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Section 1. Methods and Data Sources 
Distinguishing Oil Wells from Gas Wells 

We employ the Railroad Commission of Texas statutory definition (Statewide Rule 79), which states that 

a gas well is one that has a Gas-Oil Ratio (GOR) as reported 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 between Well Types 

Well classification with regard to conventional versus unconventional or vertical 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 that are 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 distinguish between 

these well classifications. We used a combination of database attributes including direction, down-hole 

survey data, treatment (hydraulic fracturing) water volumes, and proppant amounts.  

Well Orientation 

¢ƘŜ LI{ ŘŀǘŀōŀǎŜ Ƙŀǎ ŀ ά5ƛǊŜŎǘƛƻƴέ ŀǘǘǊƛōute which includes vertical, directional, or horizontal. A fourth 

category, pinnate, rarely occurs and is not discussed here. Vertical wells are generally close to being 

straight and are essentially truly vertical in direction. Directional wells are generally wells that were drilled 

straight but off-vertical 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 

ǘƘŜ ŦƻǊƳŜǊ ŀǎ άCŀƭǎŜέ ŀƴŘ ǘƘŜ ƭŀǘǘŜǊ ŀǎ ά¢ǊǳŜέ ƘƻǊƛȊƻƴǘŀƭǎΦ 

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 

section 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 sections within the target formation. The 

horizontal sections are generally at least several hundreds and more commonly several thousands of feet 

in length. 

Down-hole Well Surveys 

We used the down-hole survey data to distinguish between false and true horizontals. The survey data 

consist of a series of distance and directional offset values that can be used to construct a 3-D model of 

the well borehole. We defined the horizontal lateral section of a borehole as beginning at the point where 

the angle between the horizontal plan and two successive survey points is less than 2.5ɕ and continuing 

to the end of the well bore. The lateral depth was defined as the average true vertical depth along this 

horizontal well bore interval. Horizontal wells that have short (<500 ft, 150 m) horizontal lengths were 

classified as false horizontals and were grouped for analysis along with vertical and directional wells. 

IƻǊƛȊƻƴǘŀƭ ǿŜƭƭǎ ǿƛǘƘ ƘƻǊƛȊƻƴǘŀƭ ǎŜŎǘƛƻƴǎ җрлл Ŧǘ (150 m) were classified as true horizontals.  

Conventional vs Unconventional Wells 

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 volumes and 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 between 2005 and 2015. We found a bi-modal 

distribution for water use with a local minimum occurring at about 400,000 gallons (~100,000 bbl; 1500 

m3). Accordingly, we used that value as a cut-off between conventional completions (<400,000 gal) and 

ǳƴŎƻƴǾŜƴǘƛƻƴŀƭ ŎƻƳǇƭŜǘƛƻƴǎ όҗпллΣллл Ǝŀƭύ. A similar proppant use value of 400,000 lb (180,000 kg) was 

also used because the average proppant loading in the Permian Basin is about 1 lb/gal. Because there is a 

continuum in terms of water use and proppant amount from conventional to unconventional wells, 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 horizontals (minor category), unconventional verticals, and unconventional horizontals. 

Data Sources 

Water and Proppant 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 fracturing water 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 also reported 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 wells in the 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 water volumes in particular 

that were used for those wells are not being reported. However, a third-party source (SkyTruth, 

www.skytruth.org) maintains a database of FracFocus data that contains data we were able to acquire for 

wells completed through May 2013. We have found this database to be useful in filling in gaps in the 

current FracFocus database.  

Data Quality Review 

The IHS database has some quality control issues related primarily to inaccurate units reporting by 

operators. We examined the data for inconsistencies by calculating water use and proppant use per unit 

of lateral length and proppant use per unit volume of water to identify outliers. We resolved improper 

units where identifiable. Wells with unresolvable outlying water use values were flagged and median 

values were calculated based on annual median ƎŀƭκŦǘ ǾŀƭǳŜǎ ƳǳƭǘƛǇƭƛŜŘ ōȅ ǘƘŜ ƻǳǘƭȅƛƴƎ ǿŜƭƭΩǎ ƭŀǘŜǊŀƭ 

length. 

Allocated Production Data 

Monthly production for oil wells are reported to the Texas Railroad Commission 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 accurate, 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/
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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 al. (2016)1 and reproduced here with modifications on the well 

data at the end of the description. We used two parameter decline 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 production. 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 method we used in this study was originally developed for gas production from 

shales2, then modified to describe slightly compressible fluid production from shales (slightly compressible 

fluids include water and oil)3. The basis of the approach is assuming one dimensional Darcy flow into 

regularly spaced fractures from the matrix. This configuration leads to the conclusion that there are two 

primary stages of flow for each well: infinite-acting flow and boundary-dominated flow.  

