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Abstract

The water energy nexus represents the intersection of water use fuel extraction,
electricity generation, and waste generation and disposal. The rapid rise of
unconventional natural gas and oil production through the combined processes of
horizontal drilling and hydraulic fracturing have shifted the energy dynamic in the
United States. Concurrently, the rising utilization of unconventional gas and oil
production has intensified the water use for hydraulic fracturing and generation of
flowback and produced water associated with shale gas and tight oil production.

Among the major environmental risks associated with the rise of unconventional oil and
gas exploration water availability, water contamination from leaking or disposal of
wastewater, and adequate disposal of the wastewater are the key issues associated with
the water-energy nexus. This dissertation aims to quantify the water use for hydraulic
fracturing acro ss the U.S., evaluate the water use for electricity production from natural
gas in comparison to coal combustion, estimate the flowback and produced water
production, and assess possible recycling of oilfield water through irrigation in
California.

This dissertation describes the water footprint of hydraulic fracturing by
examining total water use, water use per well, water use per length of horizontal well,

and the changes in water use through time. The data show that hydraulic fracturing



water use per well has been increasing between early stages (2002012) to later stages
(20122016) of operation. In addition to water use, this dissertation estimated waste
water generated from unconventional oil and gas wells and find a concurrent increase in
flowback and produced water (FP water) per well through time. Using salinity as a
marker to distinguish FP water from water injected for hydraulic fracturing, this
dissertation observes the sequestration of the injected freshwater, while the return flow
composed primarily of more saline formation brines entrapped within the shale
formations.

In addition, this this dissertation explored two downstream impacts of the
increasing water use and FP water generation. First, as abundant natural gas resources
from the expansion of hydraulic fracturing have shifted the electricity sector from
primarily coal - to primarily natural gas -fired, this study examined the impact increasing
water use associated with hydraulic fracturing has had on power plant lifecycle water
consumption and withdrawal. The study found that despite increasing water use for
hydraulic fracturing, natural gas -fired generation on average used less water for cooling
relative to coal-fired generation. Finally, this this dissertation examined the risks from
recycling of oilfield produced water (OPW) as an agricultural makeup water source. The
data from field studies in California show that by using low salinity OPW, farmers are
able to successfully recycle OPW without risking metals accumulation in soil and

consequently in crop and human health.
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1. Introduction

From the development of fossil fuel resources to the process used to spin
turbines, water has always played a key role in the generation of electricity.
Understanding the water -energy nexus is critical globally for multiple stakeholders with
political, economic, and social implications as it will continue to drive human progress.
(1) As the energy sector continues to evolve, different media for electricity generation
have come into and out of vogue. Currently, with a move away from coal -fired power
EOQEWUOPEUEUwW?T UI T Ol UO? wuUl O PEEOI wi Ol UT awUOUUEI
industry in the United States has been viewed as both a stort-term bridge and a quickly
responding backup electricity source, allowing for cleaner electricity generation, while

new sustainable technologies are being developed and implemented.(2)

1.1 Unconventional Natural Gas and Oil

1.1.1 Hydraulic Fracturing Background

There is a long history of gas and oil production in the United States, beginning
with the first commercially produced natural gas well in 1821. (3, 4)From 18212002 over
| WOYYYwUT EOI wl EVwPI OOUwWi EYI wEI | QOwEdtBed 01 EOQwWE U0 w
processes of horizontal drilling and hydraulic fracturing converged to became
economically viable. (3, 5) Resource rich shales occur in Paleozoic and Mesozoic rocks

and are in many cases sources for conventimal reservoirs.(3, 6) Shales are formed from



fine grained sediments which lead to low permeability and porosity with thickness
ranging from 30-100m(3, 6) Because of their low permeability and porosit y, most shales
and tight oil formations cannot be produced by conventional methods. To access these
2UO0EOOYI OUPOOEO? wUI Ul UYOPUUOW!I EVWEOCEWODOWEOOXE
namely horizontal drilling and hydraulic fracturing (  Figure 1). Horizontal drilling is the
process of curving a well by up to 90 degrees to maximize contact area within a
i OUCEUDPOOOWEDEWPEUWI PUUUWEOOT wb @uydraulictluNt Yz UwE O
 UEEOUUDOT wPEUWET Y1 OOx1 EWEVUWEWEOOOI UEDPEOwWUI ET O
permeability in conventional wells and is the process of using large v olumes of water
injected at high pressure to widen natural and perforated fractures to create new flow
paths to stimulate natural gas and oil to flow. (4) Horizontal drilling and hydraulic
i UEEOUUDOT wkl Ul wi PUUUWUUITI EwUOT 1 UT1T UwUOWEEET UU W
PEUOz Owi EOOOOPEE 00a @ DBR Ghale gad praddctiod fromw ! YYYz US
horizontal drilling and hydraulic fracturing overtook conventional sources as the
primary method for natural gas production in the United States, while horizontal
drilling and hydraulic fracturing for unconventional oil overtook conventional oil
production in 2014 (Figure 2).(7-9)

The process of hydraulic fracturing uses large volumes of water to break apart

impermeable shales several miles underground, releasing trapped natural gas, oil, and

formation water from secluded pores. (5, 10, 11)This formation water is most likely



paleo-seawater, previously trapped and partially evaporated, giving it a hypersaline
nature.(12, 13)Years of being trapped within the low permeability shale has allowed to
the water to interact with format ion rock, increasing the levels of natural occurring
radioactive material (NORM) along with other trace metals. These water rock
interactions, coupled with evaporation isotherms allow scientists to reliably identify and
trace these formation brines when they enter the environment. (14-17) While the gas and
oil is captured and processed for beneficial uses, the water that is coproduced with
them is currently viewed as a harmful waste product and is disposed of throug h the

most economical means available; typically this is through either limited treatment and

reuse or injection into disposal wells. (18, 19)

Figure 1: Differentiating conventional from  unconventional production for gas
and oil resources.
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Figure 2: Shale plays of Canada and the United States. (9)
1.1.2 Hydraulic Fracturing Water Use

When a horizontal well is drilled into an unconventional formation, the lateral
length (reaching up to 3 km) is divided into up to 20 stages. (4, 6) Starting with the end of
the well, a perforation gun is used to create holes in the well liner and formation. These
holes, along with natural fractures in the formation are forced apart by large volumes of
water being pump ed at high pressure into the well, creating a network of fractures that
oil and gas can flow through. Once this process is completed, that stage is sealed, and a
new stage is started. From perforation to sealing, hydraulically fracturing one stage can

take between 1 and 4 hours(4) In total, the process of hydraulically fracturing a
4



horizontal well can use between 5,000 and 60,000n3 of water per well. (20) In addition to
water (making up 98-99% of the injected fluids), hydraulic fracturing fluid is composed
of sand or another proppant (up to 1.36 million kg), scale inhibitors, acid, friction
reducers, disinfectants, gelling agents, and corrosion inhibitors.(4, 21)

Fresh water is the primary ingredient in hydraulic fracturing fluids, coming from a mix

of groundwater and surface water sources.(21-24) Until recently, the use of additional
chemicals to facilitate gas and oil flow was cited as the main reason alternative sources
of water could not be used.(4, 22)In water stressed regions and in areas where disposal
of flowback and prod uced water is not economical, there has been a push for the use of
alternative brackish and marginal water sources along with the reuse of flowback and

produced water generated in other wells. (22)

1.1.3 Hydraulic Fracturing Flowback and Produced Water

Once all stages are fractured, the seals are removed and the well is allowed to flowback.
The high pressure from the fracturing drives the injected water, along with gas, oil, and
water from the formation back up out of the well. One study f ound that initial flowrates
can be as high as 950 liters per minute, but can drop to 100 liters per minute after the
first day, and 0.25 liters per minute by the end of the first week. (4) Despite this rapid
reduction in the production of flowback water, through time, significant volumes of

water are generated(18,20, 22, 25)Through the flowback period, the water flowing back

is a mixture of the injected water and formation water that was released through the



process of hydraulic fracturing with an increasing percentage of flowback water being
made up of the formation water. (18) After several weeks of flowing bac k, the well
begins production in earnest. During the production period, the water generated from a
well is called produced water. The produced water is made up primarily of formation
brines and typically has high salinity, naturally occurring radioactive m aterials
(NORM), metals, and organic compounds.(12, 1417, 2629) Total volumes of flowback
and produced water can be as high as 70,000n3 per well, with up to 20 -50% of that
being generated within the first 6 mont hs after hydraulic fracturing. (18, 20)
Management options include treatment and disposal, treatment and reuse, evaporation,
and injection into class Il saltwater disposal wells. (5, 28, 3033) Treatment of the
flowback and produced water has evolved through time in the United States with
evaporation and treatment for disposal being limited by regulation after negative
environmental consequences have been reported(16, 28)Recently, injection into class Il
saltwater disposal wells has been linked to increased seismicity across the United States,
further complicating the management of flowback and produced water. (34-37) Finally,
spills of flowback and produced water have left lasting environmental impacts, adding
risk to the transportation of fluids to management facilities. (14, 38) There is hope
however that emerging technologies such as evaporation with mechanical vapor
compression, reverse osmosis, membrane disillation, forward osmosis, and biological

desalination can be used to safely clean waste water to dischargeable level$39)



1.2 Water Use for Electricity Generation

Electricity is created when a turbine spins a generator. There are several
configurations with which power plants spin generators, known as prime movers. In the
U.S., the most common prime movers for coal and natural gas plants aresteam turbines
and combustion turbines. In 2016 steam turbines produced 55% of total net generation in
the U.S., with 99.7% of coal generation coming from steam turbines and only 7.1% of
natural gas generation.(40, 41)Steam turbines require the burning of a fuel in a boiler to
heat water into steam, which is then passed at high pressure through a turbine, spinning
a generator. In coal plants subcritical, supercritical, and ultrasupercritical are a
distin ction between the heat and efficiency at which a plant can burn fuel. Subcritical
turbines can average 46% efficiency at converting stream into energy, while supercritical
turbines can average 50%, and ultrasupercritical can average 54% or highei(7) A newer
and more efficient system of generation called a combined cycle plant uses a
combination of gas turbines and steam turbines in series to spin generators. Thewaste
heat from several combustion turbines are used to boil water to spin a generator.
Combined cycle plants account for approximately 30% of the United States power
generation in 2016, with 81% of total natural gas generation in 2016 coming from
combined cycle plants. Finally, gas combustion turbines, not connected to the combined
cycle plants are used to provide instant balancing to the power grid and accounted for

9% of total natural gas generation in 2016.



In order to cool down the steam which was us ed to spin steam turbines, plants
use dry cooling, recirculating cooling, and once through cooling. Dry cooling utilizes
convective heat transfer using air instead of water to cool and condense spent steam
from turbines. (42) While the use of water is completely eliminated through this method,
it increases capital costs by gproximately 10 -fold relative to once through cooling
systems, and the efficiency of the system becomes dependent on the local humidity and
temperature.(42) Recirculating cooling systems withdraw water from a reservoir to cool
and condense the steam in either ponds or towers, saving and recycling the cooling
water for futu re cooling. Recirculating plants withdraw water to make up for losses due
to evaporation and leakage in the system as well as to balance increasing salinity of
cooling water. To deal with increasing salinity as evaporation takes place, a portion of
replaced with fresh water. (42) Because the water is removed from the reservoir and not
replaced, consumption is typically higher for recirculating plants, while withdrawals are
low. Recirculating cooling systems account for approximately 90% of water
consumption and only 31% of water withdrawals for coal and natural gas generation.
Once through plants withdraw water from a reservoir using it to cool and condense
steam in towers or ponds, but after cooling, it is returned to the source. Water

consumption from once through cooling is attributed to evaporation and water losses



but is typically very low. Once through cooling accounts for 61% of water withdrawals
for coal and natural gas cooling while consuming only 10% of water.

Recirculating cooling is the most common cooling method for natural gas fueled
plants, with 62% of generators being cooled with recirculating systems. Once through
cooling systems account for 27% of cooling systems, while 10% of generators are cooled
with dry cooling systems. In co al plants, 59% of generators were cooled with
recirculating systems, while 40% were cooled with once through and remaining 1% were

cooled with dry cooling systems. (40, 41)

1.3 Use of Qilfield Produced Water in Agriculture

Beneficial reuse of waste water products in becoming more important as drought
and water scarcity grip different parts of the country. In California, where constant
drought conditions have led to wildfires and fierce competition for water rights,
utilization of marginal water sources is pivotal to sustaining its agriculture industry. (43,
44) In Bakersfield, CA, a large presence of both agriculture and oil production have
facilitated the movement of high quality oil -field produced water (OPW) from
producers to farms through a network of water supply districts. (44-49) Since 1994, water
districts have been supplying groundwater and surface water mixed with OPW to farms
within the Cawelo district, supporting the growth of almonds, grapes, pistachios, and
citrus. (45) There are strict monitoring guidelines on the quality of OPW being provided

to water districts, limiting concentrations of chloride (200 mg/L), boron (1 mg/L), and



arsenic (104 g/L) through the Water Quality Control Plan for the Tulare Lake Basin

(called the Basin Plan)(44-48, 50)

1.4 Dissertation Objectives

This dissertation aims to 1) quantify and characterize the water use volumes and
waste water production and quality associated with unconventional natural gas and oll
development, 2) to develop a framework for how this upstream water use volume
impacts downstream electricity generation, and 3) to explore alternative uses of waste
products from fossil fuel development ( Figure 3). To achieve these aims, chapte?2
through 6 of this dissertation complete the following objectives.

Chapter 2: Water footprint of hydraulic fracturing(Environmental Science &
Technology Letters, 2, 276280, 2015)This chapter presents a quantification of the water
use and waste water production associated with unconventional natural gas and oil
production. It also serves to introduce the concepts of water use and waste water
intensity, while estimating total annual water use for hydraulic fracturing in the United
States.

Chapter 3: Quantity of flowback and produced waters from unconventional oil and gas
exploration (Science of the Total Environment, 574, 314321, 2017)This chapter quantify
water use and waste water production, providing a characterization of waste water
guality thr oughout the life of a well. It introduces the concept of using decline curves to

estimate ultimate wastewater production associated with hydraulic fracturing.
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Chapter 4: The intensification of the water footprint of hydraulic fracturiffcience
Advances, 4(8), 2018)This chapter characterizes the change in water use and waste
water production volumes through the maturation of unconventional natural gas and oil
development. It finds both increasing water use and waste water generation from 2012-
2016.

Chapter 5: Quantification of the wateuse reduction associated with the transition from
coal to natural gas in the U.S. electricity secfidris chapter examines the impact that
increasing water use for unconventional natural gas production has had on electri city
generation in the United States. Specifically, as the United States transitions from a
primarily coal fired electricity sector to a primarily natural gas fueled sector, we show
that lifecycle water withdrawals and consumption have decreased as more coal is
replaced with natural gas.

Chapter 6: Use of Qilfield Produced Water for Irrigation in Bakersfield,. TAis
chapter assesses an alternate use of oilfield waste water as an irrigation makeup water
source. By supplementing irrigation water with low salinity produced water, we show
how farmers in California have successfully and safely utilized a marginal water source

to grow produce.
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Aim 1: Quantify and characterize water use and waste water
production of unconventional natural gas and oil

Chapter 2, 3, 4 ‘

Water use, waste water production,
gas and oil production volumes.

Chapter 4 |

Water use and production
variations with time.

:

Chapter 3 |

Using salinity to distinguish
between flowback and produced
water.

|

Aim 2: Evaluate lifecycle water use
for the transition from coal to natural
gas fueled electricity generation.

Aim 3: Explore potential reuse
pathways for gas and oil waste
water

Chapter 5

Chapter 6

Water life-cycle analysis of the
transition between coal and
natural gas

Examine the use of oilfield
produced water for agriculture in
Kern County California.

Figure 3: Dissertation aims and objectives.
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2. Water Footprint of Hydraulic Fracturing

(Reproduced with permission from Environmental Science & Technology Letters, 2015,
Volume 2, Issue 10, Pages 2280. Copyright 2015 American Chemical Society;

Supplementary Material in Appendix A)
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Figure 4: Water use for hydraulic fracturing across the United States

2.1 Introduction

The rapid rise of unconventional shale gas and oil production through hydraulic
fracturing has intensified water use for the oil and gas industry in the United States. (6,

15, 2124, 5154) Previous research has provided a wide range of water use, with reports
13



for specific basins or small groups of them.(6, 51:53, 5557) Yet few studies have
evaluated the overall volume of w ater used for hydraulic fracturing and the volume of
wastewater generated from unconventional oil and gas production. (11, 22, 54, 5&0) The
increasing volume of oil and gas wastewater, which typically contains high levels of
toxic elements, has become a major national concern owing to the rise of induced
seismicity in areas of deep-well injection (6, 34, 35, 37and the environmental and human
health risks associated with the disposal of oil and gas wastewater to unlined
impoundments(61, 62)or streams and rivers without adequate treatment. (16, 27)While
several of the previous studies have evaluated portions of the water cycle of oil and gas
production including water intensity for processing and electricity generation, (6, 22, 23,
51, 53, 63}his study focuses on the water use and wastewater generation from hydraulic
fracturing and their relationship to energy production.

Here we report, for the first time, an integrated and comprehensive evaluation of
both water use and flowback -produced waters (FP) generated as part of unconventional
shale gas and oil (shale ail, tight sand) production across the United States. One of the
challenges of generating such a complete data set is the lack of a single and reliable data
source and fragmentation of the information distributed among different sources. In this
study, we thus int egrate and compare data from multiple sources including
FracFocus(55, 57)DrillingInfo, (64)EIA, (65) state agencies66-68) industry sources,(69)

and previous p ublications (6, 11, 2224, 5154)in order to generate a complete data set of
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water use and FP water as normalized to the energy content of oil and shale gas
production. Metrics reported for this study include water use per well (with a
distinction between gas and oil wells), shale gas and oil production, water use intensity
(WUI; water use normalized to gas and oil energy content, L/GJ), produced water
volume per well, produced water intensity (PWI; volume of produce d water per energy
content or per volume of oil), and the overall water footprint of hydraulic fracturing.
Water footprints associated with hydraulic fracturing observed in this study could be
used to project future water allocations and produced water vol umes in other basins

worldwide that are expected to develop unconventional oil and shale gas resources.

2.2 Data Sources and Methods

2.2.1 Water Use per Well

61 OOwPEUI UwUUI wEEUEwWPI Ul wi BROUUEEUI Ewi UOOwWUT |
Fracturing Fluid Data f rom the FracFocus Chemical Disclosure Registry 1.0 and
20a3U00T ZUWHUEE %OEUUW" T 1(3>E5E)BeCausé ErcEdEUs toeamstO P OO OE
report well orientation, median water use per well is reported for both vertical and
horizontal (each individual lateral segment) unconventional wells ( Table 1; average

values reported in Table 12). Addition ally, water use data from the EPA report were

compared with state databases(70, 71)other studies,(22-24, 51, 53, 60and values
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reported by Chesapeake Energy(69) For most unconventional shale gas and oil plays,

the FracFocus data were in agreement with other sources (see comparison inTable 9).

Table 1: Median Water Use, Average Flowback and Produced (FP) water, WUI,

and PWI among the Prominent Unconventional Shale Gas and Oil Formations

. Water

use volumes are in x1C L/well, x106 gallons/well and WUl is in L/GJ. For
unconventional oil, the ratios of FP water to oil production and water use to oll
production are also shown.

shale gas water use flowback and water use produced water
(median) produced water intensity (WUI) intensity (PWI)
Barnett 14.42, 3.80 12.40, 3.28 7.40 6.36
Eagle Ford 13.7, 3.61 25.87, 6.83 5.38 10.16
Fayetteville 20.06, 5.29 9.32
Haynesville 19.45,5.13 17.51, 4.63 3.22 2.90
Marcellus 16.12, 4.25 5.20, 1.37 3.14 1.01
Niobrara 1.51,0.39 5.68, 1.50 0.73 2.73
Woodford 23.77,6.27 8.58
unconventional water use flowback water produced FP water
oil (median) and use water water/oil  use/oil
produced intensity intensity ratio ratio
water (Wul) (PWI)
Bakken 7.49,1.97 12.25,3.24 4.99 8.17 0.36 0.22
Permian 3.06, 0.80 2.42 0.13
Monterey- 0.30,0.07 14.30,3.78 1.60 76.43 3.22 0.07
Temblor
Eagle Ford 15.06, 3.97 22.75,6.01 7.53 11.38 0.56 0.37
Niobrara 132,034 804,212 111 6.79 0.44 0.07
Woodford 7.79,2.05 7.15 0.74

2.2.2 Water, Oil, and Gas production

The Drillinglnfo Desktop Application (64) was used to develop type curves for each of

the unconventional oil and shale gas target formations. Type curves for FP, oil, and gas
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production reported by Drillinginfo cover the entire production history of the wells in

each formation; thus, estimated ultimate recovery (EUR) was assumed to be the
cumulative of all production from the type curve for each play. In many cases, this

covers 10+ years (Bakken, Barnett, Fayetteville, Haynesville, and Permian), but in others,
less than 10 years of production data were available (Eagle Ford, 6 years; Marcellus, 9
years; Niobrara, 8 years). We include the Permian basin instead of the individual
formations (Bone Spring, Spraberry, Wolfcamp) for comparison to production data from
UT 1T w$( z Uw# UD OO bod.[66)In Or@eEtt $epheate Bndoaveritional from
conventional wells, type curves were made for only horizontal wells in Drillinginfo (s ee
Table 15for percentages of horizontal wells). (60)

2.2.3 Total Oil and Gas Well Counts

Using a combination of state government data,(66-68, 70, 7286/ 7 UwWw%UE E %&BF UU wU | x
previous reports, (22-24, 53, 73jand the Baker and Hughes well count data from 2012 to
2014(74)a complete count of wells in each unconventional play was developed (Table

2).
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Table 2: Well water use and production totals.

