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ABSTRACT

The Marcellus shale is currently the most productive shale play in the United
States. In 2015, the Marcellus shale play led in natural gas production per rig and had the
highest shale gas production in the United States. Several reports and articles have been
published on Marcellus shale play reserves/resources estimates. Some of these estimates
were deterministic, while some were probabilistic. These published estimates are all now
outdated. Updated probabilistic reserves and resources estimates for the Marcellus shale
play are needed. The Marcellus shale play covers six states with the two most productive
states being Pennsylvania (PA) and West Virginia (WV). Between these two states, only
WYV has monthly production data in its production reports; PA production is reported
semi-annually.

The Markov Chain Monte Carlo (MCMC) method has been successfully used to
quantify uncertainty in production forecasts and estimated ultimate recovery (EUR) for
the Barnett shale and Eagle Ford shale. There are 20 shale plays that have been discovered
in United States. Confirmation of the reliability of the MCMC method using other shale
play data is still needed. The objectives of this work are to generate probabilistic reserves
and resources estimates for the WV Marcellus shale play and to confirm the reliability of
the MCMC method in quantifying uncertainty in production forecasts using production
data from the WV Marcellus shale play.

Based on geology and initial gas-liquid-ratio (GLR) analysis, the WV Marcellus

shale play was divided into liquid-rich and dry-gas regions. A hindcast study was
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performed to confirm the reliability of the MCMC method in forecasting production and
estimating reserves in the WV Marcellus shale play. Type probabilistic decline curves
were then generated to forecast Technically Recoverable Resources (TRR) at 20 years
(TRR20) for the wells in both the liquid-rich and dry-gas regions. Reserves and resources
for the WV Marcellus shale play were estimated by performing Monte Carlo simulation.
Based on the WV Marcellus shale play analysis, reserves and resources estimates for PA,
Ohio (OH), and entire Marcellus shale play are then extrapolated.

Hindcast study results show that the MCMC Probabilistic Decline Curve Analysis
(PDCA) method is able to reliably quantify uncertainty in production forecasts and
reserves estimates in the WV Marcellus shale play. The total WV NGL reserves and
resources range from a P10 of 0.12 billion barrels NGL (BBNGL) to a P90 of 0.58
BBNGL, with a P50 of 0.23 BBNGL. The total WV gas reserves and resources range from
a P10 of 81.54 trillion cubic feet (TCF) to a P90 of 283.81 TCF, with a P50 of 145.091
TCF. These estimates are generally much higher than most of the previously published

estimates.
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CHAPTER I

INTRODUCTION

1.1. Shale Gas Play

The concept of the resource triangle states that all natural resources have a log-
normal distribution in nature (Holditch 2006). The limited quantities of gas in
conventional, high-permeability reservoirs are shown at the top of the triangle (Fig. 1).
These resources are the best or the highest-grade deposits. They are small in size but once
found, they are relatively easy to extract. Going deeper into the gas-resource triangle,
reservoir quality will decrease, which means lower permeability. These low-permeability
unconventional gas reservoirs are larger in size and easier to find than the conventional
ones. However, the unconventional resources require improved technology and more
economical gas prices than the conventional resources. Shale gas is one of the
unconventional resources.

The advance of horizontal drilling as well as hydraulic fracturing has greatly
increased the ability of producers to profitably recover natural oil and gas from low-
permeability reservoirs, particularly shale plays. Shale gas dawned in the United States
when Mitchell Energy and Development Corporation experimented with producing deep
shale gas in the Barnett shale play located in North-Central Texas. As Mitchell Energy
and Development Corporation gained success in its effort, other companies aggressively

started working in the Barnett shale play. With the success of the shale gas production in



the Barnett shale, companies started to pursue other shale plays including Haynesville,

Marcellus, Eagle Ford, and others.

Conventional Reservoirs
Small volumes that are
easy to develop

Unconventional
Large volumes
difficult to
develop

Increased pricing
_Improved technology

Fig. 1—Resource triangle for natural gas (Holditch and Ayers 2009).

The Energy Information Administration (EIA) (2011) recorded that the
proliferation of activities in new shale plays has increased dry shale gas production in the
United States from 1.0 TCF in 2006 to 4.8 TCF in 2010, or 23 percent of total U.S. dry
natural gas production. Wet-gas reserves in shale plays increased to about 60.64 TCF by
year-end 2009 when they comprised about 21 percent of overall U.S. natural gas reserves,
now at the highest level since 1971. These data show that gas production from shale plays
has grown rapidly in the past few years. Fig. 2 shows that current and projected shale gas

production in the United States is leading the growth in total gas production.
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Fig. 2—Current and projected shale gas production lead growth in total gas
production in the United States (EIA 2014a).

Gonzalez et al. (2012) explained in their paper that there is considerable
uncertainty in production forecasting and reserves estimation for hydraulically fractured
horizontal gas wells. Major sources of this uncertainty are complex flow geometry, large
variability in reservoir and completion properties from well to well, and a lack of long-
term production data. Complex flow geometry is caused by low matrix permeability,
natural fractures, and desorption dynamics of adsorbed gas in the reservoir. Low matrix
permeability requires the reservoir to be hydraulically fractured to become economical.
Natural fractures affect hydraulic fracture geometry and reservoir depletion. Since shale

gas production has proliferated in only the past few years, there are no long-term
3



production data available. Production data of shale gas horizontal wells with multiple

hydraulic fractures are only available for a few years.

1.2. Probabilistic Decline Curve Analysis (PDCA)

Because of their extremely low permeability, shale gas plays require a very long
time to experience Boundary-Dominated Flow (BDF). Gonzalez et al. (2012) stated that
only a small number of hydraulically fractured horizontal shale gas wells have experienced
BDF. Decline Curve Analysis (DCA) is one of the most common techniques used for
estimating reserves. Arps’ DCA model, introduced in 1945, is the most common DCA
model used in estimating EUR for oil and gas wells. Lee and Sidle (2010) pointed out that
one of the assumptions in Arps’ DCA is that the analyzed well has to have stabilized
(boundary-dominated) flow. Horizontal shale gas wells usually do not meet this
requirement. However, despite this lack of BDF, Lee and Sidle (2010) suggested using
Arps’ DCA combined with a minimum decline rate (D,,;,,) to force exponential decline
for the remaining life of the well. There are also several DCA methods that are developed
to work specifically in shale gas reservoirs. Some of these methods are power-law
exponential DCA (Ilk et al. 2008), Stretched Exponential Production Decline (SEPD)
DCA (Valko and Lee 2010), and rate-decline analysis for fracture-dominated shale
reservoirs (Duong 2011).

Besides having to deal with the common absence of BDF for horizontal shale gas
wells, there is a large uncertainty associated with shale gas production forecasting and

reserves estimation. A robust and reliable way to quantify this uncertainty is needed.
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McVay and Dossary (2014) emphasized the value assessing uncertainty, and reliably
quantifying uncertainty reduces or eliminates expected disappointment and expected
decision error. Capen (1976) stated that uncertainty is often underestimated and pointed
out that probabilistic analysis can make our estimates better. Combining probabilistic
analysis with DCA, i.e. PDCA, provides a way to estimate reserves probabilistically, in
which uncertainty is reliably quantified.

Several PDCA methods have been proposed for production forecasting and
reserves estimation. Jochen and Spivey (1996) proposed the bootstrap method, which
generates PDCA production forecasts and reserves estimates based on production data
history. Cheng et al. (2010) pointed out a couple of weaknesses with the bootstrap method.
This method assumes that production data are Independent and Identically Distributed
(IID), while in reality production data are not independent but are a sequence of
observations arising in succession with an overall decline trend. If production data points
are 11D, then there will be a possibility of meaningless inclined bootstrap realizations.
Furthermore, the bootstrap method performs sampling with replacement for bootstrap
realizations, causing some points to be duplicated and some omitted. This procedure does
not abide with the rules of IID data.

Cheng et al. (2010) proposed the Modified Bootstrap Method (MBM) that uses a
more rigorous model-based bootstrap algorithm to preserve data structure. The MBM uses
a decline model (hyperbolic or exponential) to fit the production data and constructs
residuals from the fitted model and the observed production data. New bootstrap

realizations are then generated by incorporating random samples from the residuals into



the fitted model. The weakness of this MBM is that it takes considerable time to generate
probabilistic reserves forecasts (Gong et al. 2011).

Gong et al. (2011) then introduced the MCMC method, which is based on Arps’
(1945) decline curve model, Bayes’ theorem, and the MCMC sampling algorithm. The
method was tested using 167 horizontal Barnett shale gas wells and the result was
compared to the results when using the MBM. Gong ef al. (2011) concluded that the
MCMC method is better and faster than the MBM.

Gonzalez et al. (2012) then applied the MCMC method to six DCA models
including Arps’ (1945) DCA model. Three of these models are based on Arps’ DCA
model: Arps’, Arps’ with a minimum decline of 5%, and the modified Arps’. The three
other methods are power-law model (Ilk ez al. 2008), stretched exponential model (Valko
and Lee 2010), and Duong’s rate-decline analysis for fracture-dominated shale gas
reservoirs (Duong 2011). The MCMC method was tested with 197 horizontal Barnett
shale gas wells using hindcast. In a hindcast study, a user-defined portion of the known
history data are used as input to the model (i.e., is matched) and the remainder of the
known history data are considered to be “future” production and are compared to the
model prediction to the same point in time (i.e., hindcast) (Gonzalez et al. 2012). The
result showed that the combination of the MCMC method with the six DCA models still
reliably quantified the uncertainty in production hindcast for shale gas wells in the Barnett
shale.

Gong et al. (2013) then used the MCMC method to perform an assessment of the

Eagle Ford shale oil and gas resources and compared the results with EIA (2011) Eagle



Ford shale estimates. Gong et al. (2013) divided the Eagle Ford shale play into eight
production regions based on fluid type, performance indicators, and geology. The MCMC
method was then used to generate type probabilistic decline curves for each production
region. Probabilistic reserves and resources evaluation of the play was performed by
considering well spacing, discovered and undiscovered areas, and well count. While
Gong et al. (2013) reserves and resources estimates were probabilistic (incorporated
uncertainty), EIA (2011) estimates were deterministic (no uncertainty quantification).
Comparison between these two estimates showed that the P50 total reserves and resources
of Gong et al. (2013) are much higher than the EIA (2011) resources estimate.

There are 20 shale plays that have been discovered in United States (EIA 2011).
The MCMC method has only been tested for two shale plays in the United States: the
Barnett shale and the Eagle Ford shale. Further tests should be performed to confirm that

MCMC can reliably quantify uncertainty in reserves estimation for other shale plays.

1.3. Reserves and Resources Definitions
Reserves and resources framework was described in the Petroleum Resources

Management System (PRMS), published by SPE et al. (2007) (Fig. 3).
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Fig. 3—PRMS resources classification framework (SPE et al. 2007).

SPE et al. (2007) also explained the definitions of reserves, contingent resources, and
prospective resources:

e Reserves are those quantities of petroleum anticipated to be commercially

recoverable by application of development projects to known accumulations from

a given date forward under defined conditions. Reserves must further satisfy four



criteria: they must be discovered, recoverable, commercial, and remaining (as of
the evaluation date) based on the development project(s) applied.

e Contingent Resources are those quantities of petroleum estimated, as of a given
date, to be potentially recoverable from known accumulations, but the applied
project(s) are not yet considered mature enough for commercial development due
to one or more contingencies. Contingent Resources may include, for example,
projects for which there are currently no viable markets, or where commercial
recovery is dependent on technology under development, or where evaluation of
the accumulation is insufficient to clearly assess commerciality.

e Prospective Resources are those quantities of petroleum estimated, as of a given
date, to be potentially recoverable from undiscovered accumulations by
application of future development projects. Prospective Resources have both an

associated chance of discovery and a chance of development.

1.4. Marcellus Shale Play
1.4.1. Play Description

Marcellus shale play is located in the Appalachian Basin across the eastern part of
the United States, and is Devonian in age. EIA (2011) reported the states that contain

Marcellus shale are shown in Table 1.



Table 1—State distributions of the Marcellus shale play (EIA 2011).

State Areal % of Marcellus
Maryland (MD) 1.09
New York (NY) 20.06
Ohio (OH) 18.19
Pennsylvania (PA) 35.35
Virginia (VA) 3.85
West Virginia (WV) 21.33

EIA (2011) reported that the Marcellus shale play has a total area of 95,000 square
miles. It consists of 10,622 square miles of active area and 84,271 square miles of
undiscovered area. The basis of this division is the area of the play under lease by
companies and the area that has not been leased. The depth of the shale ranges between
4,000 and 8,500 feet, with thickness between 50 to 200 feet.

The majority of hydrocarbon production from the Marcellus shale is gas—Iliquid-
rich and dry-gas. Wrightstone (2011) published a thermal maturity map that also shows
the liquid-rich (wet) gas, dry-gas, and problematic (very high maturity) area of the play

(Fig. 4).
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Fig. 4—The Marcellus shale play thermal maturity map that also shows the liquid-
rich (wet) gas, dry-gas, and problematic (very high maturity area) of the play
(Wrightstone 2011).

EIA (2014a) reported that the Marcellus shale play is leading US dry shale gas
production (Fig. 5). EIA (2015), through its Drilling Productivity Report (DPR), reported
that the Marcellus shale play led in natural gas production per rig in April 2014 and April
2015 (Fig. 6). The new-well gas production per rig shown in Fig. 6 is the total production
from new wells in each region divided by the region's monthly rig count. EIA (2015) also
reported that Marcellus shale play had the highest shale gas production in the U.S. on April
2014 and April 2015 (Fig. 7). EIA (2015) also showed that natural gas production of the

Marcellus shale play has increased since 2007 and continues to increase (Fig. 8). These

11



data show that the Marcellus shale play is currently the most productive shale in the Unites

States.

U.S. dry shale gas production
billion cubic feet per day
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m Haynesville (LA & TX) 3

mEagle Ford (TX) 2
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mUtica (OH, PA & WV)
Rest of US 'shale’

15
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5

0
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Fig. 5—U.S. natural gas and oil production from shale and other tight resources
(EIA 2014a).
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Fig. 6—New-well oil and natural gas production per rig in U.S. shale plays (EIA
2015).
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Fig. 7—The Marcellus shale play leads natural gas production in the United States
(EIA 2015).
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Fig. 8—Natural gas production in the Marcellus shale continues to increase (EIA
2015).

1.4.2. Reserves and Resources Estimates

The United States Geological Survey (USGS) performed an assessment of the
undiscovered oil and gas potential of the Appalachian Basin Province in 2002, and
published it in 2003. The assessment of the Appalachian Basin Province was based on the
geologic elements of each total petroleum system (TPS) defined in the province, including
hydrocarbon source rocks (source rock maturation, and hydrocarbon generation and
migration), reservoir rocks (sequence stratigraphy and petrophysical properties), and
hydrocarbon traps (trap formation and timing) (USGS 2003). Using this geologic
framework, the USGS defined 6 Total Petroleum Systems (TPS) and 26 AUs within these

TPS, and estimated the undiscovered oil and gas resources probabilistically. The
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Marcellus shale play was one of the 26 AUs under the Devonian Shale-Middle and Upper

Paleozoic TPS. These USGS (2003) estimates are shown in Table 2.

Table 2—The Appalachian basin province assessment results for the Devonian
Shale-Middle and Upper Paleozoic TPS (modified from USGS 2003).

Devonian Shale-Middle and Upper Paleozoic TPS

Greater Big Sandy AU Gas 3877.33 | G0BB.0G 956242 | 6,32267] 3406 | 5966 | 10450 | B33
Northwestemn Ohio Shale AU Gas 145359 (251140 [¢30890 | 265407 2595 | 41 | w2 | 5308
Devonian Siftstone and Shaie AU | Gas 0034 [1265346 | 190448 | 120061 | 1735 | 248 | 5008 | 3105
Marcellus Shale AU Gas 2183 [1736.12 |366750 [192518) 4%0 | 021 | AU | NSB
A Gas 6038 112200 a5 11 0] 12119 | 21091 | 3080 | e
Berea Sandstone AU Gas 246414 | S5 [1415113 {80038 | 5451 | 13886 | 33 | 163

Table 2 shows that according to USGS (2003), the total undiscovered resources of
the Marcellus shale play range from 0.8 to 3.7 TCF with a mean estimate of 1.9 TCF for
gas and from 0.0045 to 0.02314 BBNGL with a mean estimate of 0.01155 BBNGL for
NGL. These estimates are quite low. According to the EIA in Annual Energy Outlook
(AEO) 2012, most of the wells’ production data in USGS (2003) estimates came from
vertical wells drilled in WV. Since 2003, technological improvements have led to more-
productive and less-costly wells. Furthermore, the newer horizontal wells have higher

EURSs than the older vertical wells.
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At the Petroleum Technology Transfer Council (PTTC) workshop in early January
2008, Gary Lash, Ph.D., and Terry Engelder Ph.D. pointed out that the Marcellus shale
play would become one of the world’s top super giant gas fields, according to volumetric
calculations (Engelder 2009). The Marcellus shale play is prospective in 117 counties.
These counties are graded into a six-tier system based on several geological parameters
and gas production data from the play through May 15, 2009. Tier 1 is for the counties
that have proven horizontal wells producing with P50 of initial production rate > 4
MMCFe/day or less than 10 miles from such wells. The other 5 tiers are not adequately
tested by production and thus graded downward from tier 2 to 6 based on geological
conditions. Engelder (2009) used well spacing of 80 acres/well and assumed that 70% of
the sections in each county are accessible. Production decline was allowed to proceed for
50 years. Since there was not enough public production data to define a well’s decline
curve in the Marcellus shale play, Engelder (2009) relied on a pro forma decline curve
from Chesapeake Energy (CHK) to generate a reasonable decline curve from the
horizontal wells in the play. This curve predicted that a well with PIP (Practical Initial
Production = 30-day production test) of 3.7 MMCFe/day would eventually yield 3.75 BCF
EUR. The EUR from this decline curve was then used to estimate probabilistic EUR of

the Marcellus shale play. Table 3 shows Engelder (2009) EUR for the Marcellus shale

play.
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Table 3—Engelder (2009) estimates of the Marcellus shale play EUR for the next 50

years.

w " ] = °
f § 333 3lE| 3
k! g T=3 Tm=s T=s

P90 P50 Pl10

Bef Bef Bef

Hnrylund 1 656 3,123 6,980 11,756
NewYork | 17 13,906 30,955 71,859 | 126,176
I’ulmyhuniu 42 32622 | 133,240 | 291,648 | 521,406
Ohio | 18 9,298 18,361 41,166 71,010
West Virginio | 39 16,851 35,022 77,588 | 136,814
Totals | 117 | 73,333 | 220,701 | 489,241 | 867,162

EIA (2012a) pointed out that USGS (2003) estimate was apparently too low, since
the cumulative production of the Marcellus shale play was on a path to exceed it within a
year or two. For AEO 2011, the AIA hired an independent consultant to estimate the TRR
of the Marcellus shale play. EIA (2011) reported that the total TRR for the Marcellus shale

play is around 410 TCF. Table 4 shows more detailed information about this report.

