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Abstract

This thesis provides a new methodology to forecast ultimate recovery, based
on more reliable production forecast for shale oil wells using historical produc-
tion data. Compared to available decline curve methods including Arps (AIME:
160, 228-247), Valko (SPE 134231) and Duong (SPE 137748), this method is more
accurate and more conservative.

Production forecasts play a vital role in determining the value of oil or gas
wells, and improved accuracy enhances management decisions on field develop-
ment. The new, more accurate method was verified using both field data and
numerical simulations. This method can potentially be used in most shale reser-

voirs producing single-phase liquid.
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CHAPTER 1 INTRODUCTION

Shale oil production has accelerated in the US, growing from 111,000 barrels
per day in 2004 to 553,000 barrels per day in 2011. It has been estimated by the
US Energy Information Administration (EIA) that shale oil production in the US
will increase to about 1.2 million barrels per day by 2035. However, the figure is
pretty much conservative as compared to other market analysts who assumes the
per day production of shale oil to be 3-4 million bbls. EIA estimates of the scale
of total shale oil resources in the US have been revised upwards from 4 billion
barrels in 2007 to 33 billion barrels in 2010, providing a significant contribution to
increased US energy independence (Fig. [1.1).

It is also assumed that shale oil will make the largest contribution to the
total US production growth by 2020, provided the proportion of production from

conventional resources remains relatively stable.
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Figure 1.1. EIA assessments of technically recoverable shale oil in the USA.



USA Qil Shale in Perspective

Qil Shale Resources: http://www.worldenergy.org/documents/ser2007_final_online_version_1.pdf
Current Proven Reserves: http://iwww.eia.doe.gov/emeu/international/reserves.html
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Figure 1.2. Shale oil production in the USA and in the rest of the world.

Though large amount of resources have been discovered globally, the de-
velopment of shale oil is still at an early stage outside the USA. Global shale
oil resources are estimated at between 330 billion and 1,465 billion barrels. In-
vestments have already begun to characterize, quantify and develop shale oil
resources outside the US. Since the beginning of 2012, there have been a num-
ber of announcements made regarding the discovery of shale oil resources. The
exploration and production of shale oil has also been encouraged.

As shown in figure Fig. global shale oil production has the potential to
rise to up to 14 million barrels of oil per day by 2035, amounting to 12 % of total
oil supply at that date (using EIA projections for production other than shale oil).

The investment decisions for unconventional resources depend to a great ex-
tent on the ability to accurately forecast ultimate recovery. Conventional methods

for forecasting ultimate recovery have generally been a great success for conven-



tional resources. However, estimating reserves in unconventional reservoirs with
low permeability is problematic due to the longer transient flow periods. These
unconventional wells frequently have bi-linear and linear flow regimes that were
absent in traditional wells and these new flow regimes may dominate the pro-
duction cycle (Freeborn and Russel, 2012).The common industry practice is to use
Arps’ empirical rate decline models, but these equations are applicable only dur-
ing boundary-dominated flow. Using Arps’ relation for unconventional resources
can result in significant overestimation of reserves. Recent methods proposed to
estimate reserves in unconventional resources include the Stretched Exponential

decline model and the Duong model. Each of these methods also has its own

shortcomings.
Chart 3 Glabal Nguids pr s Ry FESOLrGE
12
100
roe, O
TR
sjomy 6D
@0
1]
20
o
2010 2015 2020 Farre] 20040 2035 2040
W conveenonatciincincty  Menwars Mocarewycl B s
Seurce 13A 100 2315, Parl Anclouh [ssin sirndrie)

Figure 1.3. Million barrels of oil produced per day from 2010 to 2040, globally.



CHAPTER 2 DECLINE CURVE ANALYSIS

Production decline curve analysis is one of the oldest methods for predicting
oil or gas reserves. Decline curve analysis (DCA) is a means of predicting the
future production of oil or gas from a well or series of wells, based on extrapola-
tion of production history. They play a vital role in determining the value of oil
or gas wells. If the conditions affecting the rate of production are not changed,
the curve will furnish useful knowledge as to the future production of the well.
With this knowledge the value of a property may be judged, and proper economic
analysis can be made. DCA is one of the most common methods for forecasting
of oil and gas production. The main advantage of decline curve analysis is that,
it uses historical data which is usually very easy to obtain. The results of de-
cline curve are simple plots and easy to visualize, analyze and understand. To
date various methods have been developed for decline curve analysis of which
the most common include Arps, Duong and Stretched Exponential Production

decline methods.



CHAPTER 3 ARPSs DECLINE MODEL

Arps decline curve analysis has been broadly used to estimate reserves since
1940s. It is still arguably the major technology to estimate EUR. Arps decline
curves are of three basic types: exponential (b = 0), hyperbolic (0 < b < 1), and
harmonic (b = 1). The Arps equations are shown below:

Exponential Decline,

q: = qiexp [—Dt], (3.1)
Hyperbolic Decline
qi
= |—1, 3.2)
" lax bDit)l/b] (
Harmonic Decline
_ qi

where g; represents production rate at time ¢, g; represents stabilized rate at t =
0, D; is the decline rate which is constant for exponential decline, more generally,
Djis the decline rate at flow rate g;, b is Arps decline constant.