Calculated Number of Wells,

Total Water Use, Gas Production, Oil Production, and Flowback and Produced (FP )
Formations . Water use is
reported in x10Q L, x1(® gal, gas production in x10 12 cubic feet, oil production in x10 ©

water for the Major Unconventional Shale Gas and Oil

bbl and FP water in x10°L, x1(° gallons.

shale gas |number of total water total gas total olil total flowback and
wells use production production produced water
Barnett 16874 243.32, 64.27 23.44 46.62 209.24,55.27
Eagle Ford| 5846 80.08, 21.15 8.01 723.52 151.22, 39.94
Fayettevillel 5850 117.35, 31.00 9.04
Haynesville] 3172 61.70, 16.29 13.75 0.19 55.541, 14.67
Marcellus 8307  133.91, 35.37 30.41 47.59 43.20, 11.41
Niobrara 2281 3.44,0.90 3.02 104.04 12.95,3.41
Woodford 2861 68.01, 17.96 5.58 29.58
unconventional number total water total gas total oil total flowback
oll of wells use production production and produced
water
Bakken 9704 72.68, 19.20 1.97 2065.16 118.92, 31.41
Permian 9857 40.81, 10.77 5.24 1915.64
Monterey- 703 0.35, 0.09 0.02 32.69 16.73,4.41
Temblor
Eagle Ford 7156 107.78, 28.47 3.19 1829.58 162.84, 43.01
Niobrara 2418 5.26, 1.38 1.97 456.04 32.02, 8.45
Woodford 680 5.30, 1.39 0.48 44.88

2.2.4 Water per Energy Intensity

Water use and produced water data were normalized by the energy content of extracted

shale gas and unconventional oil and associated Iquids. This was done by converting

from EUR (BBL or MCF) to GJ of energy. Energy content of natural gas was defined as

1.0836 GJ/MCF (1.027 x 2BTU/MCEF), whereas oil had an energy content of 6.0679
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GJ/BBL (5.751 x 1BTU/BBL). (37) Additionally, we acc ounted for all associated

hydrocarbons (seeAppendix A ).

2.3 Results and Discussion
2.3.1 Water Use

OEOQCaUPUwWOl wUT T w$/ ZUWHUEEROEUUWEEUEEEUI wul
with typically higher water use for shale gas (a range of 13.7 to 23.8 x 10L per well, 3.6
to 6.3 x10 gal per well, excluding data from Niobrara formation) relative to
unconventional oil (1.3 to 15.1 x 18 L per well, 0.3 to 4.0 x 10 gal per well excluding data
from the Monterey -Temblor formation) extraction ( Table 1). These values are consistent
with data reported in previous studies for some of the plays included in this study,
particularly with water use data reported recently by Gallegos et al. (60) (Table 9). For
the Eagle Ford, Niobrara, and Woodford plays that extract both shale gas and oil, we
show differential water use values for hydraulic fracturing shale gas and oil wells ( Table
9). Our analysis shows that water use per well did not change significantly with time
from 2011 to 2013 Table 14).

Between 2005 and 2014, an estimated total of 940 x 40 (940 x 16 m3, 248 x 10
gal) was used to hydraulically fracture wells in the 10 formations included this study
(Table 2). Hydraulic fracturing for shale gas (708 x 1(® L, 708 x D¢ m3, 187 x 18gal) has
used three times more water than unconventional oil wells (232 x 1(® L, 232 x 16 m?, 61 x

1® gal). The Barnett Shale led the United States with a total water use of 243 x L (64 x
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1@ gal) over the course of its production hi story. Because of its location in a semiarid
region of Texas and the growing stress on both ground and surface water resources with
population growth, water use for future well development in the Barnett formation

could be a limiting factor. (24, 53)In the Monterey -Temblor Formation, water use per
well (0.3 x 10 L, 0.08 x 18gal) and total water use (0.35 x 10L, 0.35 x 16m3, 0.09 x 10
gal) are relatively low. This can be largely attributed to most hydraulic fracturing (well
stimulation) occurring on vertical wells in higher permeable formations as opposed to
horizontal wells in other plays. (68, 70)

Overall, we estimate that between 2012 and 2014 the annual water use for
hydraulic fracturing in the United States was 116 x 10°L (31 x 10 gal) per year for shale
gas and 66 x 10L (17 x 10 gal) per year for unconventional oil (combined 183 x 10° L or
48 x 10 gal per year; Table 16). This estimated water use is 0.87% of the total industrial
water used in the United States (2.07 x 18 L, 5.5 x 1@ gal per year) and only 0.04%of
the total fresh water use per year (4.23 x 1&'L, 1.11 x 1@ gal per year) in the United

States(75)

2.3.2 Flowback and Produced Water

Flowback water is typically the first wate r produced from a well following
hydraulic fracturing and is made up of injected hydraulic fracturing fluids blended with

formation water (a range of 1.8 t0 4.1 x 10L, 0.5to 1.1 x 16gal for the Marcellus shale
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after 90 days)(16) and is typically assodated with high rates of oil and gas production.
Over time the produced water that is generated with gas and oil is composed of almost
entirely of the formation water, (13) and the production rates gradually decrease parallel
to the oil and gas production (Figure 36 and Figure 37).(58) While it is possible to
distinguish flowback from p roduced water based on water chemistry, data reported by
producers to government agencies typically does not distinguish the two types of fluids,
and thus, we report here combined volumes as flowback and produced waters (FP
water). Previous studies have evaluated the FP water volume after a relatively short
period, whereas in this study, we provide a longer integrated time of FP water
production between 6 to 10 years(22, 24, 59)A comparison between the results of this
study to previous studies is shown in Table 11.

In some unconventional shale gas and oil formations, the volume of FP water
after 1 to 2 years exceeds the volume of water injected for hydraulic fracturing (Bakken,
Eagle Ford, Niobrara, and Monterey-Temblor), while in other formations (Barnett,
Haynesville, and Marcellus), the volume of produced water, even after 8 to 9 years of
operation, is typically lower ( Table 2). In all cases, FP water generation drofs
dramatically after the first year and levels off to a constant rate of production in the
following years ( Figure 5). Integration of all of the data over the 6 to 10 years of available
data yielded a large variation of FP water vol ume for different shale gas formations,

between 5.2 x 10L (1.4 x10 gal) per well for the Marcellus shale and 25.9 x 16 L (6.8
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x10¢ gal) per well for the Eagle Ford. Produced water from unconventional oil
production had a smaller range of 8.0 x 18 L (2.1 x 10 gal) per well for the Niobrara
formation to 22.7 x 10 L (6.0 x 10 gal) per well in the Eagle Ford (Table 1).

Overall, we estimate a total of 803 x 10L (803 x 16 ms3, 212 x 10gal) of FP water
returned to the surface since the early 2000s until today (2015) from unconventional
shale gas and oil operations in the 10 plays included this study (Table 2). Shale gas plays
in sum produced slightly less water (472 x 1®® L, 125 x 1@ gal) than was used for
hydraulic fracturing (708 x 10°L, 187 x 10gal), while unconventional oil wells (331 x 10°
L, 87 x 108 gal) produced more FP water than was used to fracture them (232 x 10L, 61 x
1@ gal). Given the high levels of contaminants, several studies havehighlighted the
challenges associated with the management and disposal of FP water (6, 16, 37, 62}jhus,
the fact that the amount of generated FP water in the United States is on the same level

as water use isstartling.
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Figure 5: Decline curves of Flowback and Produced (FP) water over the course
of well production for unconventional oil (left) and shale gas (right) formations. Note:
For the Barnett shale, data from Drillinginfo (64)were used in the figure, while data
from Nicot et al.(6) were used for the calculation of total FP water.
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2.3.3 Water Use and Produced Water Intensity

In order to compare shale gas and unconventional oil to each other and to other
energy sources, the water use intensity (WUI) and produced water intensity (PWI)
parameters were used. Upon normalizing water use and FP water production to energy
production, the WUI of shale gas (combined dry and wet gases) had a range from 0.7 to
9.3 L/GJ, similar to the range obtained for unconventional oil (1.1 to 7.5 L/GJ). Our data
show that WUI for both shale gas and unconventional oil did not change in most plays
with time ( Figure 30and Figure 31). WUI calculations in this study only accounted for
water used in the hydraulic fracturing of wells and excluded the water use for drilling
(640 to 1080 x 19L, 169 to 285 x 18gal per well) and cement (70 to 140 x 186L, 18 to 37 x
1@ gal per well), as well as the potential for refracturing of wells. (51, 76)WUI values
obtained in this study are significantly higher relative to reported WUI values for water
allocation for drilling and cementing associated with conventional oil and gas extraction,
(D0.7 L/GJ).(3, 25) Yet, enhanced oil recovery, particularly through tertiary recovery
techniques, would have a much higher WUI of 120 L/GJ.(76) Likewise, both
unconventional shale gas and oil have much lower WUI values (for extraction) relative
to coal (underground mine, 28.4 L/GJ; surfacemine, 3.2 L/GJ) and uranium (23.8 L/GJ)
extractions.(63)

The WUI for unconventional oil production can also be calculated by the

volumetric ratio of water use to oil producti on during a time interval. The range of WUI
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of this metric for unconventional oil extraction by hydraulic fracturing is 0.07
(Monterey-Temblor) to 0.74 in the Woodford formation ( Table 1). By comparison, the
average WUI for conventional oil extraction was 8.6 over the lifetime of a well. Yet
enhanced oil recovery through tertiary recovery techniques could increase the WUI to
up to 300(76)

The produced water intensity (PWI) for unconventional oil production (6.8 +11.4
L/GJ) is only slightly higher than that of shale g as (1.@ 10.2 L/GJ). In the Monterey
Temblor play in California, the production of FP water is much higher (PWI of 76.6
L/GJ), probably due to the relatively higher permeability of the formations in which well
stimulation is occurring. The other PWI metric is the volumetric ratio of FP water to oil
production. Our data indicate that the FP water to oil ratio (in barrels) varies from 0.36
to 0.56 in horizontal on-shore unconventional oil production, with an average water -to-
oil ratio of 0.44. Monterey-Temblor vertical unconventional production had a higher
ratio of 3.22 (Table 2). The data show that volumetric PWI values in all unconventional
oil wells except the Monterey -Temblor formation remains constant during 6 to 10 years
of production (Figure 35), and the significant reduction in oil production after the first
year is paralleled by similar reduction in FP water production. This pattern is opposite
of typical conventional oil wells, where produced water and t he watert oil ratio increase

with well age. (51) The FP waten oil ratios of unconventional oil wells are also lower than
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estimates for produced watert oil ratios of 3(77)to 7(30) reported for conventional oil in
the United States.

While new exploration of unconventional shale gas and oil formations in the
United States has increased the overall water use for hydraulic fracturing (a total of 940
billion liters from 2005 t 0 2104) and has generated new sources of highly saline and toxic
wastewater (a total of 775 billion liters), our water use and produced water intensity
evaluation indicates that hydraulic fracturing is not extracting more water and
generating more wastewater relative to conventional oil or coal mining while

normalized to the energy production.
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3. Quantity of Flowback and Produced Waters from
Unconventional Oil and Gas Exploration

(Reproduced with permission from Science of the Total Environment, 2016,

Volume 574, Pages314321 https://doi.org/10.1016/j.scitotenv.2016.09.06 L opyright

2016 American Chemical Society; Supplementary Material in Appendix B).
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Figure 6: Quantity of Flowback and Produced Waters (FP Water) from
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3.1 Introduction

Following the rapid development of unconventional oil and gas in the United

States, problems arising from the management, disposal, and spillsof associated
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wastewater have become major environmental issues associated with hydraulic
fracturing (14, 16, 38, 78, 790ver the last decade, the most common disposal practice in
the U.S. has involved injection of FP water into Class 2 brine disposal wells, which has
recently been reported to induce micro-scale earthquakes(15, 30, 32, 36, 37and in one
case, also contamination of surface water(29, 80) Geological limitations for injection
wells, technological and economic barriers to treatment prior to disposal, water scarcity
issues and other management practices have led to an increased interest in evaluating
the potential for r euse of FP water(11, 30, 32, 33, 81)Currently, well lifetimes are
projected to be around 30 years, meaning that during downturn periods when only few
new wells are being drilled, as is currently (summer and fall 2016) the case, thousands of
wells already in production nation -wide will continue producing wastewater (58). Long
term projections estimate that the growth of the hydr aulic fracturing waste water
treatment and recycling technologies will be significant, accounting for an estimated $3.8
billion in revenue by 2025 (82). This projected growth calls for the necessity for a better
understanding of the volumes and quality of wastewater produced from unconventional
oil and gas exploration.

When a well is hydraulically fractured, it is done so in stages, with each stage
being plugged, while the next is being drilled and fractured (83, 84)This creates an
increase in pressure and a lackup of both fluids and gas, while further stages are drilled.

When the final stage is drilled, the fluids and gas are allowed to flow up out of the well
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for a period of time of up to about 2 months (31). Many operators call this stage the

?2 %O O b E E E O hare the)vizat@rreduunimg from the well is made up partially of

drilling and the injected hydraulic fracturing fluids, and formation brines that are

entrapped in the target formations which are extracted together with the oil and gas (5,

33, 85) Water generated after the flowback period, during the lifetime of oil and gas

x UOEUEUDOOOWDPUWEOOOOO O a(tyB1E gkeidiktinclion be@vBad E1 EwpP EUIT U
21 OOPEEEO? WEP&RBEYUOEWEI I POPUDPOOUWEEOWET WwUUENIT E
and combined flowback and produced water (FP Water) data are reported in many

instances without a specific distinction. In this study, we examine the volume and

salinity of FP water generated thr ough time, and use the water salinity data to

distinguish between the water types: water that is made up of a blend of naturally

occurring formation brine and returned hydraulic fracturing fluid, and water that is

composed of only formation brine (5, 13, 16, 3683, 58, 77, 86)In many cases hydraulic

fracturing is conducted with freshwater, although reuse of FP water is becoming more

common in some areas like in the Marcellus Formation. When using freshwater for

hyd raulic fracturing, the FP water initially has low salinity, yet mixing with formation

brines quickly raises the salinity of the water generated during the first several days of

production and eventually leveling out to values that represent the maximum lev el of

salinity of the formation brines between 2 and 3 months since first production (85, 87)
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When quantifying the variations of water production volumes across formations
with time, several methods have been usedto generalize production rates within
unconventional oil and gas basins in the U.S. (11, 2225, 53, 58, 87, 88Depending on the
method used to interpret the data, vastly different quantities of wastewater have bee n
reported for the same basin over similar time periods (23, 25) In order to evaluate the
reason for these discrepancies, we examine three different methods for quantifying FP
water volume (mean, median, and Drill DOT ( 61 Qw#1 UOUOxz Uw3 ax1 w" UUYI
that provides data on oil and gas wastewater volume (64)), and show that the different
methodologies could result in differe nt volumetric estimates for FP water from
unconventional oil and gas exploration.

Based on the integration of the wastewater volume and flowback water salinity
data, this study aims to evaluate the overall and dynamic volume variations and
differential sal inity of wastewater generated from unconventional oil and gas wells. The
ultimate objective of this study is to evaluate the relative proportions of returned
hydraulic fracturing fluids relative to naturally occurring formation water in FP water
during the lifetime of unconventional oil and gas wells. Through understanding the
temporal variability in water quantity and water quality, researchers and industry

professionals could evaluate, design and implement best management practices for FP

water (32, 73, 81)
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3.2 Methods
3.2.1 Data Sources

The Drillinginfo Desktop application was used to download data for wells in the
major unconventional gas and oil formations in the United States, focusing on the all,

gas, and FP water production values of each well on a monthly basis (64). We used two

?3axiu VW UOEUPOOwWxUOEUET UwEWET EODOI WEUUYIT wi OU
monthly production data and adjusting the curves as if each well began at the same
time. This average monthly data was then downloaded and graphed to produce the first
decline curve reported in this paper (light blue line in  Figure 40and Figure 41).
Drillinginfo Desktop also allows the raw data to be downloaded for each well. We
compiled monthly raw water, oil, and gas production data from the DI Desktop
program, similarly adjusting first production to begin all wells at the same time, then
created individual decline curves based on both the mean and median values obtained
from the downloaded raw data. We calculated bootstrap confi dence intervals of
monthly production data for both the mean and median data sets ( Figure 40 and Figure
41). The process of calculating bootstrap confidence intervals involves randomly
sampling with replaceme nt, from the original dataset to form a new distribution of

sampled mean or median values (11, 89) This process is often called resampling.

Bootstrap confidence intervals were calculated by resampling from the original dataset

30



to form distributions of the resampled means and medians. Each resample was the same
size as the original sampled dataand the resampling process was repeated 10,000 times
to form the resampled distributions. The 95% confidence intervals were gleaned from

the resampled distributions (values at the 0.025 and 0.975 percentiles). The bootstrap
confidence interval provides a reliable estimate of the variations of production at any

point in time (shaded regions of Figure 40, Figure 41, Table 18).

3.2.2 Data Analysis

Decline curves were first used by Arps (1945) to estimate ultimate recovery of
currently producing conventional wells using limited data from initial production.
Since then, varying empirical and theoretical methods have emerged attempting to
estimate ultimate recovery of oil, natural gas, and FP water (6, 58, 84, 903). We used
data provided by DrillingInfo to generate decline curves for both oil and gas production
from unconventional oil and gas wells ( Figure 40), and similarly FP water generation
(Figure 41). These decline curves were generated by aligning all historical production
information to the same arbitrary starting time, month 1, then taking the mean, median
and a bootstrap confidence interval of each, using available data for each month of
production. From this, the trend through time of production was examined, while
cumulative production was developed using the integral of each decline curve from O to
10 years. Hydraulically fractured wells are projected to have lifespans of 30 or more

years, however, our estimated ultimate recovery (EUR) was capped at 10 years because
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hydraulic fracturing has only been used on a widespread basis for the past 5-10 years.
Additionally, we fi nd that the amount and quality of long -term data (>10 years)
degrades with time (Figure 42), evidenced by widening bootstrap confidence intervals
with time ( Figure 41). Consequently, in order to maintain consistent precision of the
dataset, we needed to trim the well production decline curves short of the 10 years goal
in some cases. In all cases however, we assumed that the total volume present after the
time period shown represents the full EUR, and note th at the continued production may
add only a relatively small volume to the total EUR.

Bootstrap confidence intervals have previously been used to estimate the
variation of recovery of FP water (11). Using the FP water generation, natural gas and oil
production data, 95% bootstrap confidence intervals for both means and medians values
were calculated for each month of production in each unconventional oil and gas
formation. Using R software package, bootstrap resamples were drawn with
Ul x OEET Ol O0wi UOOwI EET wOOOUT zUwli OxDUDEEOQWEDPUUUD
original data. Mean and medians values were calculated for each resample. This process
was repeated 10,000 times to form bmtstrap distributions for the mean and median for
each month in each formation. From the bootstrap distribution, the 0.025 and 0.975
percentile values were gleaned to form each of the confidence intervals. Comparisons of
the bootstrap means and medians tothe empirical values suggest very little bias in the

confidence intervals.
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3.2.3 Wastewater Distinction

Previous geochemical studies have shown that FP salinity increases during the
first months of flow from shale gas and tight oil wells. Based on chemical and isotopic
variations of the FP water, most studies have suggested the rise of the salinity reflects
blending of typically low -saline injected hydraulic fracturing (HF) fluids and
hypersaline formation brines (12,13, 59, 81, 87, 94)Jn most cases, initial FP production
had low salinity (TDS), matching that of the injected fracturing fluid, but quickly
increased in salinity with time ( Figure 7).

