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Section 1. Methods and Data Sources

Distinguishing OWells from Ga§Vells

We employ the Railroad Commission of Texas statutory definition (Statewide Rule 79), which states that
a gas wells onethat has a Ga®il Ratio (GOR) asported at initial completion which exceeds 100,000
cubic feet (cf) of natural gas to each barrel of oil produced at standard pressure and temperature
conditions. The oil so produced may be oil and/or condensate.

Distinguishing betweeWell Types

Well classification with regard t@onventional versus unconventional eertical vs horizontal well types

is not an explicit well attribute in the IHS Enerdeq database. The Permian Basin is generally unique in that
in addition to having unconventional wells theate completed using newer horizontal drilling techniques,
there are also a significant number of unconventional wells that have been completed using traditional
vertical drilling. As such, we were required to make certain assumptions in order to distitgivgeen

these well classifications. We used a combination of database attributes including directiorthdtavn
survey data, treatment (hydraulic fracturing) water volumes, and proppant amounts.

Well Orientation

¢KS LI { RIFGFOI &S wawhichincludesverichl Qlifieatidngléor Horizdntdlh Aofourth
category, pinnate, rarely occurs amsinot discussed here. Vertical wells are generally close to being
straight and are essentially truly vertical in direction. Directional wells are giynerglls that were drilled
straight but offvertical by some generally consistent angle. Horizontal wells have two general sub
categories, including those that are not truly horizontal by current definition and those that are. We define

GKS T2NMSMI HY RATIKIS I GGSNI A a¢NUSé K2NRAT 2y il fao

False horizontals are wells that were generally completed following past practices and tend to follow
arcuate paths through the target formation(s). False horizontals may or may not actually have a horizontal
sectbon over some length beginning at or very near the bottom end of the borehole.

By contrast, true horizontals are a relatively recent completion practice and tend to have generally vertical
top sections that transition sharply to a nearly horizontal sectionthin the target formation. The
horizontal sections are generally at least several hundreds and more commonly several thousands of feet
in length.

Downhole Well Surveys

We used the dowshole survey data to distinguish between false and true horizonfdis. survey data
consist of a series of distance and directional offset values that can be used to constrDcina@el of

the well borehole. We defined the horizontal lateral section of a borehole as beginning at the point where
the angle between the hdgontal plan and two successive survey points is less thaa@dcontinuing

to the end of the well bore. The lateral depth was defined as the average true vertical depth along this
horizontalwell bore interval. Horizontal wells that have short (<5Q00L&0 m) horizontal lengths were
classified as false horizontals and were grouped for analysis along with vertical and directional wells.
I 2NRT 2yGFE 6Stfa oA 6ES mpeidclassifled asftrueh@ithitdls2 Yy & X p 1 n
Conventional v&inconventionaWells

Treatment data in the IHS database were the primary source of information used to distinguish between
conventional and unconventional well completions. Modern unconventional well completions generally
require much larger water volumeand proppant amounts as compared with traditional conventional
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well completions. We examined the distributions of both water use and of proppant amounts for all wells
with such data that were completed in the Permian Basin betweerb 20@d 2015. We found ki-modal
distribution for water use with a local minimum occurring at about 400,000 ga(tet30,000 bbl; 1500

m?®). Accordingly, we used that value as a-offtbetween conventional completions (<400,000 gal) and
dzy 02y @Sy G A2yl £ 02 Y AkiSiarkp@ppdnt usewalue of200,000188,000 kgyvas

also used because the average proppant loading in the Permian Basin is about Blx¢galse there is a
continuum in terms of water use and proppant amount from conventional to unconventioelsd, this
definition provides an approach for subdividing these well classes for purposes of discussion.

Thus, four classes of wells were distinguished in the Permian Basin, including conventional verticals,
conventional horizontaléminor category)unconventional verticals, and unconventional horizontals.
DataSources

Water andProppant Use Data

Water and proppant use for individual wells are available from two sources, the FracFocus database and
the IHS Enerdeq database. Reporting of hydraulic fragjuwater use and chemicals became mandatory

for wells completed in Texas beginning in February 2012 and was voluntary for wells completed prior to
that time. The IHS database contains information primarily related to total fluid and acid volumes used in
well completions and agreement is generally very good between IHS and FracFocus. In fact, many recent
water use data entries in the IHS database were obtained from FracFocus as indicated by reference
notations in the IHS database. Proppant amounts are @dported in both database, though we used

only the IHS database because it directly indicates the proppant mass amount while the FracFocus
database expresses the proppant only as a percentage of the total volume.