Arps derived hyperbolic decline model based on the emperical observation
that the decline parameter b is usually constant for most of the wells. The ex-
ponential decline model is the special case with b=0. Arps equations are valid
only for wells in boundary dominated flow. Unconventional wells, which have
permeabilities in the range of micro to nano Darcies, have long duration of tran-
sient flow in which b varies (decreases) significantly with time. In horizontal
wells with multifracturing completed in unconventional (low permeability) reser-
voirs, multiple flow regimes may persist for as long as a decade before reservoir
boundary dominates flow. During transient flow period, analysis of production

indicates that production decline can be adequately represented using values of

5



Arps decline constant, b, greater than one, although b decreases with time (Lee

and Sidle,2010).
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Figure 3.1. Rate vs time variation with respect to b.

Forecasting of wells that have long transient flow periods, using a constant b
obtained from the early transient flow, over predicts well performance (kurtoglu
et al,2011). Fetkovich et al. (1987) have argued that such anomalous behavior,
i.e. values of (b > 1) arises when data from the transient flow regime are used to
fit the model that is actually appropriate only during Boundary Dominated Flow
(BDF).

The decline exponent must be within the range (0 < b < 1) range to apply
the Arps curves correctly. The harmonic case (b=1) should be used only with
reservation because a forward prediction could result in an infinite cumulative

recovery estimate.



CHAPTER 4 STRETCHED EXPONENTIAL

PrRODUCTION DECLINE

To avoid the uncertainty associated with long term reserve estimates from
the Arps model, Valko (Valko, 2009) proposed a new method the Stretched Ex-
ponential Production Decline. This equation normally tends to fit all the data
and it can also handle high initial rates followed by a rapid decline, which are
common for wells with multi-stage fracturing. As it tends to fit most of the data,
the more historical data, more accurate will be the EUR. Compared to the Arps
hyperbolic model, SEPD has a most significant advantage: EUR is bounded for

any individual well. The SEPD can be applied using the following equations:

w=aer| ()] w
ORI ORONE w2

o (1) -1 (1), )] | .
[r(5)-r(3) (%),

R LORIGEEIT "
ot - (%) )

where g; is the time-varying production rate, g; is the initial production rate, Q is
the cumulative production, 7 is the exponent parameter for SEPD model, T is a
characteristic time parameter, rp; is the ratio of two year production to one year
production; and r3; is the ratio of three year production to one year production.
The stretched exponential production decline (SEPD) model acknowledges

the heterogeneity of a reservoir in that the actual production decline is determined



by a great number of contributing volumes individually in exponential decay,
but with a specific distribution of characteristic time constants (Valko and Lee,
2010). SEPD appear to fit field data from various shale plays quite well, thereby
providing an effective alternative to Arps model (Lee, 2012). It predicts a lower
EUR that would be obtained from extrapolation of Transient flow regime without
the transition to exponential decline, as in the case of Arps.

But this method has some serious shortcomings. The equations are very com-
plex and difficult to solve. It relies on complete and incomplete gamma function,
for which computer codes are required.The application of this method requires a
relatively long production history of the well. Though this equation always ob-
tains a solution, the solutions ability to predict EUR may be too poor or of lesser

quality.



CHAPTER 5 DuoNG’'s PRODUCTION DECLINE

Duong’s method was empirically derived based on a long-term linear flow
in a large number of wells in tight and shale gas reservoirs (Duong, 2011). "A log-
log plot of rate over cumulative production vs. time is observed to fit a straight
line in most unconventional reservoir cases studied. The slope and intercept are
related to reservoir rock characteristics, fracture stimulation practice, operational
conditions and possibly liquids content” (Duong, 2011). Duong’s equations are

described below,

qt = qit ", (6.1)
Q {1} m
== ||, 5.2
== ; 62)
tp =t Mexp L(tl_m —-1]] (5.3)
1—m ’
qt = qitp + qinf, (5.4)

where g; represents production rate at time f, q; represents stabilized rate at t
= 1,a and m are emperical constants, tp is dimensionless time, Q is cumulative
porduction and ;s is the intercept of the plot of g; vs. tp

The Duong equation differs from the previously mentioned methods due
to the simplicity and ease with which the equation is solved. This method is
easy and simple to use for predicting future rate and EUR. The equation can be
solved in a simple spreadsheet. This equation was formulated for the use for
unconventional resources.

Duong equations can be solved in just two steps: the first step is plotting ratio

of production rate, q, and cumulative production, Q, vs.t on log - log coordinates.



The parameters 4 and m can be obtained from intercept and slope respectively.
The second step is to plot dimensionless time vs rate, to solve for g1 and g,y
However, the derivation of equation 5.4 does not include g;,,¢, so the trend line
should be obtained in such a way so as to force the g;, 7 to be zero.

Duong’s method appears to fit production data from both vertical and hor-
izontal wells. The EUR is not based on the traditional concept of drainage area
(BDF) but on the constraints of the latest trends with both time and economic rate
limits (Duong, 2011).