17



Table 4—EIA (2011) reserves and resources estimates for the Marcellus shale play.

Active Undeveloped
Area (sq. miles) 10,622 84,271
EUR (Bcfe/well) 3.5 1.15
Well Spacing (wells/sq. mile) 8 3
TRR (Tcf) 177.9 232.44

EIA (2012b) associated the term EUR, which was used in EIA (2011, 2012a), on
a per-well basis. A well’s EUR equals its cumulative production over a 30-year productive
life, using current technology without consideration of economic or operating conditions.
Technically Recoverable Resources (TRR) is the volumes of oil and natural gas that could
be produced with current technology, regardless of oil and natural gas prices and
production costs (EIA 2013). EIA (2012b) defined TRR as the product of land area, well
spacing (wells per square mile), percentage of area untested, percentage of area with
potential, and EUR per well.

Table 4 shows that EIA (2011) separated the TRR estimates of the Marcellus shale
play into active and undeveloped areas. The criterion that separates these two areas is
company leases. The active area is the acreage reportedly under lease by oil and gas
companies, while the undeveloped area is the remainder area that has not been leased.

The term EUR in Engelder (2009) was used for both single well and the whole
play. Engelder (2009) did not classify his estimates into reserves and/or resources.

However, since there were counties in Tier 1 that have proven wells with initial production
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data, Engelder (2009) estimates can be categorized into the total of both reserves and
resources.

In 2011, the USGS published an updated assessment of the undiscovered resources
of the Marcellus shale play. USGS (2005a) defined undiscovered resources as resources
postulated from geologic information and theory to exist outside of known oil and gas
fields. USGS (2011b) divided the Marcellus shale play into three AUs based on the
thickness of the shale, thermal maturity of the shale, and the degree of structure
represented by the extent of the fold-and-thrust belt in the eastern part of the Appalachian
Basin where the Marcellus Shale is present (Fig. 9). Using these three AUs, USGS (2011a)
published a probabilistic assessment of the undiscovered resources of the Marcellus shale
play (Table 5). USGS (2011b) determined that the quality of the production data from the
wells in WV and PA that were available in the early 2011 were not sufficient for the
construction of individual well EUR distributions. Therefore, USGS (2011b) chose
analogs from other U.S. shale gas plays to determine the EUR distributions for its three
Marcellus AUs. Since USGS estimates are only for undiscovered resources, it means that
these estimates are comparable to the prospective resources in the PRMS classification

from SPE et al. (2007).
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Fig. 9—The Appalachian basin province and the three Marcellus AUs map (USGS
2011b).

Table 5—USGS (2011a) probabilistic undiscovered resources estimates of the

Marcellus shale play.
Total Patrol System (TPS) Fiold Total undiscovered resources
[ leum el -
and A .t Units (AU) type AUp ility Gas (BCFG) NGL (MMBNGL)
F95 F50 | F5 | Mean | F95 | F50 | F5 [ Mean

Devonian Shale-Middle and Upper Paleozoic TPS
Foldbelt Marcellus AU Gas 1.0 345 698 1.410 765 0 0 0 0
Interior Marcellus AU Gas 1.0 41.607 76,078 139,106 81,374 1,497 2,982 5,938 3,255
Western Margin Marcellus AU Gas 1.0 1,002 1,907 3,629 2,059 57 113 224 124
Total undiscovered resources 42,954 78,683 144,145 84,198 1,554 3,095 6,162 3,379

One of the issues in focus in the AEO 2012 was the Marcellus shale play TRR
estimates. Adopting the three USGS (2011b) AUs, the EIA updated its 2011 Marcellus
shale play TRR estimates. Tables 6 shows EIA (2012a) unproved TRR estimates for the

Marcellus shale play.
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Table 6—EIA (2012a) unproved TRR estimates for the Marcellus shale play.

Well EUR (billion cubic feet per well)
spacing TRR
Area (wells per Percent Percent of (billion
(square square ofarea  area with cubic
Assessment Unit/State miles) mile)  untested potential High Mid Low Average feet)
Foldbelt 19,063 4 100 5 0.50 0.18 0.03 0.21 757
Maryland 435 4 100 5 0.50 0.18 0.03 021 17
Pennsylvania 7,951 4 100 5 0.50 0.18 0.03 021 316
Tennessee 353 4 100 5 0.50 0.18 0.03 0.21 14
Virginia 7,492 4 100 5 0.50 0.18 0.03 0.21 298
West Virginia 2,833 4 100 5 0.50 0.18 0.03 0.21 113
Interior 45,161 4 99 37 6.33 1.41 0.06 1.95 137,677
Maryland 763 4 100 37 202 0.30 0.02 052 629
New York 10,381 4 100 37 7.80 1.79 0.07 243 40,124
Ohio 361 4 99 37 202 0.30 0.02 0.52 296
Pennsylvania 23,346 4 98 37 7.80 1.79 0.07 243 88,182
Virginia 321 4 100 37 202 0.30 0.02 0.52 264
West Virginia 9,989 4 99 37 202 0.30 0.02 052 8,182
Western 39,844 5 100 7 0.35 0.1 0.03 013 2,107
Kentucky 207 5 100 7 035 0.1 0.03 013 1
New York 7,985 5 100 7 035 0.1 0.03 013 424
Ohio 13,515 5 100 7 0.35 0.1 0.03 013 718
Pennsylvania 6,582 5 100 7 0.35 0.1 0.03 013 350
Virginia 653 5 100 7 035 0.1 0.03 013 35
West Virginia 10,901 5 98 7 035 0.1 0.03 013 569
Total Marcellus 104,067 5 99 18 5.05 1.13 0.05 1.56 140,541

EIA (2014b) defined oil and natural-gas resources categories, including the term
unproved TRR. Fig. 10 shows the illustration of oil and natural-gas reserves and resources

according to EIA (2014b).
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Fig. 10—OQil and natural gas resources category according to EIA (2014b).

The definitions of the resources in Fig. 10 according to EIA (2014b) are as follows:

¢ Remaining oil and natural gas in-place (original oil and gas in-place minus
cumulative production). The volume of oil and natural gas within a formation
before the start of production is the original oil and gas in-place. As oil and natural
gas are produced, the volumes that remain trapped within the rocks are the
remaining oil and gas in-place, which has the largest volume and is the most
uncertain of the four resource categories.

e Technically recoverable resources. The next largest volume resource category is
technically recoverable resources, which includes all the oil and gas that can be
produced based on current technology, industry practice, and geologic knowledge.
As technology develops, as industry practices improve, and as the understanding
of the geology increases, the estimated volumes of technically recoverable

resources also expand.
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e Economically recoverable resources. The portion of technically recoverable
resources that can be profitably produced is called economically recoverable oil
and gas resources. The volume of economically recoverable resources is
determined by both oil and natural gas prices and by the capital and operating costs
that would be incurred during production. As oil and gas prices increase or
decrease, the volume of the economically recoverable resources increases or
decreases, respectively. Similarly, increasing or decreasing capital and operating
costs result in economically recoverable resource volumes shrinking or growing.

e Proved reserves. The most certain oil and gas resource category, but with the
smallest volume, is proved oil and gas reserves. Proved reserves are volumes of
oil and natural gas that geologic and engineering data demonstrate with reasonable
certainty to be recoverable in future years from known reservoirs under existing
economic and operating conditions.

According to EIA (2014b), unproved technically recoverable oil and gas resources equals
the total technically recoverable resources minus the proved oil and gas reserves.
Table 7 shows the comparison of EIA (2011), USGS (2011a), and EIA (2012a)

estimates in AEO 2012.
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Table 7—Comparison of EIA (2011), USGS (2011a), and EIA (2012a)
reserves/resources estimates for the Marcellus shale play (after EIA 2012a).

Well spacing Average
Area Percent Percentof EUR (billion
(square Wells per of area area with cubic feet  TRR (billion

Estimate miles) Acres  square mile untested potential per well) cubic feet)

AEOQ2011 (as of 1/1/2009)

Marcellus 94,893 80 8 99% 34% 1.62 410,374

USGS (2011 assessment)

Marcellus 104,067 132 49 99% 18% 0.93 84,198
Foldbelt 19,063 149 43 100% 5% 0.21 765
Interior 45,156 149 43 99% 37% 1.15 81,374
Western 39,844 117 55 99% 7% 0.13 2,059

AEQ2012 (as of 1/1/2010)

Marcellus 104,067 132 49 99% 18% 1.56 140,541
Foldbelt 19,063 149 43 100% 5% 0.21 757
Interior 45,181 149 4.3 99% 37% 1.95 137,677
Western 39,844 17 55 100% 7% 0.13 2107

It can be seen from Table 7 that EIA (2011) estimates in AEO 2011 used production data
as of 1/1/2009, and EIA (2012a) estimates in AEO 2012 used production data as of
1/1/2010. As explained before, USGS (2011a) determined the EUR distributions for its
three AUs of the Marcellus shale play by using analogs from other U.S. shale gas plays
along with performing analysis of the production data of the Marcellus shale play from
PA and WV in the early 2011. Table 8 shows the comparison of these five estimates in

time order based on the production data used in the assessments.
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Table 8—Comparison of the five previously published reserves/resources estimates
of the Marcellus shale play.

Total Reserves Total Resources
SUMMARY Production Data Used
fiizmnhlnd Existing Reserves | Undeveloped Reserves | Contingent Resources | Frospective Resources
2002, combined with MGl
geologic elements (MMBNGL) b b
USGES [2003]| F5 |including source rocks, N/A 4.50 B21.83
PS0| reservoir rocks, and N/A 10.21 1,736.12
PS5| hydrocarbon traps. NSA 2314 3,667.59
Gas (TCF)
1. 200y
ElA (2011) asof 1/1/2009 177.90 932 44
Through May 15, Gas (BCF)
Engelder |P10| 20059 combined with 220,701
(2009) PS0| seweral geological 485,241
PSO parameters. BB7, 162
o Gas (BCF)
/2010
ElA [2012) asof 1,/1/2010 N/A 140,541.00
s NG|
Through early 2011. G BCF
E{:-Lr.:bir“f'*\'\luitr' alodal il
USGS (2011) | PS | s Isﬂ:;r i N/A 1,554 42,554
P50 LJSDgSkaI: '|; .: NSA 3,005 78,683
o Mk N/A 6,162 144,145

Besides due to the production data used in the estimations, the difference in the

five previously published estimates was also due to other parameters involved in

calculating the estimates, 1.e. discovered and undiscovered areas, well spacing, and end of

forecast time. Table 9 shows these parameters for each estimate.

Table 9—Comparison of the estimation parameters used in the five previously
published estimates of the Marcellus shale play.

USGS (2003) | EIA(2011) |Engelder({2009)| EIA (2012) |USGS {2011a)
Discovered |acres) N/A MN/A N/A 666,029 666,029
Undiscovered (acres) N/A N/A N/A 65,936,851 65,936,851
Total Area (acres) NfA 60,731,520 46,933,120 | 66,602,880 | 66,602 830
Well Spacing [acres/well) N/A a0 80 132 132
End of forecast (years) 30 30 50 30 30
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As stated before, most of the production data in USGS (2003) came from vertical
wells drilled in WV. There were very limited public production data from wells in the
Marcellus shale play when the USGS (2003) assessment was conducted because, until
2010, PA maintained a 5-year embargo on the release of well-level production data (EIA
2012a). This limitation, along with the state of technology at that time, made USGS (2003)
the lowest estimate among the five previously published estimates of the Marcellus shale
play.

As seen in Table 9, there was no information about the discovered, undiscovered,
and total area, and well spacing for the Marcellus shale play estimates in USGS (2003).
The end of forecast time information was taken from USGS (2002), which is 30 years.
This 30-year end of forecast time is commonly used by the USGS for its resources
estimates.

Based on the production data used in the assessments, the next estimates after
USGS (2003) in the order of production data used are EIA (2011) estimates. Since USGS
(2003) estimates were on a path to be exceeded by the actual cumulative production of the
Marcellus shale play within a year or two, the EIA hired an independent consultant to
estimate the TRR of the Marcellus shale play for the AEO 2011. These estimates were
EIA (2011) estimates.

Engelder (2009) used production data through May 15, 2009. However, not all of
the counties in the estimation have wells with adequately tested production data. Out of

117 counties, only eight counties, five in PA and three in WV, have proven horizontal
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wells producing with a P50 IP >4 MMCFe/d or less than 10 miles from such wells. The
other 109 counties were not adequately tested by production, so Engelder (2009) used
geological parameters to grade these counties. Table 9 shows that the total area in Engelder
(2009) estimates was smaller than the EIA (2011), EIA (2012a), and USGS (2011Db) total
areas. This was because Engelder assumed that only 70% of the counties are accessible.

The value of the total TRR in both the active and the undeveloped areas from EIA
(2011) is close to the P50 value of Engelder (2009) estimates, 410 TCF compared to 489
TCF. However, EIA (2011) estimates were forecasted to 30 years while Engelder (2009)
estimates were for 50 years.

EIA (2012a) estimates used production data as of 1/1/2010. However, the
estimates were published in 2012 after USGS (2011a) estimates. EIA (2012a) adopted
USGS (201 1a) estimates of the Marcellus shale play areas, well spacing, and percent of
area with potential. Well spacing is the main cause for why EIA (2012a) estimates were
almost 70% lower than EIA (2011) estimates. As shown in Table 9, EIA (2012a) used 132
acres/well while EIA (2011) used 80 acres/well. There are also about 6 million acres
difference in the total area used between the two estimates.

USGS (2011a) used EUR distributions from the other U.S. shale plays and
combined them with the analysis of the Marcellus shale play production data that were
available in the early 2011. Well spacing is also one of the main factors that makes USGS
(2011a) estimates much lower than EIA (2011) estimates. The other main factors are the

percent of area with potential and the average EUR per well, as shown in Table 7. For
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these two factors, USGS (2011a) used almost half of the values used in EIA (2011). There
is also a difference in the total area used between these two estimates.

The difference between EIA (2012a) and USGS (2011a) estimates is caused by the
average EUR per well parameter. The same as the EIA, the USGS also regards the term
EUR as per-well basis. USGS (2005a) defined EUR as the total expected recoverable
volume of oil, gas, and natural gas liquid production from a well, lease, or field under
present economic and engineering conditions, synonymous with total recovery. It can be
seen in Table 7 that EIA (2012a) used the average EUR per well value nearly 70% higher
than the average EUR per well value in USGS (201 1a) estimates.

All of these previous estimates have their own limitation and are outdated. USGS
(2003) and Engelder (2009) had to deal with limited production data available during the
assessments. USGS (2011a) combined analysis from the Marcellus shale play production
data with EUR distributions from the other U.S. shale plays to determine the EUR
distributions for its three Marcellus shale AUs. EIA (2011) and EIA (2012a) estimates are
deterministic; there is no uncertainty quantification in these two estimates. Since there are
more production data available nowadays in the Marcellus shale play, updated

probabilistic estimates of reserves and resources in the Marcellus shale play are needed.

1.5. Research Objectives

The objectives of this work are to generate probabilistic reserves and resources

estimates for the WV Marcellus shale play and to confirm the reliability of the MCMC
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method in quantifying uncertainty in production forecasts using production data from the

WYV Marcellus shale play.

1.6. Overview of Methodology

1.

Obtained production data from the WV Marcellus shale play using Drilling Info
(DI) Desktop application. Horizontal shale gas wells that had at least one year of
production history and clear decline tend were selected. Wells in which the
production data indicated irregular behavior were excluded. For wells which had
obvious sudden production changes, only the latest production data with clear
decline trend were considered.

Performed initial GLR analysis to all the wells selected in the WV Marcellus shale
play and classified them into their fluid-type category based on McCain (1994)

guidelines for determining fluid type from field data using initial producing GLR.

. Divided the Marcellus shale play into production regions based on initial GLR

analysis.

Tested the reliability of the MCMC method in quantifying uncertainty in
production forecasts and reserves estimation by performing hindcast using
production data from the WV Marcellus shale play.

Determined which decline curve model is well calibrated when coupled with the
MCMC method in the hindcast study.