During infinite-acting flow, the fracture network produces from an ever-expanding 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 square-root of time, and in the second, it falls exponentially. 

Our model captures this behavior through a one-dimensional model where the fracture face is set at x=0 

and there is a no-flow boundary at x=1, the point midway between adjacent fractures. Fluid properties 

taken from pressure, volume, temperature (PVT) 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, gas, and 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 

multiphase-flow models through assuming viscosity dominated flow with capillary pressures equivalent 

between the different phases. The original concept of segregated flow4 has recently been applied to 

analyze the behavior of some water floods5 6. 

Given this parallel flow model, we developed recovery factor curves which work similarly to the curves 

popularized by Fetkovich (1980)7, with two fitting parameters. Curves were generated for several initial 

reservoir pressures and fluid maturity levels using a custom Python one-dimensional finite differences 

solver. For each well, cumulative oil, gas, and water production were fitted to the Fetkovich-style curves, 

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, and water production for 

~9,800 unconventional horizontal wells and ~22,500 unconventional vertical wells having at least 12 

months of production history and assuming a 20 year well lifetime. 

The resulting mean values of 20-year EUR for unconventional vertical wells throughout the Permian Basin 

for the period 2005-2015 are 154×106 ft3 (4.36×106 m3) for gas, 43,000 bbl (6,800 m3) for oil, and 96,000 

bbl (15,300 m3) for produced water (PW) (Fig. S20a).The resulting mean values of 20-year EUR for 
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unconventional horizontal wells throughout the Permian Basin for the period 2005-2015 are 443×106 ft3 

(12.5×106 m3) for gas, 118,000 bbl (18,800 m3) for oil, and 316,000 bbl (50,200 m3) for produced water 

(PW) (Fig. S20b).  

Separate mean 20-year EUR values were also determined for unconventional horizontal 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 Basin completed during 2015 are 330×106 ft3 

(9.3×106 m3) for gas, 121,000 bbl (19,200 m3) for oil, and 216,000 bbl (34,300 m3) for produced water (PW) 

(Table S13a).The resulting mean values of 20-year EUR for unconventional horizontal wells in the 

Delaware Basin completed during 2015 are 600×106 ft3 (17.0×106 m3) for gas, 156,000 bbl (24,800 m3for 

oil, and 413,000 bbl (65,700 m3) for produced water (PW) (Table S13c). 

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 lb (36,300 kg). Subtracting the weight of the truck provides capacity for ~150 bbl of 

water (6,300 gal, ~24 m3) or 50,000 lbs (23,000 kg). The median water use per horizontal well in the 

Midland Basin in 2015 is 250,000 bbl (10.5x106 gal, 40,000 m3). Therefore, an average well would require 

~1,700 truckloads of water. Proppant loading is ~ 1 lb/gal (0.1 kg/L). Therefore, proppant requirements 

for HF would be ~10.5x106 lbs (~5x106 kg) requiring ~200 truckloads of sand.  

Section 4. Water Costs for the Permian Basin 
Operators indicate that low 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 $0.35 per bbl for 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 costs ranging 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 to $2/bbl by the range 

from 66,000 to 124,000 bbl/well for 12 month production in the Midland and Delaware basins (Table 1), 

respectively, results 0.03 M$ to 0.25 M$. Considering the corresponding 12 mo. oil production (~50,000 

bbl) at $50/bbl ($2.5M$) indicates that sourcing and disposing of water represents 5 ς 15% of the oil price. 
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Fig. S1a. Oil well density in the Permian Basin based on ~162,000 producing wells during the 2005-2015 
period (Table S4a). 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 wells. The Permian Basin occupies 65,000 mi2 
(168,000 km2). The primary areas of unconventional oil production are the Midland Basin (14,100 mi2, 
36,500 km2) and the Delaware Basin (12,200 mi2, 31,600 km2) which together represent about 40% of the 
Permian Basin area. Original map image created in ESRI ArcGIS version 10.3.1. 
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Fig. S1b. Gas well density in the Permian Basin based on 31,000 producing wells during the 2005-2015 

period. Most gas well activity is concentrated in the Val Verde Basin. Original map image created in ESRI 

ArcGIS version 10.3.1. 
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Fig. S1c. Oil and gas wells in conventional fields along with names of large fields. Green points are oil and 
gas well locations. Original map image created in ESRI ArcGIS version 10.3.1. 

  














































































































