We analyzed the variations of FP salinity from different time series that

monitored the TDS variations in FP water following hydraulic fracturing. To distinguish

Uil wOUEOUDPUDPOOwWUDOT wi UOOwW?i OOPEEEO? whEUI UwOOw?

composed of a mixture between injected water (TDS ~ zro in cases where fresh water is
used, or higher TDS in cases where recycled water is used for hydraulic fracturing) and
naturally occurring brine with TDS equal to the level measured at the endpoint of the
dataset. We used dataset with long time series & 3 months after HF) of flowback water
monitoring from the Marcellus shale (Rowan et al. (2015), Hayes (2009}13, 59) and new
data from Duke University) and Barnett shale (Galusky and Hayes (2011)(94). We
calculated the relative fraction of the brine by using a mass-balance calculation between
the injected water and the endpoint of each data string that represents the final TDS

value (i.e., the brine). The TDS of FP was then used to calculate the relative fraction of
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the brine in the FP water blend (Figure 8). For cases where the injected water was from

recycling water with TDS > 0, we used a massbalance mixing equation between day 1

and final TDS. For example, Well A from Rowan et al (2015)13) reported an initial TDS

of 100,000 mg/L and a final TDS of 169,000 mg/L on day 438 after hydraulic fracturing,
which we defined EUw? I DPOEOQw3#2~2> wEI EEUUT wbUwPEUWUT T wi DOE
well. Using the following mass balance approach:

[TDS (x) —TDS (day 1))
[TDS (final) — TDS (day 1)]

Percentage of Final TDS =

where TDS(x) represents the TDS of the flowback water at day x after hydraulic
fracturing ( Figure 7). In the caseof well A reported by Rowan et al. (2015)(13), Day 1
then had a value of 0% brine contribution, while day 20, which reported a TDS of
140,000, had a value of 58% of the natural occurring brine in the FP blend. In ar data
assuming that the highest reported TDS for each data set represented close to 100%
formation water ( Figure 44). The 3month cutoff was selected because all of the long
term data series show a relative leveling off by this point ( Figure 7 and Figure 44). We
then used that line of best fit to calculate the relative mixing proportions of formation

brines and returned hydraulic fracturing water ( Figure 9 and Figure 44).
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Figure 7: Temporal increase in total dissolved salts (TDS) with time (days after
hydraulic fracturing) in fl  owback and produced waters from individual oil and  gas
wells . Data from the Marcellus shale (Hayes, 2009; Rowan et al., 2015; Duke
University unpublished data) (13, 59)and Barnett shale (Galusky and Hayes, 2011)(94)
are used. The data show a rapid rise of the salinity during the first 30 days, followed
by a period of leveling off.
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Figure 8: Best fit curves of the calculated brine fraction in flowback waters
with time (days after hydraulic fracturing; log scale), from individual wells with long
TDS monitoring record (>3 months) from the Marcellus and Barnett shales (see line
symbols in Figure 7). The rapid increase of TDS with time following hydraulic
fracturing infers a high contribution of the naturally occurring brine component in
the blend, with a mean of ~70% after 30 days and 85% after 60 days following
hydraulic fracturing.
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Figure 9: Water source characterization and decline. Temporal variations of the
fractions of the two water sources that compose the FP water (left Y -axis) and the
fraction of FP production volume relative to the o  verall FP water volume production
(right y -axis), following hydraulic fracturing (HF). The two water sources include the
retuned hydraulic fracturing water and the shale formation brine that together
compose the FP water. Fraction data of the water source was synthesized from
integrated FP water time series datasets (see alsoFigure 8 and Figure 44). The mixing
relationships were based on TDS mass -balance calculations between the injected
water with low TDS and formation brine with high TDS, represented by FP waters
collected at later stages after hydraulic fracturing (data combined from Figure 1,
R2=0.84, n=132 time points; sed~igure 44). We show normalized month 1 prod uction
because well production data is available by calendar month, it is likely that for many
wells, month 1 production is not representative of a full month of production (see
Table 20and Figure 46).
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3.3 Results
3.3.1 Water Quantity Analysis

Our data show that the total FP production volumes in the major unconventional
basins in the U.S. ranged from 1.72 to 14.32 million liters (0.45 to 3.78 million gallons) per

well (
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Table 3). FP production is commonly associated with oil and gas production rates (5, 77)
and is characterized by high flow rates in the first few months, followed by a slow
leveling off of produ ction in subsequent months to years (Figure 41). In most cases,
production values calculated from the median values were substantially lower than both
the mean values and the DrillingInfo type curve methods. This is most likely a r esult of
upper skewed nature of the empirical distributions of the datasets ( Figure 43), combined
with larger outliers disproportionally affecting the mean values and the values extracted
from the DrillingInfo type curve method. We observe large bootstrap confidence
intervals for the mean of Eagle Ford Oil data, while in many of the other basins; we see
an increase in the spread of data through time along with fewer data points ( Figure 42).
Examining the temporal nature of production, we see that between 10% and 20% of the
total FP production of a well over its lifetime (restricted to 10 years) occurs during the
first three months, while an estimated 20-50% of total FP production volume occurs

within the first 6 months (Table 4).
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Table 3: Estimated water, gas, and oil production. Estimated FP water (million liters

per well) and Oil (shaded gray; million b bl per well) and Gas (left white; million
MCFperwel)der PYT EwUUDOT wUT 1T wOl EPEQuwm?, 1 EPEOwW6 EUI U2 (
@?, 1 EQwPEUI U2 OQw?, 1 EQw. &? AQOWEOEwW#UDPOODPOT ( O OwEI
? # ( w. Bata Kdn oil producing formations have their cells within the table shaded

grey, while gas producing formati ons were left white. Data for FP production (*) from

the Marcellus formation along with FP production and oil production (**) from the

Monterey formation in California were not available on Drillinginfo and were

downloaded from state govern ment websites . (62, 66, 68)

Total FP Water Total Oil (grey) and Gas (white) Production

Basin Median Water | Mean Water| DI Water Basin Production Type |Median OG| Mean OG | DIOG
Bakken 6.82 22.87 30.53 Bakken oil 0.16 0.21 0.24
Barnett 5.01 28.99 73.91 Barnett Gas 1.06 1.26 1.43
Eagle Ford Gas 6.09 20.06 20.49 Eagle Ford Gas Gas 1.26 1.53 1.54
Eagle Ford Oil 12.28 67.73 23.66 Eagle Ford Oil Qil 0.20 0.61 0.24
Haynesville 11.55 17.70 18.13 Haynesville Gas 3.25 3.74 4.10
Marcellus® 1.72 3.94 NA Marcellus Gas 2,76 3.45 3.92
Monterey™=* 14.32 28.34 NA Monterey™=* oil 0.02 0.02
Niobrara 5.70 18.45 6.09 Niobrara Qil 0.09 0.11 0.10

Table 4: Water production volume (million Liters) and percent of the first 3
(left) and 6 (right) months of oil and gas wells operation from different
unconventional basins. In each case, only 1025% of total FP water is generated
during the first 3 months of well operation, while an estimated 20  -50% of FP water is
generated during the first 6 months of operation. Shaded and white cells refer to
unconventional oil and shale ga s producing formations, respectively.

First 3 Months FP Production (Million Liters) First 6 Months  FP Production (Million Liters)

Basin Median Water | Mean Water DI Water Basin Median Water Mean Water | DI Water
Bakken 0.82 1.55 3.61 Bakken 1.29 2.56 5.87
Barnett 0.94 2.79 9.16 Barnett 1.71 5.01 16.09
Eagle Ford Gas 1.50 4,20 4,09 Eagle Ford Gas 2.93 8.40 8.11
Eagle Ford il 2.53 5.98 3.80 Eagle Ford Oil 4.55 10.29 6.45
Haynesville 2.19 3.44 3.16 Haynesville 3.51 5.80 5.57
Niobrara 0.91 2.83 1.37 Niobrara 1.22 3.78 1.83
First 3 Months % of Total Production First 68 Months % of Total Production

Basin Median Water | Mean Water DI Water Basin Median Water Mean Water | DI Water
Bakken 12% 7% 12% Bakken 19% 11% 19%
Barnett 10% 10% 12% Barnett 19% 17% 22%
Eagle Ford Gas 25% 21% 20% Eagle Ford Gas 48% 42% 40%
Eagle Ford il 21% 9% 16% Eagle Ford il 37% 15% 27%
Haynesville 19% 19% 17% Haynesville 30% 33% 31%
Niobrara 16% 15% 22% Niobrara 21% 21% 30%
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3.3.2 Salinity Analysis

The salinity of the FP water rapidly increases through time following hydraulic
fracturing ( Figure 7). Previous studies have shown that the changes in the salinity
chemistry during the first few days to weeks reflect mixing between the returned
injected water and hypersaline formation brine ( Figure 7) (12, 13, 59, 94) Based on this
geochemical criterion, we calculated the relative brine component in FP water for
individual wells with long (> 3 months) monitoring data. The data show that the average
brine faction values for the 7 case studies are 0.71+0.05 and 0.81+0.05 for FP water after
30 days and 60 das, respectively (Figure 8). Consequently, the brine constitute ~70% of
the FP water after a month and ~80% after two months from initial hydraulic fracturing.
Our analysis shows that the rise of the salinity, and thus the contribut ion of the
formation brine to the FP blend, is far more rapid than the decline of the production rate
(Figure 9). Consequently, during the high peak of FP production, the FP water is
predominantly composed of the formation brine.

Previous studies have shown that the absolute volume of the flowback water is
much lower than the volume of the injected water (59). Yet the results shown in this
study suggest that the FP water is mainly composed of brine and thus the relative
volume of the injected water that is returned to the surface is even lower than previously
estimated. Theseresults reinforce previous scenario that suggested that the majority of

the injected hydraulic fracturing and drilling fluids have been sequestered into the shale
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formations through imbibition after about 3 months, and in many cases even sooner (95)
Based on massbalance calculations, we find that during the lifetime of a well a

maximum of 8% of the total FP water is composed of returned hydraulic fracturing

fluids (Table 3). When compared to the productio n volumes and amount of water used
for hydraulic fracturing (25, 60)Table 19and Table 20) it is clear that most of the injected
water is retained in the shale or tight sand formations, and the return flow is mainly
composed of naturally occurring formation brine.

Table 5: Volume of injected HF water ( million L), Total FP water (million L),
estimated Cumulative Injected HF water ( million L) returned to the surface (based on
the salinity mass -balance), Percent of the volume of the returned injected water
compared to the volume of water used for hydraulic fracturing in the different basins
(data from Kondash and Vengosh (2015) (25)), and Percent of the total volume of FP
water made up of returned HF water. Cumulative injected water was calculated by
multiplying the production from each month ( Figure 41) by the percentage of injected
water (Figure 9 and Figure 44) at the midpoint of each month of oil and gas wells
production.

Rasin Volume Total FP Cumulative Injected (Fraction of Injected | Fraction of Total FP
Injected Fluids Water Water Returning Fluids Returning Water

Bakken 7.49 6.82 0.27 4% 1%
Barnett 14.42 9.01 0.29 2% 3%
Eagle Ford Gas 13.70 6.09 0.46 3% 8%
Eagle Ford Oil 15.06 12,28 0.77 5% 6%
Haynesville 19.45 11.55 0.69 4% 6%
Miobrara 1.32 5.70 0.29 22% 5%

3.4 Discussion

There are a number of ways to analyze and quantify production data on a basin-
wide scale (6, 11, 22, 25, 58, 84, 88, ®B). Several sudies have shown estimated ultimate

recovery of oil, natural gas, and FP water values similar to the results generated in this
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study, mostly agreeing with the reported median FP production values (22, 23, 53) Our
data show that the production rate and salinity of FP water from unconventional oil and
gas exploration vary significantly during the lifetime of a production well, with high

rates and relatively lower salinity during the first phase (up to 2 -3 months) relative to
significant (order of magnitude) lower production rates and typically much higher
salinity during the rest of a well lifetime ( Figure 9 and Figure 41). These dynamics
require differential management modes during oil and gas operations; management of
relatively large volume of FP water during the early stages of unconventional oil and
gas well operation and transport to offsite water treatment plants for reuse or injection
into class Il underground inj ection wells. In contrast, operation during most of a well
lifetime (i.e., > 6 months) involves a much lower volume. Because the return of most
injected hydraulic fracturing fluids is restricted to the first few months after initial
production, the wastew ater that will be generated during that time could contain some
of the injected hydraulic fracturing additive chemicals, since the FP water is a blend of
returned injected fluids and formation brine. We expect that the risks associated with
man-made chemicals found in hydraulic fracturing fluids would be negligible after the
first several months of operation, since the FP water is composed of mostly naturally
occurring formation brine. Consequently, many of the risks associated with hazardous
chemicals in hydraulic fracturing fluids are restricted to 4 -8% of the total FP wastewater

volume. Nonetheless, we argue that the major concern with long-term FP water
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production rests with the hazards associated with the naturally occurring constituents of
the formatio n water, among which are halides, heavy metals, metalloids, naturally
occurring radioactive materials (NORM), and other contaminants such as ammonium
and iodide (14-16, 26, 27, 85, 988).

Prediction of the wastewat er volume that is expected to come from
unconventional oil and gas operations is an important factor for sustainable operations.
While many studies have attempted to predict oil and gas production using both
empirical and theoretical models (88, 90, 92, 93)few have used these methods to predict
wastewater production .(25, 58, 99Here we present baseline values within different
formations, where FP water production assessments are provided. Because of the right
skewed distribution of the data ( Figure 43) reported in this study, we suggest that using
mean production values may significantly overestimate FP production. Instead, we posit
that using bootstrapped median confidence intervals is the most appropriate approach
to generalizing production, and thus caution future studies to take the distribution of the
data into account when creating models for projected wastewater production rates.

Several studies have identified and defined different contaminants commonly
found in injected hydraulic fracturing fluids based on the chemicals toxicity (38, 78, 79,
100-102). With a better understanding of the hazards associated with hydraulic
fracturing fluids, it is possible to use our estimates of the percentage of brine in flowback

water (Figure 9) in order to predict the concentration of contaminants of interest in
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water, which could be used to assess the environmental impact of spilled water, or
alternatively, to adjust targeted treatment processes on recovered water.

Due to the relatively large volume of FP water that is generated during the first
few months, there might be some incentive to capture that FP water for reuse, as it will
only require a relatively lower degree of treatment and dilution before being able to be
utilized again as hydraulic fracturing fluid ( Figure 10). However, saline formation
waters that compose 92-96% of FP water are characterized by higher salts, metals, and
NORM, which require much more intensive treatment or dilution to become useable for
beneficial reuse. Alternatively, recent studies have suggested that new HF technologies
can utilize hyper saline brines with TDS up to 90,000 mg/L, depending on the scale
potential and ions present such as calcium, sulfate, and magnesium, allowing for
minimal pretreatment before it is reused for HF (59, 103)

Based on the large variations in the salinity of formation water in the U.S. (Figure
10), we can distinguish between formations associated with high (TDS> 200,000 mg/L;
such as the Marcellus and Bakken formation), medium (50,000 to 100,000; Haynesville,
Barnett), and lower (<50,000 mg/L; Niobrara, California, Eagle Ford) salinity brines. We
use seawater salinity (TDS~35,000 mg/L) as a useable threshold for economic treatment.
Our data show the rise of the salinity of the flowback water during the first few months

results in different salinity rang es for the different basins; from high proportions of
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manageable water with relatively low salinity (Niobrara basin) to hypersaline brines
(Bakken, Marcellus; Figure 10).

Based on these variations, we estimate that the western basis (Niobrara,
California, Eagle Ford) with relatively low salinity have more potential for reuse for
hydraulic fracturing and/or other beneficial use. Based on the relationships between the
median EUR values reported for oil (Eagle Ford, California, Niobra ra) and gas (Eagle

Ford), and median FP water values (
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Table 3), we estimate that the FP intensity (i.e., FP water volume per energy unit) for the
low saline FP in these basins is approximately 60L/bbl and 5 L/MCF for tight oil and
shale gas, respectively. Consequently, we estimate that since the beginning of the
unconventional oil and gas operations, a total volume of 22,000, 10,000, and 120,000
million liters have been generated in Niobrara, California, and Eagle Ford basins,
respectively. Future research should examine the potential of utilizing the relatively low
saline FP water from these basins for other beneficial uses such as irrigation and the role
and possible limiting factors of other chemical constituents of the FP waters in these

basins.
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Figure 10: Salinity (black line) and cumulative water production (blue line)
through the first 6 months of oil and gas production
values obtained from Figure 9 multiplied by the final production TDS found in
Figure 45(and Table 20). The red line on the Eagle Ford graph shows water for olil

interpolated using percentage

while the blue shows water for gas. The shaded regions represent a class ification of
water as brackish (blue ~5,000 mg/L TDS) saline (green 5,000-33,000 mg/L TDS), and
hypersaline brine (orange >33,000 mg/L TDS).
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3.5 Conclusions

By examining the results from different statistical methods of decline curve
development of FP water from unconventional oil and gas operations ( Figure 40and
Figure 41) we show a pattern that begins with high production rates during the first few
months of production, followed by an orde r of magnitude reduction and flattening out
of production rates over the course of production. This is consistent with observations
made in previous studies (22, 84, 91) In many cases, over 50% of the FP water is
generated within the first year of an unconventional well, with a majority of that FP
water composed of hypersaline formation water ( Figure 9 and Figure 10). Due to the
large differences seen in the estimatedper well production using different data -
generalization methods, we suggest that the selected method used to generalize FP
production data and determine an EUR rate may have a significant impact on the
estimated value of the volume of FP water during the lifetime operation of an

unconventional oil and gas well (
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Table 3). Our analysis demonstrates that using bootstrapped median approach is the
most valid method with lower uncertainty relative to the other statistical methods that
suffer from large variations and skewed data towards higher values.

While the initial production volumes in each formation are significant, they only
represent a small fraction of the volume of the water injected for hydraulic fracturing
(Table 19) as well as a small fraction (1025%) of total FP production (Table 4).
Additionally, we show that it is possible to differentiate between injected fluids and
produced water using the combined salinity and geochemist ry of the FP water, and that
the ratio of injected fluids to produced water is consistently low among different
unconventional oil and gas formations. Finally, we estimate that about 4 -8% of total FP
water is made up of the retuned injection fluids with po tentially toxic hydraulic
fracturing chemicals, while the majority (92 -96%) of wastewater generated from
unconventional oil and gas wells is composed of naturally occurring formation brines,
which nonetheless contain other chemicals with potential environm ental, human health,

and treatment technology issues.
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4. The Intensification of the Water Footprint of Hydraulic
Fracturing

This chapter is reproduced from:

Kondash, A. J.; Lauer, N. E.; Vengosh, A. The intensification of the water
footprint of hydrau lic fracturing. Science Advanceg018,4 (8), eaar5982.
© The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution Non -

Commercial License 4.0 (CC B¥NC) http://creativecommons.org/licenses/by -nc/4.0/

4.1 Introduction

The environmental impacts of a fossil fuelt powered economy have led many
nations across the world to begin developing greener energy and transportation
solutions. In particular, the water footprint of fossil fuel exploration and electricity
production has been projected to have major environmental impacts. It has been
estimated that global water withdrawal for energy production cons titutes 15% of the
POUOEz UwU OUE O wbk(B)Bapdiywudntin@hing Gyotthbn@tér desources due to
population growth and climate ¢ hange have further exacerbated energy dependence on
water availability, particularly in water -scarce regions(1, 24, 52, 104Y he beginning of
the 21st century marks a special era with respect to global energy and water resources.
The development of new drilling technologies and production strategies such as

horizontal drilling and hydraulic fracturing  has significantly improved the production
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of natural gas and oil by stimulating fluid flow from impermeable shale ro cks
previously not considered viable energy sources. Since the mid2000s, these
developments have spurred exponential growth of unconventional gas and oil well
drilling across the United States and are spreading now to other parts of the world
(Figure 11 and Figure 12).(6, 9, 15, 52, 99, 105)he rise of unconventional energy
development has generated public debate on its environmental implications (14, 78, 80,
101, 102, 106)especially with respect to both water availability and quality. (23, 24, 32,
52, 99, 107109)

The process of hydraulic fracturing uses large volumes of water mixed wit h
chemicals and proppant (sand) to fracture and hold open fractures in low -permeability
shale and tight oil rocks to allow extraction of hydrocarbons. Despite higher water
intensity (the amount of water used to produce a unit of energy; for example, liters per
gigajoules) of hydraulic fracturing compared to conventional vertical oil and gas wells, it
has been shown that the overall water withdrawal for hydraulic fracturing is negligible
compared to other industrial water uses on a national level.(6, 15, 18, 25PDn a local
scale, however, water use forhydraulic fracturing can cause conflicts over water
availability, especially in arid regions such as western United States, where water
supplies are limited. (24, 53, 108, 110)

The wastewater generated from hydraulic fracturing is composed of a blend of

returned injected hydraulic fracturing water and typically high saline formation water
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that flows back out of the well after hydrau lic fracturing to generate flowback and
produced (FP) waters. Over time, the contribution of the saline formation water
increases,which results in an increase in the salinity of the FP water. The salts, toxic
elements, organic matter, and naturally occurring radioactive material in the FP water
pose contamination risks to local ecosystemsfrom spills (14, 38)and
mismanagement.(15, 16, 28, 36)n addition to these risks, treatment of the FP water to
safely return and release to theenvironment is energy -intensive and expensive; thus,
many operators are forced to either recycle the FP water onsite for future hydraulic
fracturing operations or reinject it into deep -injection wells.