Generated type probabilistic decline curves for every production region.
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7. Performed probabilistic reserves and resources evaluation for the Marcellus Shale
play. Reserves and resources estimates considered well spacing, discovered and
undiscovered areas, and well count. These reserves and resources estimates were

calculated by performing Monte Carlo simulation.
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CHAPTER 1I

LITERATURE REVIEW

This chapter describes all of the DCA models that are used in this work, the
MCMC method, and calibration assessment tools. This work used six DCA models that
are also used in Gonzalez et al. (2012). Three of them are the variants of Arps’ DCA model
(Arps’, Arps’ with minimum decline of 5%, and Modified Arps’). The other three DCA
models are Power-law (Ilk et al. 2008), Stretched Exponential (Valko and Lee 2010), and
Duong’s rate-decline analysis for fracture-dominated shale gas reservoirs (Duong 2011).
The MCMC method was used for production hindcast. In order to determine whether the
hindcast study of a group of wells is well calibrated or not, calibration assessment tools
are needed. The tools used in this work included Coverage Rate (CR), calibration plots,

and calibration scores.

2.1. DCA Models
2.1.1. Arps’ DCA Model

Arps’ DCA model is the most commonly used model to forecast production and
estimate reserves in the oil and gas industry. There are two types of decline in Arps’ DCA

model:
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e Exponential decline

q(t) = q;exp(—D;t) ,forb=0 (1)

e Hyperbolic decline

qt) = —E — for0<b<1 )

(1+D;bt)1/b

q(t) =production rate at time t, MCF/month

qi = initial production rate, MCF/month
D; = Arps’ initial decline rate, 1/month
b = hyperbolic exponent, dimensionless
t = time, month

Lee and Sidle (2010) pointed out that one of the assumptions of Arps’ DCA model
is stabilized (BDF) flow. Due to shale gas reservoir’s extremely low permeability, shale
gas wells require a long time, often years, to experience BDF. It means that the production
data available to be matched are often still in the transient flow. As shown in Eqs. 1 and
2, the b value for the exponential decline is zero, while the b value for the hyperbolic
decline is between 0 and 1. However, since the production data to be matched are often
still in the transient flow, matching production data can yield a b value greater than 1,

which is not strictly valid (Lee and Sidle 2010). Lee and Sidle (2010) stated that the
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common approach to solve this issue is to use the Arps’ parameters from the best fit (with

b > 1) for forecasting, but impose D,,;, to force an exponential tail to the estimate.

2.1.2. Arps’ DCA Model with Imposed Minimum Decline Rate

Hyperbolic decline equation (Eq. 2) is used to in this method. The problem with
using Eq. 2 is that whenever b > 1, then cumulative production goes to infinity as time
goes to infinity. As stated before, the common approach to solve this problem is to impose
D,,in to force an exponential tail to the estimate. However, the value of D,,,;,, is based on
analogy or intuition, and even though the result appears reasonable, there is no physical

basis for selecting this D,,;, (Lee and Sidle 2010).

2.1.3. Modified Arps’ DCA Model
The modified Arps’ DCA model is based on Arps’ DCA model with an additional
fourth parameter — the time when the production rate goes to exponential decline, T

(Gonzalez 2012). The modified Arps’ equations are shown by Eqs. 3 and 4.

qi
Q(t): W,for tSTO (3)

_ qi —Di(t-Top)
q(t) = (1+D;bT,)1/b exp( 1+bD;T, ) for £> T, )
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These equations can model both hyperbolic and exponential decline using the
parameter T as the cut-off between the two decline trends. If the data follow only the
exponential decline, then T, can be set to zero. Ty is set to an extremely high value if the
data do not exhibit the exponential decline; only the hyperbolic decline will be fitted by
the model. For forecasting production, if the latest trend is still in the hyperbolic decline,
T, can be set to the end of the data to force an exponential tail to get a conservative estimate

of the EUR.

2.1.4. Power-Law DCA Model

The Power-law DCA model was introduced by Ilk ez al. (2008). This model is
based on power-law loss ratio. The loss ratio can be approximated by a decaying power-
law function with a constant behavior at large times (Ilk et al. 2008). This constant
parameter at large times is symbolized with D«. This model is flexible enough to model
transient, transition, and BDF (in many cases), but at long times, the relation reduces to
the traditional exponential decline relation (i.e., the contribution of the power-law term is
negligible).

The power-law rate-decline relation is defined by Eq. 5.

q = Giexp(—Det — Dit™) (5)
q = production rate at time t, MCF/month
di = rate “intercept” (q at t = 0), MCF/month
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Dy = decline constant at infinite time, 1/month

D; = power-law decline constant, 1/month
t = time, month
n = time exponent, dimensionless

2.1.5. Stretched Exponential Production Decline DCA Model
Valko and Lee (2010) introduced the Stretched Exponential Production Decline

(SEPD) DCA Model. The rate expression of this model is shown in Eq. 6.

£\
a=qexp (=(7)) ©)
q = production rate at time t, MCF/month
qo = initial production rate, MCF/month
T = characteristic time parameter, month
t = time, month
n = decline exponent, dimensionless

Gong (2013) observed that if the D, parameter from the power-law model is

eliminated and Eq. 6 is rearranged, then the power-law and SEPD models are equivalent.
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2.1.6. Rate Decline Analysis for Fracture Dominated Shale Reservoir

This DCA model was introduced by Duong (2011). This model is based on long-

term linear flow in a large number of tight and shale gas reservoirs. Rate equation for this

model is shown in Eq. 7.

q= qit™"exp [ﬁ(tl‘m - 1)] ()
q = production rate at time t, MCF/month

q1 = initial production rate, MCF/month

t = time, month

a = intercept constant for Duong’s model, 1/month

m = slope for Duong’s model, dimensionless

Duong (2011) showed that the parameters a and m are correlated. Fig. 11 shows

this correlation from various gas plays.
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Fig. 11—Correlation between a and m for various gas plays (Duong 2011).

Fig. 11 shows that the value of a varies from 0 to 3 and m varies from 0.9 to 1.3.

Fig. 11 also shows that m value is always greater than unity for shale gas reservoirs.
2.2. MCMC Method

Gongetal. (2011) developed the MCMC method based on Bayes’ theorem. Bayes’

theorem is shown in Eq. 8.

_ _r(¥6j)mep
n(6)]y) =5 F(Y[0)m(®)as (®)
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m(6]y) = posterior distribution

f(y|6) = likelihood function

n(0) = prior distribution of parameters

0; = candidate of decline curve parameters
y = historical production data

Prior distribution of parameters, likelihood function, and posterior distribution are
the three important components in Bayes’ theorem. The prior distribution is the
distribution of DCA parameters before any production data are analyzed. The likelihood
function is the probability density function of y assuming @ is the true parameter. The
posterior distribution is the distribution of the unknown parameters after all the observed
data are considered.

The posterior distribution is the objective of a Bayesian study. The problem with
generating this distribution is that the integral of the denominator in Eq. 8 is often non-
integrable (Gong et al. 2011). MCMC simulation is one method that can be used to solve
this problem.

Procedures to apply this MCMC method, which is summarized from Gong (2013),
are as follows. The procedures are explained using Arps’ (1945) DCA model as an
example.

1. Assume uniform distribution for prior distributions of Arps’ DCA parameters,

which are In(q;), In(D;), and b.
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2. Set s = 1 and initial values of Arps’ (1945) DCA parameters as the best fit
parameters. These initial DCA parameters are calculated from the regression-fit of
the production data using the Arps’ DCA model equations. Variable s is the
iteration number.

3. Calculate the sample standard deviation of the logarithmic residual (o) between
production data and production from the DCA model using Eq. 9. Variable y; is
production data at month i, y; is DCA production data at month i, and t is the
number of months of production data available. The sum of residuals squared is

divided by #-3 because the nonlinear regression model includes three decline curve

variables (Gong 2013).

’ (yi=9:)?
o = $=1 T (9)

4. Use Metropolis algorithm to construct the Markov chain. In this algorithm the
proposal distributions of In(gq;), In(D;), and b are set as normal distributions with
mean = In(q;)s_1 , In(D;)s_1 and bs_4, and standard deviations of 0.2, 0.4, and
0.2, respectively. Each DCA parameter is generated from this proposal distribution
in each iteration.

5. Calculate the sample standard deviation of the logarithmic residual (o) between
production data and production from the DCA model using the DCA parameters

from proposal distribution (Eq. 10).
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(vi=9i )’
Oproposal = \/Zi;:l% (10)

Calculate acceptance ratio () using Eq. 11.

2 2 Cb('91’-171797'_195—1)_(p('glower‘ﬁs—l)
9s5-1"%roposal x H 99 99 ( )
o2 9=In(qy),In(D;),b (p(ﬁupper-ﬁpmposal)_q)(ﬁlower—apmposal)\
99 9

a = min[1, exp (

v is one of the three decline curve parameters and 0y, Oypper» and Jyoyer are the
standard deviation, upper bound, and lower bound of the proposal distribution of
9, and @ is the Cumulative Distribution Function (CDF) of the standard normal.
Generate a random number between 0 and 1.

If the random number < acceptance ratio, accept 6roposar> Otherwise 8, = 65_.
Go to the next iteration until the maximum chain length is reached. When the
maximum iteration is reached, the obtained Markov chain of the DCA parameters

are used to calculate P90, P50, and P10 production forecasts and reserves.

2.3. Calibration Assessment Tools

One of the objectives of this work is to confirm the reliability of the MCMC

method using the WV Marcellus shale play production data. This objective can be

achieved by performing a hindcast study. In a hindcast study, a user-defined portion of the

known history is used as input to the model (i.e., is matched) and the remainder of the
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known history is considered to be “future” production and is compared to the model
prediction to the same point in time (i.e., hindcast) (Gonzalez et al. 2012).

In order to determine whether the probabilistic methodology is well calibrated or
not, calibration assessment tools are needed. The tools used in this work were Coverage
Rate (CR), calibration plots and calibration score.

Coverage Rate (CR) is the number of wells in which the true production falls
within the Poo — P10 range divided by the total number of wells (Gonzalez et al. 2012).
Calibration plots (Fig. 12) can also be used to assess calibration of probabilistic forecasts.
The x-axis represents the probability associated with each forecast, which in this work are
P10, P50, and P90 values. The y-axis is the proportion correct, which is the fraction of
wells that comply with the definition. For example, the well actual production at the end
of the hindcast should be greater than the P10 estimate for approximately 90% of the wells
being analyzed. The fraction of wells in which the actual production exceeded the P10
estimate was calculated and plotted on the y-axis. This process was repeated for the P50
and the P90 estimates. A methodology is well-calibrated if, for all estimates assigned the
same probability, the proportion correct is equal to the probability assigned (Gonzalez et

al. 2012).
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Fig. 12—Probability calibration plot. Well calibrated results should lie on the unit-
slope (perfect) line (Gonzalez et al. 2012).

Another tool for calibration assessment is the calibration score. Eq. 12 shows the

calibration score equation (Fondren ef al. 2013).

Calibration score = %Z{zl ne(ry — c)? (12)
N = total number of assessments

T = total number of different response probabilities (e.g., 3 for 10%, 50%, 90%)
Ty = the response probability assigned to an assessment

ng = the number of assessments for the response probability 7,

Ct = the percent correct
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The calibration score is negatively oriented and ranges from 0 to 1, with the worst

calibration score possible equal to 1.
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CHAPTER III

METHODOLOGY AND RESULTS

This chapter presents the workflow, scope and limitation, methodology, and results
of this work. First, the workflow and the scope and limitation are presented. After that, the

method and its result are explained step by step.

3.1. Workflow

The first step of this work was to obtain the Marcellus shale play data. Production
data were obtained by using the DI Desktop application. Several filters were inputted to
the application so that only horizontal wells with at least 12 months of production data
were included. The map of the three USGS (2011b) Marcellus shale play AUs was taken
from the shape files in USGS (2014) and uploaded to the DI Desktop application. Initial
GLR analysis was then performed for the first three producing months of the wells. Based
on the initial GLR analysis results, the WV Marcellus shale play was then divided into
two regions: liquid-rich region, since this region also produces Natural Gas Liquid (NGL),
and dry-gas region.

The next step was to perform hindcast study on the WV Marcellus shale play wells.
The purpose of this hindcast study was to confirm the reliability of the MCMC method in
production forecasting and reserves estimation by using the WV Marcellus shale play
production data. The hindcast study was also used to determine which DCA model was

well calibrated when combined with the MCMC method.
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The selected DCA model was then used to generate type probabilistic decline
curves for both the liquid-rich and dry-gas regions. Both the NGL and gas production were
considered for the liquid-rich region. However, only the gas production is considered for
the dry-gas region, since all the wells in this region had either zero or negligible NGL
production. The early time of the type curves was matched with the early time of the actual
production data. D,,;, values were introduced to force exponential decline to the type
probabilistic decline curves at the late time. Since there was no long-term production data
in the Marcellus shale play on which to base D,,;, values, distributions of D,y;, for
oil/NGL and gas production for the Eagle Ford play from Gong et al. (2013) were used.
Imposing these D,y;,, values contributed to the uncertainty in the TRR20 estimates from
the type probabilistic decline curves.

With the type probabilistic decline curves for both fluid types for both regions,
reserves and resources were estimated. Reserves consist of existing reserves from the
existing wells and undeveloped reserves, which includes wells that can be drilled in the
next five years. Resources consist of contingent resources, which are potentially available
resources in the discovered area of the play but not drilled yet, and prospective resources,
which are resources potentially available in the undiscovered area.

Well counts for each reserves and resources category were calculated based on
existing well numbers, drilling rate, drilling success ratio, discovered and undiscovered
area, fraction of undiscovered area with potential, and well spacing. Reserves and
resources estimates of the WV Marcellus shale play were then calculated probabilistically

by performing Monte Carlo simulation. Lastly, these reserves and resources estimates of
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the WV Marcellus shale play were extrapolated to estimate reserves and resources for the
rest of the play.

This workflow is summarized as a flow diagram shown in Fig. 13.

Public Production

| Hindcast Study

¥
DCA Model
Selection

¥

TRR20 Forecast Monte Carlo Well Count
Simulation Estimation

Initial GLR

Analysis ] .
A
Liguid-Rich Type Probabilistic Probabilistic Reserves
—* Region & Dry Gas Decline Curves and Resources
Thermal Maturity Region Estimates

Map (Wrightstone
2008)

Fig. 13—Workflow diagram for the WV Marcellus shale play reserves and
resources estimation.

3.2. Scope and Limitations
Every state in the Marcellus shale play has their own policy on how to report its
oil and gas production data. PA requires operators to report their production data twice a

year (semi-annually), Ohio (OH) requires it annually. WV requires their operators to
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report oil and gas production data once a year, but the report contains actual monthly
production data.

Production data for this work were taken from the DI Desktop application. Since
PA and OH only have semi-annual and annual production data, respectively, in order to
be consistent with their data format, DI uses an algorithm to distribute this semi-annual /
annual production data into monthly production data proportional to the number of days
in each month. There is no problem with WV production data since they have actual
monthly production data.

This work used PDCA software developed by Gong et al. (2011). The software
was developed to deal with monthly production data. Because only the WV Marcellus
shale play has actual monthly production data, and because it is difficult to forecast
production using decline curves with semi-annual or annual data, the scope of this work

was focused primarily on estimating reserves and resources of the WV Marcellus shale

play.

3.3. Marcellus Shale Play Classification
3.3.1. Marcellus Shale Map

As explained before in Chapter I, USGS (2011b) divided the Marcellus shale play
into three AUs based on the thickness of the shale, thermal maturity of the shale, and the
degree of structure represented by the extent of the fold-and-thrust belt of the Marcellus

shale. These three AUs are:
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e  Western margin Marcellus AU, which is the area with shale thickness less than 50
ft, depth less than 2,000 ft to more than 9,000 ft, and thermal maturity from pre-
peak oil to past-peak gas.
e Interior Marcellus AU, which consists of area with shale thickness greater than 50
ft, depth from less than 2,000 ft to more than 11,000 ft, and thermal maturity from
peak oil to past-peak gas.
e Marcellus foldbelt AU, which is the general extent of the fold-and-thrust belt in
the eastern part of the Appalachian Basin where the Marcellus Shale is present,
has shale thickness from a few feet to more than 350 ft, shale depth from outcrop
to more than 11,000 ft, and thermal maturity from peak gas to past-peak gas.
These three AUs are shown in Fig. 9 in Chapter 1.

The map of these three AUs of the Marcellus shale play, which is in the form of
shapefiles, was uploaded into the DI Desktop map. These shapefiles were provided in
USGS (2014). Fig.14 shows these three Marcellus AU shapefiles on top of the U.S.

counties and states maps.
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3.3.2. Public Production Data of the WV Marcellus Shale Play

The production data of the WV Marcellus shale play were taken from the DI
Desktop application. Several filters were applied so that only horizontal wells with at least
12 months of production data were included. Fig. 15 shows the input filters used to obtain
the desired production data. The locations of the selected wells in the WV Marcellus shale

play are shown in Fig. 16.
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Fig. 15—DI Desktop production window shows input filters used to obtain the
desired production data.
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Fig. 16—Selected wells in the WV Marcellus shale play.
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These data were as of December 1, 2013. A total of 584 horizontal shale gas wells
in the WV Marcellus shale play with at least 12 months production data were included in

this work.