The Duong equation models transient flow, so it assumes prolonged produc-
tion within this flow regime. Duong model is suitable for a single flow regime but
currently has not been proved and is questionable for wells with transitions from
linear to boundary-dominated flow (Freeborn and Russell, 2012). The equation is
useful only for a transient flow regime and maybe a poor estimator of EUR. But it
gives accurate estimates so long as the transient flow regime persists. In addition,

the solution is quite sensitive to small variations in data.
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CHAPTER 6 COMPARISON OF METHODS

Arps is the most common method used in the industry currently. It pro-
duces accurate results for conventional resources, which have limited duration
transient flow regimes. Most of the data for wells in conventional resources are
in the boundary dominated flow regime. But because the transient flow regime
may last for more than a decade in unconventional resources, there came a need
to formulate new methods. The Arps model doesn’t work well in the transient
regime as the b value is usually greater than one, i.e., super hyperbolic, and de-
crease with time. In addition, production continues for infinitely long. However,
Arps is still used as a complement to the other methods.

SEPD and Duong were developed to overcome the problem that develops
when the transient flow regime lasts for a long time. SEPD always provides a so-
lution. The solution of SEPD requires specialised software or complex computer
code. The Duong method is easy to understand and visualize. It can be applied
using a simple spreadsheet. But this equation is valid for a single transient flow
regime only. It is neither expected to work across flow regimes nor to predict
accurately outside the flow regime being analyzed.

When historical field data is long enough to include a moderate to large
amount of boundary dominated flow data, then it may be preferable to use the
Arps models rather than using the SEPD equations (Freeboen and Russell, 2012)

In summary, SEPD and Duong fail to perform in BDF and Arps fail to pro-

vide accurate results if a long transient flow regime is present.
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CHAPTER 7 NEW METHOD

As stated above, Arps is inaccurate in the transient flow regime, Duong is
inaccurate in boundary dominated flow (BDF). Hence there is a need to develop
a new decline model or a new method to predict more accurately the recovery in
unconventional resources. The new method is basically the combination of above
mentioned methods. As SEPD and Duong model the transient flow regime well
and Arps are widely used for BDF regime, the new method combines the two
methods to achieve our objectives and eliminate the shortcomings.

First we plot rate (or normalised rate) vs material balance time (or time) to
identify the flow regimes in well history and the current flow regime. Material
balance Time (MBT) is the ratio of cumulative production to the production rate.
Then we try to match the given data with the methods stated above and calculate
the parameters from rate vs time plots. If the data has not reached the BDF
the onset of BDF is unknown. The b value in Arps decline model decreases
during a long transient flow period. So Kurtoglu et al. (Kurtoglu et al., 2011)
suggested using Arps standard decline rate equation until the decline rate reaches
a minimum decline and thereafter, use the exponential decline equation with
decline exponent equal to terminal decline. In an analogous way, we assume in
our new method that BDF will start when the terminal decline rate is 5 percent
per annum .When D reaches the Dmin, we switch from the transient model to
the Arps model. At the time of switch to Arps, the value of b is assumed to be
0.3, typical for a solution drive reservoir (Fetkovich, 1980). If we know the time of
BDF onset from the rate vs MBT plot, we use the time for switch and select the b
value such that BDF data is matched. The EUR from the new method is the result
of combination of two models: one for transient flow and the other Arps, which

is currently the most accurate method to model boundary dominated flow. Thus

12



there are basically three new methods: 1) super Hyperbolic combined with Arps;
2) SEPD combined with Arps; and 3) Duong combined with Arps. Using the
field rate data and simulated rates data, we calculate the EUR using six methods
discussed above and determine the most appropriate method. Also we will match
the output from the above method to analytically simulated rates generated with

Fekete Harmony software.

13



CHAPTER 8 FreLp ExAMPLES

Two field examples and one simulated example are presented from uncon-
ventional shale oil reservoirs to provide a comparative assessment of various
decline curve analysis models, and to quantify the uncertainty associated with
30-year EUR estimates. These examples will be analyzed using the six decline
curve analysis models described earlier, viz., Arps Hyperbolic model, Stretched
Exponential Production Decline Model (SEPD), Duong model and the combined

models, Arps + Arps, SEPD + Arps and Duong + Arps.

8.1 Example1l

The first example is from the ElIm Coulee Field in Richland County, Montana
well Anna 2-3h. Five years of production history are available. Fig. a plot
of production rate, q, vs Material Balance Time, MBT, shows that a slope of -1
indicating BDF, starts from MBT 90, which is equivalent to the actual time of 45.5

months.

14
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Figure 8.1. Rate vs material balance time for field example 1.

8.1.1 Arps Hyperbolic Model

For the Arps model, first we plot the ratio of observed production rate, q,
and cumulative production, Q, to estimate the decline exponent, b, and the ini-
tial decline rate, D;. The resulting fit is shown in Fig. The resulting best fit
parameters are b =1.16 and D; = 0.198 1/d. Then we plot the production time,
t, and cumulative production, Q, as shown in Fig. The best fit to the above
curve provides an estimate of the third parameter, g;, the initial production rate.
The resulting best fit parameter is q; = 9710 bbls/month. Using these fitted pa-
rameters, the 30-year cumulative production (30-year EUR), Q30, is estimated to
be 257,000 bbls.

15
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Figure 8.3. Cumulative production vs time for field example 1.

16



8.1.2 SEPD

For the Stretched Exponential Production Decline, the equations for r;; and
r31, i.e., the ratio of two year production to one year production and the ratio of
three year production to one year production respectively, are used to estimate the
characteristic time parameter, 7, and the parameter n. The equations were solved
using the VB code in excel. The resulting best fit parameters are T = 1.2 months
and n = 0.32. Then we plot the production time, t, and cumulative production,
Q, as shown in Fig. The best fit to the above curve gives the answer of the
third parameter, g;, the initial production rate. The resulting best fit parameter
is q; = 25,312 bbls/month. Using these fitted parameters, the 30-year cumulative
production (30-year EUR), Q,30, is estimated to be 200,000 bbls.
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Figure 8.4. Rate vs time for field example 1.
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Figure 8.5. Cumulative Production vs time for field example 1.