Current technological limitations to the efficiency of hydraulic fracturing include
a rapid decrease (20 to B% of total production after the first year) in unconventional gas
and oil production through time after initial production, and the fact that a significant
portion of the gas in the shale formations is left unproduced.(18, 111)Despite these
limitations, advancements in hydraulic fracturing and horizontal drilling technology
have increased production of gas and oil from shale regions; between 2007 and 2016, the
shale gas production hasincreased by eightfold in the United States(2) Two recent
studies have suggested that intensification of the hydraulic fracturing process through
drilling longer horizontal laterals has resulted in increasedwater use and hydrocarbon
production. (108, 110)Given the relatively long history of hydraulic fracturing in United

States, understanding how the water footprint of hydraulic fracturing ha s evolved
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through time with technological advancements and shifting economic conditions is
critical. (18, 25)Lessons learned from U.S. production development can directly influence
planning and implementation of hyd raulic fracturing practices, as other countries such
as Chinabring their natural gas reserves online.

For the first time, this study presents systematic temporal data on water use,
unconventional shale gas and tight oil production rates, and volume of FP water from
major shale-producing regions in the United States. In addition, we combine several
databases to estimatethe efficiency of production from both hydrocarbons and water
perspective on a year-by-year basis, showing that the water footprint of hydr aulic

fracturing has been steadily increasing through time.
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Figure 11: Map of water stress and shale plays. (A) Map showing the global
water stress overlaid with shale formations across the world. (B) Water stress and
shale regions in the United States examined in this study. (9, 104)
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Figure 12 Box plots of water use with lateral lengths. Water use per well data
(cubic meter per well; left y axis) for shale gas (top row) and tight oil regions (bottom
row) with median lateral lengths per well (meter per well; right  y axis) for each region
plotted as colored lines. The central line of each box is the median, while the top and
bottom of each box r epresent the third and first quartile, respectively. Whiskers on
the box plot represent maximum and minimum values, while circles above the box
plots show outliers in the data. Whiskers on the colored lateral length lines show the
95% bootstrap confidence intervals.

4.2 Results

In each of the six regions studied in this report, water use per well is increasing
(Figure 12, Table 21 and Table 22). The Marcellus region (Pennsylvania and West
Virginia) had the lowest increase in water use (20%), from a median value of 23,400n3
per well in 2011 to 27,950m3 per well in 2016, while the Permian Basin (Texas and New
Mexico) had the largest increase in water use (770%), from 4900n2 per well in 2011 up
to 42,500m: per well in 2016. Median water -use volumes varied largely among regions,

with the Bakken region using the least water (21,100m: per well in 2016) and the
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Permian basin using the most water (42,500m? per well in 2016). Horizontal dri lling
requires producers to drill vertically to a target depth and then curve the well
horizontally through shale formations, maximizing the surface area producing oil and
gas. The length of the portion of the well that was drilled horizontally is referred to as
the lateral length, with hydraulic fracturing events occurring in stages as a well is drilled
further horizontally. Over the period of 2011 ¢2016, themedian length of lateral section
of horizontal wells also increased (Table 21 and Table 22), most likely due to
technological development and economic considerations to increase the extraction yields
from individual wells. We show below that the hydrocarbon extraction intensity has
similarly increased duri ng this period. Parallel to the increase in lateral lengths of the
horizontal wells and hydrocarbon extraction yields through time, the water use has also
increased. Therelative increase in lateral length (4 to 60%) was, however, significantly
lower than the increase in water use (14 to 770%). When wateuse per well is
normalized to the length of lateral section of the horizontal well, in almost every case
among oil producing regions, we observed an increase in water use per length of the
horizontal well. This pattern is most evident in the Permian region, where water use
increased from 4.4ms3 per meter in 2011 to 29.3m3 per meter in 2016 for gasproducing
wells, and from 3.9 m3 per meter in 2011 to21.1m? per meter in oil -producing wells

(Table 21 and Table 22). The smallest observed changes were in the Marcellus and Eagle
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Ford gasregions, where water use per haorizontal length has been relatively consistent
through time.

In all cases with the exception of Marcellus in 2016, the FP watergeneration was
also increasing through time, with particularly higher rates after 2014 Figure 13, Table
21 and Table 22). Both the gas and oil-produci ng portions of the Eagle Ford region
showed large increasesthrough time, with a 550% increase in FP water in the oil-bearing
section (from 2302ms3 per well in 2011 to 15,119m3 per well in 2016) and a 390% increase
in the gas-bearing section (from 1414 ms3 per well in 2011 to 6940m3 per well in 2016).
The smallest increase in FPwater occurred in the Niobrara region, where production
increasedfrom 1980 m3 per well in 2011 to 3080m3 per well in 2016. Coupled with the
increase in water use and FP water praduction rates, unconventional natural gas
production shows an upward trend in production, with volumes increasing through
time among the regions. Year 1 shale gas production in the Permian region increased
from 10.0 x 106m3 per well in 2011 to 15.8 x 106n3 per well in 2015 before falling to 11.6
x 106m: per well in 2016 (Figure 13). Similarly, year 1 shale gas production in the
Marcellus formation increased through time, from 23.4 x 106 m3 per well in 2011 to 46.9 x
106 m3 per well in 2016. In contrast, in the Eagle Ford formation, year 1 production
remained relatively constant from 2011 through 2016. Unconventional oil production
shows a consistent increase inyear 1 oil production volume per well through time, with

values falling only in the Bakken region from 2011 to 2012. The largestncrease was in
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the Permian region, where oil production increased from 4763 m2 per well in 2011 to
18,788m3 per well in 2016, a 290%increase (Figure 13). When comparing our estimate of
total year 1 hydrocarbon production (year 1 estimate multiplied by well count estimate)
to total hydrocarbon production reported by the Energy Information Administration
(EIA) (Figure 47) (112), we see that year Iproduction parallels total oil production in

most regions in the United States.

We define the water-use intensity for hydraulic fracturing as the amount of
water used for hydraulic fracturing to generate a unit of energy from the produced gas
and oil (see Materials and Methods).(23, 25, 113)n gas-producing regions, water -use
intensity (for the first 12 months of pro duction) ranges from 9.2 liters/GJ (Haynesville) to
20.3 liters/GJ (Marcellus) in 2011 and grew to between 11.5 liters/G{JHaynesville) and
56.8 liters/GJ (Permian) in 2016 Figure 14, Table 21 and Table 22). In the Marcellus
region, water use intensity decreased through time. Unconventional oil regions also
have increasing water-use intensities, increasing from 14.3 liters/GJ (Bakken) in 2011 to
46 liters/GJ(Permian) in 2016. For comparison, the average water intensity of
conventional natural gas is only 4 liters/GJ for drilling and extraction, while coal mining
constitutes a mean value of 43 liters/GJ Figure 50).(114) Water-use intensity is also
calculated as the ratio between the volume of water used and the volume of
hydrocarbon produced ( Table 21, Table 22 and Figure 48). The increase of the water use

to hydrocarbon produc tion ratios with time seen in many regions indicates that the
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intensification of the hydraulic fracturing process to increase hydrocarbon production
rates involves net addition of water, and thus, the water intensity has increased with
time.

When comparing the volume of FP water production rates to the water used for
hydraulic fracturing, we show that, in many cases, more water is used for hydraulic
fracturing than returns as FP water over the first year (Figure 14; FP water/water use
ratio < 1). In shalegast producing regions, we see an increase in the ratio until 2014,
followed by a decrease in the ratio through 2016. The Permian regionis unique as the FP
water/water use ratios for both unconventional oil and gas wells are consistently higher
than 1. Unconventional oil -producing regions follow the same trend as the gas

producing regions in the FP water/water use ratio (Figure 14 and Table 22).
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Figure 13 Oil, gas, and FP water variations with time. Annual shale gas (A),
tight oil (C), and FP water (B and D) productions in shale gas tproducing regions (A
and B) and oil -producing regions (C and D). Whiskers on the bar graphs represent
95% bootstrap confidence intervals ( Table 21).
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Figure 14: The changes in the water intensity of hydraulic fracturing with time.
Water-use intensity variations with time for hydraulic fracturing of shale gas (A) and
tight oil (C ) regions and corresponding FP water/water use ratios in shale gas (B) and
tight oil (D) regions. Water -use intensity is defined as the amount of water required to
generate a unit of energy. (A) and (B) show the water -use intensity for shale gas
producing regions, while (C) and (D) show water -use intensity for unconventional
oil -producing regions. Whiskers represent 95% bootstrap confidence intervals.

4.3 Discussion

Much of the controversy surrounding hydraulic fracturing revolves around the
use of large volumes of water to hydraulically fracture wells. Concern is especially high
in semiarid regions (Figure 11), where water withdrawals for hydraulic fracturing can
account for a significant portion of consumptive water use within a gi ven region, even
contributing to groundwater resource depletion. (24) Overall, there have been callsto

increase the use of alternative water sources such as brackish wateor recycling FP
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water, minimi zing the strain on local freshwater resources(24, 110)Previous studies
have suggested that hydraulic fracturing does not use significantly more water for
exploration and production than other energy sources figure 50) and, at the same time,
indicated that water use for hydraulic fracturing makes up only a small fraction of the
industrial water utilization in the United States. (6, 18, 25, 114These evaluationswere
based on aggregated water footprint data during the early years (20112014) of
hydraulic fracturing in the United States. Here, we show, however, steadily increasing
volumes of water use with time in all the major unconventional gas and oil regions
(Figure 12, Table 21 and Table 22). Parallel to the increase of stale gas and tight oil
production intensity, we also show that the water intensity of hydraulic fracturing is
increasing for most unconventional gas and oil regions (Figure 14, Table 23, and Table
24). In addition, the water used for hydraulic fracturing is retained within the shale
formation; only a small fraction of the fresh water injected into the ground returns as
flowback water, while the greater volume of FP water returning to the surface ishighly
saline, is difficult to treat, and is often disposed through deep -injection wells. This
means that despite lower water intensity compared to other energy resources Figure
50), the permanent loss of water use for hydraulic fracturing from the hydrosphere
could outweigh its relatively lower water intensity.

The period of 2014 2015 marks a turning point, where water use and FP water

production began to increase at higher rates. During this period, gas and oil prices
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dropped significantly, causing producers to scale back the number of new installed
wells (Figure 15, Table 21, and Table 22). In each of the oil-producing regions, the water
use/oil production ratio increased, suggesting that the increase in water use for
hydraulic fracturing outpaces the increasing oil production on a per -well basis (Figure
14, Figure 48, and Table 22). In the shale gas producing regions, this trend is also
present in each region except the Marcellus(Figure 14, Figure 48, and Table 21).
Consequently, (excluding the Marcellus) while increasing lateral length of horizontal
drilling and water use for hydraulic fracturing ( Figure 12) have resulted in increasing oil
production (per well), the net water -use efficiency, particularly for unconventional oil
production, has decreased (that is, higher water intensity).

By combining the increasing trends in both water use and FP water production
with the increasing FP water/water use ratios in some regions, we can see that the
overall water footprint of hydraulic frac turing is increasing through time; more water is
being used for hydraulic fracturing operations, while, at the same time, comparatively
more FP water is being generated. We observed increasing total water use (wateruse
per well multiplied by well count; Figure 49) in oil -producing regions despite the recent
slowdown in oil production rates ( Figure 15). Assuming that the recent economic
downturn eventually subsides and the drilling of new wells again reaches levels seen
during the heyday of hydraulic fracturing in the early 2010s, the total water impact of

hydraulic fracturing is poised to increase markedly in both shale gas and oil-producing
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regions. On the basis of modeling future hydraulic fracturing operations in the United
States in two scenarios of drilling rates, we project cumulative water use and FP water
volumes to increase by up to 20-fold in unconventional gas -producing regions and up to
13-fold in unconventional oil -producing regions from 2018 to 2030, assuming that the
growth of water use matches current growth rates and the drilling of new wells again
matches peak production (Figure 51, Table 23, and Table 24). Even if future drilling rates
will stay at 2016 levels (that is, low oil gas prices), we predict a large increase of thetotal
water use for both unconventional oil and shale gas basins (Figure 51). Likewise, we
predict a large increase in the FP water volume for the two scenarios, with particularly
high total FP water production in the Permian basin (Figure 51).

The increase in the water footprint of hydraulic fracturing shown in this study
has serious implications for local communities, where increased drilling volumes will
lead to large instantaneous water demands, and resulting in increasing FP water
burdens that will have to be managed into the future. The predicted increasing water
use and FP water production in the Permian and Eagle Ford basins arealarming given
the extreme water scarcity in these regions Figure 11). The results presented in this
study are consistent with previous studies in the Permian (23) and Eagle Ford (110)
basins that have shown that local water resources could be affected by increasing water
demands for hydraulic fracturing. At the same time, other studies have shown that

water use for hydraulic fracturing in water -rich areas such as theSichuan basin in China
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(99, 115)will constitute only a small fraction of the available local water resources. The
water intensity during the early stages of hydraulic fracturing (<30 liters/GJ in many
cases) wascomparable and even lower than that of coal mining (43 liters/GJ; Figure 50),
the recent (2014 2016) intensification of hydraulic fracturing has increased the water
intensity, particularly for unconventional oil (up to 46 liters/GJ; Figure 50). Additional
studies are needed to analyzethe local impacts of hydraulic fracturing on water resource
depletion in light of increasing water demand for hydraulic fracturing and the
increasing volumes of FP water that need to be managed ,particu larly in areas
vulnerable to induced seismicity from injection of large volumes of oil and gas
wastewater. As unconventional gas and oil exploration is expanding globally and other
countries begin to follow the U.S. shale revolution (for example, China) (115), the results
of this study should be used as a guidance for the expectedwater footprint of hydraulic

fracturing at different stages of energy development.
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Figure 15: New shale gas and tight oil well installat ions compared to oil and
gas prices. Variations of installed well counts (left y axis) and gas and oil prices (right
y axis) with time for shale gas t producing regions plotted with corresponding natural
gas citygate price (top) and for oil -producing regio ns with corresponding crude oil
price (bottom). The data show the number of new well installations corresponding
closely with the contemporary gas and oil prices. MCF, thousand cubic feet; BBL,
barrel.

4.4 Materials and Methods
4.4.1 Experimental Design

The goal of this study was to synthesize and collate production volumes for

unconventional gas and oil production, associated FP water, and water use for hydraulic
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fracturing per shale gas/oil well. We downloaded production data for each of these
components from the major shale gas and tight oil regions identified in this study using
multiple sources and separated by year of initial production. Once organized, data were
reported based on the first 12 months of the well lifetime to see how production and

water-use values compared on a yearby-year basis.

4.4.2 Data Acquisition

Production volumes for gas, oil, and FP water for each reporting well in our
target regions were downloaded using the DrillingInfo Desktop application .(64) Data
were downloaded by primary well production type (gas or oil). FP water data were not
available from the Marcellus region, and thus, data from the Marcellus Formation were
downloaded from the gas and oil reporting website of the Pennsylvania Department of
Environmental Protection (PA DEP). (66) Water-use data were downloaded from the
FracFocus Chemical Disclosure Registry(57) Well counts from 2014 to 2016 were taken
from the EIA Drilling Productivity Report (DPR) (112), while well counts from 2012 to
2014werl WUEOT Qwi UOOw! EOI Uw' UIT.(74) The welbddunts gdvideda b1 OO wE O
did not indicate if they were taken from conventional or unconventional oil -producing
wells or in regions producing both gas and oil, and whether the well was classified as an
oil well or gas well. Consequently, we used DrillingInfo to find the ratio of convention al
to unconventional wells and the ratio of oil to gas wells for each region for each year and

multiplied that by the number of wells reported by Baker Hughes and in the DPR. In
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addition, wells drilled in the Bakken formation were not reported by the Baker Hughes
report. As a result, Bakken Formation well counts from 2012 to 2013 weretaken from the
North Dakota Oil and Gas Division. (67) Combining data from several resources can
introduce bias and error into results using these values. Values reported in this study
were found to be comparable to those reported in previous studies. Natural gas and oil

historical prices were taken from the EIA.(112)

4.4.3 Statistical Methods

Data from over 39,000 individual wells were organized by producing region,
American Petroleum Institute (API) number, first production year, and cumulative
production over the first 12 months. The median values among all APl numbers
reporting data within a given year were calculated for each region and year included in
this study. (18, 25)A similar analysis was done with the PA DEP Marcellus data. The
region for each water-use data point was determined spatially using the latitude and
longitude provided by FracFocus to locate points within unco nventional gas and oil
plays (shapefile provided by the U.S. EIA).(112) Water-use data were then sorted by
region, and the median water-use value was calculated for each spud year.
Consequently, the same water use data from the Permian region wasused for both oil
and gas wells. Energy intensities were calculated by converting production volumes of
gas and oil to energy production using their energy cont ent. Energy content for natural

gas was assumed to be 0.038 anB88.18 GJih? for oil. (24) Calculations for gas-producing
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wells also included associated oil production with an energy content of 85% that of

crude oil, or 32.45 GJns3, as well as the shrinkage of 25% otthe wet gas stream to natural

gas liquids with an energy content of 25.54 GJhs3.(24, 25, 113¥or oil wells, associated

gas production with an energy content of 0.038 GJ¥h3 was added. Bootstrap confidence

intervals were used to estimate variation in water use, gas production, oil production,

and FP water production. (11, 18)For each data set, 95% bootstrap configénce intervals of

the median for each year of production were calculated. We drew bootstrap resamples

PBDUT wUI xOEET O1 OU0wi U O @awibuiida.I Thiswasrepeateddo@ibed,D E E O
and distributions were drawn from the 0.025 and 0.975 percentile values(18) In cases

where data with errors were used to calculate new terms, error was propagated through

the calculation.

4.4.4 Production Predictions

Cumulative future water use (and year 1 production) was defined as the number
of wells drilled in a given year and region, multiplied by the water use per well (plus
year 1 FP water production). We outlined two scenarios to predict cumulative future
water use and year 1 production. The first was a businessas-usual scenario, where we
assumedthat the number of new wells drilled each year remained constant from 2018 to
2030 and was equal to the number of new wells drilled in 2016 in each formation. We
then multiplied this well count by an estimate of the future water use per well (or year 1

FP water per well). Future water use per well and future year 1 FP water predictions
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were made using the maximum respective increases from 1 year to anotherfor each
formation ( Figure 12 and Figure 13and Table 21through Table 24). This calculation
yielded a linear increase in cumulative water use and year 1 FP water through time
(Figure 51 and Figure 52). A second scenario was created to predictthe results of a

return to previously high drilling rates (that is, high oil prices). Our calculation for

future water use per well and future year 1 FP water remained the same. To estimate the
number of new wells drilled each year, we calculated the slope of the largestincrease in
well count from 1 year to another for each region and added that slope to 2016 well
counts, resulting in a linear increase in the number of new wells drilled each year. This
resulted in a parabolic increase in cumulative future water use through time (Figure 51

and Figure 52).
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5. Quantification of the water-use reduction associated
with the transition from coal to natural gas in the U.S.
electricity sector

5.1 Background

The advent of hydraulic fracturing fundamental ly transformed the electric power
sector of the U.S., allowing natural gas to displace coal as a major energy source in the
electricity sector. While in the 2000s the share of electricity generated with coal was more
than three times the fraction generated by gas (52% coal in 2000, 16% natural gas), in
2015 natural gas overtook coal as the primary electricity generating resource (up to 32%
natural gas relative to 30% coal in 2017 Figure 16 and Figure 17)).(116) Since 2000, only
58 new coal fired generators with a combined capacity of 19,300 MW have come online,
while 3,075 new natural gas generators with a combined capacity of 333,000 MW (of
which 1231 were natural gas combined cycle (NGCC) generators with total capacity of
225,000 MW) have been installed0, 41)

Approximately 40% of the total water withdrawn in the U.S. is used for cooling
thermal power plants. (117)The large volume of water utilized by this sector,
compounded with climate change, a growing population, degradation of wate r quality
may exacerbate future water availability problems. (24, 108, 118Reduced water
availability could also have important implications for reliability of the electric power
sector, as suggested by 18 episodefom 2000-2015, when coal plants were unable to

generate electricity because of insufficient or high-temperature water supplies. (119, 120)
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In almost all incidents the curtailments happened in the summer months durin g
drought periods.

The literature examining the water -energy nexus over the past decade has grown
substantially, with a focus on electricity generation constraints due to impacts of climate
change and water stress.(1, 7, 76, 104, 105, 118, 1.2@2) Assuming the same electricity
generation profile of today, it has been estimated that water consumption for the
electricity sector in the southwest U.S. will increase 3-7% by 2095. However, rapid
changes in the electricty sector, including increased penetration of wind and
photovoltaic energy, along with retrofits of thermal plants with dry cooling systems,
suggests that water consumption could rather decrease by up to 50%.(123)

Recent reports examining the threats that climate change pose to the future U.S.
economy highlight the CO 2 emissions reductions that could be achieved by
decommissioning coal plants.(105, 119, 123126) Nonetheless, with natural -gas
becoming the predominant energy source for the electricity sector, the intensification of
shale gas production in the U.S., and the significant increase in the intensity of water
consumption of this process, (20) poses questions about the implications of the transition
from coal to natural gas on water availability.