3.3.3. Perform Initial GLR Analysis

In this step, GLR analysis was performed using the first three months of production
data from each well. The reason for choosing the first three months in this analysis was
that it was a reasonable amount of time to take precautions of a well’s behavior at the start

of the production. Sometimes a well’s production at the beginning is usually distorted by
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some problems; e.g., drilling fluid comes back during production, or maybe a completion
problem. Taking three months in the GLR analysis was an attempt to make sure that the
GLR value really represents the ratio from the reservoir fluid of the observed well. To get
the GLR for each well, the first three months of the gas production data were summed and
divided by the sum of the first three months of the NGL production data. This GLR value
was used to classify the fluid type of the well. The fluid type classification in this work
was based on McCain’s (1994) guidelines for determining fluid type from field data using

initial producing GLR. These guidelines are shown in Table 10.

Table 10—Guidelines for determining fluid type from field data (McCain 1994).

Black Ol Volatile Ol Rettograde Wet Gas Dry Gas

Inital producing gasfiquid 1,750 1,750 10 3,200 >3,200 >15,000° 100,000*

LT;?I stock-tank fiquid gravity, <45 >40 >40 Upio 70 No liquid

Color of stock-tank liquid Dark Colored Lightly colored Water white No liquid
*For engineering purposes.

The results of this GLR analysis of 584 wells in the WV Marcellus shale play are

shown in Table 11. Maps of well fluid type are shown in Figs. 17-19.
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ults for all wells in the WV Marcellus shale play.

Table 11—Initial GLR analysis res

45

51
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Dry Gas

Fig. 17—Retrograde-gas wells in the WV Marcellus shale play.
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Fig. 18—Wet-gas wells in the WV Marcellus shale play.
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Fig. 19—Dry-gas wells in the WV Marcellus shale play.

I',.

Combining these initial GLR analysis results and well locations in Figs. 17-19, the
boundary between the liquid-rich and dry-gas regions of the WV Marcellus shale play was
drawn (Fig. 20). The liquid-rich region consists of retrograde and wet-gas wells, while the

dry-gas region consists of only dry-gas wells.
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Fig. 20—The liquid-rich and dry-gas regions for the WV Marcellus shale play
separated by a boundary. The part of the play located to the left of this boundary is
the liquid-rich region; to the right of this boundary is the dry-gas region.

Ideally the boundary between the liquid-rich and dry-gas regions will result in a
perfect separation of liquid-rich wells (wet-gas and retrograde-gas wells) and dry-gas
wells. However, there are some dry-gas wells that are located at the area where the wells
are liquid-rich dominant, and vice versa. Therefore, the purpose when drawing the
boundary was to minimize the number of wrong-type wells in both regions. There are a
total of 142 wells in the liquid-rich region and 438 wells in the dry-gas region. There are
51 wells that are considered dry-gas wells from the initial GLR analysis but are located in

the liquid-rich region, and there are only five wells that are considered wet-gas wells from
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the initial GLR analysis but are located in the dry-gas region. These two regions and the

three AUs from USGS (2011b) were used throughout this work.

3.4. The Reliability Confirmation of the MCMC Method and DCA Model Selection

In order to confirm the reliability of the MCMC method in production forecasting
and reserves estimation, and to determine which DCA model was best calibrated when
coupled with the MCMC method, a hindcast study was performed. In a hindcast study, the
first part of the observed production data are considered history and the remaining
production data are considered future production, which will be compared to the model’s
forecast results. In this work, hindcast studies were performed for NGL production data
in the liquid-rich region and for gas production data in the dry-gas region. As for the
history part of the production data, six-month and twelve-month histories were used. Only
wells that had clear decline trends and at least two months of production data after the
history part were selected. The start month of production analyzed was the first month on
a clear decline trend. For example, if a clear decline trend is shown starting with month
seven of the available production data of a well, the start month of production analyzed
for this well was month seven.

When the first six months of the production data were used as the history part,
there were 73 wells in the liquid-rich region and 392 wells in the dry-gas region that were
suitable for the hindcast study. When the first twelve months of production data were used
as the history part, there were 28 wells available in the liquid-rich region, and 355 wells

in the dry-gas region that were suitable for the hindcast study. Tables 12 through 15 show
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the number of months of production data after the history part and the corresponding
numbers of wells in the hindcast study, for both regions and for six and twelve months of

history.

Table 12—Number of months after the history part and the corresponding
numbers of wells in the liquid-rich region when the first six months of the
production data were used as the history part in the hindcast study.

Months after History | Number of wells

24
Total Wells

A R (R R I LR N I I (V=R 0 1N O IV-R FTOR )
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Table 13—Number of months after the history part and the corresponding number
of wells in the liquid-rich region when the first twelve months of the production
data were used as the history part in the hindcast study.

Months after History | Number of wells
2 8
3 1
4 1
5 1
6 2
7 3
10 1
13 5
14 1
16 1
17 2
18 2
Total Wells 28
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Table 14—Number of months after the history part and the corresponding number
of wells in the dry-gas region when the first six months of the production data were

used as the history part in the hindcast study.

Months after History | Number of wells | Months after History| Number of wells
2 7 28 7
4 3 29 8
5 3 30 11
6 8 31 6
7 16 32 1
8 8 33 12
o 21 34 5
10 18 35 2
11 26 36 4
12 12 37 1
13 11 38 4
14 20 39 2
15 8 40 1
16 13 42 3
17 14 43 1
18 27 44 4
19 13 45 2
20 4 47 1
21 10 49 2
22 13 50 1
23 7 51 2
24 19 52 1
25 11 59 2
26 11 60 1
27 5

Total Wells
392

60




Table 15—Number of months after the history part and the corresponding number
of wells in the dry-gas region when the first twelve months of the production data
were used as the history part in the hindcast study.

Months after History | Number of wells | Months after History| Number of wells
2 8 24 11
3 21 25 6
4 18 26 1
5 26 27 12
6 12 28 5
7 11 29 2
8 20 30 4
g9 8 31 1
10 13 32 4
11 14 33 2
12 27 34 1
13 13 36 3
14 4 37 1
15 10 38 4
16 13 39 2
17 7 41 1
18 19 43 2
19 11 44 1
20 11 45 2
21 5 46 1
2 7 53 2
23 8 54 1

Total Wells
355

The prior distributions for the DCA parameters for all of the DCA models were
independent and uninformative uniform distributions. The bounds for these prior
distributions were selected so that the ranges of the parameters were wide and reasonable
enough to accommodate all DCA parameters’ combinations possible. This work used the
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DCA parameters’ bounds from Gonzalez et al. (2012), except for the m value in Duong’s
DCA model. This m value ranged from 1.00001 to 3, since Duong (2011) stated that the
m value for shale gas reservoirs is always greater than unity. Figs. 21a through 21d show
the DCA parameters’ bounds used in the hindcast study for Arps’, the power-law, the
SEPD, and Duong’s DCA models, respectively. Arps’ with 5% D,,;,, and the modified

Arps’ used the same DCA parameters as Arps’.

Lower Limit Upper Limit n Upper Limit
el | 0.01 | 1000000 a | oot | 1000000
Di | 0.0001 | 50 Dinf | p,00000000 | 0.1
b |0 | 2 Dpwl | o.o1 | 10
tmin | p,001 | 2
(a)
(b)
Lawer Limit Uppet Limit Lower Limit Upper Limit
g | oot | 1000000 @ | o001 | 1000000
Tas | 15 | 10 3 [ 0.5 IE
no | oo | 5 m | 100001 E
(c) (d)

Fig. 21—DCA parameters for (a) Arps’, Arps’ with 5% minimum decline rate, the
modified Arps’, (b) the power-law, (¢) the SEPD, and (d) Duong’s DCA models for
the hindcast study.
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Calibration tools were used to evaluate the hindcast study results. These tools show
which DCA models were well calibrated in the hindcast study. The tools that were used
in this work are CR, calibration plots, and calibration scores. As explained in Chapter II,
a high value for CR, low value for calibration score, and close fit to the perfect curve in
the calibration plot are wanted. Figs. 22 through 25 show the calibration plots for all DCA
models in both production regions using the first six and twelve months of production data

as the history part. Tables 16 through 19 show the coverage rates and calibration scores.
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Fig. 22—The calibration plots for all DCA models in the liquid-rich region using
the first six months of the production data as the history part in the hindcast study.
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Table 16—The coverage rates and calibration scores for all DCA models in the
liquid-rich region using the first six months of the production data as the history
part in the hindcast study.

DCA Model Coverage Rate Calibration Score
Duong 75% 0.0005
Arps 68% 0.0131
Power Law 6% 0.0080
SEPD 64% 0.0252
Arps' with 5% minimum decdine rate 62% 0.0186
Modified Arps 67% 0.0170
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Fig. 23—The calibration plots for all DCA models in the liquid-rich region using
the first twelve months of the production data as the history part in the hindcast
study.
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Table 17—The coverage rates and calibration scores for all DCA models in the
liquid-rich region using the first twelve months of the production data as the
history part in the hindcast study.

DCA Model Coverage Rate Calibration Score
Duong 86% 0.0018
Arps 86% 0.0312
Power Law 86% 0.0056
SEPD 93% 0.0252
Arps with 5% minimum decline rate 89% 0.0187
Modified Arps 93% 0.0308
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Fig. 24—The calibration plots for all DCA models in the dry-gas region using the
first six months of the production data as the history part in the hindcast study.
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Table 18—The coverage rates and calibration scores for all DCA models in the dry-
gas region using the first six months of the production data as the history part in

the hindcast study.
DCA Model Coverage Rate Calibration Score
Duong 82% 0.0018
Arps 72% 0.0057
Power Law 67% 0.0036
SEPD 53% 0.0885
Arps with 5% minimum decline rate 76% 0.0056
Modified Arps 65% 0.0206
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Fig. 25—The calibration plots for all DCA models in the dry-gas region using the
first twelve months of the production data as the history part in the hindcast study.
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Table 19—The coverage rates and calibration scores for all DCA models in the dry-
gas region using the first twelve months of the production data as the history part

in the hindcast study.
DCA Model Coverage Rate Calibration Score
Duong 84% 0.0007
Arps 85% 0.0060
Power Law 75% 0.0012
SEPD 83% 0.0010
Arps with 5% minimum decline rate 84% 0.0030
Modified Arps 84% 0.0007

From the calibration plots in Figs. 22 through 25 and the values of the coverage
rates and calibration scores in Tables 16 through 19, it can be concluded that Duong’s
DCA model is well calibrated and gives the most consistent performance among the DCA
models. Duong’s DCA model always has the closest plot to the perfect unit-slope line on
the calibration plots. It was only rivaled by the modified Arps’ DCA model in Fig. 25. The
calibration scores for Duong’s DCA model are also consistently low and its CR values are
consistently close to 80%.

It can be concluded from the hindcast study that the MCMC method combined
with the Duong DCA model can reliably quantify uncertainty in production forecasting
and reserves estimation in the WV Marcellus shale play. The hindcast results showed that
Duong’s DCA model was best calibrated and it was thus selected to be used in generating
type probabilistic decline curves for this work.

Increasing the number of the MCMC iterations to 10,000 for the hindcast study

was performed using Duong’s DCA model to check whether it could improve the hindcast

67



results. Figs. 26 through 29 show the calibration plots for the hindcast study using 1000
and 10,000 MCMC iterations. Tables 20 through 23 show the coverage rates and the

calibration scores.
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Fig. 26—The calibration plots for Duong’s DCA model with 1000 and 10,000
MCMC iterations in the liquid-rich region using the first six months of production
data as the history part in the hindcast study.
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Table 20—The coverage rates and calibration scores for Duong’s DCA model with
1000 and 10,000 MCMC iterations in the liquid-rich region using the first six
months of production data as the history part in the hindcast study.

Iterations Coverage Rate Calibration Score
1000 75% 0.0005
10000 77% 0.0006
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Fig. 27—The calibration plots for Duong’s DCA model with 1000 and 10,000
MCMC iterations in the liquid-rich region using the first twelve months of
production data as the history part in the hindcast study.
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Table 21—The coverage rates and calibration scores for Duong’s DCA model with
1000 and 10,000 MCMC iterations in the liquid-rich region using the first twelve
months of production data as the history part in the hindcast study.

Iterations Coverage Rate Calibration Score
1000 86% 0.0018
10000 86% 0.0052
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Fig. 28—The calibration plots for Duong’s DCA model with 1000 and 10,000
MCMC iterations in the dry-gas region using the first six months of production
data as the history part in the hindcast study.
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Table 22—The coverage rates and calibration scores for Duong’s DCA model with
1000 and 10,000 MCMC iterations in the dry-gas region using the first six months
of production data as the history part in the hindcast study.

Iterations Coverage Rate Calibration Score
1000 82% 0.0018
10000 83% 0.0018
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Fig. 29—The calibration plots for Duong’s DCA model with 1000 and 10,000
MCMC iterations in the dry-gas region using the first twelve months of production
data as the history part in the hindcast study.
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Table 23—The coverage rates and calibration scores for Duong’s DCA model with
1000 and 10,000 MCMC iterations in the dry-gas region using the first twelve
months of production data as the history part in the hindcast study.

Iterations Coverage Rate Calibration Score
1000 84% 0.0007
10000 86% 0.0011

From the calibration plots in Figs. 26 through 29 and the coverage rates and
calibration scores in Tables 20 through 23, it can be seen that increasing MCMC iterations
from 1000 to 10,000 iterations does not result in significant improvement in the hindcast
results; it only makes the simulation running time longer. Therefore, it was decided that

using 1000 MCMC iterations for Duong’s DCA model was sufficient.

3.5. Generating Type Probabilistic Decline Curves
Type probabilistic decline curves were generated to estimate reserves and
resources of the play. These type probabilistic decline curves for both the liquid-rich and
dry-gas regions represent the distributions of NGL and gas production of each well in the
WYV Marcellus shale play. The steps used to generate the type probabilistic decline curves
are as follows.
e Rank all the wells in each region based on the cumulative production at the longest
time when all or most of the wells have actual monthly production data. Sort all

the wells from the smallest to the largest cumulative production value.
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Take the 10th, 50th, and 90th percentile of the wells and some wells above and
below the percentile wells, and average the wells' production data for each
percentile for each month. For example, if the number of wells in a region is 400,
then the 40" well will be the 10" percentile well, the 200" well will be the 50
percentile well, and the 360™ well will be the 90™ percentile well. Some wells
above and below the 40", 200", and 360™ well are considered in the average
monthly production data calculation. The numbers of wells above and below the
percentile wells are different between the liquid-rich and dry-gas regions due to
the different number of wells available in each region. In the dry-gas region, 10
wells above and below the percentile wells are selected. In the liquid-rich region,
the maximum number of wells above and below the percentile wells that can be
selected is 7.

Fit Duong’s DCA model to the average monthly production data for each
percentile. The curve that fits the average monthly production data from the 90™
percentile well group becomes the top (P90) curve of the type probabilistic decline
curves. The curve that fits the average monthly production data from the 50
percentile well group becomes the middle (P50) curve of the type probabilistic
decline curves. The curve that fits the average monthly production data from the
10" percentile well group becomes the bottom (P10) curve of the type
probabilistic decline curves.

Use the D,,;, distribution for gas production from Gong et al. (2013) to force
exponential decline in the gas type probabilistic decline curves for both the dry-
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gas and liquid-rich regions. Use the D,,;, distribution for oil/NGL production
from Gong et al. (2013) for the NGL type probabilistic decline curves in the
liquid-rich region. Duong (2011) based his DCA model on long-term linear flow,
which means that relying solely on this method will overestimate TRR. Imposing
D,in values to the type probabilistic decline curves will handle this problem. In
order to create a wide enough decline tails and to incorporate uncertainty in long-
term trends of the type probabilistic decline curves, different values of D,y,;,, for
the bottom (P10), middle (P50), top (P90) curves were used; D,,;, value for the
bottom (P10) curve > D,,;,, value for the middle (P50) curve > D,,;,, value for the
top (P90) curve. The 10th percentile of the D,y;, distribution from Gong et al.
(2013) is assigned as the D,y,;,, value for the top (P90) curve, the 50th percentile
is assigned as the D,,;, value for the middle (P50) curve, and the 90th percentile
is assigned as the D,,;;,, value for the bottom (P10) curve.

e (alibration plots are used to confirm whether the type probabilistic decline curves
are well calibrated by comparing cumulative production (G,) and production rate

data between the type probabilistic decline curves and the actual production data.

Since there was no long-term production data available in the Marcellus shale play,
there should be considerable uncertainty reflected in the decline tails of the probabilistic
type curves. The P90-to-P10 ratio was used to judge the proper spread of the tails. A P90-

to-P10 ratio in the 6-to-10 range was deemed to be a reasonable expression of the
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uncertainty in the long-term decline curves, given that there was no other information

available for quantifying uncertainty.

3.5.1 Type Probabilistic Decline Curves for the Dry-Gas Region

Cumulative production data at the 12" month were selected to rank the wells. At
the 12™ month, most of the wells in the dry-gas region still had actual monthly production
data. Out of 392 wells in this region, only 3% of the wells did not have actual production
data. These 3% of the wells have some extrapolated monthly production data from the
actual production data using Duong’s DCA model (forecasted). For 392 wells, the 10™
percentile of the wells is the 40™ well, the 50™ percentile of the wells is the 197" well, and
the 90™ percentile of the wells is the 353" well. Ten wells above and below the percentile
wells were included in the average monthly production calculation. DCA curves based on
Duong’s DCA model were fitted to the three average monthly production data streams to
get Duong’s DCA parameters that were used to generate the top (P90), middle (P50), and
bottom (P10) curves of the type probabilistic decline curves for the dry-gas region.

The D,,;, distribution for gas production in the Eagle Ford play from
Gong et al. (2013) was used for generating gas type probabilistic decline curves for the
dry-gas region. Fig. 30 and Table 24 show the gas D,,;, distribution and the P10, P50,
and P90 values of this D,,;, distribution, respectively. The P10, P50, and P90 values of
this D,y distribution were then imposed to the top (P90), middle (P50), and bottom (P10)

curves of the type probabilistic decline curves. Figs. 31 and 32 show the type probabilistic
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decline curves for the dry-gas region and how the curves compare to the actual production
data, respectively.