8.1.3 Duong Model

For the Duong model, the first step is to plot the ratio of production rate,
g, and cumulative production, Q, vs. production time, to estimate the intercept,
a, and the slope, m Fig. The resulting best fit parameters are a = 1.597 1/d
and m = -1.409. Then we plot the dimensionless time, tp, and the production rate
as shown in Fig. The intercept Q¢ is forced to zero. The resulting best fit
parameter, based on Fig.[8.7 is g1 = 9,200 bbls/month. Using these parameters,
the 30-year cumulative production (30-year EUR), Q30, is estimated to be 200,000
bbls.
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Figure 8.7. Rate vs dimensionless time for field example 1.
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8.1.4 Arps+Arps

This is a new method in which Arps super hyperbolic is combined with hy-
perbolic decline (b<1). At 45.5 months (or when the slope of MBT vs rate becomes
1), we change from the decline exponent b=1.2 to b=0.3. Because insufficient BDF
data is available, b= 0.3 has been selected (typically for solution gas drive oil
reservoirs). Arps hyperbolic initial decline is 0.017 d~! and initial rate or the rate
of switch from Arps super hyperbolic to hyperbolic is 1,187 bbl/month. Using
these fitted parameters, the 30-year cumulative production (30-year EUR), Q30, is
estimated to be 209,000 bbls.
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Figure 8.8. Cumulative Production vs time for field example 1.

8.1.5 SEPD+Arps

This is a new method in which Stretched Exponential Production decline is

combined with hyperbolic decline (b<1). At 45.5 months (or when the slope of
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MBT vs rate becomes 1), we change from from SEPD to Arps hyperbolic decline.
Because insufficient BDF data is available, b= 0.3 has been selected (typically for
solution gas drive oil reservoirs). Arps hyperbolic initial decline is 0.023 d~! and
initial rate or the rate of switch from SEPD to hyperbolic is 1031.2 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 186,000 bbls.
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Figure 8.9. Cumulative Production vs time for field example 1.

8.1.6 Duong +Arps

This is a new method in which Duong is combined with hyperbolic decline
(b<1). At 45.5 months (or when the slope of MBT vs rate becomes 1), we change
from from Duong to Arps hyperbolic decline. Because insufficient BDF data is
available, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).

Arps hyperbolic initial decline is 0.024 d~! and initial rate or the rate of switch
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from Duong to hyperbolic is 1,080 bbl/month. Using these parameters, 30-year
cumulative production (30-year EUR), Q30, is estimated to be 186,000 bbls.
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Figure 8.10. Cumulative Production vs time for field example 1.

8.1.7 Summary of methods

Fig. below shows the aggregation of 30 year forecasts from all the six
models discussed above. Arps hyperbolic model gives the most optimistic projec-
tion, while the new developed method SEPD + Arps gives the most conservative
projection.Table 8.1|shows the summary of the EUR projection for all the six mod-

els.
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Figure 8.11. Cumulative Production vs time, all methods for field example 1.

Table 8.1. Comparision for all methods, example 1

Methods EUR (Mbbls)
Arps 257
SEPD 200
Duong 200
Arps + Arps 209
SEPD + Arps 186
Duong + arps 186
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8.2 Example 2

This example is of the Woodford Field in Carter County in Oklahama. The
well name is Nickel Hill 1h-36. About six years of production data was available.
But after 3 years, the well was stimulated. So the available production data for
decline analysis was about 3 years. As seen in the Fig. of production rate, q,
vs Material Balance Time, MBT, we can see that a slope of -1 starts from the MBT

60, which is equivalent to the actual time of 25.5 months.

MBT ANALYSIS

T
B
wv
[
£
o=
c
8
t
=
-
[=]
s
a

100
Material Balance Time, Months

Figure 8.12. Rate vs material balance time for field example 2.

8.2.1 Arps Hyperbolic Model

For the Arps model, first we plot the ratio of observed production rate, q,
and cumulative production, Q, to estimate the decline exponent, b, and the initial
decline rate, D;. The resulting fit is shown in Fig. [8.13|The resulting best fit pa-
rameters are b =1.11 and D; = 0.3 1/d. Then we plot the production time, t, and
cumulative production, Q, as shown in Fig. The best fit to the above curve

provides an estimate of the third parameter, g;, the initial production rate. The
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resulting best fit parameter is g; = 9,710 bbls/month. Using these parameters, the
30-year cumulative production (30-year EUR), Q30, is estimated to be 91,900 bbls.
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Figure 8.13. Ratio of rate to cumulative production vs time for field example 2.
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Figure 8.14. Cumulative production vs time for field example 2.
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8.2.2 SEPD

For the Stretched Exponential Production Decline, the equations for r;; and
r31, i.e., the ratio of two year production to one year production and the ratio of
three year production to one year production respectively, are used to estimate the
characteristic time parameter, 7, and the parameter n. The equations were solved
using the VB code in excel. The resulting best fit parameters are T = 1 months
and n = 0.34. Then we plot the production time, t, and cumulative production, Q,
as shown in Fig. The best fit to the above curve gives the answer of the third
parameter, g;, the initial production rate. The resulting best fit parameter is q; =
11,774 bbls/month. Using these parameters, the 30-year cumulative production
(30-year EUR), Q,30, is estimated to be 64,300 bbls.
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Figure 8.15. Rate vs time for field example 2.
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Figure 8.16. Cumulative production vs time for field example 2.