Here, we examine water-use changes derived from the ongoing transition from
coal to natural gas in the U.S. electricity sector. We analyzed historical energy and

water-use data to quantify the water intensity of coal relative to natural gas for different
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power generation and cooling technologies, and in this way examined the water -
footprint of systems with different shares of both natural gas and coal. Water intensity of
electricity generation reflects the amount of water directly and indirectly consumed or
withdrawn throughout the life -cycle of electricity, divided by the amount of net
electricity generation in a plant (m 3MWh), and it includes water use at both the power
plant and at all upstream processes. At the power plant level, water withdrawn is water
taken out of a reservoir for cooling and plant operation purposes, while water
consumption is the net water loss from the hydrological cycle due to evaporation,
leakage,and recharge to the deep subsurface, or withdrawal for recirculating cooling
systems. Direct water consumption and withdrawals for upstream processes refer to
water used directly in coal mining, drilling, hydraulic fracturing, transportation, and
refinement of coal and natural gas, while indirect water consumption and withdrawals
refer to water used indirectly as a product embedded in the fuels and electricity used in
these upstream processes. In additionto the evaluation of the water footprint of
electricity generated with natural gas and coal, we examine the effects of the evolution
of power plant cooling technologies from once -through to recirculating and dry cooling,
showing that from 2013-2016 both taal water consumption and withdrawal volumes for
electricity generation in the U.S. have decreased despite constant electricity net

generation.
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Figure 16: Changes in energy sources for the U.S. electricity sector. Total and
differential electricity generation of coal and natural gas in the U.S. (top) and their
relative proportions (bottom) during 1996 to 2016. This decade shows a transition
from primarily coal fueled generation to a natural gas fueled electricity system. Data
from the EIA Primary Energy Production by Source dataset. (116)
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plants. Distribution of coal and natural gas power plants across the Unit

forms 860 and 923(40, 41)
5.2 Results

5.2.1 Water Use for Power Plant Operations: Volume and

In 2016, coal combustion accounted for 30 % of the total U.S. electricity

Intensity

generation, while natural gas accounted for 34% (Figure 16 and Figure 17).(7)

Nonetheless, given that the water-consumption intensity of natural gas is lower than
that of coal, the total volume of water consumed at coal-fired power plants (1.75x10°m?)
was almost twice as much as the water consumedto cool natural gas power plants

(1.07x10 m3;Figure 18).(40, 41)Moreover, during the 2013-2016 period, the gap between
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water use efficiency of coal compared to natural gas widened; as the water consumption
intensities of coal-fired power plants did not change through time, those of natural gas
plants decreased, while the withdrawal intensity of coal -fired plants increased and those
of natural gas plants decreased. The average wagr consumption intensity for coal
power plant operations (i.e., the average volume of water (m3) consumed by power
plants to generate 1 MWh of energy) has slightly dropped, from 1.41 m3MWh in 2013 to
1.35 n¥/MWh in 2015 (Figure 19). Over that same time period, the average water
consumption intensity for natural gas generation decreased from 1.26 m3/MWh to 0.78
m3MWh. Water withdrawal intensity for coal increased from 67.20 m 3MWh in 2013 to
70.56 m¥/MWh in 2016, while withdrawal in tensity for natural gas has decreased from
52.42 n¥/MWh in 2013 to 33.07 m¥/MWh in 2016 (Figure 19).

Despite higher water consumption intensity, the total volume of water consumed
for cooling coal plants has been steadily declining since 2014, due to the significant
reduction in electricity generation from this fuel ( Figure 16). Over the same time period,
total water consumption for cooling natural gas plants has also seen a decrease in
consumption, reflectin g the addition of newer, more efficient natural gas combined cycle
(NGCC) plants to replace the load lost from coal (Figure 18). The reduced water
intensity of natural -gas fired power plants, together with the replacement of a numbe r of

once-through cooled coal plants with NGCC plants using recirculating water -cooling

77



systems, have caused a steady decline in water used to generate electricity since 2014.

(see Supplement Information for description of the different types cooling syste ms).(127)
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Figure 18: Previous and projected wate r consumption and withdrawals in the
U.S. Total plant level water consumption (top) and water withdrawal (bottom)
volumes of electricity generated with coal (grey) and natural gas (red) in the United
States from 2013-2030. Future projections were calculat ed by multiplying 2016
withdrawal intensity and 2016 consumption intensity by EIA estimates for reference
case electricity generation and their $15 carbon allowance scenario through 2030.(7)
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These values are based on integrating water use intensities for both power plant
cooling upstream water use for the extraction of the fossil resources.

OCoal (at plant) @ Coal (upstream) E NG (at plant) @ NG (upstream)
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Figure 19: Variations of water consumption and withdrawals intensity and
annual volume in the U.S. Water consumption and withdrawal intensities (top) and
volumes (bottom) broken down by the upstream and at plant water use processes.
Percentage values in upper charts reflect the proportions of the wat er intensity in the
upstream processes relative to the water intensity of cooling thermoelectric plants.
Upstream processes such as mining and transportation play a significant role in the
water consumption, while representing only a small amount of water ~ withdrawals.

5.2.2 Water Use for Fuel Extraction, Processing, and Transportation:
Volume and Intensity

In order to calculate the life -cycle water use of electricity generated from coal and
natural gas, we estimated the water intensity of the processes that are upstream of the

power plants, which include mining, drilling, transportation and processing of coal and
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natural gas. To this end, we used data from the Unit Process Library provided by the
National Energy Technology Laboratory (NETL), which present s a life-cycle inventory
of both energy and material movements from cradle to gate and grave for a number of
industrial processes.(128)We accounted for direct (i.e., water physically used in the
processes) and indirect water used (water used to generate the electricity and fuels that
are inputs to the processes) We define the water use derived from the combination of all
of these processes asipstream water consumptiqWC, in cubic meters, Table 26 and
Table 27, equation in Methods section).

Because the NETL dat (128)does not differentiate between water withdrawal
and consumption, we assume all water used in upstream processes is consumed. By
adding the direct and indirect water consumption estimates for fossil fuel extraction,
transportation and refinement, we estimate upstream water consumption of coal as 0.60
m3/MW h, while natural gas upstream processes consume 0.18 fiMWh in 2016. From
2013 through 2015 water consumption intensity for coal upstream processes has
increased before falling in 2016 (from 0.60 n¥MWh in 2013 to 0.66 n¥MWh in 2015 and
back down to 0.60m3/MWh in 2016), while the water consumption intensity of natural
gas upstream processes increased only by 0.03 #MWh (from 0.15 m3/MWh in 2013 to
0.18 n?/MWh in 2016; Table 28). Due to the intensification of hydraulic fracturing during
this period (20), UWC of natural gas increased from 11% of total natural gas water

consumption in 2013 to 19% in 2016. Taking these estimates together with the average
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volume of water used at pow er plants in 2016, we find that upstream water

consumption accounts for 30% of the total water consumption intensity of coal -fired
electricity, while representing only 19% of total water consumption intensity for natural
gas (calculations for the upstream processes can be seen in the Methods section and Sl).
The water withdrawal intensity for coal and natural gas behaved similarly from 2013 -
2016, decreasing from 2013 to 2014, before peaking in 2015 and reaching its lowest level
in 2016 (3.59 M/MWh in 2013 to 3.29 m/MWh for coal, and from 2.03 m3MWh in 2013

to 1.80 n¥/MWh in 2016 for natural gas; Table 28)

We find that coal-fired electricity has been responsible for 2.49x10 m3 of water
consumption in 2016, down from 3.20x10° m3in 2014. Upstream coal processes in 2016
represent 30% (7.41x1®m3) of the total consumption, while plant operations represent
69% (1.75 x10®m?3). In comparison, upstream natural-gas fired electricity in 2016
accounted for 19% (2.49x1&ms3) of total water consumed (1.32x10 m?3), which was an
increase from 2013 (1.68 x19m3, Figure 19). In 2016, average water consumption at
natural -gas fired power plants was lower than in 2013 (Figure 18, 1.41x10 m3in 2013 to
1.07x10 m3in 2016)), however, the increase in upstream consumption most likely from
the intensification of hydraulic fracturing (20) slightly offset this reduction ( Figure 19).
Withdrawals for coal were down from 1.13 x10 **m?3in 2014 to 9.15x1® m?3in 2016, while
the withdrawals for cooling natural gas plants in 2016 (4.80x10'° m3) were lower than

estimated in 2013 (6.11x1@ m?3), despite steadily rising from 2013-2015Figure 19).
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Upstream processes made up a much smaller portion to total water withdrawals (from

4-5% for both coal and natural gas).

5.2.3 Differential Impacts of Power Plant Type and Cooling
Technology

The previous section presented intendties and volumes of water use in coal and
natural gas fired plants. These calculations used aggregated data for volumes of water
consumption and withdrawal from coal and natural gas, calculating average power -
plant water intensity by dividing water volume s by net generation from coal and natural
gas, respectively. Here, we look at the differential water use by plant type and cooling
technology in order to understand the role of technological change in power plant water
use. We disaggregated data from coatfired power plants into subcritical, supercritical,
ultra -supercritical, and integrated coal -gasification combined cycle plants, while natural -
gas fired plants were separated into combined cycle or steam turbine plants (Figure 20
and Table 25).(63, 129)Cooling technologies can be of three types: once throughcooling,
recirculating cooling, and dry cooling. (42, 63, 129, 130Detailed descriptions of each
generation and cooling technology can be found in the introduction of this dissertation .
In general, plants with once-through cooling systems had a slightly lower average water
consumption intensity, but a much higher withdrawal intensity (10 times or more) than
plants with recirculating cooling systems ( Figure 20). NGCC plants with recirculating
cooling systems had a much lower withdrawal intensity (100 -1000 times lower than

natural -gas steam turbines), while having almost the same water consumption intensity,
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and also compared favorably to coal subcritical and supercritical plants with once -
through and recirculating cooling systems. However, the two advanced coal fired power
plants (one ultra-supercritical and one integrated coal gasification combined cycle),
which have both recirculating cooling systems, had lower water withdrawal intensities
than the NGCC, while having lower or almost the same water consumption intensity
(Figure 20).

From 2013 through 2016, subcritical and supercritical coal plants with once
through cooling systems showed a decrease in median consumption intensity (from ~1.3
m3/MWh in 2013 to 0.4 m¥MWh). The annual water consumption intensity of almost all
coal plants cooled with recirculating water systems remained relatively stable through
the study period (with median values between 1.5 and 1.9 m3/MWh), with an exception
of the only integrated gasification combined cycle plant, for which water consumption
decreased through time (from 3.6 m3/MWh in 2014 to 1.3 m¥MWh in 2016) (Figure 53
and Table 25). During this same time period, median water withdrawal intensities
increased in all types of coal plants using both once-through and recirculating cooling
(Figure 53). Similarly, for natural gas plants of all types and cooling systems, median
water consumption intensity also increased, while median water withdrawal intensity
remained constant (Figure 53). Overall, our data analysis shows that while natural gas

plants generally withdraw less water for cooling than those of coal plants, installation of
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advanced and more efficient coal plants can also result in reduction of the water

withdrawal .
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Figure 20: Water consumption and intensity values sorted by plant types and
cooling systems. Median water consumption intensities (A), withdrawal intensities
(B), and percentage values of 2016 net natural gasand coal generation (C) for different
plant cooling systems and electricity generation technologies. For water consumption
and withdrawal intensities we present the value and percentage of the upstream
section relative to the water use for cooling the the rmoelectric plants using the
differential electricity generation technology and cooling systems.

5.2.4 Projections of Future Water Use

Using EIA estimates(7) for the share of fuels and technologies for future

electricity generation in the U.S. (Figure 18), and assuming the coal and natural gas

water consumption intensities remain as calculated for 2016, we project steady

unchanged plant level water consumption and withdrawals through 2030 ( Figure 18).(7)

This is based on the assumption that the coal and natural gas proportions in the mix will
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replacements of old coakfired subcritical power plants with NGCC to continue, there
would result in a large water use reduction ( Figure 21). EIA has an estimate of future
production where a $15 carbon allowance fee is instituted.(7) This scenario results in a
69% decrease of coal geeration from 2016- 2030, while NG generation increases by 30%.
Keeping water consumption and withdrawal intensities at 2016 levels, we estimate that
by 2030, 1.83x1®m?3 water consumption and 6.71x10° m? water withdrawal will be
reduced with respect to the reference scenario. We further estimate that a scenario of
which 100% of coal fired power plants were replaced with natural gas combined cycle
power plants with recirculating cooling would result in a reduction of 4.72x10 1°m3 per
year of water withdrawal s, and 1.28x10@m3 of water consumption ( Figure 21). For
comparison, these water reductions are respectively equivalent to 232% and 6% of the
total water use for the industrial sector in the U.S. in 2015 (2.04 x1@ m3 per year).(131)
These reductions would occur if water withdrawal and consumption for upstream
processes account as in 2016, for less than 19% of the water used throughout the life
cycle of natural-gas fired electricity, which makes the total life -cycle water intensity of
electricity from natural gas less than half of the intensity of electricity from coal ( Figure
19). The water benefits from this transition could be lower given that shale gas is
becoming the major source ofnatural gas in the U.S. (55% of natural gas use in 2016, up

from 40% in 2013132)), and that water consumption intensity for hydraulic fracturing is
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increasing every year (20), but nonetheless would still be significant. If we assume that
2016 production were fueled entirely by shale gas, upstream water consumption would
increase by 27%, from 2.49x1®m3to 3.17x13 m3, which will consist 24% of the total

water consumed for natural gas.
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Figure 21: Projections of water use reduction from transition of coal to natural
gas. Projections for reduction of annual water consumption and withdrawal upon
increasing the fraction of natural gas from transitioning from coal to natural gas as the
predominant energy source for the electricity sector in the U.S.

5.2.5 Relationships between Water Use for Energy and Water Stress

We evaluated regional water consumption and withdrawals and compared them
with estimates of water stress indicators across the US. (Figure 54 and Figure 55).(104)
We find that both cooling technology in thermoelectric plants and their location in the
U.S. are favorable with respect to the goal of avoiding exacerbation of water stress. The

majority (70%) of power plant cooling in all regions is through recirculating systems

86



(Figure 22, Figure 54, and Figure 55) (104), and most of electricity generation takes place
in areas deemed to have relatively low water stress. Currently, there is only marginally
more net generation from natural gas than coal in high and extremely high water -
stressed areas (1.56x2MWh natural gas vs. 1.42 x16 MWh coal) with most plants

being cooled using recirculating technology. Natural gas water consumption for plant
operations in high and extremely hi gh stress areas was 1.31 xEIns3, accounting for
approximately 17.5% of total water consumption for natural gas in the U.S. (based on
consumption for plants with available data). For coal, consumption for plant operations
in high and extremely high stress areas was 1.75 x10m3, accounting for only 11.6% of
total water consumption for coal. Natural gas water withdrawal in high and extremely
high stress areas was 7.49 x10m3, accounting for approximately 23.5% of total water
withdrawal for natural gas. For coal, withdrawal in high and extremely high stress areas
was 1.01 x10°m3, accounting for approximately 13.4% of total water consumption for
coal in the U.S. In contrast, a larger proportion of upstream water consumption for coal
is located in water stress areas; 37% of coal mining in the U.S. was extracted via surface
mining in high or extremely high stressed areas, which infers water consumption of
3.06x1G@ m3 out of 7.41x1C¢ m? total water consumption for coal in the U.S (41%; Figure
54 and Table 29).(94, 104)In contrast, about 50% of natural gas is generated in basins
located in high or extremely high water -stress areas, which has water consumption of

58% (1.45x1®ms3 relative to 2.49x1C¢ m?3) of the total water consumption for natural gas
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in the U.S (Figure 55, Figure 56,and Table 29).(8, 20, 104)f 100% of current natural gas
generation was fueled by unconventional shale gas, and assuming that 44% of shale gas
is generatedin areas that are under high or extremely high water stress, up to 1.38x1G¢

m?3 out of 3.17x13 m3 (43%) would be consumed in water stressed areas.
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Figure 22 Electricity production in plant of different cooling systems located
different water -stress areas in the U.S. The amount of 2016 net electricity generation
attributed to dry, once through, and recirculating cooling processes for natural gas
and coal, sorted by the water -stress status of the plant location in the U.S. (A), and the
proportions of generation within each category (B). Colors within each bar show how
much of the net generation took place in water stressed areas. In 2016, almost all
generation using dry cooling applied for natural gas plants, while a majority of
generation using once through cooling applied for coal plants.
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5.3 Discussion

In 2015, natural gas displaced coal as the primary source for electricity
generation in the U.S. (Figure 16). For every MWh of electricity generated in 2016, the
conversion to natural gas from coal results in a reduction of 1.05 m?3 for water
consumption and 38.98 n¥ for water withdrawal. If all the electricity generated with coal
plants in 2016 (1.24x10MWh) had been generated with the average natural gas-fired
power plant, the would have been reduction of as much as 1.30x10 m3 of water
consumption and 4.83x10° m3 of water withdrawn ( Figure 21). The reduction in water
use for electricity generation has been caused not only by thereplacement of older sub-
and super-critical coal plants with newer, more efficient NGCC plants, but also by
retrofits to use reclaimed wastewater, better plant management, and replacement of the
water-cooling methods. (42, 130) Of water-cooling technologies, recirculating cooling
systems have become the most common, accounting for 67% of electricity generation in
2016. This technology requires lower withdrawal and causes less thermal pollution of
water returning to the environment relative to once -through water cooling systems.
These reductions are necessary because up to 30% of electricity generation and water
consumption and withdrawal in the U.S. occurs in highly water -stressed areas (Figure
7), and because climae change, population growth, water quality degradation, and
other factors are likely to exacerbate the challenge of meeting water needs for other

sectors in the U.S.
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Water intensity of electricity could increase if carbon capture and sequestration
(CCS)techniques are implemented to reduce emissions from fossil fuel plants.(123, 133,
134)Previous studies of the water impacts of CCS implementation, have estimated an
increase of 0.50 M/MWh in water consumption and 0.73 m®/MWh increase in water
withdrawal for supercritical pulverized coal plants at 40% carbon capture, and a 0.16
m3/MWh increase in water consumption for an NGCC plant at 40% carbon capture. (133)
Due to the low water intensity of renewable energy such as solar PV and wind
(Meldrum 2014 estimates solar PV consumes 0.35 #siIMWh, while wind consumes 0.0037
m3/MWh), widespread in stallation of these renewables energy would result in important
and even more significant reductions of water intensity of U.S. electricity. (63) Another
mechanism that could greatly reduce the water footprint of thermoelectric generation is
switching from wet (once through and recirculating) to dry cooling. Switching f rom wet
to dry cooling is expensive with capital costs estimates of $83 million for a dry cooling
system in a 800 MW gross NGCC plant vs $29 million for a wet cooled system(135). Dry
cooling systems also reduce plant efficiency and raises coal/natural gas resources
consumption, which introduces a tradeoff between increased carbon emissions and

water use.(135)

5.4 Conclusions

We have showed that the transition from a coal to natural gas fueled electricity

sector in the U.S. during 20132016 has resulted in reduced water consumption and
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withdrawals; every MWh of electricity that transitioned from coal to natural gas resulted
in an annual reduction of water consumption of 1.05 m 3 and a reduction of water
withdrawal of 38.98 m 3. Further, we estimate that if all coal generation were replaced by
natural gas, there would be an annual reduction of as much as 1.30x1@ m?3 of water
consumption and 4.83x10 m3 of water withdrawn. By combining upstream water
consumption and withdrawal, we show that despite an increase in the water use
intensity of hydraulic fracturing for natural gas production, switching from coal to

natural gas fueled generation can still result in reductions in the overall volume of water
use. Yet most thermal plants in the U.S. (59% of 2016 net generation) are located in low
water-stress areas, while a large proportion of water consumption for upstream coal
(41%) and natural gas (58%) extractions occurs in high waterstress areas. Further
research should address the growing proportion of renewables such as wind, solar, and
biofuels and how they play into the water consumption and withdrawal inten sity of the

electricity sector.

5.5 Methods
5.5.1 Data Collection

Forms EIA 860 and EIA 923 were downloaded from the EIA website for 2013-
2016. Previous years were available, but data quality concerns prevented them from
being used in this analysis. There are a numberof potential error sources within this

dataset that bear mentioning: wide ranges on median values reported here (Figure 53)
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may impact the quality and reliability of reported numbers. Also, because this is self -
reported data, concems about entry error and misreported data may impact conclusions.
Despite these concerns, data values for downloaded years match well with other
literature values, providing confidence in the results reported in this study. (7, 63, 73,

117, 129)

5.5.2 Data Organization

Plant technology was classified based on EIA 860, form 3_1 Generator_Y20XX
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fields. IGCC coal plants were identified by their fuel source, coal -derived synthesis gas,
22&" 872 w/ OE O U U aafaddhéxarad asiii idedyl casEs used different cooling
towers for their natural gas burning equipment than for their coal burning equipment.
In cases where cogeneration plants used the same cooling tower, water consumption
and withdrawal were divided bas ed on their proportion of net generation.
We neglect several lifecycle terms for this study including the water footprints of
plant zoning and construction in addition to the water footprints for the manufacturing
of plant parts, mining equipment, and tra nsportation equipment. We also neglect pond
cooling as a distinction within once through and recirculating plants. Pond cooling

systems can operate similarly to either once through or recirculating systems.(129)
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Carbon capture and storage (CCS) is a technology that is being considered in a number
of regions across the United States. CCS systems can greatly increase the water
consumption and withdrawal for plants using the technology. (105,129, 133, 134Pespite

this, we did not estimate any potential CCS additions.