To check whether the type probabilistic decline curves for this region represent
well the actual production data, the cumulative production at the 6, 8", and 12" month,
along with the production rate at the 8™ and 12" month from the actual data, were
compared to similar values from the type probabilistic decline curves. In every comparison
there should be 90% of the actual production data that exceed the P10 value, 50% of the
actual production data that exceed the P50 value, and 10% of the actual production data
that exceed the P90 value. The results are presented in calibration plots (Fig. 33) and

calibration scores (Table 25).
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Fig. 30—D,,,;,, distribution for gas production in the Eagle Ford play (Gong et al.
2013).

Table 24—P10, P50, and P90 values of the Gong et al. (2013) D,,,;,, distribution for
gas production in the Eagle Ford play.

Percentile |Dmin Value
P10 0.14082
P50 0.24985
P90 0.4427
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Fig. 31—The type probabilistic decline curves for the dry-gas region.
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Fig. 32—The type probabilistic decline curves for the dry-gas region compared to
the actual production data.
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Fig. 33—The calibration plots for the comparison between the type probabilistic
decline curves and actual production data in the dry-gas region.

Table 25—The calibration scores for the comparison between the type probabilistic
decline curves and actual production data in the dry-gas region.

Comparison Base | Calibration Score
Gp @6 month 0.00003
Gp @8 month 0.00002
Gp @12 month 0.00000
Rate @8 month 0.0004z2
Rate @12 month 0.00009
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Fig. 32 suggests that the type probabilistic decline curves might bracket the actual
production data quite well. It is difficult to tell from the plot because the production data
are so crowded. However, the calibration plots and calibration scores in Fig. 33 and Table
25 confirm that the type probabilistic decline curves for this region are well calibrated,
which means that the type probabilistic decline curves represent the uncertainty in the
actual data quite well. The P90-to-P10 ratio of the TRR20 values from these type
probabilistic decline curves equals 8.61, indicating that considerable uncertainty is

represented in the long-term trends of the type probabilistic decline curves.

3.5.2 Gas Type Probabilistic Decline Curves for the Liquid-Rich Region

Since the number of wells in the liquid-rich region was much smaller than in the
dry-gas region, there was a selection limitation on the time when all or most of the wells
have actual production data and on the number of wells above and below the percentile
wells that can be included in the average monthly production calculation. Cumulative
production data at the 8" month were selected to rank the wells. At the 8" month, all the
wells in the liquid-rich region still had actual monthly production data. There were 68
wells with suitable gas production data available in the liquid-rich region. For 68 wells,
the 10" percentile of the wells is the 8 well, the 50™ percentile is the 35" well, and the
90 percentile is the 62" well. Only a maximum of seven wells above and below the
percentile wells can be included in the average monthly production calculation.

Using the same D,,;, distribution and the P10, P50, and P90 values of the D,,;,,

distribution as in the dry-gas region (Fig. 30 and Table 24), the gas type probabilistic
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decline curves for the liquid-rich region were generated. Figs. 34 and 35 show the gas
type probabilistic decline curves for the liquid-rich region and how the curves compare to
actual production data, respectively. Fig. 36 and Table 26 show the calibration plots and

calibration scores of the type probabilistic decline curves and actual data comparison,

respectively.
——Bottom (P10) Curve Middle (P50) Curve Top (P90) Curve

1000000

100000

10000
£
=)
c
g

— 1000
L
O
@\
b=

100

10

1

0 50 100 150 200 250 300
Month

Fig. 34—The gas type probabilistic decline curves for the liquid-rich region.
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Fig. 35—The gas type probabilistic decline curves for the liquid-rich region on top
of the actual production data.
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Fig. 36—Calibration plots for the comparison between the gas type probabilistic
decline curves and actual gas production data in the liquid-rich region.

Table 26—The calibration scores for the comparison between the gas type
probabilistic decline curves and actual gas production data in the liquid-rich

region.
Comparison Base | Calibration Score
Gp @6 month 0,00035
Gp @8 month 0.00035
Gp @12 month 0.00024
Rate @8 month 0.00039
Rate @12 month 0.00142
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Fig. 35 suggests that the type probabilistic decline curves bracket the actual
production data quite well. It is confirmed by the calibration plots in Fig. 36, which are
quite close to the unit-slope line, and by the calibration scores in Table 26, which are quite
small. The P90-to-P10 ratio of the TRR20 values from these type probabilistic decline
curves is 6.68, indicating that considerable uncertainty is represented in the long-term

trends of the type probabilistic decline curves, as expected.

3.5.3 NGL Type Probabilistic Decline Curves for the Liquid-Rich Region

As with the gas type probabilistic decline curves in this region, cumulative
production data at the 8" month was selected to rank the wells for NGL production. At the
8" month, all the wells in this region still had actual monthly production data. There were
73 wells with suitable NGL production data available in the liquid-rich region. The
percentile wells for 73 wells are the same as for 68 wells, which are the 8" well for the
10" percentile well, the 35" well for the 50" percentile well, and the 62" well for the 90
percentile well. Six wells above and below the percentile wells were included in the
average monthly production calculation. A maximum of seven wells above and below the
percentile wells was tried, but the result was not good. The middle curve fell slightly under
the bottom curve at the end of forecast, which is not right. Thus, six wells above and below
the percentile wells were used.

For generating the NGL type probabilistic decline curves for the liquid-rich region,

the D, distribution for o0il/NGL production in the Eagle Ford play from
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Gong et al. (2013) was used. Fig. 37 and Table 27 show the D,,;,, distribution and the

P10, P50, and P90 values for this distribution, respectively.
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Fig. 37—D,,,;,, distribution for 0il/NGL production in the Eagle Ford play (Gong et
al. 2013).

Table 27—P10, P50, and P90 values of Gong et al. (2013) D,,,;,, distribution for
0il/NGL production in the Eagle Ford play.

Percentile | Dmin Value
P10 0.1579
P50 0.322
P20 0.5775
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Figs. 38 and 39 show the o0il/NGL type probabilistic decline curves for the liquid-
rich region and how the type curves compares to the actual production data, respectively.
Fig. 40 and Table 28 show these calibration plots and calibration scores of the type

probabilistic decline curves and actual data comparison, respectively.
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Fig. 38—The NGL type probabilistic decline curves for the liquid-rich region.
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Fig. 39—The NGL type probabilistic decline curves for the liquid-rich region

compared to the actual production data.
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Fig. 40—Calibration plots for the comparison between the NGL type probabilistic
decline curves and actual NGL production data in the liquid-rich region.

Table 28—Calibration scores for the comparison between NGL type probabilistic
decline curves and actual NGL production data in the liquid-rich region.

Comparison Base | Calibration Score
Gp (@6 month 0.00220
Gp @8 month 0.00220
Gp @12 manth 0.00096
Rate @8 month 0.00042
Rate @12 month 0.00018
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As with the other two type probabilistic decline curves, these curves also represent
the actual production data quite well (Fig. 39). This is confirmed in the calibration plots
in Fig. 40, which are quite close to the unit-slope line, and also in the calibration scores in
Table 28, which are quite small. These type probabilistic decline curves also capture the
large uncertainty in long-term production; the curves have an 8.69 P90-to-P10 ratio of the
TRR20 values.

Table 29 shows the summary of the D,,;,, values, TRR20, and P90-to-P10 ratio of
the TRR20 values for both fluid types in the dry-gas region and liquid-rich region. It can
be seen that all of the three type probabilistic decline curves (with P90-to-P10 ratios

between 6 and 10) indicate considerable uncertainty in production over the next 20 years.

Table 29—Summary of the D,,;,, values, TRR20, and P90-to-P10 ratio of the
TRR20 values for both fluid types in both regions.

Sy B BEElEr Liquiq-Hich Region .
For Gas Production [For MGL Production

P10 014 014 016

Dmin Fa0 025 025 032

Fan 044 044 0.58

TRR20 F10 840,03 897.69 14,28

(Gas in MMSCF a0 2894, 86 2283.34 41.02

MGLiN MBMGL) Fa0 7233.82 599224 124,08
F30-to-P10 ratio of the TRR20 a.el 6,65 2.69
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3.6. WV Marcellus Shale Play Reserves and Resources Estimates

The reserves and resources estimation for the WV Marcellus shale play was
performed by using Monte Carlo simulation. The inputs for this simulation were well
spacing, drilling rate, success ratio, percent area with potential, and the TRR20 distribution
of each well in the play. The simulation outputs were well counts and reserves/resources
estimates for the play. In order to calculate well counts, the discovered and undiscovered
areas of the play were defined. The wells in the WV Marcellus shale play are assumed to
be perfectly correlated in the simulation. The wells were assumed to be perfectly
correlated (completely dependent) to each other. It means that if one well has high

production, the other wells also have high production, and vice versa.

3.6.1. Reservoir Area

SPE et al. (2007) stated that the criterion that separates reserves and contingent
resources is commerciality, and the criterion that distinguishes contingent resources from
prospective resources is discovery. In order to observe commerciality of oil and gas wells,
oil and gas price data are needed. These data (Fig. 41) were taken from Bloomberg (2015).
In order to simplify the calculations, it was assumed that the oil price was $50/STB and
the gas price was $3/MSCF. Table 30 shows the mean monetary value calculation for a

well with the type probabilistic decline curves explained in Subchapter 3.5 in both regions.
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Fig. 41—Oil and gas price data (Bloomberg 2015).

Table 30—Mean monetary value calculation for both regions.

Liguid-Rich Region

Dry Gas Region

TRR20ngl {STB) | TRR20gas {BSCF) | TRR20gas (BSCF)
P10 14,279 0.90 0.84
P50 41,016 2,28 2.89
P90 124,091 5.99 7.23
Mean 59,856 3.04 3.62
Mean Monetary Value $12,122,907. $10,855,631. 22

92




Toon (2015) reported that the drilling and completion cost for a Marcellus well is
$6.5-7 million. Dugan (2014) from CONSOL Energy and McCown (2014) from
GASTAR stated that the typical well cost for a well in the Marcellus shale play is $6.7
million. The mean monetary values in Table 30 are greater than the maximum well cost
from these sources, which is $7 million.

In order to estimate discovered and undiscovered areas, the method of
Gong et al. (2013) was used. They identified the area within a particular radius from the
existing wells as the discovered area and the area outside the radius as the undiscovered
area. To get the value of the radius, a variogram analysis of peak month gas production
was calculated. The latitude and longitude values of the wells were converted to northing
(y coordinate) and easting (x coordinate) to show the wells’ locations. Fig. 42 shows the
areal distribution of peak month gas in the WV Marcellus shale play. The peak month gas
value of each well is shown in color, and the color scale is shown in a color bar.

A variogram analysis was then performed to see the correlation between two wells
with a lag interval of 0.5 miles. Fig. 43 shows the variogram of the peak month gas data.
In variogram analysis, the sill is the semivariance value at which the variogram levels off,
which is the variance of the data. The range is the lag distance at which the semivariance
reaches the sill value. There is no correlation between well pairs if the lag distance is
beyond the range value. From Fig. 43, it can be inferred that the range of the variogram is
12 miles. Any wells that are located within this distance of a well have significant
correlation in their peak month gas productions. This 12-mile distance was used as the

radius to determine the discovered and undiscovered areas. Circles with 12-mile radii were
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then drawn around all of the existing wells (Fig. 44). The areas inside the circles were
considered the discovered area, while the areas outside the circles were considered the

undiscovered area.
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Fig. 42—Distribution of peak month gas of the wells in the WV Marcellus shale
play.
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Fig. 43—Variogram of peak month gas of the wells in the WV Marcellus shale play.
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Fig. 44—The existing wells of the WV Marcellus shale play with 12-mile-radius
circles around them.

The areas for the discovered and undiscovered regions were calculated for the three
AUs. Table 31 shows the liquid-rich and dry-gas regions areas along with the summary
of the discovered and undiscovered area for all three AUs in the WV Marcellus shale play.

It should be noted that the Marcellus foldbelt AU only exists in the dry-gas region.
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Table 31—The discovered and undiscovered areas in the liquid-rich and dry-gas
regions of the WV Marcellus shale play.

WV Marcellus Shale Play Area
(acres)

Liquid-Rich Region 1,008,851
Discovered 32,438
Western AU|Undiscovered 244,874
Total 277,311
Discovered 600,406
Interior AU | Undiscovered 131,133
Total 731,539
Dry-Gas Region 15,890,731
Discovered 1,692,130
Western AU|Undiscovered 5,736,907
Total 7,429,037
Discovered 3,118,746
Interior AU | Undiscovered 3,361,041
Total 6,479,787

Discovered -
Foldbelt AU| Undiscovered 1,981,907
Total 1,981,907

3.6.2. Well Spacing, Percent of Area with Potential, and Future Success Ratio

USGS (2011b) described the three AUs along with some probabilistic distributions
of estimation parameters, which were used in this work. These parameters were well
spacing, percent of untested area with potential, and future success ratio. The USGS’
untested area is termed undiscovered area in this work. Table 32 shows the USGS (2011b)
minimum, mode, and maximum values of the three estimation parameters’ distributions
for all AUs. The USGS used triangular distributions for these three parameters.
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Table 32 —The minimum, mode, and maximum values of the three parameter
distributions (USGS 2011a)

) Well Spacing (acres/well) Percent of area with potential (%) Future Success Ratio (%)
Assessment Unit = = =
Min Mode Max Min Mode Max Min Mode Max
Western 20 90 240 0.5 6.5 15 20 40 75
Interior 80 128 240 10 25 75 75 85 95
Foldbelt 80 128 240 0.5 3 10 20 40 60

USGS (2011a) performed its undiscovered resources assessment based on
petroleum-charged cells. A cell is a volume within a continuous accumulation having areal
dimensions related to the drainage area (which is not necessarily the current spacing) of
wells and extending vertically through the strata to be assessed (USGS 2005b). There are
three types of petroleum-charged cells: cells already tested by drilling, untested cells, and
untested cells having potential to contribute to reserves in the time span of the forecast
(Fig. 45). Only the area of untested cells with potential contributes to the resources
assessment (USGS 2005b). USGS (2011a) used 30 years as the end of forecast time for
its estimates and set a minimum total recovery per cell that has to be met in this 30-year
forecast span. The cells that have total recovery less than the minimum total recovery
value are not considered to be a significant resource in the 30-year forecast span and are
excluded from the assessment (USGS 2002). The percent of area with potential is a subset

of the untested AU area.
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Fig. 45—Depiction of the three types of the petroleum-charged cells (USGS 2005b).

USGS (2005b) assessed sweet-spot and non-sweet-spot areas inside the untested
area. Sweet-spot area is untested area having potential for additions to reserves/resources
within 30 years (USGS 2005b). USGS assessed the fraction of an undiscovered sweet spot
area inside the non-sweet-spot area. USGS used a future success ratio to model the
probability of a successful well if drilled inside known sweet spots and another future
success ratio to model the probability of a successful well if drilled inside undiscovered

sweet-spot area inside the non-sweet-spot area. This work considered all undiscovered
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area to be non-sweet-spot area. It used the percent-of-area-with-potential distribution to
model the fraction of sweet-spot area inside the undiscovered area. The future success
ratio models the probability of successful wells if drilled inside the percent of area with

potential.

3.6.3. Well Count
There were four different well counts used in this work: existing reserves’,
undeveloped reserves’, contingent resources’, and prospective resources’. The definitions
are as follows.
e [Existing reserves’ well count
The existing reserves’ well count (ERWC) is constant because it consists
of the existing wells that have been drilled and are producing as of December 1,
2013. As explained in Chapter III, there are some wells that are considered dry-
gas wells from the initial GLR analysis but are located in the liquid-rich region,
and there are a few wells that are considered wet-gas wells from the initial GLR
analysis but are located in the dry-gas region. These wells were included in the
existing reserves’ well count because these wells have been drilled and are
producing. Only gas production was considered for the dry-gas wells in the liquid-
rich region. The NGL production from the wet-gas wells in the dry-gas region was
ignored. The dry-gas wells in the liquid-rich region’s and the wet-gas wells in the
dry-gas region’s TRR20 distributions are represented by the corresponding type

probabilistic decline curves for the region where they are located.
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Undeveloped reserves’ well count

The undeveloped reserves’ well count (URWC) is based on the discovered
area. SPE et al. (2007) stated that only the production of wells that will be drilled
in the next five years can be considered as reserves. The drilling rates for this work
are assumed to be about the same as the drilling rate in 2013, which were 303
wells/year for WV, 1304 wells/year for PA, and 1 well/year for OH according to
the DI Desktop application. To model the uncertainty in the future drilling rate,
this work used a triangular distribution with a minimum value of half the drilling
rate in 2013, a maximum value of twice the drilling rate in 2013, and a most-likely
value equal to the drilling rate in 2013.

Not all the undeveloped wells that are drilled within the discovered area
are included in the URWC. Only wells that are considered to have significant
contribution to the reserves estimates (successful wells) were included in the
URWC. This was modeled by multiplying the total number of the undeveloped
wells by the future success ratio. The total number of the undeveloped wells equals
the minimum between the number of wells that can be drilled in the next five years
and the number of wells to be drilled to reach the maximum well capacity in the
discovered area. The maximum well capacity for each region in the discovered
area equals the discovered area divided by the well spacing. The number of wells
that can be drilled in the next five years equals the drilling rate times five. The
number of wells to be drilled to reach the maximum well capacity equals the

maximum well capacity minus the number of existing wells.
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e Contingent resources’ well count
The contingent resources’ well count (CRWC) is also based on the
discovered area. The CRWC equals the maximum well capacity for each region in
the discovered area minus the sum of ERWC and the total number of undeveloped
wells, then multiplied by the future success ratio. This well count is negatively
correlated to the URWC. The higher the URWC a region has, the lower the CRWC
will be.
e Prospective resources’ well count
The prospective resources’ well count (PRWC) is based on the
undiscovered area. It equals the undiscovered area times the percent of area with
potential, divided by the well spacing, and then multiplied by the future success

ratio.

