 months.
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Figure 4.13 Results of probabilistic reserve estimation for each methods, well #3

matching period = 12 months.
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Figure 4.14 Results of probabilistic reserve estimation for each methods, well #4

matching period = 12 months.
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Figure 4.15 Results of probabilistic reserve estimation for each methods, well #5

matching period = 12 months.
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ABSTRACT

Probabilistic Reserve Estimation of Shale Gas
Using Decline Curve Analysis Combined With
Threshold Bootstrap and Monte Carlo simulation

USU KIM

Department of Energy Systems Engineering
The Graduate School

Seoul National University

The objective of decline curve analysis(DCA) using bootstrap is to quantify
the uncertainty of reserve estimation by assessing probability distribution of initial
flow rate, initial decline rate, and decline exponent. However, the DCA using
conventional bootstrap shows tendency to underestimate the uncertainty in reserve
estimation due to generation of a narrow range of confidence interval.

In this study, the DCA model combined with threshold bootstrap and
Monte-Carlo simulation is proposed to improve the uncertainty of reserve
estimation. In the method, after estimating the probability distribution of DCA
parameters by threshold bootstrap, sets of DCA parameters are sampled using
Monte Carlo simulation in order to consider various well completion efficiencies
and flow regimes in shale gas reservoir.

The model showed the better performance than the conventional bootstrap for
probabilistic reserve estimation of 98 shale gas wells in Barnett shales.
Confidence intervals bracketed almost 80% of production history. The efficiency

of computation time is improved compared to backward analysis, where
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generation of additional synthetic data sets is required.
The results of this study provides a practical and cost-effective tool to
predict future production performance using early production data in shale gas

resServoirs.

Keywords: shale gas, decline curve analysis, probabilistic reserve estimation,

threshold bootstrap

Student number: 2011-23421
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