5.5.3 Upstream and Total Water Use Calculations

Upstream water consumption and water withdrawal intensity were calculated
using a combination of indirect and direct water uses in the mining, processing, and
transportation of coal and natural gas. Because there was no distinction between water
consumption and water withdrawal, we assume that in all upstream processes, water
consumption is equal to water withdrawal. For coal, the following equation describes

the upstream water use:
UWC = WCCMpe # VCye + WCCC # VCrppay + CTT # VCrprar + Ep # VCrppar ¥ EI + VCrpra

# VD rorar ¥ VCiotar *# DI + VD pppg * DF * EI

Where WCCM is water consumption from coal mining for both surface and

underground mines (mt = surface or underground) in m 3kg coal, VC is the volume of
coal sent to power plants originated from surfac e and underground mines (mt, Table 26
and Table 27), WCCC is water consumption from cleaning coal (WCCC) in m 3/kg coal,
CTT is water consumption for transportation of coal (CTT) in m 3/kg coal. Indirect water
use is calculated by multiplying E p, the electricity used in each upstream processes

(MWh/kg coal) by the water intensity for electricity generation of the electricity grid
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(m3MWh) calculated using an input output (I0) model to iterate the additions of
upstream processes to power plant level water consumption and withdrawal. VD is the
diesel fuel used onsite to power mining and transportation equipment (in kg diesel/kg
coal), Dl is the water intensity for diesel fuel extraction (m 3 of water per kg diesel) and
DF is the electricity requirement for a petroleum refinery (MWh/kg diesel).

Similarly, for natural gas, we repeated this calculation:
Uwe = I"FCNGD?.E'” Type E VNG.D?"EH Typa + VDTﬂrE! * VNGEotE! * DI + VDTﬂ-tE! + DF « El + E?,

# Bl « VNG 1opa

Where the water consumption for natural gas generation is split up between offshore,
onshore conventional, and onshore unconventional drilling. Further, due to recent
increasing trends in water use for hydraulic fracturing (unconventional natural gas
drilling), we further split WCNG uc up by year. Indirection consumptive processes
included diesel used for well constru ction VD Total (kg diesel/MCF NG) and electricity for
well drilling, liquid separation, compression, and pipeline transport.

Total water consumption (TWC) and total water withdrawal (TWW) were

calculated by adding water use due to plant operations to UWC:

TW(C or W) = Plant Level (C or W) + UW Cx¢ or coat
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6. Use of Qilfield Produced Water for Irrigation in
Bakersfield, CA

6.1 Introduction

For the past 100 years, California has been a national leader in both agriculture
and oil production. (136)Over this same time span, it has also been one of the driest
regions in America. (43, 137)Due to consecutive drought periods and reduction in
natural water availability, water districts throughout California were formed to help
supplement the local water supply for the irrigation. In Kern County, water districts
utilize a combination of groundwater, surface water, and reclaimed water resources,
including oilfield produced water (OPW) in several districts (Cawelo, Jasmin Mutual,
Kern-Tulare, and North Kern , Figure 23).(45-48, 138)By blending treated OPW and
freshwater sources, these water districts are able to extend the amount of water available
for irrigation . While water quality monitoring has been conducted, the effe cts of using
OPW for irrigation are not well documented in either soil or crops . To ensure both crop
health and food safety while optimizing the potential and important use of alternative
irrigation sources, this chapter evaluates the inorganic contaminants in OPW used for
irrigation in Cawelo District and potential impact on soil and crops . We find that
blended OPW sources in the Cawelo region are characterized by low salinity and trace
metal concentrations, which pose low risks for metals accumulation in soil and therefore
supports the utilization of OPW for irrigation water in the water stressed region of

southern
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Figure 23: Map of sample sites, Cawelo water district, and relevant oil fields in
Kern County, CA

6.1.1 History of OPW use in Kern County

Through time, farms and oil companies have developed a symbiotic relationship:
agriculture fields serve as prime locations to place oil wells, while beneficial byproducts
of oil production such as anhydrous ammonia fertiliz er and soil fumigant D -D have
been produced and used in agriculture, beginning in the 1940s.(136) By the early 1990s,

water scarcity led to the first beneficial reuses of oilfield produced water in southern
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California. I n 1994, Texaco Extrapolation and Production Inc. (now Chevron) and the
Cawelo water district signed a water supply agreement to pump treated produced water
to the district. (45) In 2006, SOC Resources, Inc. was issued a permit to store produced
water in an unlined surface impoundment, where a large portion of the wastewater was
transferred from the impoundment through the Schaefer Pipeline. (138) The pipeline
moves the wastewater from the impoundment to the Cawelo water district, where it is
blended with fresh water and distributed for irrigation. (138) The Texaco (Chevron) deal
was renewed in 2006, then again in 2012The 2012 renewal granted Chevron permission
to pipe 33.5 million gallons per day to the Cawelo water district to be used to help meet
irrigation demand. (45) The water supplied to the district is treated with mechanical
separation, sedimentation, air floatation, and filtration to meet Basin Plan standards and
delivered to the Cawelo district. (45) Other permits were issued to Valley Waste Disposal
Company in 2007 (46), E&B Natural Resources in the Jasmin Mutual Water District
(Jasmin Qil Field) in 1998(47), and to California Resources Production Corporation in

the North Kern Water Storage District (Kern Front Oil Field) in 2015 (48).

6.1.2 OPW use Regulations

There are a number of regulations laying strict guidelines for the quality of water
allowed to be used in agriculture in Kern County, CA. (45, 138)To address increasing
salinity and nitrate in local groundwater, a program call the Central Valley Salinity

Alternatives for Long -Term Sustainability (CV -SALTS) was created to recommend and
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implem ent management practices to reduce salinity.(139) With respect to irrigation
water, the Water Quality Control Plan for the Tulare Lake Basin (called the Basin Plan),
sets guidelines on acceptable irrigation water quality. (44) These guidelines limit the
maximum salinity for reclaimed irrigation water at electric conductivity (EC) of 1000
4 2 ¥ E O @de BtI26D @g/L, and boron at 1 mg/L.(44) Thesevalues are derived from

al UUwé w6l UUEOUZz Uw? 6 EUI Bapdgllightr thaximindUw T UPEUOUU
contaminant loads various crop products can handle. In addition to following the Basin
/| OEOUZz wPEUI Uw@UEODPUAa WEOOUUOOwWx OEOOWEPUUUPEUUWE
UUEOEEUEUWOUUODPOI EwbPOw? w" OO0 x PRIy, Dd @y O w6 EUI Uw
| Yt A2 wUT 00DOT wi UPET OPOI U wiafibUswedude Oftidns@O)E OP U a wE U
These include aluminum (5,0004g/L), beryllium (100 4g/L), cadmium (10 4g/L),
hexavalent chromium (100 4 g/L), cobalt (504 g/L), copper (2004 g/L), fluoride (1,000
4g/L), iron (5,0004g/L), lead (5,0004g/L), manganese (2007 g/L), nickel (2004 g/L),
selenium (204g/L), and vanadium (100 4 g/L).(50, 140)Additional limits on arsenic

concentrations of 104 g/L were added to limit potential contamination within

distribution canals by the Cawelo water district. (45)

6.2 Materials and Methods
6.2.1 Sample Collection and Analysis

Through four sampling campaigns (April 2017 - August 2018), we have collected

seven water samples from oilfield formations including one sample f rom the Edison
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formation, five from the Dyer Creek oil field, and one from the Midway Sunset field. We
have collected seventeen irrigation water samples in areas used to grow pistachios,
alfalfa, and almonds, eight from groundwater sources and 7 from canal water sources.
All water samples were filtered before being collected and preserved in high density
polyethylene, airtight bottles following USGS field sampling protocols. (141)Water
samples were run for major cations on a Thermo Scientific Aquion IC operating
isocratically at constant room temperature. Calibration standards include eight levels for
six cations (Li, Na, NH4, K, Mg, Ca) ranging from 5:1 to 2000:1 dilutions of Thermo
Scientific six-cation standard solution ( Li= 50 ppm, Na, K, Mg = 200 ppm, NH4 = 400
ppm, CA = 1000 ppm Major anions were run on a Dionex lon Chromatograph DX -2100.
Bicarbonate was calculated via titration to pH 4.5 in duplicate. Nitrate was analyzed via
QuickChem Method 10-107-04-2-D (Nitrate/Nitrite in Waters by Hydrazine Reduction).
Trace metals were analyzed using a VG PlasmaQuad3 inductively coupled plasma
mass-spectrometry (ICP-MS). Tracemetals accuracy was assessed by measuring the
National Institute of Standards and Technology (NIST) standard reference material
(SRM) for trace elements in groundwater (1643e). All samples were prediluted based

on total conductivity U OwWUUEa wEUwOUWET OOPWEWEOOEUVUEUDPYDPUAwWOI

99



6.3 Results
6.3.1 Qilfield produced water characterization

Currently, OPW from the Deer Creek, Jasmin, Mount Poso, Kern Front, and Kern
River oil fields are being used for irrigation. The Cawelo water distr ict, located north of
Bakersfield, CA utilizes water from both the Kern River and Kern Front oil fields ( Figure
24). While we did not measure samples from these oil fields, previous studies have
reported that produced waters from th e Kern River and Kern Front oil fields are
characterized by low salinity (TDS up to 1350 mg/L) with chloride concentrations
ranging from 38 to 290 mg/L.(86) Additionally, sodium (up to 350 mg/L), calcium (up to
80 mg/L), and magnesium (up to 22 mg/L) concentrations are low. Boron data from the
Kern River and Kern Front fields was not available. New data collected in this study
show consistently large variations in salinity across oil fields in Kern county, with
chloride concentration s ranging from 110 mg/L (Fruitvale field) to as high as 23,500
mg/L (Belridge field). Samples collected from the Dyer Creek formation northeast of
Bakersfield, CA had high boron (up to 2.2 mg/L) and chloride (up to 480 mg/L)
concentrations with low arsenic (14g/L). Dwyer Creek samples are being used for
private irrigation, outside of water district regulation. In contrast to low saline eastern
oil fields, produced water from fields located on the western parts of the valley ( Figure
24) such as the Midway-Sunset and Edison fields had much high salinity (ranging from

1280 to 6700 mg/L Cl). The variations of boron versus chloride (Figure 1) show that large
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dilution and/or further treatment of the low -saline OPWs to meet salinity standards
would be required to get boron levels below this threshold. This means that water
treatment for boron reduction or further dilution is necessary for using the OPW with
boron content below the plant toxicity threshold of 1 mg/L. Boron concentrations ranged
from 0.6 mg/L (Fruitvale field) to 168 mg/L (Lost Hills field) ( Figure 25). The available
data (McMahon 2018(142)and this study) indicate that the low saline OPW samples
have boron concentrations above the guideline threshold value of 1 mg/L. Additional

data on chemistry of OPW in Kern County can be found in McMahon (2018) .(142)
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Figure 24: Qilfield produced water salinity  in Kern County, CA.
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Figure 25: Boron and chloride concentrations across Kern County. The grey
box represents Basin Plan limits on boron (1 mg/L) and chloride (250 mg/L). (44)

6.3.2 Irrigation Water Quality

Groundwater investigated in this study had chloride values ranging f rom 22 to
94 mg/L, while OPW -diluted water collected from the Cawelo canal had chloride
ranging from 64-92 mg/L. Although the OPW from Cawelo had higher salinity relative
to the groundwater samples, both were below the Basin Plan guideline of 200 mg/L.(44)
A similar trend was observed for boron, as boron in groundwater (0.02-0.12 mg /L) was
lower than those observed for Cawelo canal (0.120.69 mg/L), but still below the
guideline for boron of 1 mg/L (Table 6). Arsenic concentration above the Cawelo
implemented guideline of 10 4g/L was observed in all but one of the Cawelo canal water

samples (range of 8.726.54¢g/L), while only one groundwater sample had high arsenic
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(range of 1.3 to 13.44g/L) (Figure 26 and, Table 7).(50) Concentrations of nitrate, iron,
and manganese in groundwater and Cawelo water exceed EPA primary and secondary

MCLs. (143, 144)
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Figure 26: Water quality guidelines verses measured samples. Irrigation water
guality data (points) compared to wat er quality guideline levels (red lines). Values
above 1 are above recommended levels for the Basin Plan and Ayers and Westcot
(1976) recommendations (A),(44, 50)EPA primary drinking water maximum
contaminant level (B), (143)and secondary drinking water standard levels (C). (144)

Table 6: Major element chemistry of water samples for groundwater, canal
water, and OPW used for irrigation in Kern County, CA.  Values are in mg/L.

Class B HCO3 F cl Br NO3 504 K Ca Mg Sr Na Fe Ba Mn 51
Cawelo Canal Water 0.108 79 BDL 92 BOL BOL 150.0 BOL 336 2115 0.353 128 0.03 0.032 0.023 25419
Cawelo Canal Water 0.689 287 0642 B7 0329 0507 a8 BDL 163 2.839 0298 136 0.029 0.075 0024 33362
Cawelo Canal Water 0377 149 0.481 B5 BDL BDL 377 2515 194 1398 BDL 82 BDL BDL BDL BDL
Cawelo Canal Water 0.488 185 0.472 82 BDL BDL 55.1 3.026 AZE 2371 BDL 104 BDL BDL BDL BDL
Groundwater 0.027 115 BDL 35 0.165 49.225 1118 BDL 368.8 33.548 2719 193 BDL 0.483 0.134 59.382
Groundwater 0.015 212 0.142 87 0.349 38.331 283.1 BOL 99.6 1.437 1142 B8 0.043 0119 0.012 8.048
Groundwater 0.015 a5 0144 B3 0276 37198 2673 BDL 1087 1377 1226 72 o0o0a 0121 0011 8682
Groundwater 0.082 67 BDL g4 BDL BDL 167.8 BDL 3249 1845 0344 128 0.034 0,037 001 23784
Groundwater 0.097 71 0.429 85 BDL BDL 139.2 3.299 254 0.85 BDL 124 BDL BDL BDL BDL
Groundwater 0.093 67 0.389 23 BDL 3.088 19.8 BDL 6.7 0.085 0.104 40 0.008 0.012 0.005 7.812
Groundwater 0117 57 0.222 51 BOL 30251 B83.3 2.038 38.6 BOL BOL 435 BOL BOL BOL BOL
OPW irrigation 1876 215 0793 409 1376 BDL 658 BDL 36.1 2633 0423 379 BDL 0.075 0.096 15092
OPW irrigation 2209 199 0551 487 1565 BDL 451 BDL 409 3.076 0.436 414 0.055 0.083 0118 15197
OPW irrigation 2141 180 0.649 481 1579 BDL 840 BDL 393 2995 0.483 419 BDL 0.079 0.096 14.896
OPW irrigation 1766 257 0.787 413 BDL BDL 1245 5.489 19.0 BDL BDL 406 BDL BDL BDL BDL
OPW irrigation 1.747 212 0.829 4416 115 BDL 161.8 4.817 20.2 BDL BDL 389 BDL BDL BDL BDL
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Table 7: Trace metal concentrations of water sample for groundwater, canal
water, and OPW used for irrigation in Kern County, CA.  Values are in pg/L .

Class u Be Al v cr co Ni cu n As se Rb sr Mo Ag cd sh Ba Pb u

Cawelo Canal Water | 20832 BDL 5609 | 0659 078 BDL 0.45 0226 | 0397 | 12277 | 056 0997 | 200643 | 39928 BDL 0084 | 0512 | 13.438 BDL 013
Cawelo Canal Water | 33.891 BDL | 15024 | 0899 | 0231 BDL 0a 1037 232 | 26257 BDL 2924 [180245( 6306 | o008 | ooss | 1375 | 44004 | BOL 0072
Cawelo Canal Water | 21.07 BDL BDL 2583 BDL 0119 056 BDL BDL 8766 BDL 1924 (219283 | 5724 BDL BDL 0164 | 23.243 BDL 0582
Cawelo Canal Water | 29144 BDL BODL 264 BDL 0187 | 1085 BDL BDL | 11511 | 1219 | 2661 |325133| 6.071 BDL BDL 0232 | 43325 BDL 0771
Groundwater 7.367 0042 | 28572 | 7558 254 0136 | 1913 | 2256 | 44171 | 1519 | 0693 | 0106 [554051| 2791 | ooas | 0o03s | ooas [ 82998 [ 0247 [ 7799
Groundwater 9.361 BDL | 14911 | 4731 | 3062 | 0147 | 1499 | 1702 | 62903 | 1742 | 31935 | 2018 |835086| 078 0.034 04 BDL |140.845| BDL 1879
Groundwater 7.047 BDL 6.454 53 2615 | 0083 | 1422 056 2546 | 1301 | 3719 068 |[101263( 0847 BDL 0041 | 0006 | 86.067 BDL 1644
Groundwater 23149 BDL 7131 0.69 0123 BDL 0.485 BDL 1447 | 13.455 | 0088 | 0906 | 21646 | 49280 | o006 | oos2 | 0636 [ 14002 [ 0092 | 0079
Groundwater 28466 BDL BDL 1744 BDL 0208 | 0691 BDL BDL 7.56 BDL 1389 [157.853 [ 13.861 [ o098 [ o041 BDL 0584 BDL 0375
Groundwater 1837 BDL | 14927 | 14195 | 0373 0007 | 0196 | 0293 | 1347 | 9806 | 0144 | o052 | 75766 [ 2553 [ o023 [ o007 | 0222 | 9361 [ 0047 [ 0695
Groundwater 478 BDL BDL 6326 BDL 0123 | 0995 BDL | 91.205 | 3331 BDL 0175 (493374 | 2334 BDL 0.044 BDL | 43392 BDL 1354
OPW irrigation 61347 | 0385 |724567 | 3259 | 6724 | 0478 | 3104 | 59.207 | 127.549| 1042 | 3107 | 11485 |364735| 0606 | 0673 | 3749 | 0129 | 42.263 | 4.809 BDL
OPW irrigation 71422 | 0274 |204711| 3522 | B378 035 1523 | 14397 | 26893 | 1029 | 3709 | 12238 418182 0231 [ 0247 032 BDL | 28194 | 154 BDL
OPW irrigation 69417 | 0311 |131464| 3344 | 7273 | 0157 | 1139 | 8383 | 12549 | 0942 | 1864 | 11729 |411.365| 0193 | 0189 | 0279 BDL | 28157 | 0972 BDL
OPW irrigation 62.288 BDL BDL BDL BDL 034 BDL BDL BDL BDL BDL | 11.537 | 373.197 | 3.49 BDL BDL BDL BDL BODL BOL
OPW irrigation 63.375 BDL BDL BDL BDL 0.363 BDL BDL BDL BDL BDL | 11.737 | 392852 | 3.667 BDL BDL BDL 1715 BDL BODL

6.4 Discussion

Plants absorb water from soil through osmotic potential, exerting a force on the
water that is greater than the force holding water to the soil. (50) In soil irrigated with
high salinity water, its osmotic potential is reduced , which infers less water is available
for plants. (50) In arid regions such as California, the buildup of salt in the soil is of even
greater concern because a large portion of the water applied to the soil quickly
evaporates, concentrating salts in the remaining soil water. Using sub-optimal quality
water can dramatically speed up this process in the soil by introducing more salt to the
system. Three of the main crops grown in Kern County California, almonds, grapes, and
oranges are all classified as sensitive tahe salinity of both irrigation water and soill,
suggesting soil salinity in areas irrigated with OPW should be of increased concern. (50)
Of the irrigation w ater quality parameters, boron and arsenic were found to be elevated
above recommended levels in measured samples.

Boron is an essential nutrient for plant health, as it is responsible for providing

structure to the cell wall. (145, 146)in soil, boron is typically found in concentrations
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ranging from 0.4 to 5 mg/kg and exists primarily as boric acid (B(OH) s) which is readily
taken up by plants. (147, 148)Boron is highly mobil e in soil, adsorbing and desorbing
rapidly . In arid and semi-arid regions, where there precipitation is low, boron leaching
out is restricted and thus can accumulate, allowing for increasing concentrations in soil
through time . When present in large concertrations in irrigation water, accumulation in
soil can be exacerbated. Ayers & Westcot (1976proposed guidelines for water quality in
agricultural use, citing concentrations of boron in irrigation water at 1 mg/L, 5 mg/L, and
10 mg/L depending on the crop tolerance to boron, while others recommend a range of
0.3 mg/L for sensitive plants and up to 4 mg/L for more tolerant plants. (50, 148)When
too much boron is present in the soil-plant interface, the production of reactive oxygen
species (ROS) can increase, causing oxidative damage to the cellular membrane, leading
to decreased growth and or leaf necrosis, lower chlorophyll concentrations and
decreased photosynthesiO WET | DO1 E wE U w(245,047 A1 @udBEVRilD Bobil a 2
levels in irrigation water investigated in this study rarely reached these levels, many of
the districts within the Central Valley have adopted a 1 mg/L limit on irrigation water
derived from recycled O PW.(140, 150)Boron levels measured in groundwater and
Cawelo samples ranged from 0.01 to 0.6 mg/L with Cawelo canal samples having higher
concentrations than groundwater ( Figure 25and Table 6). In the caseof the Dwyer

Creek oll field site, where the OPW was not diluted with fresh water, we show that the
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OPW used for irrigation had boron values higher than the recommended limit of 1, but
within the acceptable range for more tolerant plants (<10 mg/L).