3.6.4. Monte Carlo Simulation

As previously stated, the inputs for this Monte Carlo Simulation were well spacing,
drilling rate, future success ratio, percent area with potential, and the TRR20 distribution
of each well in the play. The simulation outputs were well counts and reserves/resources
estimates for the play. In the simulation, the wells were assumed to be perfectly correlated.
Assuming that the wells are perfectly correlated (completely dependent) means that if one
well has high production, the other wells will also have high production, and vice versa.
Gong et al. (2013) stated that the true correlation between future wells is unknown;

however, the correlation should neither be 100% independence nor 100% dependence.
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Assuming the wells to be 100% independent will result in underestimating uncertainty,
and assuming the wells to be 100% dependent will overestimate the uncertainty. Given
the subjectivity in the minimum decline rates in the type probabilistic decline curves and
the lack of long-term production data in the Marcellus shale play, overestimating the
uncertainty is safer and preferable to underestimating it.

There were gas and NGL TRR20 distributions for the wells in the liquid-rich
region. The wells in the dry-gas region have gas TRR20 distribution only. The existing
dry-gas wells in the liquid-rich region, as explained before in the previous subchapter,
only have gas TRR20 distribution. However, since they are located in the liquid-rich
region they will follow the gas TRR20 distribution for this region. For the existing liquid-
rich wells that are located in the dry-gas region, they will follow the gas TRR20
distribution for this region. As for all the wells in the dry-gas region, the NGL production
from the existing wet-gas wells that are located in the dry-gas region will also be ignored.
All of the future wells are assumed to be in accordance with their production region; they
are liquid-rich wells (wet-gas and retrograde-gas wells) in the liquid-rich region, and dry-
gas wells in the dry-gas region.

The TRR20 distributions were generated from the three type probabilistic decline
curves shown in Fig. 31 for the dry-gas region, and Figs. 34 and 38 for the liquid-rich
region. The TRR20 values from the top (P90), middle (P50), and bottom (P10) curves, as
shown in Table 29, were used to form lognormal distributions of TRR20. Figs. 46 and 47
show the NGL and gas TRR20 distributions for the wells in the liquid-rich region,

respectively. Fig. 48 shows the gas TRR20 distribution for wells in the dry-gas region.
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Fig. 46—The NGL TRR20 distribution for the wells in the liquid-rich region.
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Fig. 47—The gas TRR20 distribution for the wells in the liquid-rich region.
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Fig. 48—The gas TRR20 distribution for the wells in the dry-gas region.

In order to check whether these three lognormal distributions fit the three TRR20
percentiles in Table 29 for each production region, the CDF of the lognormal distributions

are plotted with the three percentiles from Table 29. Fig. 49 through 51 show these

comparisons.
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Fig. 49—The percentiles comparison for the TRR20 distribution in the dry-gas
region.
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Fig. 50—The percentiles comparison for the gas TRR20 distribution in the liquid-
rich region.
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Fig. 51—The percentiles comparison for the NGL TRR20 distribution in the liquid-
rich region.

From Fig. 49 through 51, it can be seen that all of the three lognormal distributions
fit the three TRR20 percentiles from the type probabilistic decline curves well for every
fluid type and production region. These three TRR20 distributions were used as inputs in
the Monte Carlo simulation, and were truncated to make sure that there would be no
negative values sampled from the distributions.

The lognormal distributions for TRR20 along with the triangular distributions for
drilling rate, well spacing, future success ratio, and fraction/percent of area with potential
were used to calculate well count and reserves/resources estimates for the WV Marcellus

shale play in the Monte Carlo simulation. The simulation was performed on one run using
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100000 iterations. The well count outputs were calculated using the definitions explained
in Subchapter 3.6.3.

The reserves and resources estimates outputs consist of the existing reserves,
undeveloped reserves, contingent resources, and prospective resources. The existing
reserves were as of December 1, 2013. In order to calculate the existing reserves, the
ERWC was multiplied by the TRR20, and then the result was subtracted by the cumulative
production of the existing wells until December 1, 2013. Since the assumption in the
simulation is that the wells are completely dependent, it will widen the range of the
reserves and resources estimates output distributions. The wide range will cause the left
tail to have the possibility of negative numbers. In order to handle this problem, instead of
truncating the TRR20 distributions at 0, the TRR20 distributions are truncated at the
cumulative production as of December 1, 2013. The undeveloped reserves, contingent
resources, and prospective resources estimates were calculated by simply multiplying the
well counts by the TRR20.

The reserves and resources estimates were performed for each production region
in every AU, and also for the whole WV Marcellus shale play. The estimates for the whole
WYV Marcellus shale play were simply the summation of every reserves/resources category
from all of the AUs. Total reserves were the summation of the existing and undeveloped
reserves, and total resources were the summation of the contingent and prospective
resources. Fig. 52 shows the Excel® sheet used in the Monte Carlo simulation for
calculating reserves and resources estimates in the interior Marcellus AU of the WV

Marcellus shale play. The original Excel® sheet is for all three Marcellus AUs; however,
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for display purposes the sheet is edited for the interior Marcellus AU only. Fig. 53 shows

the simulation sheet to calculate the total reserves and resources for the WV Marcellus

shale play.

Drilling Rate

353.5 wells/year

Well Spacing
Future Success Ratio
Fraction of area with potential

149.333333 acres/well

0.85
0.36666667

Liquid-Rich Region

NGL TRR20 Distribution

77177.00|57T8 NG

Gas TRR2D Distribution

3353629 96

MSCF

Gas TRR20 Distribution 4554572 01| MSCF
Liquid-Rich Region

Area 731,539 acres
Discovered Area 600,406 acres
Undiscovered Area 131,133 acres
Undiscovered Area with Potential 43,082 acres
Discovered Area Max Well Capacity 4,020 wells
Number of wells that can be Drilled in the Next 5 years 1,767 wells
MNumber of wells to be drilled to reach the maximum well capacity 3,878 wells
Cumulative NGL Production as of 12/1/2013 (Liquid-Rich Wells) 0.00231481 BBNGL
Cumulative Gas Production as of 12/1/2013 (Liquid-Rich Wells) 0.07765155 TCF
Cumulative Gas Production as of 12/1/2013 (Dry-Gas Wells) 0.05859708 TCF
Existing Reserves' Well Count (Liquid-Rich Wells) 91 wells
Existing Reserves' Well Count (Dry-Gas Wells) 51 wells
Total number of undeveloped wells 1,767 wells
Undeveloped Reserves' Well Count 1,501 wells
Contingent Resources' Well Count 1,794 wells
Prospective Resources' Well Count 273 wells
Existing NGL Reserves 0.00471 BBNGL
Existing Gas Reserves 0.33997 TCF
Undeveloped NGL Reserves 0.11584 BBNGL
Undeveloped Gas Reserves 5.03380 TCF
Contingent NGL Resources 0.13846 BBNGL
Contingent Gas Resources 6.01641 TCF
Prospective NGL Resources 0.02107 BBNGL
Prospective Gas Resources 091554 TCF

Area

Discovered Area

Undiscovered Area

Undiscovered Area with Potential

Discovered Area Max Well Capacity
Number of wells that can be Drilled in the Next 5 years
Number of wells to be drilled to reach the maximum well capacity

Cumulative Gas Production as of 12/1/2013 (Liquid-Rich Wells)
Cumulative Gas Production as of 12/1/2013 (Dry-Gas Wells)

Existing Reserves' Well Count (Liquid-Rich Wells)
Existing Reserves' Well Count (Dry-Gas Wells)
Total number of undeveloped wells

Undeveloped Reserves' Well Count

Contingent Resources' Well Count

Prospective Resources' Well Count

Existing Gas Reserves
Undeveloped Gas Reserves

Contingent Gas Resources

Prospective Gas Resources

5,479,787
3,118,746
3,361,041
1,232,382

20,884
1,767
20,448

0.005207652
0.721677586

wn

1,767

1,501

15,879

7,014

1.25435

6.83641

72.32205

3184577

acres
acres
acres
acres

wells
wells
wells

TCF
TCF

wells
wells
wells
wells
wells
wells

Fig. 52—The Excel® sheet to calculate well counts and reserves and resources

estimates for each production region in interior Marcellus AU. The simulation was
performed for all of the Marcellus AUs, but edited to show here only for the
interior Marcellus AU.
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Total WV Marcellus Reserves and Resources Estimates

NGL (BBNGL) Gas (TCF)
Existing Reserves 0.0047 1.6231
Undeveloped Reserves 0.1233 15.1702
Total Reserves 0.1280 16.7933
Contingent Resources 0.1385 99.3711
Prospective Resources 0.0252 40.1121
Total Resources 0.1637 139.4832
Total Reserves + Resources 0.2917 156.2765

Fig. 53—The Excel® sheet to calculate the total reserves and resources estimates
for the WV Marcellus shale play.

Tables 33 through 36 show the simulation results for the well count and
reserves/resources estimates for every AU in the liquid-rich and dry-gas regions. Tables
37 through 39 show the results of total reserves and resources estimates in the WV
Marcellus shale play. Figs. 54 and 55 show the distributions of the total reserves plus
resources estimates for the WV Marcellus shale play. Tables 40 through 42 show the

P90-to-P10 ratios of the WV Marcellus shale play reserves and resources estimates.
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Table 33 —Well count results for the liquid-rich region.

N/A

257 - 158

91 Liquid-Rich 989 840 141
Wells, 51 Dry-Gas 1,458 1,896 264
Wells 2,081 3,216 469

Table 34—Well count results for the dry-gas region.

5 Liquid-Rich Wells,

989

11,460

3,615

1,458 16,343 6,770

430 Dry-Gas Wells 2,083 22,837 12,025
97

N/A N/A N/A 223

444

Table 35—Reserves estimates results for every AU in both regions.
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Table 36—Resources estimates results for every AU in both regions.

Contingent Resources Prospective Resources
SUMMARY Liquid-Rich Region Dry Gas Region| Liquid-Rich Region Dry Gas Region
NGL (BBNGL)| Gas (TCF) Gas (TCF) [NGL (BBNGL)| Gas (TCF) Gas (TCF)
P10 0 0 4.49 0.0007 0.04 1.01
Western AU |P50 0 0 17.06 0.0027 0.15 4.45
P90 0 0 56.41 0.0111 0.56 16.18
P10 0.039 1.65 30.83 0.0062 0.266 10.75
Interior AU |P50 0.105 4.68 61.08 0.0152 0.682 25.64
P90 0.311 13.50 139.92 0.0446 1.936 65.24
P10 0.304
Foldbelt AU |P50 N/A N/A N/A N/A N/A 0.838
P90 2.305

Table 37—Reserves estimates results for the WV Marcellus shale play.

WV Existing Reserves Undeveloped Reserves Total Reserves
NGL (BBNGL) Gas (TCF)  |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.00042 0.41 0.047 7.49 0.048 8.19
P50 0.00279 1.28 0.092 13.52 0.095 14.91
P90 0.01094 3.23 0.234 25.06 0.245 27.88

Table 38—Resources estimates results for the WV Marcellus shale play.

WV Contingent Resources Prospective Resources Total Resources
NGL (BBNGL) Gas (TCF)  |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.039 50.49 0.00906 17.3 0.0517 70.65
P50 0.105 93.72 0.02013 354 0.1263 130.13
P90 0.311 186.21 0.05187 77.5 0.3579 259.51
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Table 39—Combined reserves and resources estimates of the WV Marcellus shale

play.
WV Total Reserves and Resources
NGL (BBNGL) Gas (TCF)
P10 0.1154 81.54
P50 0.2252 145.91
PSO 0.5846 283.81

RiskLognorm(0.24955,0.26344, RiskShift(0.057214))

5.0%
4. 7% 7
. Input
Minimum  0.0581
Maximum 8.2626
Mean 0.3089
- Std Dev 0.2761
@RISK Course Version values 100000

Texas A&M University

= | Ognorm

Minimum  0.0572
Maximum +oo
Mean 0.3068
Std Dev  0.2634

r ™M < L [t [ o0 [}
BBNGL

Fig. 54—Total NGL reserves plus resources estimates of the WV Marcellus shale
play follow a lognormal distribution.
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RiskLognorm(146.32,93.348,RiskShift{22.928))

70 347
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Fig. 55—Total gas reserves plus resources estimates of the WV Marcellus shale
play follow a lognormal distribution.

Table 40—P90-to-P10 ratio for the WV Marcellus shale play reserves estimates for

every AU.
Existing Reserves Undeveloped Reserves
P90-to-P10 Liquid-Rich Region |Dry Gas Region| Liquid-Rich Region |Dry Gas Region
Ratio NGL Gas Gas NGL Gas Gas
Western AU N/A N/A 8.59 12.44 10 10.03
Interior AU 25.99 18.56 17.83 5.57 5.73 4.65
Foldbelt AU N/A N/A N/A N/A N/A N/A
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Table 41—P90-to-P10 ratio for the WV Marcellus shale play resources estimates

for every AU.

Contingent Resources

Prospective Resources

P90-to-P10 Liquid-Rich Region |Dry Gas Region| Liquid-Rich Region |Dry Gas Region
Ratio NGL Gas Gas NGL Gas Gas
Western AU N/A N/A 12.56 16.60 13.85 16.02
Interior AU 8.04 8.18 4.54 7.16 7.28 6.07
Foldbelt AU N/A N/A N/A N/A N/A 7.58

Table 42— P90-to-P10 ratio for the WV Marcellus shale play reserves and

resources estimates for every AU.

WV P90/P10

NGL Gas
Existing Reserves 2599 | 7.85
Undeveloped Reserves 497 | 3.35
Total Reserves 5.10 3.4
Contingent Resources 8.04 | 3.69
Prospective Resources 5.73 | 4.48
Total Resources 6.92 | 3.67
Total Reserves + Resources 5.07 | 3.48

As explained earlier in this subchapter, Gong et al. (2013) stated that the true

correlation between future wells is unknown; however, the correlation should neither be

100% independence nor 100% dependence. Assuming the wells to be 100% independent

will result in underestimating uncertainty, with a narrower range between P10 and P90

than the 100% dependency assumption. Having reserves and resources estimates with
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more reliable uncertainty quantification is best, but given the subjectivity in the minimum
decline rates in the type probabilistic decline curves and the lack of long-term production
data in the Marcellus shale play, overestimating the uncertainty is safer and preferable to
underestimating it.

Since these reserves and resources estimates were calculated assuming complete
dependency between the wells, theoretically the results will tend to overestimate
uncertainty. As explained in Subchapter 3.5, a P90-to-P10 ratio in the 6-to-10 range was
deemed to be a reasonable expression of the uncertainty in the long term. Tables 40 and
41 show that only a small portion (4 out of 21 ratios) of the estimates have P90-to-P10
ratio smaller than 6, thereby likely underestimating uncertainty. There are 9 out of 21
ratios greater than 10, due to the complete dependence assumption between the wells. The
rest of the P90-to-P10 ratios fall into the reasonable range of 6 to 10.

The aggregation of reserves and resources estimates across AUs and production
regions was performed within the same Monte Carlo simulation. This means that the
aggregation was performed under the assumption of complete independence among the
reserves and resources between AUs and production regions. It is not surprising that the
P90-to-P10 ratios for the aggregated results (Table 42) were dominantly smaller than 6,

indicating possible underestimation of uncertainty.
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CHAPTER 1V

DISCUSSION

This chapter discusses the extrapolation of the WV Marcellus shale reserves and
resources estimates to the rest of the Marcellus shale play. This chapter also shows the
comparison of this work’s reserves and resources estimates of the WV Marcellus shale
play with the other five previously published estimates: USGS (2003), Engelder (2009),

EIA (2011), USGS (2011a), and EIA (2012a) estimates.

4.1. Extrapolation of the WV Marcellus Shale Play Reserves and Resources
Estimates to the Rest of the Marcellus Shale Play

In order to extrapolate the WV Marcellus shale play reserves and resources
estimates to the rest of the Marcellus shale play, the boundary between liquid-rich region
and dry-gas region needs to be extended. The initial GLR analysis based on McCain
(1994) guideline was performed again for the wells in the rest of the Marcellus shale play
with the same criteria as the wells selected in the WV Marcellus shale play. Table 43
shows the results of initial GLR analysis for the Marcellus wells outside of WV. Fig. 56

shows the wells location on the Marcellus shale play.
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Table 43—Results of initial GLR analysis for the Marcellus wells outside of WV,

Fluid Type [Number of Wells
Black Oil 2
Volatile Oil 0
Retrograde Gas 45
Wet Gas 241
Dry Gas 3516
Total 3804

120



= o = W o %)
" & © ®» Y =T
.......

c = S % &
g O T ; 2 0 3
- = B * 4 |
rrrrrr
3 § B8
=

S AN
e e AER Y

121

Fig. 56—All type of wells in the Marcellus shale play.