8.2.3 Duong Model

For the Duong model, the first step is to plot the ratio of production rate, q,
and cumulative production, Q, vs. production time, to estimate the intercept, a,
and the slope, m Fig. The resulting best fit parameters are a =1.7 1/d and
m = -1.34. Then we plot the dimensionless time, {p, and the production rate as
shown in Fig. The intercept Q;, ¢ is forced to zero. The resulting best fit
parameter, based on Fig. is g1 = 2,200 bbls/month. Using these parameters,
the 30-year cumulative production (30-year EUR), Q30, is estimated to be 97,100
bbls.
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Figure 8.17. Ratio of rate to cumulative production vs time for field example 2.
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Figure 8.18. Rate vs dimensionless time for field example 2.
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8.2.4 Arps+Arps

This is a new method in which Arps super hyperbolic is combined with
hyperbolic decline (b<1). At 25.5 months (or when the slope of MBT vs rate
becomes 1), we change from the decline exponent b=1.11 to b=0.3. Because insuf-
ficient BDF data is available, b= 0.3 has been selected (typically for solution gas
drive oil reservoirs). Arps hyperbolic initial decline is 0.032 d~! and initial rate or
the rate of switch from Arps super hyperbolic to hyperbolic is 658.4 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 66,000 bbls.
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Figure 8.19. Cumulative production vs time for field example 2.

8.2.5 SEPD+Arps

This is a new method in whichStretched Exponential Production decline is
combined with hyperbolic decline (b<1). At 25.5 months (or when the slope of

MBT vs rate becomes 1), we change from from SEPD to Arps hyperbolic decline.
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Because insufficient BDF data is available, b= 0.3 has been selected (typically
for solution gas drive oil reservoirs). Arps hyperbolic initial decline is 0.04 4!
and initial rate or the rate of switch from SEPD to hyperbolic is 582 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 58,700 bbls.
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Figure 8.20. Cumulative production vs time for field example 2.

8.2.6 Duong +Arps

This is a new method in which Duong is combined with hyperbolic decline
(b<1). At 25.5 months (or when the slope of MBT vs rate becomes 1), we change
from from Duong to Arps hyperbolic decline. Because insufficient BDF data is
available, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).
Arps hyperbolic initial decline is 0.03 ! and initial rate or the rate of switch
from Duong to hyperbolic is 794 bbl/month. Using these parameters, 30-year
cumulative production (30-year EUR), Q30, is estimated to be 72,400 bbls.
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Figure 8.21. Cumulative production vs time for field example 2.

8.2.7 Summary of methods

Fig. below shows the aggregation of 30 year forecasts from all the six
models discussed above. Arps hyperbolic model gives the most optimistic projec-
tion, while the new developed method SEPD + Arps gives the most conservative
projection.Table 8.2|shows the summary of the EUR projection for all the six mod-

els.
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Figure 8.22. Cumulative production vs time, all methods for field example 2.

Table 8.2. Comparision for all methods, example 2

Methods EUR (Mbbls)
Arps 91.9

SEPD 68.3

Duong 97.

Arps + Arps 66

SEPD + Arps 58.7

Duong + arps 72.4
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CHAPTER 9 SIMULATED EXAMPLES

Simulated rates were obtained using numerical simulation and multiphase
flow in Fekete Harmony software. Numerical models solve the nonlinear partial-
differential equations (PDE's) describing fluid flow through porous media with
numerical methods. Numerical methods are the process of discretizing the PDE’s
into algebraic equations and solving those algebraic equations to obtain the so-
lutions. These solutions that represent the reservoir behavior are the values of
pressure and phase saturation at discrete points in the reservoir and at discrete
times. The initial gas saturation was assumed to be 0. The simulation was ac-
cessed three times at 20, 50 and 100 months to provide a comparative assessment
of various decline curve analysis models, and to quantify the uncertainty asso-
ciated with 25 year EUR estimates. These examples were analyzed using the
six decline curve analysis models described earlier, viz., Arps Hyperbolic model,
Stretched Exponential Production Decline Model (SEPD), Duong model and the
combination of above mentioned models namely, Arps + Arps, SEPD + Arps and

Duong + Arps.

9.1 Simulated data of 20 months

From the simulation, rates for the first 20 months were selected to perform
the decline curve analysis. As seen in the Fig. of production rate, q, vs Mate-
rial Balance Time, MBT, we can see that Boundary Dominated Flow hasn’t been

reached.
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Figure 9.1. Rate vs material balance time for 20 months data.