Arsenic is a known carcinogen and has been linked with heart problems,
diabetes, and keratosisas well as numerous other health effects(143, 151, 152As such, it
is regulated in drinking water, with a maximum contaminant level of 10 % T 143)
While Ayers (1976) recommends a limit of 100 ppb As in irrigation water, it is likely that
the stricter limit of 10 ppb imposed by the basin plan aims to protect wildlife and
humans who could come in contact with the canals supplying the irrigation water on a
regular basis.(44, 50)Arsenic concentrations found in groundwater in Kern county
ranged from 1-134 1 ywhile values measured in Cawelo canal water ranged from 8-26
4 1 «TFable 7). While arsenic concentrations were found to be above the recommended
maximum concentration they were not at levels that could compromise plant health.

In addition to the toxicity of specific ions in irrigation water to plants, the
chemical composition of the irrigation water can affect the properties and suitability of
the soil in which crops are grown. A classic measure of irrigation water suitability for
agriculture is the sodium adsorption ratio (SAR) and adjusted SAR. (50) Adjusted SAR is

defined as:

[Na]

|[Cﬂ] + [Mg]
N 2

adj SAR = * (1 + (8.4 — pHc))
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Where concentrations are in meg/L and pHc is calculated as the sum of A (sum of
concentrations of Na, Ca, and Mg), B (sum of concentrations of Ca and Mg), and C
(alkalinity concentration) from Table 8.(50) Soils irrigated by water high in sodium
relative to calcium and magnesium could reduce its permeability and thus lower soil
infiltration capacity, making it harder for water to reach the subsoil. Soils with an
adjusted SAR between 6and 24 can have permeability related problems, while severe
problems are present in soils above 24(50) Water samples measured in both
groundwater and Cawel o blended OPW had adjusted SAR between 2 and 9, while
Dwyer Creek OPW samples had values ranging from 24 to 33 (Figure 27). There was no
observable difference between adjusted SAR values in groundwater and Cawelo
blended OPW. To help manage high SAR in soails, it is common to add sulfuric acid to
irrigation water and gypsum to irrigated soils. (50)Both of these practices were observed

in groundwater irrigated and Cawelo irrigated fields.
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Figure 27: Adjusted sodium adsorption ratio (adj SAR) for water samples
collected from Kern County, California.
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Table 8: Calculation parameters for pHc. For each X, the relevant
concentrations (in meg/L) should be added up, then looked up in the first column.
Values for A, B, and C can then be added together to find pHc. (50)

*; o = C
Value == [Mal+[Cal+[Mg] | =; = [Cal+Ma] | %:= [Alkalinity]
0.0s Z 4.5 4.3
04 Z 4.3 4
015 2 4.1 35
nz 2 4 3T
.25 Z 39 36
(1] Z 35 35
) 2 3T 34
ns 21 36 33
075 Z1 34 31
1 21 33 3
125 21 3z 23
15 21 31 28
Z 2.2 3 27
25 2.2 243 2.6
3 2.2 28 25
4 2.2 27 2.4
5 2.2 26 23
G 2.2 25 22
] 23 2.4 21
10 2.3 2.3 2
12.5 23 22 13
15 2.3 21 15
20 2.4 z 17
30 2.4 18 15
S0 25 16 13
a0 25 14 11

6.5 Conclusion

We conclude that blended OPW provided by the Cawelo water district is of
comparable quality to the groundwater in the region. Direct ruse of OPW without
dilution with fresh water however, as was seen in the case of the Dwyer Creek samples,
can introduce higher concentrations of salinity and boron into the field, creating boron

toxicity in crops and soil permeability issues. Because the water received by the Cawelo
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district is of high quality and is blended with low -saline groundwater and surface water

sources, many of the potential contamination issues can be averted.
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7. Conclusion

As water demand and competition for clean water resources continues to
expand, the energy sector will continue to play a key role in glo bal water management.
The development and growth of water intensive technologies such as hydraulic
fracturing have added to competition for fresh water, but efforts are being made to
utilize alternative water sources.

This dissertation fills a significant knowledge gap in the understanding of water
use and wastewater generation associated with hydraulic fracturing across the United
States. Characterization of water use volumes have revealed that annually, hydraulic
fracturing represents only a small fracti on of industrial water use. While flowback and
produced (FP) water volumes are similar to water use volumes, this dissertation shows
that most of the returning FP water is made up of saline formation brines and not
injected water. Despite this, evaluation of trends in both water use and FP water
production show a staggering increase from 2011-2016: 770% for water use per well and
550% for FP water after the first 12 months of production. At the same time, the water
use intensity (ratio of water use to energy production) has almost ubiquitously increased
from 2011-2016.

As the popularity of hydraulic fracturing has risen, this dissertation points out a
transition from coal to natural gas as the primary energy resource powering the United

States. It shows thd despite increasing water use for hydraulic fracturing, the transition
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from coal to natural gas has led to less lifecycle water consumption and withdrawal for
power plants. Finally, this dissertation showed that with proper treatment and
management, it is possible to reuse waste water from oil and gas production in
alternative settings. This dissertation highlights farms in California successfully utilizing
oilfield produced water for agricultural irrigation water without  raised concentrations of
metals.

The findings of this dissertation highlight the need for the development of
alternative water resources for energy development and shows successful utilization
pathways through which this occurs. Future work is needed to encourage and justify the
use of alternative source water for hydraulic fracturing, power plant cooling, and
agriculture. This dissertation lays a framework for the adoption of alternative water
sources and highlights the proper management of waste water streams, in some cases

utilizing was te water streams as the soughtafter alternative water source.
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Appendix A: Supplementary Information for Chapter 2

1. Evaluation of Data Reliability and Sources of Error

In their database, FracFocug31) reports each well case with latitude and
longitude coordinates, but not with the target formation in which the fracture job
occurred. In the EPA report, the coordinates of the oil and gas wells to spatially
distinguish the geological formations that the wells are located within (55). This means
that in cases of overlapping formations such as the Marcellus, Utica, and Devonian, a
data report could potentially be for any of the formations. To fix this problem, we
matched well data to the American Petroleum Institute well number (APl number) from
different state databases to get a higher resolutiondistribution of the oil and gas
wells. (66, 67)

Because Dirillinginfo Desktop (64) does not specify which of the wells are
unconventional, we used only horizontally -drilled wells for quantifying produced
water, oil, and gas production data since all horizontal drilling is always paired with
hydraulic fracturing. We did not include v ertically -drilled unconventional wells in the
analysis because we were unable to identify them as unconventional. Since most of the
unconventional wells drilled in California are vertical and not horizontal however, data
from the California Departmentof C OOUI UYEUD OOz Uw, OOUT Gaw/ UOEUEUE
Database490) were used for oil and gas data from the Monterey-Temblor formation.

While the California database has no distinction between conventional and
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unconventional, 703 wells were identified as unconventional wells based on API
number and the EPA FracFocus databasg55)

#UDOODOT ( Oi Oz Uwpravidés ddialbgas, ai] abddpiodeed ater
generation values on a month to month basis as a daily average, going from well
completion to final or current production. The Drillinginfo Desktop Application tool
plots all of the wells for which production data is available, then reports one single type
curve as the average for all of the target geological formation or area of interest. This
average could potentially be different for core areas compared to perimeter areas and
because it is an average, couldbe skewed by this uneven distribution of the well
production data.

The type curve method of production analysis was compared to oil, gas, and
produced water in the Bakken formation from a data set provided by the North Dakota
Industrial Commission Departme nt of Mineral Resources Oil and Gas Division (67) and
to oil and gas production data in the Marcell us Shale formation from the Pennsylvania
#1 xEUUOTI O0wOil ws OYPUOOO!I OUw/ UOUI EUPOOwwmp/ #$/ Aw
Oil and Gas reporting website. (66) The data from the different methods of evaluating
produced water volume was consistent (Table 9, Table 10, Table 11), validating the
DrillingInfo evaluation method. In the case of the Fayetteville, Marcellus and Woodford

formation, data on produced water was not available, thus e stimates were made using

state government data and values when reported in the literature. (11, 66)Produced
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water data reported in DrillingInfo for the Barnett Shale (45 x10 ¢ liters per well) and
Permian Basin (95 x10 liters per well) were several times higher than values reported in
the literature and outside the ranges seen for shale gas (85 x10 liters) and
unconventional oil (8 to 23 x10¢ liters). Nicot et. al. (2012)53) reports produced water in
the Barnett shaleof 12.4 x10 liters per well. For the purposes of the total production
calculations (Table 2), 12.4 x10liters was used. Additionally, estimates of total FP water
did not include data from the Fayetteville, Woodford, or Permian basins, which could
underestimate the total amount of FP Water generated in the United States.

While we report the best current estimate, there are several potential errors in
using these well counts for total production and water use data; not all drilled wells are
fractured, in some cases wells can be rdractured, and the final well count may miss
counting wells that were at one point fractured but no longer active. Furthermore, the
Eagle Ford, Niobrara, and Woodford formations produce both gas and oil, and have
regions and wells specifically designed to produce both resources. When computing
well counts, the percentage of oil wells and gas wells in each of these formations were
taken from DrillingIinfo and applied to the total number calculated for the formation
(Table 14). We did not use actual well counts from DrillingInfo in this study because we
found them to be lower than values reported from other sources. Additionally, median

values were reported instead of average values to address outliers and dat entry errors
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in the database. This could lead to inconsistencies with other reported data, so we also
report all data with averages for water use in Table 12 and Table 13.

Data from Gallegos et. al. (2015(60)was reported by USGS hydrologic unit code,
so formation average values were derived using ArcGIS software. A field of total water
use (Number of wells *water use per well) was added to each USGS 8 Digit HUC code
within ArcMAP, then all hydrologic units within each unconventional shale gas or oil
formation were spatially identi fied. Total water use within each formation was
calculated by adding total water use from each individual HUC within the formation.
Finally, the average water use per formation (Table 9) was calculated by dividing total
formation w ater use by the cumulative number of wells from the selected HUC 8 for

each formation.

116



Table 9: Comparison of water use data between values found in this study (55)
and values reported in the literature. (6, 22, 23, 60, 69, 7l values are reported in
millions of liters. Dates of the years specific states have adopted FracFocus as their
mandatory reporting platform are available from the US Department of Energy Task
Force Report on FracFocus 2.0(153)

Shale Gas Water Use| Water Usg Water US? Water Use Water Use
(Median) | (Mean) (Other Studies) (Gallegos et al. (2015| (Chesapeake Energy
x10° L x1¢° L x10° L X106 L X1 L
Barnett 14.42 15.25 18.93, Nicot et al. (2014) 12.20 18.93
Eagle Ford 13.70 15.57 18.22, Scanlon et al. (2014) 17.08 18.17
Fayettevile 20.06 19.75 18.40
Haynesville 19.45 20.75 21.5, Nicot et al.(2014) 17.19 21.20
Marcellus 16.12 16.76 14.8, Jackson et al. (2014) 11.65 21.20
Niobrara 1.51 2.60 4.59 12.49
Woodford 23.77 23.18 15.20, Murray et al. (2013 11.96
Unconventional Oil Water.Use Water Use Water Usg Water Use Water Use
(Median) | (Mean) (Other Studies) (Gallegos et al. (2015| (Chesapeake Energy
X1 L X1 L X1 L X1 L X1 L
Bakken 7.49 7.96 8.68, ND SWC (2014) 9.27
Permian 3.06 3.99 4.93
Monterey-Tembilor| 0.30 0.50 0.61
Eagle Ford 15.06 16.34 18.22, Scanlon et al. (2014) 11.76
Niobrara 1.32 4.32 4.59 12.49
Woodford 7.79 13.35 15.20, Murray et al. (2013| 11.96
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Table 10: Comparison of oil and gas production data between values found in
this study (64) and values reported in the literature (22, 23, 53, 66, 67gnd from the

40PUI Ew2UEUI Uws$ (

ZUw# UEBSYODOT w/ UOEUEUDPYDPUawll xO

EUR Gas Productiof

Total Formation Gas

EUR Gas Production pe

Totoal Formation Gas|

Shale Gas . . . Production (USEIA)
per well (this study)|Production (this stud well 2007-Current
x10° Cubic Feet | x10' Cubic Feet x10° Cubic Feet x10'? Cubic Feet

Barnett 1.39 23.44 1.90, Nicot et al. (2014)

Eagle Ford 1.37 8.01 0.79,Scanlon et al. (2011} 11.92

Fayettevile 1.55 9.04

Haynesville 4.33 13.75 2.50, Nicot et al. (2012) 22.37
Marcellus 3.66 30.41 1.91, PA DEP (2015) 22.48
Niobrara 1.32 3.02 14.80

Woodford 1.95 5.58

Unconventional Oi

EUR Oil Production|

Total Formation Oil

EUR Oil Production per w¢

Totoal Formation Oil
Production (USEIA)

per well Production (this stud 2007-Current
x10° Barrels x1¢ Barrels x10° Barrels x10° Barrels

Bakken 0.20 2065.16 0.15, ND OGD (2015) 1938.59

Permian 0.39 1915.64 3897.64
Monterey-Temblor 0.02 32.69

Eagle Ford 0.45 1829.58 0.12Scanlon et al. (2014) 1952.90

Niobrara 0.50 456.04 698.90
Woodford 0.70 44.88
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Table 11: Comparison of flowback and produced water data between this
study (64) and values reported in the literature. (11, 22, 67)Data from the Eagle Ford
formation in Scanlon et. al. (2014) (24)is based off a FP/HF ratio of 2/5 after the first 2
years. Values reported here are cumulative of up to 10 years of waste production of
both flowback water and produced brines, which can account for the difference.

Flowback and

Flowback and

Shale Gas Produced Water Produced Water
(This Study) (Other Studies)
x10° L x10° L

Barnett 12.40 12.40, Nicot et al. (2014)
Eagle Ford 25.87 5.48 Scanlon et al. (2014
Fayettevile
Haynesville 17.51

Marcellus 5.20 Dataused from Lutz (2013

Niobrara 5.68

Woodford

Unconventional Oi

Flowback and
Produced Water
(This_Study)

Flowback and
Produced Water
(Other Studies)

x10° L x10° L
Bakken 12.25 15.40, ND OGD (2015)
Permian
Monterey-Tembilor 14.30
Eagle Ford 22.75 5.48 Scanlon et al. (2014
Niobrara 8.04
Woodford
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Figure 28: Box plots of water use for hydraulic fracturing in all of the major
unconventional shale gas formations in the United States. (55)
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Figure 29: Box plots of water use for hydraulic fracturing in all of the major
unconventional o il formations and the Permian Basin in the United States. (55)
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Table 12 Copy of Table 1 from the main text of the paper, reporting average
valuesi UOOwWUT T ws$/ 7z Uwsslnstesd OfEhd dadidns reidiied in the
paper.

hale FracFocus Mean| Flowback and| Water Use | Produced Water
Shale Gas Water Use  |Produced WatgIntensity (WUI)[ Intensity (PWI)
Barnett 15.25, 4.03 12.40, 3.28 7.83 6.36
Eagle Ford 15.57, 4.11 25.87, 6.83 6.11 10.16
Fayetteville 19.75, 5.21 9.17
Haynesvile 20.75, 5.48 17.51, 4.63 3.44 2.90
Marcellus 16.76, 4.42 5.20, 1.37 3.27 1.01
Niobrara 2.60, 0.68 5.68, 1.50 1.25 2.73
Woodford 23.18, 6.12 8.37
) FracFocus Mean| Flowback and| Water Use | Produced Water| Water/Oil | Water Use /
Unconventional OJl . . : . .
Water Use Produced WatgIntensity (WUI)| Intensity (PWI) Ratio Oil Ratio
Bakken 7.96, 2.10 12.25, 3.24 5.31 8.17 0.36 0.24
Permian 3.99, 1.05 3.16 0.17
Monterey-Tembloy  0.50, 0.13 14.30, 3.78 2.69 76.43 3.22 0.11
Eagle Ford 16.34, 4.31 22.75, 6.01 8.18 11.38 0.56 0.40
Niobrara 432, 114 8.04, 2.12 3.66 6.79 0.44 0.24
Woodford 13.35, 3.52 12.25 1.27

Table 13 Copy of Table 2 from the main body of the paper utilizing mean
valuesil UOOwUT T w$/ ZUWHUEEBOEUUWUI xOUUwhOUUI EEwWOI u
paper.(55)

Unconvenﬂopal Number of Wells| Total Water Use| el G'?S Vaitzl O_'I Total FP Wate
Gas Formation Production| Production
Barnett 16874 257.48, 68.02 23.44 46.62 209.24, 55.27
Eagle Ford 5846 91.02, 24.04 8.01 723.52 151.22, 39.94
Fayetteville 5850 115.57, 30.52 9.04 0.00
Haynesville 3172 65.83, 17.39 13.75 0.19 55.54, 14.67
Marcellus 8307 139.26, 36.78 30.41 47.59 43.20, 11.41
Niobrara 2281 5.94, 1.57 3.02 104.04 12.95,. 3.41
Woodford 2861 66.32, 17.52 5.58 29.58
UnconventpnalO Number of Wells| Total Water Use IRl G?S Total O_" Total FP Wate
Formation Production| Production
Bakken 9704 77.29, 20.41 1.97 2065.16 | 118.92, 31.41
Permian 9857 53.26, 14.06 5.24 1915.64
Monterey-Tembloy 703 0.59, 0.15 0.02 32.69 16.73, 4.41
Eagle Ford 7156 116.95, 30.89 3.19 1829.58 | 162.84, 43.01
Niobrara 2418 17.24, 4.55 1.97 456.04 32.02, 8.45
Woodford 680 9.08, 2.39 0.48 44.88

12



2. FracFocus Yearly Data

31T 1T w$/ 7 UwwU E E350sHimitedudtkelydats 20d1 and 2012. Because of this

limitation and to get a better grasp on the change of water use with time, data was

EEEI Ewi UOOwW20a3UuUU00T z U whitgriobkinged rddisaa&lugdouE EUEEEUI &
fracture water used per well, the changes between years were in most cases minimal,

allowing us to assume that the median for each year was (20052015), allowing us to

calculate total water use.
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Table 14: Tables of the median water use for hydraulic fracturing

as reported

by FracFocus in the EPA report (2011-2012)55) and SkyTruth (2013) (56). Note, not
enough data was present to get meaningful medians for oil wells in the Woodford
formation during 2011 and 2013.

Oil Wells Median Water Use (FracFocus) (Million Liters per well)

Date Bakken |Eagle FordMonterey-Temblof Niobrara | Permian | Woodford
2011 6.62 14.64 1.05 2.3 2.46
2012 7.83 15.06 0.3 1.58 3.25 7.79
2013 7.68 16.39 0.26 291 3.44

Oil Wells Median Water Use (FracFocus) (Million Gallons per well)
Date Bakken | Eagle FordMonterey-Temblof Niobrara | Permian | Woodford
2011 1.75 3.87 0.28 0.61 0.65
2012 2.07 3.98 0.08 0.42 0.86 2.06
2013 2.03 4.33 0.07 0.77 0.91

Gas Wells Median Water Use (FracFocus) (Million Liters per well)
Date | Barnett Eagle Ford Fayettevillg HaynesvilleMarcellug Niobrara| Woodford
2011 14.27 13.93 18.85 20.1 16.46 1.51 21.27
2012 12.87 13.62 20.81 19.83 15.55 1.51 25.96
2013 16.42 13.32 23.01 16.42 16.35 1.51 23.01
Gas Wells Median Water Use (FracFocus) (Million Gallons per well)

Date | Barnett Eagle Ford Fayettevillg HaynesvilleMarcellug Niobraral Woodford
2011 3.77 3.68 4.98 5.31 4.35 0.4 5.62
2012 3.4 3.6 5.5 5.24 4.11 0.4 6.86
2013 4.34 3.52 6.08 4.34 4.32 0.4 6.08
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Figure 30: WUI calcu lations for each unconventional gas formation.  There is
not a major change in WUI with respect to time in any of the formations, with the
Fayetteville having the most dramatic increase from 8.75 to 10.69.
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Figure 31: WUI calcul ations for each unconventional oil formation.  The only
major change in WUI is found in the Monterey -Temblor formation, with a decrease in
WUI from 5.61 to 1.39 from 2011 to 2012.
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(oil vs. gas) seeTable 14 for breakdowns of the dominant production form.
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Figure 33 Map of FP water production per well for all major formations
reported in this study. Values reported in mixed formations represent the dominant
production form (oil vs. gas) see Table 14 for breakdowns of the dominant production
form.
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Table 15: Percentages of wells from drilling info listed as oil or gas.