Outside of WV, the Marcellus shale play only has horizontal wells in PA and OH.
There are no horizontal Marcellus wells in NY, VA, and MD. There was a temporary high-
volume hydraulic fracturing moratorium in NY that existed for more than six years
pending studies on the possible health consequences of fracturing in the Marcellus shale
play (Dittrick 2015). NY officially prohibited high-volume hydraulic fracturing in the state
on June 29, 2015, by issuing its formal finding statement, completing the state’s seven-
year review of this activity (DEC 2015). MDE (2015) stated that Maryland has just
published its oil and gas exploration and production regulations regarding Marcellus shale
safe-drilling initiative on January 9, 2015, and is currently reviewing the comments that it
received. DMME (2012) explained that the VA Marcellus shale is present in relatively
shallow belts of folded and faulted rock. This tectonic disturbance causes much of the
natural gas once present in the Marcellus shale to have probably escaped. DMME (2012)
also stated that the VA Marcellus shale play is thermally overmature, meaning that the
shale play was most likely heated to too high a temperature in the past to preserve
economic quantities of gas or oil. These are the reasons why there is no Marcellus well in
NY, VA, and MD.

Using the initial GLR analysis results, the boundary between the liquid-rich and
dry-gas regions was extended to the rest of the Marcellus shale play. Since there are no
wells in the NY Marcellus shale, the boundary between the liquid-rich and dry-gas regions
was inferred from the contour map of the depth of Marcellus shale base (PSU 2010). By
doing this, there is a lot of subjectivity in drawing the boundary in the NY Marcellus shale.

Therefore, the boundary line for the NY part was drawn with a dashed line. It means that
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the boundary was inferred from means other than the control that was used in the other
parts, which is the initial GLR analysis results. Fig. 57 shows the contour map of the depth
of Marcellus shale base from PSU (2010). Fig. 58 shows all the Marcellus shale wells on
top of the PSU (2010) contour map, along with the boundary between the liquid-rich and

dry-gas regions. The boundary on the Marcellus shale AUs map is shown in Fig. 59.

Depth of Marcellus Shale Base

2000 - 3000 ft
3000 - 4000 ft
4000 - 5000 ft
[ 5000 - 6000 ft
[ 6000 - 7000 ft
| I 7000 - 8000 ft
| I 8000 - 9000 ft
I > °000ft

Marcellus Shale Extent
(includes nen-economic areas)

Marcellus location modified from USGS Marcellus
Shale Assessment Unit. Onondaga depth modified
from Wrightstone, 2009.

Fig. 57 —The depth of Marcellus shale base contour map (PSU 2010).
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The 12-mile radius that was used to determine the discovered and undiscovered
areas in the WV Marcellus shale play was also used for the rest of the Marcellus shale
play. Table 44 shows the discovered and undiscovered areas for every AU in PA, OH,
and the rest of the Marcellus shale play (RoP) where there are no Marcellus wells that

have been drilled.

Table 44—Discovered and undiscovered areas for every AU in the rest of the

Marcellus shale play.
PA, OH, and the Rest of PA Area OH Area IGIERSC i
the Marcellus Shale Play (acres) (acres) play Area
(acres)

Liquid-Rich Region 2,521,727 8,882,087 9,598,037

Discovered 364,730 541,627 -
Western AU|Undiscovered 1,757,508 8,022,006 5,757,234
Total 2,122,238 8,563,632 5,757,234

Discovered 315,926 256,496 -
Interior AU | Undiscovered 83,562 61,959 3,840,802
Total 399,489 318,454 3,840,802
Dry-Gas Region 24,418,061 411,471 12,156,891
Discovered 658,125 52,876 110,238
Western AU| Undiscovered 1,420,193 358,596 1,621,471
Total 2,078,317 411,471 1,731,709
Discovered 12,974,169 N/A 666,356
Interior AU [ Undiscovered 3,582,346 N/A 3,694,062
Total 16,556,515 N/A 4,360,418

Discovered 531,669 N/A -
Foldbelt AU| Undiscovered 5,251,560 N/A 6,064,764
Total 5,783,229 N/A 6,064,764
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Table 44 shows that there are discovered areas for the rest of the Marcellus shale
play where there are no Marcellus wells that have been drilled. The reason for this is
because there are wells in the PA Marcellus shale play near the boundary of PA-NY and
PA-MD that have the 12-mile-radius circles around them spread to the NY and MD areas.
The area inside the 12-mile-radius circles is categorized into discovered area. That is why
even though there are no wells in the rest of the Marcellus shale play, it still has discovered
areas. However, since there is no drilling activity in the rest of the Marcellus shale play
due to the fracturing ban, the process of reviewing regulations, or economical reasons, this
part of the Marcellus shale play only has contingent resources in the discovered area.

The discovered area that is created by the spreading of the 12-mile-radius circles
outside a boundary was also applied between AUs. Any area in an AU that is covered by
the spreading circles from the wells in the neighboring AU, but has not been covered inside
the 12-miles-radius circles of its own existing wells, will add to the discovered area. For
example, there is only one existing well in the Marcellus foldbelt AU in the dry-gas region,
and the 12-mile-radius circle around this well does not spread outside the boundary of the
AU. The discovered area should only be the area of a circle with 12-mile radius. However,
since there are some parts of the Marcellus foldbelt AU that is covered by the spreading
circles from the existing wells in the interior Marcellus AU, this will add to the discovered

area for the Marcellus foldbelt AU. Fig. 60 illustrates this example.
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[ western Margin Marcellus AU

1 interior Marcellus AU

Fig. 60—Example on the discovered area in the Marcellus foldbelt AU becomes the
summation of the red circle from the existing well in the AU and parts of the black
circles that cover some parts of the Marcellus foldbelt AU.

These discovered and undiscovered areas were used in calculating reserves and
resources estimates for the rest of the Marcellus shale play. The Monte Carlo simulation
to calculate reserves and resources estimates for PA, OH, and the rest of the Marcellus
shale play were actually performed together along with the reserves and resources
estimation of the WV Marcellus shale play. The estimation parameters and TRR20

distributions for PA, OH, and the rest of the Marcellus shale play were the same as in the
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WYV Marcellus shale play, except for the drilling rate. The drilling rates for the PA and
OH were the 2013 drilling rates, which were 1304 wells/year for PA and 1 well/year for
OH. No drilling rate parameter for the rest of the Marcellus shale play was used, because
there has been no drilling activity. There were only contingent and prospective resources
in the rest of the Marcellus shale play. The calculations for the reserves and resources
estimates for the rest of the Marcellus shale play were performed by using similar Excel®
sheets shown in Fig. 52 and 53. The reserves and resources estimates for the whole play
were also calculated by summing the total reserves and resources estimates from the WV,
PA, OH, and the rest of the Marcellus shale play. Table 45 through 55 shows the reserves
and resources estimates results for the PA, OH, the rest of the Marcellus shale play (RoP),
and for the whole Marcellus shale play. Table 56 shows the P90-to-P10 ratios of the

Marcellus shale play reserves and resources estimates.

Table 45—The reserves estimates results for the PA Marcellus shale play.

PA Existing Reserves Undeveloped Reserves Total Reserves
NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.0014 3.92 0.0767 23.75 0.081 29.08
P50 0.0088 10.96 0.1637 43.38 0.175 54.97
P90 0.0335 25.88 0.3929 79.56 0.423 103.19
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Table 46—The resources estimates results for the PA Marcellus shale play.

PA Contingent Resources Prospective Resources Total Resources
NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0 58.4 0.0128 10.95 0.0129 71.35
P50 0 193.98 0.0331 27.46 0.0337 222.54
P90 0 512.06 0.0975 68.73 0.1053 576.92

Table 47—Total reserves and resources estimates results for the PA Marcellus

shale play.
PA Total Reserves and Resources
NGL (BBNGL) Gas (TCF)
P10 0.0966 105.15
P50 0.2125 278.99
P90 0.5252 674.40

Table 48—The reserves estimates results for the OH Marcellus shale play.

OH Existing Reserves Undeveloped Reserves Total Reserves
NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.00001 0.00423 0.00017 0.01255 0.00019 0.0179
P50 0.00006 0.00933 0.00036 0.02569 0.00043 0.0356
P90 0.00023 0.02113 0.00087 0.05246 0.00109 0.0718

Table 49—The resources estimates results for the OH Marcellus shale play.

OH Contingent Resources Prospective Resources Total Resources
NGL (BBNGL) Gas (TCF)  |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.0862 4.95 0.03 1.93 0.126 7.48
P50 0.1929 10.51 0.1 5.85 0.302 16.76
P90 0.4838 24.07 0.37 19.43 0.834 42.44
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Table 50—The total reserves and resources estimates result for the OH Marcellus

shale play.
OH Total Reserves and Resources
NGL (BBNGL) Gas (TCF)
P10 0.126 7.5
P50 0.303 16.8
P90 0.835 42.5

Table 51—The resources estimates results for the rest of the Marcellus shale play.

RoP Contingent Resources Prospective Resources Total Resources

NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 N/A 4.87 0.16 25.47 0.16 32.98
P50 N/A 13.27 0.43 54.56 0.43 69.29
P90 N/A 31.75 1.26 119.73 1.26 147.69

Table 52—The total reserves and resources estimates result for the rest of the
Marcellus shale play.

RoP Total Reserves and Resources
NGL (BBNGL) Gas (TCF)
P10 0.16 32.98
P50 0.43 69.29
P90 1.26 147.69
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Table 53—The reserves estimates results for the whole Marcellus shale play.

Total Existing Reserves Undeveloped Reserves Total Reserves
Marcellus | NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.0041 5.35 0.159 36.98 0.1659 44.03
P50 0.0138 12.65 0.285 58.97 0.3008 72.14
P90 0.04023 27.59 0.5664 96.54 0.6027 121.83

Table 54—The resources estimates results for the whole Marcellus shale play.

Total Contingent Resources Prospective Resources Total Resources
Marcellus | NGL (BBNGL) Gas (TCF) |[NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.1745 178.03 0.33 89.21 0.593 287.5
P50 0.3394 336.50 0.68 142.13 1.076 486.67
P90 0.7252 664.36 1.596 232.44 2.176 866.71

Table 55—The total reserves and resources estimates result for the rest of the

Marcellus shale play.
Total Total Reserves and Resources
Marcellus | NGL (BBNGL) Gas (TCF)
P10 0.858 339.1
P50 1.432 560.3
P90 2.623 980.9
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Table 56—P90-to-P10 ratios of the Marcellus shale play reserves and resources

estimates.
Total Marcellus

WV P90/P10 PA P90/P10 OH P90/P10 | RoP P90/P10 P90/P10

NGL Gas NGL Gas NGL Gas NGL Gas NGL Gas
Existing Reserves 25.99 | 7.85 | 23.26 | 6.60 | 23.48 | 4.995 | N/A N/A | 9.81 | 5.16
Undeveloped Reserves 497 | 3.35 5.12 3.35 5.04 | 4.18 N/A N/A 3.56 2.61
Total Reserves 5.10 3.4 5.25 3.5 5.67 | 4.02 | N/A N/A | 3.63 2.8
Contingent Resources 8.04 | 369 | N/A | 877 | 561 | 48 | N/A | 652 | 416 | 3.73
Prospective Resources 573 | 448 | 7.62 | 6.28 | 12.34 | 10.07 | 7.89 4.7 484 | 2.61
Total Resources 6.92 | 3.67 | 816 | 8.09 | 6.62 567 | 7.89 | 448 | 3.67 | 3.01
Total Reserves + Resources 5.07 | 3.48 544 | 6.41 6.63 5.67 7.89 | 4.48 3.06 2.89

It should be noted that the estimates for the PA and OH Marcellus shale play were
calculated based on the WV Marcellus shale play analysis, not from the actual production
data analysis from the existing wells in the PA and OH Marcellus shale play. As stated in
Subchapter 3.6.4, the summation of the reserves and resources estimates for all of the
Marcellus shale play were performed within one run of Monte Carlo simulation, which
means that it was performed by assuming complete independence among the reserves and
resources between AUs and production regions. Table 56 shows that about 65% of the
P90-to-P10 ratios are smaller than 6, which means that the results tend to underestimate

the uncertainty.

4.2. The Comparison with USGS (2003) and USGS (2011a) Estimates
USGS (2003) and USGS (2011a) estimates were intended for the undiscovered
resources of the Marcellus shale play and were published for the whole Marcellus shale

play. Therefore, this work’s prospective resources estimates for the whole Marcellus shale
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play were used in this comparison. Instead of using P10, P50, and P90, USGS (2003) and

USGS (2011a) used P5, P50, and P95. Table 57 shows the comparison of the estimation

parameters used in these three estimates. Table 58 shows the comparison between USGS

(2003), USGS (2011a) and this work’s Marcellus shale play reserves and resources

estimates. Fig. 61 and 62 show the graphical comparison between these three estimates.

Table 57—The comparison of estimation parameters used in USGS (2003), USGS
(2011a), and this work’s gas and NGL estimates.

USGS (2003) USGS (2011a) This Work

Discovered (acres) N/A 666,029 21,915,930

Undiscovered (acres) N/A 65,936,851 52,971,924
Triangular distribution with

Total Area (acres) N/A angu Istribution wi 74,887,854
overall mean of 66,602,880

Triangular distribution Triangular distribution
Well Spacing (acres/well) N/A | shown in Table 32, with the | shown in Table 32, with the
overall mean value of 132 | overall mean value of 132
End of forecast (years) 30 30 20

Table 58—The comparison between USGS (2003), USGS (2011a) and this work’s
gas and NGL Marcellus shale play estimates.

Whole USGS (2003) USGS (2011a) This Work's
Marcellus .NGL .Gas NGL : Gas : NGL . Gas :
Shale Play Undiscovered | Undiscovered | Prospective | Prospective | Prospective | Prospective
Estimates Resources Resources Resources Resources Resources Resources

(BBNGL) (TCF) (BBNGL) (TCF) (BBNGL) (TCF)
P5 0.0045 0.822 1.554 42.95 0.27 78.56
P50 0.0102 1.736 3.095 78.68 0.68 142.13
P95 0.0231 3.668 6.162 144.15 2.08 269.33
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Fig. 61—The graphical comparison of USGS (2003), USGS (2011a), and this work’s
NGL estimates of the Marcellus shale play.
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Fig. 62—The graphical comparison of USGS (2003), USGS (2011a), and this work’s
gas estimates of the Marcellus shale play.

Table 57 shows that the only information about estimation parameters that is
available from USGS (2003) is the end of forecast time, which was the common time used
by the USGS (30 years). It is the same as in USGS (2011a) and 10 years longer than this
work’s end of forecast time. Table 57 also shows that the undiscovered area in USGS
(2011a) estimates is higher than this work’s undiscovered area, but USGS (2011a)
discovered area is much lower than this works’. This work’s total area is higher than USGS
(2011a) total area. The well spacing parameters is the same for both of estimates since this

work based its well spacing on USGS (2011a) assessment. It should be noted that there is
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a 4-year gap between USGS (2011a) and this work’s estimates. During this 4-year gap the
drilling and production activities in the Marcellus shale play continued to increase, which
makes some of the undiscovered area in the USGS (2011a) estimates shifted to the
discovered area. That is why the discovered area in this work’s estimates is higher and the
undiscovered area in this work’s estimates is lower than USGS (2011a).

Table 58, Fig. 61, and Fig. 62 show that USGS (2003) has the lowest estimates for
both NGL and gas among the three estimates. As explained in Subchapter 1.4.2, the
limitation in public production data available and also the limitation in technology were
the causes for these low estimates. Most of the wells’ production data in USGS (2003)
estimates came from vertical wells drilled in WV. PA maintained a 5-year embargo on the
release of well-level production data until 2010 (EIA 2012a). Since 2003, technological
improvements have led to more-productive and less-costly wells. The newer horizontal
wells have higher EURs than the older vertical wells. As a result, the cumulative
production of the Marcellus shale play was on a path to exceed this USGS (2003) estimates
within a year or two (EIA 2012a). Therefore, the USGS updated its Marcellus shale play
assessment with USGS (2011a) estimates.

Table 58, Fig. 61 and Fig. 62 show that the gas undiscovered resources estimates
from USGS (2011a) are lower than this work’s gas prospective resources, but USGS
(2011a) NGL undiscovered resources estimates are higher than this work’s NGL
prospective resources. USGS (2011a) undiscovered resources estimates were published
in 2011. Since the development of the Marcellus shale play continues to rise, there must

be more production data available to be included in the reserves/resources assessments.
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This work shows that the type probabilistic decline curves that were used in the estimation
were able to bracket the production data quite well (Fig. 32, 35, and 39). In Table 7 where
EIA (2012a) compared USGS (2011a) estimates with its estimates from 2011 and 2012,
it is shown that the average EUR used in the USGS (201 1a) estimates was 0.93 BCF/well.
On the other hand, Table 30 shows that the mean values of the TRR20 from the gas type
probabilistic decline curves for both production regions in this work are more than 3
BCF/well. It is more than three times the average EUR value in USGS (201 1a) estimates.
This is the main reason why this work’s gas prospective resources estimates are higher
than USGS (201 1a) gas undiscovered estimates. There is no information about the average
EUR/well for USGS (2011a) NGL undiscovered resources estimates. However, the NGL
type probabilistic decline curves in this work (Fig. 39) are able to bracket the production
data quite well. This provides support for the reasonableness of this work’s NGL
prospective resources estimates.

In order to check whether the USGS quantified the uncertainty well in its estimates
in 2003 and 2011, the ranges of USGS (2003) and USGS (2011a) estimates were
compared. The P95-to-P5 ratios and ranges from USGS (2003) and USGS (2011a)

estimates are shown in Table 59.
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Table 59—The P95-to-PS5 ratios and ranges from USGS (2003) and USGS (2011a)
gas and NGL estimates.