9.1.1 Arps Hyperbolic Model

For the Arps model, first we plot the ratio of observed production rate, q,
and cumulative production, Q, to estimate the decline exponent, b, and the initial
decline rate, D;. The resulting fit is shown in Fig. The resulting best fit
parameters are b =1.8 and D; = 3 1/d. Then we plot the production time, t, and
cumulative production, Q, as shown in Fig. The best fit gives an estimate of
the third parameter, g;, the initial production rate. The resulting best fit parameter
is g; = 60000 bbls/month. Using these fitted parameters, the 30-year cumulative
production (30-year EUR), Q30, is estimated to be 639,000 bbls.
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Figure 9.2. Ratio of rate to cumulative production vs time for 20 months data.
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Figure 9.3. Cumulative production vs time for 20 months data.
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9.1.2 SEPD

For the Stretched Exponential Decline model, the equations for 51 and 3,
i.e., the ratio of two year production to one year production and the ratio of three
year production to one year production respectively, are used to estimate the char-
acteristic time parameter, 7, and the parameter, n. As the available data was not
enough instead of 1, 2 and 3 years; 0.5, 1 and 1.5 years were used. The equations
were solved using the VB code in excel. The resulting best fit parameters are T
= 0.12 months and n = 0.218. Then we plot the production time, t, and cumu-
lative production, Q, as shown in Fig. The best fit gives an estimate of the
third parameter, g;, the initial production rate. The resulting best fit parameter
is g; = 95000 bbls/month. Using these fitted parameters the 30-year cumulative
production (30-year EUR), Q30, is estimated to be 487,000 bbls.
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Figure 9.4. Rate vs time for 20 months data.

36



00,000

SO0.000
w5
o
=
E 400,000
g
=
2 300,000 *+  Simulated
[+
[al}
E SEFD
G
< 200,000
£
=
L]

100,000

':I I T T T
0 100 200 300 400

Time, months

Figure 9.5. Cumulative production vs time for 20 months data.

9.1.3 Duong Model

For the Duong model, the first step is to plot the ratio of production rate, q,
and cumulative production, Q, to the production time, to estimate the intercept
constant, a, and the slope parameter, m Fig. The resulting best fit parameters
are a = 0.735 1/d and m = -1.124. Then we plot the dimensionless time, tp, and
the production rate as shown in Fig. The intercept Q¢ is forced to zero. The
resulting best fit parameter, based on Fig.[0.7} is g; = 22,000 bbls/month. Using
these fitted parameters, the 30-year cumulative production (30-year EUR), Q30, is
estimated to be 582,000 bbls.
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Figure 9.6. Ratio of rate to cumulative production vs time for 20 months data.
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Figure 9.7. Rate vs dimensionless time for 20 months data.
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9.14 Arps+Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time
of switch, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).
Arps hyperbolic initial decline at the time of switch is 0.0084 ! and initial rate or
the rate of switch from Arps super hyperbolic to hyperbolic is 2,280 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 581,000 bbls.
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Figure 9.8. Cumulative production vs time for 20 months data.

9.1.5 SEPD+Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time
of switch, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).

Arps hyperbolic initial decline at the time of switch is 0.013 d~! and initial rate
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or the rate of switch from SEPD to hyperbolic is 1,800 bbl/month. Using these
parameters, the 30-year cumulative production (30-year EUR), Q30, is estimated

to be 454,000 bbls.
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Figure 9.9. Cumulative production vs time for 20 months data.

9.1.6 Duong +Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time
of switch, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).
Arps hyperbolic initial decline at the time of switch is 0.01 d~! and initial rate
or the rate of switch from Duong to hyperbolic is 2,160 bbl/month. Using these
parameters, 30-year cumulative production (30-year EUR), Q30, is estimated to be

527,000 bbls.
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Figure 9.10. Cumulative production vs time for 20 months data.

9.1.7 Summary of results to simulated example

Fig. below shows the aggregation of 30 year forecast of all the six mod-
els discussed above. Arps hyperbolic model gives the most optimistic projection,
while the new developed method SEPD + Arps gives the most conservative pro-

jection. Table 9.1 shows the summary of the EUR projection for all the six models.

41



700000

GO0000

500000

400000

300000

200000

Cumulative production, bbls

100000

0

* Simulated
— LS
m—SEP D
e B0 1 414

— ARPS+ARPS

0

100

200 300

Time, maonths

400

SEPD+ARPS

e LI O G+ ARPS

Figure 9.11. Cumulative Production vs time, all methods for 20 months data.

Table 9.1. Comparision for all methods, 20 months of simulated data

Methods EUR (Mbbls) percentage error
Arps 639 +47

SEPD 487 +12

Duong 582 +33.6

Arps + Arps 581 +33.3

SEPD + Arps 454 +4.2

Duong + arps 527 +21

Simulated 436 0
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9.2 Simulated rates of 50 months

From the simulated data the data of first 50 months was selected to perform
the decline curve analysis. As seen in the Fig. of production rate, q, vs

Material Balance Time, MBT, we can see that Boundary Dominated Flow hasn’t
been reached.
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Figure 9.12. Rate vs material balance time for 50 months data.

9.2.1 Arps Hyperbolic Model

Arps Hyperbolic Model: For the Arps model, first we plot the ratio of ob-
served production rate, q, and cumulative production, Q, to estimate the de-
cline exponent, b, and the initial decline rate, D;. The resulting fit is shown in
Fig. 9.13| The resulting best fit parameters are b = 1.5 and D; = 2 1/d. Then we
plot the production time, t, and cumulative production, Q, as shown in Fig.
The best fit gives an estimate of the third parameter, g;, the initial production
rate. The resulting best fit parameter is g; = 63,000 bbls/month. Using these fitted

parameters, the 30-year cumulative production (30-year EUR), Q, 30, is estimated
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to be 603.000 bbls.
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Figure 9.13. Ratio of rate to cumulative production vs time for 50 months data.
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Figure 9.14. Cumulative production vs time for 50 months data.