There is a reporting issue for some watlshe FracFocus database, generally for wells completed in 2013
or earlier. Data for many of these wells were originally reported using an older data format that is not
properly reported using the current database query routines. The result is that waltemes in particular

that were used for those wells are not being reported. However, a ipandy source (SkyTruth,
www.skytruth.org maintains a database of FracFocus data that containsvaateere able to aquire for

wells completed througiMay 2013. We have found this database to be useful in filling in gaps in the
current FracFocus database.

DataQuality Review

The IHS database has some quality control issues related primarily to inaccurate units repgrting
operators. We examined the data for inconsistencies by calculating wateanagsproppant use peunit

of laterallength and proppant use peunit volumeof water to identify outliers. We resolved improper

units where identifiable. Wells with unresobia outlying water use values were flagged anddian

values were calculated based on annusdiana | £ Kk T @I f dzSa Ydz GALX ASR o6&
length.

Allocated Production Data

Monthly production for oil wells are reported to the Texas Radr@ommission as aggregated totals at
the lease level. IHS uses a proprietary algorithm to retroactively assign monthly production values to
individual wells for leases with more than one well. As a result, individual oil well production data may
not be acarate, but aggregated totals should match those for the lease. Production data for gas wells,
however, are reported at the well level.


http://www.skytruth.org/

Produced water volumes are not reported by operators but are estimated by IHS based on annual
production capacity tests.

Section 2. Decline Curve Analyses and Estimated Ultimate Recovery

The following methodology was also applied to analysis of data in the Bakken Shale Play and is described
in Supporting Information in Scanlon et g016)* and reproduced here with modifications on the well

data at the end of the descriptioWe used two parameter deoke curves to determine the estimated
ultimate recovery (EUR) of oil, gas, and produced water in the Midland and Delaware basins. Typically
decline curves are used to assess oil and gas production, but we can also apply the same methodology to
water produdion. The EUR values for oil and gas were used to estimate the water intensities of energy
production both in terms of water use for hydraulic fracturing (HF) and produced water (PW) generated
per unit of oil and gas production.

The decline analysis metlove used in this study was originally developed for gas production from
shale$, then modified to describe slightly compressible fluid production from sHalghtly compressible
fluids include water and Qil The basis of the approach is assuming one dimensibaatyflow into
regularly spaced fractures from the matrix. Tomfiguration leads to the conclusion that there are two
primary stages of flow for each well: infiniteting flow and boundargominated flow.

During infiniteacting flow, the fracture network produces from an exapanding area of investigation.
Once pressure pulses from adjacent hydrofractures meet, the area of investigation has reached its
maximum size, and the well drains fluid from a fixed volume. In the first stage, a well's production rate
follows the squareoot of time, and in the second, itlfa exponentially.

Our model captures this behavior through a ediemensional model where the fracture face is set at x=0
and there is a ndlow boundary at x=1, the point midway between adjacent fractures. Fluid properties
taken from pressure, volume, teperature PV reports are used as inputs to our model. The two
parameters for fitting the model to field data are the time to boundary dominated flow and the total mass
of fluid contacted by the well.

We use a segregated flow model that allows oil, gad, water to flow as if they were a single phase. In
effect, each fluid follows its own static pathways to the fracture. This behavior can be achieved in
multiphaseflow models through assuming viscosity dominated flow with capillary pressures equivalent
between the different phases. The original concept of segregated*fltag recently been applied to
analyze the behavior of some water flodds

Given this parallel flow model, we developed recovery factor curves which work similarly to the curves
popularized by Fetkovich (198pyith two fitting parameters. Curves were generated for several initial
reservoir pressures and fluid maturity levels using a custom Pythordiomensional finite differences
solver. For each well, cumulative oil, gas, and water production were fitted to the Fetiglylelturves,

using SciPy's least squares curve fitting library. The total amount of fluid in place and the time to boundary
dominated flow were fit for each fluid in each well.

Using this methodology, we determined the EUR and forecast monthly oil, gas a#éedproduction for
~9,800 unconventional horizontalvells and ~22,500unconventional vertical wellBaving at least 12
months of production history andssuming 20year well lifetime.