USGS (2003) USGS (2011a)
Whole NGL G NGL G
Marcellus Shale : , ® , as.
, Undiscovered | Undiscovered | Prospective | Prospective
Play Estimates

Resources Resources Resources Resources

P95-to-P5 ratio

o 5.14 4.46 3.97 3.36
(dimensionless)
P95 - P5
(NGL in BBNGL, 0.02 2.85 4,61 101.19
Gas in TCF)

Good uncertainty assessment practices should result in uncertainty decreasing as
more information is obtained. That is, one would expect P95-minus-P5 ranges and/or P95-
to-P5 ratios to be smaller in later estimates than earlier estimates. In addition to that, the
updated range should ideally lay inside the previous range, or there should at least be
considerable overlap. Table 59 shows that the later USGS estimates have narrower P95-
to-P5 ratios, but Figs. 61-62 show that ranges fail to overlap. The range of the USGS
(2011a) estimates are nowhere near the range of USGS (2003) estimates. Even though the
P95-to-P5 ratios of USGS (2003) estimates are wider than in USGS (2011a) estimates, the
P95-minus-P5 ranges of USGS (201 1a) estimates are much wider than in the USGS (2003)
estimates. It appears that the USGS did not perform a good uncertainty quantification in
its USGS (2003) estimates. Although uncertainty quantification in USGS (2011a)
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estimates is better than USGS (2003) estimates, the P95-to-P5 ratios of USGS (2011a)
estimates are smaller than 6 (in the 3-to-4 range), indicating they may still be

underestimating uncertainty.

4.3. The Comparison with Engelder (2009) Estimates

As explained in Subchapter 1.4.2, Engelder (2009) graded the 117 counties that
contain the Marcellus shale into a six-tier system based on several geological parameters
and gas production data from the play through May 15, 2009. Tier 1 is for the counties
that have proven horizontal wells producing with P50 of initial production rate > 4
MMCFe/day or less than 10 miles from such wells. It means that there are some existing
wells in Tier 1, which also means that Tier 1 contains discovered area within. As a result,
there will be existing reserves, undeveloped reserves, and contingent resources for the
discovered area, and prospective resources for the undiscovered area in Tier 1. The other
5 tiers are not adequately tested by production and thus graded downward from Tier 2 to
6 based on geological conditions. It means that these 5 tiers contain only prospective
resources. Engelder (2009) did not separate his estimates into reserves or resources
category. Therefore, Engelder (2009) estimates are the summation of the total reserves
and total resources of the play. Engelder (2009) Marcellus shale play estimates were
published by state. Engelder (2009) estimates were also for gas production and gas
equivalent from NGL production. USGS (2005a) defines 1 barrel of oil equivalent (BOE)
equals 6,000 cubic feet. Using this BOE definition, the total of gas and NGL reserves and

resources of this work’s WV Marcellus shale play estimates were compared to Engelder
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(2009) WV estimates. Table 60 shows the comparison of the estimation parameters used
in Engelder (2009) and this work’s reserves and resources estimates for the WV Marcellus
shale play. Table 61 and Fig. 63 show the comparison between Engelder (2009) WV

estimates and this work’s estimates.

Table 60—The comparison of estimation parameters used in Engelder (2009) and
this work’s gas equivalent estimates for the WV Marcellus shale play.

Engelder [2008] This Wtk
Discewvered (aores) M A G443 720
Undiseowered [acres) M A 11 455 &A2
Tetal Area(aeres) 15,406, 624 16 899 581
Triangular distribution

Well Spacing (acresfwell) 80| sheown in Takle 32, with the

overall meanvalue of 132
End of forecast [ye ars) G} 20

Table 61—The comparison between Engelder (2009) and this work’s gas equivalent
WYV Marcellus shale play estimates.

Wy Engelder (2009) Total | This Work's Total Reserves
: Reserves and Resources and Resources
Estimates
(TCFe) (TCFe)
P10 35.02 82.23
P50 77.59 147.26
P90 136.81 287.32
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Fig. 63—The graphical comparison of Engelder (2009) and this work’s gas
equivalent WV Marcellus shale play estimates.

Table 60 shows that this work has larger area than Engelder (2009). In its
estimates, Engelder (2009) assumed that only 70% of the play’s area was accessible. This
work, on the other hand, instead of using one single value, takes uncertainty into
consideration by adopting USGS’ (2011a) triangular distribution of the fraction/percent
area-with-potential parameter. In terms of well spacing, this work has a larger overall
mean value of well spacing than Engelder’s (2009) well spacing, which is 132 acres/well
compared to 80 acres/well. It also shows that the end of the forecast time in Engelder

(2009) is longer than this works’, which is 50 years compared to 20 years.
142



Table 61 and Fig. 63 show that this work’s estimates are higher than Engelder’s
(2009) estimates. It should be noted that Engelder (2009) estimates were published in 2009
and also dealt with limited production data. The estimates are outdated because it was
published about five years ago. A lot can happen in the play during five years, particularly

in the availability of production data.

4.4. The Comparison with EIA (2011) and EIA (2012) Estimates

EIA (2011) estimates were conducted by an independent consultant hired by the
EIA after the cumulative production in the Marcellus shale play was on a path to exceed
the USGS (2003) estimates within a year or two (EIA 2012a). The USGS also updated its
assessment in USGS (2011a) estimates. The EIA adopted this USGS (2011a) assessment,
and updated its estimates in EIA (2012a).

Table 7 shows that the total of EIA (2011) estimates is 410.374 TCF for the whole
Marcellus shale play. Table 6 shows EIA (2012a) estimates for the WV Marcellus shale
play for each Marcellus shale AU. The total of EIA (2012a) estimates for the WV
Marcellus shale play is 8.86 TCF. Both of the estimates are unproved TRR for gas
production. As explained in Subchapter 1.4.2, unproved TRR equals the total technically
recoverable resources minus the proved oil and gas reserves EIA (2014b). Proved reserves
are volumes of oil and natural gas that geologic and engineering data demonstrate with
reasonable certainty to be recoverable in future years from known reservoirs under
existing economic and operating conditions. Proved reserves generally increase when new

production wells are drilled and decrease when existing wells are produced (EIA 2014b).
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There are two categories of reserves according to the PRMS: existing reserves and
undeveloped reserves. EIA (2014b) explanation about the term proved reserves is unclear
regarding whether it includes both existing and undeveloped reserves or not. The EIA
(2014b) proved-reserves explanation is also ambiguous because drilling a new well will
shift some amount of the undeveloped reserves into the existing reserves, but it does not
necessarily mean that the proved reserves will increase. If the drilled well’s circle that
defines the discovered area around that well does not add to the existing discovered area,
i.e., inside the existing discovered area, it will not increase the proved reserves. However,
if the drilled well is located outside or near the border of the existing discovered area, its
circle will add to the existing discovered area, hence increasing the proved reserves. Since
the EIA (2014b) definition about proved reserves is not quite clear, it is assumed that the
drilled wells will add to the proved reserves, which means the proved reserves is the
summation of existing and undeveloped reserves. Therefore, unproved TRR is comparable
to the total resources in the PRMS definition.

EIA (2011) unproved TRR was compared to this work’s total resources for the
whole Marcellus shale play. EIA (2012a) estimates for the WV Marcellus shale play was
compared to this work’s total resources for the WV Marcellus shale play. Table 62 shows
the comparison of the estimation parameters used in EIA (2011) and this work’s reserves
and resources estimates for the whole Marcellus shale play. Table 63 and Fig. 64 shows
the comparison between EIA (2011) estimates and this work’s estimates. Table 64 shows

the comparison of the estimation parameters used in EIA (2012a) and this work’s reserves
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and resources estimates for the WV Marcellus shale play. Table 65 and Fig. 65 show the

comparison of EIA (2012a) and this work’s WV Marcellus shale play estimates.

Table 62—The comparison of estimation parameters used in EIA (2011) and this
work’s gas estimates for the whole Marcellus shale play.

EIA (2011) This Work
Discovered (acres) N/A 21,915,930
Undiscovered (acres) N/A 52,971,924
Total Area (acres) 60,731,520 74,887,854

Triangular distribution

Well Spacing (acres/well) 80| shown in Table 32, with the
overall mean value of 132
End of forecast (years) 30 20

Table 63—The comparison result between EIA (2011) estimates and this work’s gas
estimates for the whole Marcellus shale play.

Whole Marcellus |  EIA (2011) This Work's Total
Shale Play Unproved TRR Resources
Estimates (TCF) (TCF)

P10 287.5
P50 410.37 486.7
P90 866.7
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Fig. 64—The graphical comparison of EIA (2011) and this work’s gas estimates for
the whole Marcellus shale play.
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Table 64 —The comparison of the estimation parameters used in EIA (2012a) and
this work’s gas estimates for the WV Marcellus shale play.

EIA (2012) This Work
Discovered (acres) 151,827 5,443,720
Undiscovered (acres) 15,030,893 11,455,862
Total Area (acres) 15,182,720 16,899,581
Triangular distribution

Well Spacing (acres/well) 132| shown in Table 32, with the

overall mean value of 132
End of forecast (years) 30 20

Table 65—Comparison between EIA (2012a) estimates and this work’s gas
estimates for the WV Marecellus shale play.

Whole EIA (2012a) This Work's Total
Marcellus Shale | Unproved TRR Resources
Play Estimates (TCF) (TCF)
P10 81.5
P50 8.86 145.9
P90 283.8
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Fig. 65—The graphical comparison of EIA (2012a) and this work’s gas estimates
for the WV Marecellus shale play.

Table 62 shows that this work has larger total area than EIA (2011). EIA (2011)
divided its area into active and undeveloped area based on company leases. The active
area is the acreage reportedly under lease by oil and gas companies, while the undeveloped
area is the remaining area that has not been leased. This definition is not the same as the
discovered and undiscovered areas in this work because some areas can be categorized
discovered even though they are not under company lease. Therefore, the comparison for
this work’s reserves/resources category in the discovered and undiscovered areas cannot

be compared with EIA (2011) estimates for its active and undeveloped areas. The total of
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EIA (2011) estimates in Table 7 was instead used in this comparison. EIA (2011) used 80
acres well spacing, while this work used the overall mean value of 132 acres well spacing.
The end of the forecast time in EIA (2011) is longer than this works’, which is 30 years
compared to 20 years. Table 63 and Fig. 64 show that EIA (2011) estimates are inside the
range of this work’s total resources estimates, and quite close to this work’s P50 estimate.

Table 64 shows that this work’s discovered area is higher than EIA (2012a)
discovered area, and this work’s undiscovered area is lower than EIA (2012a)
undiscovered area. It is understandable since the as-of-date data used in EIA (2012a) is
1/1/2010 (Table 8).Between the EIA (2012a) as-of-date and this work as-of-date
(12/1/2013), the drilling and production activities in the Marcellus shale play continued to
increase, which makes some of the undiscovered area in the USGS (2011a) estimates
shifted to the discovered area. The same as in EIA (2011), the end of forecast time in EIA
(2012a) 1s also 30 years. EIA (2012a) used 132 acres well spacing, which is the same as
this work’s mean well spacing. Table 65 and Fig. 65 show that this work’s total resources
estimates are much higher than EIA (2012a) estimates.

The same as the comparison with the USGS (2011a) estimates in Subchapter 4.2,
this work’s TRR20/well is also higher than EIA (2011) and EIA (2012a) average
EUR/well. Table 7 shows that EIA (2011) has 0.93 BCF average EUR/well, and EIA
(2012a) has 1.56 BCF average EUR/well. Table 30 shows that the mean values of the
TRR20 from the gas type probabilistic decline curves for both production regions in this
work are more than 3 BCF/well. It is more than twice the average EUR/well values in EIA

(2011) and EIA (2012a) estimates. The obvious advantage that this work has over EIA
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(2011) and EIA (2012a) estimates is the greater availability of production data in the
Marcellus shale play, since this work was conducted later than both of the EIA estimates.
Since EIA (2011) and EIA (2012a) were deterministic, they do not consider uncertainty

quantification.
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5.1. Conclusions

CHAPTER V

CONCLUSIONS

e The WV Marcellus shale play reserves and resources estimates are as follows.

WV Total Reserves Total Resources Total Reserves and Resources
NGL (BBNGL) Gas (TCF) |NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.048 8.19 0.0517 70.65 0.1154 81.54
P50 0.095 14.91 0.1263 130.13 0.2252 145.91
P90 0.245 27.88 0.3579 259.51 0.5846 283.81

e This work’s reserves and resources estimates are generally higher than those

previously published by USGS (2003), Engelder (2009), EIA (2011), USGS

(2011a), and EIA (2012a).

e The estimates of the whole Marcellus shale play that are extrapolated from the WV

Marcellus shale play analysis are as follows.

Total Total Reserves Total Resources Total Reserves and Resources
Marcellus | NGL (BBNGL) Gas (TCF) NGL (BBNGL)| Gas (TCF) NGL (BBNGL) Gas (TCF)
P10 0.1659 44.03 0.593 287.5 0.858 339.1
P50 0.3008 72.14 1.076 486.67 1.432 560.3
P90 0.6027 121.83 2.176 866.71 2.623 980.9
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The PA and OH estimates were extrapolated from the WV Marcellus shale play
analysis, and were not based on actual production data analysis in these areas.
Based on the hindcast study results, the MCMC PDCA method proves its
reliability once again in forecasting production and estimating reserves with the
WYV Marcellus shale play production data. The hindcast results show that the
Duong (2011) DCA method is well calibrated and consistently outperforms the
other DCA models used in this work.

This work offers the industry an update of the reserves and resources estimates of
the Marcellus shale play in WV. These estimates reliably quantify the uncertainty
in the play and can help in decision making regarding continued development of

the play.

5.2. Limitations and Future Work Recommendation

As stated in Subchapter 3.2, this work focused on reserves and resources estimates

for only the WV Marcellus shale play. This was because as of November 2, 2014, which

was the date the production data was taken from the DI Desktop application, only WV had

monthly production data out of six states that cover the Marcellus shale play. The reserves

and resources estimation for the Marcellus shale play beyond WV was extrapolated from

the WV Marcellus shale play reserves and resources analysis.

In imposing minimum decline rate, this work used a Dy distribution from the

Eagle Ford play, since there was no long-term production data on which to base the

analysis for selecting D, from Marcellus shale play production data. This work also
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assumed that all the wells in the play are completely independent while in reality they
should neither be 100% independent nor 100% dependent. There was also subjectivity in
extending the boundary between the liquid-rich and dry-gas regions in the NY part
because there were no existing wells there from which to get an initial GLR analysis. The
boundary was based on the contour map of depth to the Marcellus shale base.

A P90-to-P10 ratio in the 6-to-10 range was deemed to be a reasonable expression
of the uncertainty in the long term. The P90-to-P10 ratios for this work’s WV Marcellus
shale play reserves and resources estimates within each AU are mostly greater than or fall
inside this range due to the complete dependence assumption between the wells. The
summation of reserves and resources estimates was performed within the same Monte
Carlo simulation, which means that the summation was performed under the assumption
of complete independence among the reserves and resources between AUs and production
regions. Because of this, this work’s total reserves and resources estimates of the
Marcellus shale play tend to underestimate the uncertainty.

Reserves and resources estimation for the Marcellus shale play as a whole will be
interesting to pursue, now that PA has implemented a new rule requiring monthly
production reporting for unconventional wells effective January 2015 (DEP 2015). The
reserves and resources estimates for the Marcellus shale play will be more reliable because
the analysis for the play outside WV, especially in PA, will be based on monthly
production data from the play itself, and there will be more production data available for
the WV Marcellus shale play. It will be better to start performing the estimation next year

in 2016 when there will be at least 12 months monthly production data for each producing
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well in the play outside WV. As more production data become available, it may be possible
to perform Dumin analysis using Marcellus shale play production data. There is also a need
for research on how to model dependency between the wells in reserves and resources

estimation for the Marcellus shale play.
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NOMENCLATURE

a Duong intercept constant, 1/month

b Decline exponent for Arps’ model, dimensionless
BBNGL Billion barrels of NGL

BCF Billion cubic feet

BCFe Billion cubic feet equivalent

Ct The percent correct

D Initial decline rate, 1/year

Diin Minimum decline rate, 1/year

D Power-law decline at infinite time constant, 1/year
EIA The U.S. Energy Information Administration
GLR Gas Liquid Ratio, MCF/STB

m Duong slope constant

MBM Modified bootstrap method

MCF Thousand cubic feet

MCMC Markov Chain Monte Carlo

n Decline exponent in power-law and SEPD model
ng The number of assessment for the response probability 7,
N Total number of assessments

NGL Natural Gas Liquid

OH Ohio
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PA
PDCA
PRMS
P5
P10
P50
P90

P95

SEPD
SPE

STB

TRR20
TCF
\\AY

a

0

9

by

0 lower

Pennsylvania

Probabilistic decline curve analysis

Petroleum resources management system

Value at 5 percentile

Value at 10" percentile

Value at 50" percentile

Value at 90 percentile

Value at 95" percentile

The response probability assigned to an assessment
Stretched exponential decline model

Society of petroleum engineers

Stock Tank Barrel

Total number of different response probabilities (e.g., 3 for 10%,
50%, 90%)

Technically Recoverable Resources at 20 years, STB or BCF
Trillion cubic feet

West Virginia

Acceptance probability in MCMC, dimensionless
Decline curve parameters

One of the decline curve parameters

Parameters of step j in MCMC

Lower boundary of proposal distribution
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Upper boundary of proposal distribution

Parameters drawn from proposal distribution

Sample variance from best fit

Sample variance from proposal parameters

Sample variance from step j in MCMC

Standard deviation of proposal distribution of parameter 9
Cumulative density function of standard normal distribution
Characteristic time parameter for SEPD model, month

The percent correct
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