44



9.2.2 SEPD

For the Stretched Exponential Decline model, the equations for 51 and 3,
i.e., the ratio of two year production to one year production and the ratio of three
year production to one year production respectively, are used to estimate the
characteristic time parameter, 7, and the parameter, n. The equations were solved
using the VB code in excel. The resulting best fit parameters are T = 1 months and
n = 0.293. Then we plot the production time, t, and cumulative production, Q, as
shown in Fig. The best fit gives an estimate of the third parameter, g;, the
initial production rate. The resulting best fit parameter is gq; = 51,500 bbls/month.
Using these fitted parameters the 30-year cumulative production (30-year EUR),
Q30, is estimated to be 454,000 bbls.
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Figure 9.15. Rate vs time for 50 months data.
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Figure 9.16. Cumulative production vs time for 50 months data.

9.2.3 Duong Model

For the Duong model, the first step is to plot the ratio of production rate, q,
and cumulative production, Q, to the production time, to estimate the intercept
constant, a, and the slope parameter, m Fig. The resulting best fit parameters
are a =0.731 1/d and m = -1.119. Then we plot the dimensionless time, tp, and
the production rate as shown in Fig. The intercept Qy; is forced to zero. The
resulting best fit parameter, based on Fig. is g; = 21,500 bbls/month. Using
these fitted parameters, the 30-year cumulative production (30-year EUR), Q30, is
estimated to be 545,000 bbls.
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Figure 9.17. Ratio of rate to cumulative production vs time for 50 months data.
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Figure 9.18. Rate vs dimensionless time for 50 months data.
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9.24 Arps+Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time of
switch, b = 0.3 has been selected (typically for solution gas drive oil reservoirs).
Arps hyperbolic initial decline at the time of switch is 0.0084 ! and initial rate or
the rate of switch from Arps super hyperbolic to hyperbolic is 1,634 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 528,000 bbls.
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Figure 9.19. Cumulative production vs time for 50 months data.

9.2.5 SEPD+Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time
of switch, b= 0.3 has been selected (typically for solution gas drive oil reservoirs).

Arps hyperbolic initial decline at the time of switch is 0.013 d~! and initial rate
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or the rate of switch from SEPD to hyperbolic is 1,400 bbl/month. Using these
parameters, the 30-year cumulative production (30-year EUR), Q30, is estimated

to be 438,000 bbls.
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Figure 9.20. Cumulative production vs time for 50 months data.

9.2.6 Duong +Arps

As the BDF is not seen (or the slope of MBT vs rate has not yet become 1),
we select time to BDF when the terminal decline is 5 % per annum. At the time of
switch, b = 0.3 has been selected (typically for solution gas drive oil reservoirs).
Arps hyperbolic initial decline at the time of switch is 0.0086 d~! and initial rate
or the rate of switch from Duong to hyperbolic is 1,930 bbl/month. Using these
parameters, 30-year cumulative production (30-year EUR), Q30, is estimated to be

505,000 bbls.
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Figure 9.21. Cumulative production vs time for 50 months data.

9.2.7 Summary of methods

Fig. below shows the aggregation of 30 year forecast of all the six mod-
els discussed above. Arps hyperbolic model gives the most optimistic projection,
while the new developed method SEPD + Arps gives the most conservative pro-

jection. Table 9.2 shows the summary of the EUR projection for all the six models.
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Figure 9.22. Cumulative production vs time, all methods for 50 months data.

Table 9.2. Comparision for all methods, 50 months of simulated data

Methods EUR (Mbbls) percentage error
Arps 603 +38.5

SEPD 454 +4.2

Duong 545 +25.1

Arps + Arps 528 +21.1

SEPD + Arps 438 +0.5

Duong + arps 505 +15.9

Simulated 436 0
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9.3 Simulated rates of 100 months

From the simulated data, the data of first 100 months was selected to perform

the decline curve analysis. As seen in the Fig. of production rate, q, vs
Material Balance Time, MBT, we can see that Boundary Dominated Flow starts

after 60.5 months or can say 200 MBT.
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Figure 9.23. Rate vs material balance time for 100 months data.

9.3.1 Arps Hyperbolic Model

For the Arps model, first we plot the ratio of observed production rate, q,
and cumulative production, Q, to estimate the decline exponent, b, and the initial
decline rate, D;. The resulting fit is shown in Fig. The resulting best fit
parameters are b =1.7 and D; = 2 1/d. Then we plot the production time, t, and
cumulative production, Q, as shown in Fig. The best fit gives an estimate of
the third parameter, g;, the initial production rate. The resulting best fit parameter
is g; = 50,000 bbls/month. Using these fitted parameters, the 30-year cumulative
production (30-year EUR), Q30, is estimated to be 580,000 bbls.
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Figure 9.24. Ratio of rate to cumulative production vs time for 100 months data.
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Figure 9.25. Cumulative production vs time for 100 months data.
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9.3.2 SEPD

For the Stretched Exponential Decline model, the equations for 51 and 3,
i.e., the ratio of two year production to one year production and the ratio of three
year production to one year production respectively, are used to estimate the
characteristic time parameter, 7, and the parameter, n. The equations were solved
using the VB code in excel. The resulting best fit parameters are T = 0.7 months
and n = 0.28. Then we plot the production time, t, and cumulative production, Q,
as shown in Fig. The best fit gives an estimate of the third parameter, g;, the
initial production rate. The resulting best fit parameter is gq; = 60,000 bbls/month.
Using these fitted parameters the 30-year cumulative production (30-year EUR),
Q30, is estimated to be 454,000 bbls.
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Figure 9.26. Rate vs Time for 100 months data.
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Figure 9.27. Cumulative production vs time for 100 months data.