The resulting mean values of-8ar EUR for unconventional vertiealls throughout the Permian Basin
for the period 20052015 are 154x10t3 (4.36x1¢ m®) for gas, 43,000 bb6(800 n?) for oil, and 96,000
bbl (15300 n?¥) for produced water (PW)F{g. 80a).The resulting mearvalues of20-year EURor
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unconventionahorizontal wel throughout the Permian Basin for the period 26P815are 443x1( ft3
(125x10¢ m?) for gas, 118,000 bbl(18,800 m®) for oil, and316,000bbl (50,200 n¥) for produced water

(PW) (Fig. 20b).

Separate mean 20ear EUR values were also determined for unconventibagzontal wells completed

each from 2005 to 2015 in the Midland Basin and the Delaware Basin. The resulting mean values of 20
year EUR for unconventional horizontal wells it the Midland Bamimpleted during2015 are 330x140t3
(9.3x1C¢ m?®) for gas, 21,000 bbl 19,200m?) for oil, and216,000bbl (34,300 n3) for produced water (PW)
(Table %3a).The resulting mean values of -6ar EUR for unconventional horizontal weltsthe
Delaware Basinompleted during2015 are600x1C ft3 (17.0x1C¢ m®) for gas, 56,000 bbl 24,800 nifor

oil, and413,000bbl ©5,700m?®) for produced water (PW)Yable $3c).

Section 3. Implications of Hydraulic Fracturing Intensity on Transportation
Increasing intensity of hydraulic fracturing in terms of water use and proppant loading has important
implications for truck traffic. Typical trucks used to transport water of proppant are 18 wheelers which
can be up to 80,000 Ib (36,300 kg). Subtractimgweight of the truck provides capacity fat50bbl of

water 6,300 gal, 24 mq) or 50,000 Ibs (23,000 kgVhe median water use per horizontal well in the
Midland Basin in 2015 is 250,000 bbl (10.%d4l, 40,000 r¥). Therefore, an average well wouldquire

~1,700 truckloads of water. Proppant loading is ~ 1 Ib/gal (0.1 kg/L). Therefore, proppant requirements
for HF would be ~10.5x4(bs (~5x16kg) requiring ~200 truckloads of sand.

Section 4. Water Costs for the Permian Basin

Operators indicate thialow costs to obtain fresh or brackish groundwater and lay flat pipe to transport
water to the site act as a deterrent to reuse/recycling of PW. For example, University Lands (managing
~10% of Midland and Delaware basins) reports a water cost of $0.3®hpefior fresh or brackish
groundwater (http://www.utlands.utsystem.edu/). Multiplying this cost by the median water volume for
HF in the Midland Basin (250,000 bbl/well, 2015) would result in ~ 0.1 million $ (M$) for purchasing water
with total well costsranging from 6.6 to 7.8 M$ (EIA, 2016). Estimated disposal costs range from $0.5
without transportation to~$2/bbl, including transportation. Multiplying $0.5/bbl ta2#bbl by the range

from 66,000 to 24,000 bbl/wellfor 12 month productiorin the Midlard and Delaware basir§able 1)
respectively, results 03M$ to 025 M$. Considering the corresponding 12 mo. oil production (~50,000
bbl) at $50/bbl ($2.5M$) indicates that sourcing and disposing of water repreSerit§% of the oil price.
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Fig.Sla. Oil well density in the Permian Basin based-962,000producing wells during the 262015

period (Table 8a). High densities around the margins of the Midland and Delaware basins and in the

Central Basin Platform reflect primarily conventional reservoirs. Low densities in the Midland and

Delaware basin floors represent mostly unconventional wéllee Permian Bas occupies 65,000 i

(168,000 krd). The primary areas of unconventional oil production are the Midland Basin (14,200 mi

36,500knm?) and the Delaware Basin (12,20¢,8i1,600 kr) which together represent about 40% of the

Permian Basin are@riginal nap image created in ESRI ArcGIS version 10.3.1.
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Gas Wells
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Flg S1b. Gas well density in the Permian Basin base81¢d00producing wells during the 26(-]2015
period. Most gas well activity is concentrated in the Val Verde B&yiiginal map image created in ESR

ArcGIS version 10.3.1.




Fig. S1c. Oil and gas wells in conventional fields along with names of largediekls points are oil and
gas well location€riginal map image created in ESRI ArcGIS version 10.3.1.

S10





















































































































































































