9.3.3 Duong Model

For the Duong model, the first step is to plot the ratio of production rate, q,
and cumulative production, Q, to the production time, to estimate the intercept
constant, a, and the slope parameter, m Fig. The resulting best fit parameters
are a = 0.874 1/d and m = -1.194. Then we plot the dimensionless time, tp, and
the production rate as shown in Fig. The intercept Q;y,f is forced to zero. The
resulting best fit parameter, based on Fig. is g1 = 22,500 bbls/month. Using
these fitted parameters, the 30-year cumulative production (30-year EUR), Q30, is
estimated to be 509,000 bbls.
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Figure 9.28. Ratio of rate to cumulative production vs time for 100 months data.

40,000

35,000

30,000

[
LN

»

»

] # simulate d

._* BCoDuong

[ =
[ o]
== =] =]

=
%]

£

Rate, bblsfmonth
P
(=1

10,000

5,000

0 0.5 1 1.5

Dimensianless time

Figure 9.29. Rate vs dimensionless time for 100 months data.
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9.3.4 Arps+Arps

At 60.5 months (or when the slope of MBT vs rate becomes 1), we change
from the decline exponent b=1.11 to b=0.36, the best fit to the BDF data. Arps
hyperbolic initial decline at the time of switch is 0.032 d~! and initial rate or
the rate of switch from Arps super hyperbolic to hyperbolic is 658.4 bbl/month.
Using these parameters, the 30-year cumulative production (30-year EUR), Q30,
is estimated to be 507,000 bbls.

Cl

— LS+ ApS

Qooog 4 = Simulated

Cumulative Praduction, bhls

1 T T T 1
] 100 200 300 400

Time, months

Figure 9.30. Cumulative production vs time for 100 months data.

9.3.5 SEPD+Arps

At 60.5 months (or when the slope of MBT vs rate becomes 1), we change
from the decline exponent b=1.11 to b=0.36, the best fit to the BDF data. Arps
hyperbolic initial decline at the time of switch is 0.04 4! and initial rate or the
rate of switch from SEPD to hyperbolic is 582 bbl/month. Using these parameters,
the 30-year cumulative production (30-year EUR), Q30, is estimated to be 435,000
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9.3.6 Duong +Arps

from the decline exponent b=1.11 to b=0.36, the best fit to the BDF data. Arps
hyperbolic initial decline at the time of switch is 0.03 d~! and initial rate or the rate
of switch from Duong to hyperbolic is 794 bbl/month. Using these parameters,

30-year cumulative production (30-year EUR), Q30, is estimated to be 460,000

Figure 9.31. Cumulative production vs time for 100 months data.

At 60.5 months (or when the slope of MBT vs rate becomes 1), we change

bbls.

58




00000
450000

W __...-.—-.--..
= 400000 /.
g“ 350000
E 300000
8 250000
o / s S L i i
¢ 200000 /
g 150000 / D+A
£ 100000
=
50000 J(
D T T T 1 1 1
0 50 100 150 200 250

Time, months

Figure 9.32. Cumulative production vs time for 100 months data.

9.3.7 Summary of methods

Fig. below shows the aggregation of 30 year forecast of all the six mod-
els discussed above. Arps hyperbolic model gives the most optimistic projection,
while the new developed method SEPD + Arps gives the most conservative pro-

jection. Table [9.3|shows the summary of the EUR projection for all the six models.
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Figure 9.33. Cumulative production vs time, all methods for 100 months data.

Table 9.3. Comparision for all methods,100 months of simulated data

Methods EUR (Mbbls) percentage error
Arps 580 +33.2

SEPD 454 +4.1

Duong 509 +16.84

Arps + Arps 507 +16.43

SEPD + Arps 435 -0.26

Duong + arps 460 +5.45

Simulated 436 0
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9.3.8 Comparision of Sepd + Arps

Table 9.4/ shows the comparision of the Sepd + Arps with the simulated data
when different months of data were used. Even if the data of 20 months was used,
Sepd + Arps gives us the error of just 5 percent and as the number of months of
data used are increaded to 100 than the error is reduced to mere 0.25 percent. So

by far Sepd + Arps gives the most reliable answer.

Table 9.4. Comparision of SEPD + Arps method

Time EUR (Mbbls) percentage error
20 months 454.048 -4.18

50 months 437.972 -0.49

100 months 434.702 0.26

simulated 435.841 0
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CHAPTER 10 CONCLUSIONS

From the analysis made from the field examples and the simulation, we can
conclude that:
1) SEPD + Arps gives the most conservative results of all the methods.
2) If enough data is not available then also SEPD + Arps gives the most reliable
and accurate results.
3) SEPD + Arps can work without enough Boundary Dominated Flow data avail-
able.
4) If we switch to Boundary Dominated flow equal to when the decline rate

reaches 5 % per annum, we are close to the exact results.
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