Eagle Ford Split
55% Oil
45% Gas

Niobrara Split
64% il
36% Gas

Woodford Split
19% il
81% Gas

4. WOR as a function of time

4.00 4+ Bakken -ll-Eagle Ford -@-Niobrara -&-Monterey-Temblor
3.50 -
3.00 -
=2.50
2
e« 2.00 -
o
=150
1.00
0.50 WO
* ¢ 9o o o ?
0.00 I I I T |
0 2 4 6 8 10
Years Since First Production

Figure 35 Water/Qil ratio (WOR) reported as a funct ion of time. In the Bakken,
Eagle Ford, and Niobrara formations, WOR stays steady, while in the Monterey -

Temblor, WOR increases with time.
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5. Individual formation type curves

Per well production through time for each of the plays included in this study . In
some cases water use data was not reported and for the report taken from other sources.
In the example of the Marcellus, produced water was unavailable from DrillingInfo, (64)
but other sources(11, 66)reported values cumulatively, which were included in the total
production table included in the main text of the paper. In these cases, production of FP
water was not included in the graphs shown below. In the case of the Permian and
Barnett plays, data from Drillinglnfo was used to plot the decay curves of FP water
shown below, despite our inclusion of average values from the literature in the main

analysis.
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Figure 36: Individual type curve for oil producing formations.
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6. Estimation of water use

Surprisingly, no total well count or history of drilled wells exists for an y of the
major oil and gas producing formations/basins. Instead, data exists in short snapshots
from a number of different sources. Previous studies have used numbers obtained from
FracFocus(23, 24, 52jndependent reporting companies such as IHS,(22-24, 53)while
others have used data from state government offices(11, 58)In each case though, data
was reported as a subset of years and no information on the total number of wells
drilled and producing is available. To get an accurate well count, data from multiple
sources was used and where available spilt into the number of new wells per year (Table

15).(55, 66, 67, 71, 74, 90)
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Table 16: Estimates of water use between 2012 and 2014. Data was taken
mainly from the Baker and Hughes well count dat abase(74)North Dakota Oil and
Gas Division, (67)and FracFocus(55, 56)Estimates of percentages of oil and gas wells
are based onTable 15. Because we were unable to find a well count for 2014 in the
Permian Basin and the Monterey -Temblor Formation, the average for the
Unconventional Oil total water use was only based on 2012 and 2013.

Well Counts (Baker and Hughes except Bakken (from ND state) Permian and Monterey-Temblor (from FracFocu

Date | Woodford Barnett Niobrara| Eagle ForgFayettevillg HaynesvillgMarcellug Bakken | Permian| Monterey-Temblo
2012 578 2032 1778 3806 708 512 1938 1050 6500 583

2013 597 1602 1540 4400 638 479 2182 2515 4353 517

2014 575 1089 1202 4709 540 460 2087 2104

Water Use per well (million liters)

Use Gag 23.77 14.42 1.51 13.70 20.06 19.45 16.12
Use Qil|  7.79 1.32 15.06 7.49 3.06 0.30
Ratios
% Gas 81% | [ 36% | 45% | [ [ [ [ |

Gas Yearly Water Use (million liters)

2012 11101 29301 978 23443 14202 9958 31241
2013 11466 23101 847 27101 12798 9317 35174
2014 11044 15703 661 29005 10832 8947 33642

Qil Yearly Water Use (million liters)

2012 864 1492 31549 7865 19890 175
2013 893 1293 36472 18837 | 13320 155
2014 860 1009 39034 15759

Total Water (billion liters)

Gas Qil
2012 120.22 61.83
2013 119.80 70.97
2014 109.83 56.66
|Average | 116.62 | 66.40 |

7. Energy Content of Oil and Gas

In addition to using the energy content of total oil and gas produced, other a ssociated oil
and gas was assumed to be produced. For wells classified as gas producing by

Drillin ginfo and state government sources, some associated oil production was listed.

This oil was assumed to have an energy content of 85% of crude oil: 5.1577 GJ/L (4.8883 x

10 BTU/BBL).(23) When wet gas is produced, the entire wet stream does not make it
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through processing, but a small fraction is converted to condensate or natural gas

OPZUPEUwWm- &+ UAWDOWEwWx UOEIT UU wEIEWR® ERuUIT 2UBDDEWD U B Qu
from 10% in the case of associated gas in oil wells to 25% of the value of wet gas stream

in natural gas wells. (23) Typically, a volume of 0.14 BBL/MCF (6 gallons/MCF) of NGLs,

having an energy content of 4.0621 GJ/BBL (3.85 x®@BTU/BBL) are created during

production. (113)

8. Total Production and Water Use

T OOPwPk]l WEI UEPOWEUOUOEUDPYI! wODP OwErditgw! EVUwx UOEUEU
productivity report (154)and compare it with total water use for each formation/basin

included in this study. In almost every case, total water use closely mirrors the total

production of each formation/basin.
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Figure 38 Total oil and gas production coupled with total water use for each of

the formations and basins included in this study.
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Table 17: Percentages of Horizontal, Vertical, and Directional wells.

Data was

acquired from Gallegos (2015) (60) using the method established in section 1 of this SI.

Formation/Basin |Horizontal|Vertical|Directional
Bakken 100% 0% 0%
Barnett 65% 33% 1%
Eagle Ford 92% 7% 1%
Fayetteville 95% 5% 0%
Haynesville 76% 17% 6%
Marcellus 58% 41% 1%
Monterey-Temblof 5% 49% 46%
Niobrara 35% 26% 39%
Permian 17% 79% 4%
Woodford 70% 27% 3%
o —111ne  Bakken Formation
7 60 -
2
= 50
=1
= 40 -
%— 30 -
2
220 —
& 10
0 .
0 20
Original Water Use (Million Liters)

Figure 39: Scatter plot of FP water (x-axis) vs. water use (y-axis) in the Bakken
Formation based on ~42,000 data points obtained directly from the North Dakota Oil
and Gas Division. (67)
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Appendix B : Supplementary Information for Chapter 3

Introduction
%DT UUTI UwUT OPOwWwPOwUT PUw2 ( wkbl Ul wEUT EUI EwUUDOIT
Desktop application (64). The graphs generated forFigure 40 and Figure 41 were created
by downloading monthly production data for each well withi n a target formation which
was horizontal and produced oil/gas. For the Eagle Ford formation, we compiled and
downloaded one data set for oil producing wells and one data set for gas producing
Pl OOUB w# EUEWEOPOOOEEIT Ewi UOOw#hadididmatoh ¢nGhe Oz Uw# 1 U
well identification code (API number), month production data was from and oil, gas,
and water generation that month. Using pivot tables in Microsoft Excel, we were able to
normalize production for each well to the same start point, creating a database of
production information for each unique well based on APl number containing oil, gas,
or water production on a month to month basis. Using that information we took either
the mean or median of each month using available data from eachformation. The
number of unique APl numbers providing information in any given month of
production is shown in Figure 42. Using STATA statistical software package, we then
generated histograms of the first 6 months of production, highlighting the right skewed
distribution of the data ( Figure 43).
Temporal salinity data was taken from a number of sources, and then used to

estimate a curve representing the percentage of final TDS assuming the latest reported
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TDS values in each data string represented the maximum value that string would
eventually reach (Figure 44).
Sources of Error

'l EEUUI whpl OOWEEUEwWPUwWUI xOUUI EwUUDOT WEEOI OEE
production reported may notre x Ul Ul QUWE wi UOOwOOOUT z UwbOUUT wodi u
example, a well beginning production on September 28 would report production from 3
EEAUOQwWUT T wl WOT OQwl NUT OWEOEwt YUT OWEUwWUT T w?2 UOUEOW
production September 1would Ul x QUU WE wi UOOwt YWEEaA Uz wbpOUUT wodi u
source of error is exhibited in the decline curves pictured in Figure 40and Figure 41 for
the Barnett, Eagle Ford Oil and Gas, and the Haynesville formation where month one
begins low, peaking in month 2 and declining from there ( Table 20). The literature
shows that production is characterized by high flow rates in the first month after
hydraulic fracturing, followed by a stea dy decline in the rate of production with time
(Figure 46), indicating that the Iull shown in month one for the formations shown above

is due to this difference in reporting time.
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Appendix B: Figures
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Figure 40: Decline curve analysis for each of the formations in this study
showing oil (Bbl) and gas (MCF) monthly production as a function of time. Monthly
xUOEUEUPOOWEEUEWEOPOOOEET Ewi UOOw#UDPOODPOT ( O 6z U
blue while median dat a is shown with a dark green line and mean data is shown with
a black line. (64) Median bootstrap confidence intervals are shown in light green,
while mean bootstrap confi dence intervals are shown in purple.
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Figure 41: FP water decline Curve analysis for each of the formations in this
study. Data are reported as combined flowback and produced water (million liters)
per month except in the case of the Marcellus formation, where data was only
EYEDOEEOI wOOwEwal EUCAWEEUDPUB W, OOUT GawxUOBEUEUDO
Type Curve tool is shown in light blue while median data is shown with a dark green
line and mean data is shown with a black line. (64) Median bootstrap confidence
intervals are shown in light green, while mean bootstrap confidence intervals are
shown in purple.
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Figure 42: Count of wells with production data.  In each case, there were only a
small number of wells reporting data for longer periods of time. Because of this, the
bootstraps and our estimates of EUR had to be truncated because of a lack of reliable
data.
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Figure 43: Histogram of cumulative water production in months 1 through 6 in
the Bakken formation. Frequency on the y-axis shows the number of well records
falling under each category. This histogram is representative of al | of the formations
and because of this; medians are reported in addition to the means because of the
non-normal distribution of the data.
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Figure 44: Graphs of percent of final TDS as a function of time.  The
percentage of final TDS was calculated using only the data strings where 90+ days of
EEVUEwPI Ul wEYEPOEEOI WwEOEWEUUUODPOT wUOT E0wUT 1T wOERD
time period was the highest it would reach in that case. In most of the cases with
more than 90 days of data, the is a sharp increase in TDS representing the quick
transition from flowback to produced water, followed by a period of leveling off with
TDS slightly increasing with time. In graph A on the left we plotted all data
normalized by percent and used a lo garithmic trendline to estimate a line of best fit.
That line is shown in graph B on the right along with individual well data set info
from each of the Barnett (dash and dot) and Marcellus (dashes).
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Appendix B: Table s

Table 18 FP water, oil, and gas production median, mean and confidence
intervals. FP water (top table, million liters per well) and Oil (bottom table gray (Bbl
per well)) and Gas (bottom table, million MCF per well) derived usi  ng the median
@?, | EPEOW6EUI U2 Ow?, 1 EPEOQw. &2 AOQwOl EQwp?, 1 EQwWbPE
month 24 and displaying the 95% bootstrap confidence intervals. Data from oil
producing formations have their cells within the table shaded grey, while gas
producin g formations had their cells left white.

Table A: FP Water (Million Liters per well)

Basin Median Water | Median Cl 2.5% | Median Cl 97.5% |Mean Water Mean Cl 2.5% Mean C1 97.5%
Bakken 0.0715 0.0683 0.0751 0.1945 0.1711 0.2213
Barnett 0.1016 0.1140 0.0751 0.2251 0.2015 0.2527
Eagle Ford Gas 0.0374 0.0355 0.0396 0.1334 0.1014 0.1753
Eagle Ford Qil 0.1200 0.1102 0.1297 0.7003 0.6135 0.7958
Haynesville 0.1052 0.1014 0.1092 0.1514 0.1403 0.1683
Niobrara 0.0258 0.0238 0.0286 0.1139 0.0508 0.2387

Table B: 0il/Gas [Million Bbl (grey) Million MCF {white))

Basin Production Type| Median OG Median Cl 2.5% [edian Cl 97.5] Mean OG Mean C1 2.5% | Mean Cl 97.5%
Bakken ail 0.0018 0.0018 0.0019 0.0024 0.0023 0.0025
Barnett Gas 0.0103 0.0098 0.0107 0.0125 0.0121 0.0130
Eagle Ford Gas Gas 0.0150 0.0146 0.0154 0.0188 0.0182 0.0194
Eagle Ford Qil oil 0.0026 0.0025 0.0028 0.0083 0.0076 0.0092
Haynesville Gas 0.0378 0.0367 0.0389 0.0470 0.0456 0.0434
Marcellus Gas 0.0373 0.0363 0.0383 0.0478 0.0466 0.0491
Niobrara 0il 0.0009 0.0008 0.0010 0.0011 0.0010 0.0011

Table 19: Estimates of maximum TDS in each formation. (31, 86)

Formation TDS (mg/L)
Bakken 350,000
Barnett 90,000
Eagle Ford 50,000
Haynesville 120,000
Marcellus 250,000
Monterey 20,000
Miokrara 40,000
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Table 20: The average number of days reporting data in the first 2 months of
well production , taken from the DrillingIinfo database (64). Because on average,
month one only includes 16 -18 days compared to 28 for the next month, the first
month production data is lower than would be expected if month 1 included

a full
OOO0UT zUwPOUUT woOi wxUDBEUEUDOOS

Basin Month 1 Average |Month 2 Average
Days Producing Days Producing
Bakken 16.1 26.4
Miobrara 18.3 27.9
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Appendix C: Supplementary Information for Chapter 4

Tables:

Table 21: Production volumes in unconventional gas producing formations.

Estimates of well count, median values for water use, ga s, oil, and FP production per

well from each of the gas producing

regions. Marcellus data was available on a year
by year basis from 2011-2016, and thus all Marcellus FP water data is reported as 12
month cumulative production. EUR estimate was calculated by assuming that the first
12 months of production represent approximately 35% of total well production. Note:
this calculation is simple model of estimating ultimate recovery; performing decline
curve analysis can give a much more realistic estimate for u Itimate recovery.

Water  Gas Oil ‘Water Use WaterUse ~ Waste Water
Fomation!  Year| Well Comnts’  Waterise (m]::s'zf g UselLaterl Production  Production FP,W““ Intensityfor | Infensityfor Al Infensity for Uv::::s w;:;::::/rp
Length  (m'/well)  (m'/well) (@sel) At Products Products All Products
New Wells/ First 12 First 12 First 12 /GI)EUR GJ) First 12 'GJ) First
Year (ms/weﬂ) Lateraflenelt (mJ,'m) Months Months Months a;ls;?nate (Um’()mﬂns (:;miznﬂns ¥/’ ¥’
EF (gas) 2011 17870 1481 1207 15242778 3878 1414 497 1420 150 0.0012 0.08
EF (gas) 2012 1966 13360 1509 8.85 14457709 5716 5233 533 1523 5.84 0.0009 039
EF (gas) 2013 2230 13652 1560 875 14281182 6095 6725 5.56 15.88 747 0.0010 049
EF (gas) 2014 2503 14207 1601 893 16589949 8436 7822 6.54 18.69 7.18 0.0009 0.53
EF (gas) 2015 1639 20363 1705 11.94 16706969 8199 8082 755 2156 743 0.0012 040
EF (gas) 2016 973 23457 1838 12.76 15706876 7591 6940 925 26.43 681 0.0015 0.30
Haynesville 2011 1355 50437884 2 5046
Haynesville 2012 461 23943 1367 17.52 52988690 8 5728 321 9.18 220 0.0005 024
Haynesville 2013 397 20359 1381 1474 51670939 54 6495 280 8.00 2355 0.0004 032
Haynesville 2014 467 27804 1533 18.13 63924709 57 7189 3.09 8.84 228 0.0004 026
Haynesville 2015 340 32328 1616 20.00 66659050 30 6223 345 986 0.00 0.0005 0.19
Haynesville 2016 251 38777 1795 3275 103750235 17 11509 4.03 11.52 0.00 0.0006 020
Marceltus 2011 23401 1199 19.52 23401825 129 567 7.09 2025 049 0.0010 0.02
Marceltus 2012 1938 27703 1263 2193 25178817 241 1054 778 223 085 0.0011 0.04
Marceltus 2013 2182 25955 1374 18.89 33487037 231 1342 549 15.68 081 0.0008 0.05
Marceltus 2014 1649 26995 1567 1722 40459299 168 1564 473 1353 0.78 0.0007 0.06
Marcellus 2015 1210 33357 1692 1972 42624373 210 2204 555 15.86 1.05 0.0008 0.07
Marcellus 2016 720 27958 1674 16.70 46967448 188 820 422 12.07 033 0.0006 0.03
Permian (gas) 2011 4897 1125 435 10037966 3243 14233 im 10.61 1671 0.0005 291
Permian (gas) 2012 82 4868 1186 410 9605002 3990 15680 338 1023 2922 0.0005 322
Permian (gas) 2013 150 5531 1275 434 12585005 6427 30372 289 826 4274 0.0004 549
Permian (gas) 2014 232 7277 1357 536 16291646 10863 44084 264 7.55 4335 0.0004 6.06
Permian (gas) 2013 334 23812 1419 16.78 15804390 14005 60031 737 221 55.61 0.0015 252
Permian (gas) 2016 358 42560 1454 2927 11600062 9362 74471 19.88 56.79 46.40 0.0037 1.75
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Table 22: Production volumes in unconventional oil producing formations.
Estimates of well count, median values for water use, gas, oil, and FP production per
well from each oil producing region. Water use in tensity, waste water intensity, and
water use/gas and water use/FP water ratios for oil producing regions. The EUR
estimate was calculated by assuming that the first 12 months of production represent
approximately 35% of total well production. Note: this ¢ alculation is simple model of
estimating ultimate recovery; performing decline curve analysis can give a much more
realistic estimate for ultimate recovery.

Water Use WaterUse ~ Waste Water

Fomation| Yedr Well Counts WaterUse (mt:;:/‘: . w"i‘:;:"“" ::/::0 :;if::)mm ::,7::‘ Fafensity for | Inteniarty tor Al Intesity for 1?: :;gu ;;Z(TJ::
All Products Products __ All Products

Werl::/‘;ea( (mwel) Laterallength  (mm) First12Months First 12 Months 3’:‘:‘:‘25 ag:'zik M:i:;;' 12 (:‘2’3:;: o PO
Baken 2011 7166 2820 253 1672815 11534 6909 502 1433 fE) 062 096
Bakken 2012 2086 8047 2836 279 1733470 11292 8415 s 1633 17.08 o7 105
Bakken 2013 2254 8655 2892 299 2084329 12098 8673 5.66 16.16 1619 07 100
Bakken 2014 2450 11381 2907 39 2527657 13306 11382 667 19.07 1907 056 100
Bakken 2015 1483 13661 2018 168 3364531 15031 11603 692 1976 1678 091 085
Bakken 2016 T3 21128 2030 721 49132 19275 17215 821 2346 19.12 110 081
EF(o) 2011 16028 165 974 3025393 119 2302 569 2484 357 113 014
EF(ei) 202 182 19110 1656 1154 3343152 15115 6200 964 2754 595 126 032
EF(el) 2013 2165 20856 1701 1226 3067998 15235 §752 1059 3026 1270 137 042
EF(el) 2014 1778 5112 1819 1381 2763309 15638 15035 1265 36.15 2165 161 060
EF(l) 2015 9% 31071 1937 1604 4337256 7 16843 1348 385 2088 181 054
EF(ol) 2016 457 33492 1905 17.58 3647558 18530 15119 1403 1008 1809 181 045
Niobrara (o) 2011 5997 111 796 1208081 3620 1950 1599 3998 580 195 02
Niobrara (oil) 2012 1217 9682 1165 831 3181421 6470 17132 0.3 un 487 150 0.8
Niobrara (oil) 2013 933 10324 21 851 3630709 6399 1858 933 2666 480 150 018
Niobrara (oil) 2014 1814 13971 1301 1074 4351698 8022 w2 1075 3073 597 174 019
Niobrara (oil) 2015 1347 16570 1389 1193 3583746 8047 277 13.49 3854 692 206 018
Niobrara (oil) 2016 959 2296 1569 1421 6069352 812 3080 1422 2062 561 2.8 0.4
Permian (oi) 2011 1597 1260 389 2270328 4763 9188 661 1887 3541 103 158
Pemian(ol) 2012 1009 1568 1277 381 2188679 6251 15710 526 1502 1848 078 323
Pemmian(oil) 2013 1487 5531 1316 420 2048968 002 18943 465 1329 5.5 067 34
Pemian(ol) 2014 2319 72717 1373 530 3783074 11857 21889 437 1248 267 061 342
Pemian(oil) 2015 2070 3802 1480 1608 4738420 15408 20048 1108 3167 3863 155 12
Pemmian(oil) 2016 1977 42560 2013 14 6058063 18788 36217 1608 1595 39.10 227 085
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Table 23: Example calculation for future production estimate, business -as-
usual scenario. This data set was used to generate Figure 51 A and C. Water use slope
is the maximum difference between two consecutive years of production. In the case
of the Bakken, water use in 2016 was 21,128 n#/well and wat er use in 2015 was 13,661
ms3/well ( Figure 48). The difference between those two, 7,467 m3/well is the slope, or
maximum amount of change seen in water use over a one -year period.

Region Bakken Eagle Ford (oil)  Niobrara Permian (oil) | Eagle Ford(gas)  Haynesville  Marcellus  Permian (gas)
Slope (additional wells per year) 0 0 0 0 0 0 0 0
2016 Well Count 738 457 959 1977 973 251 720 358
2016 Water Use (m?) 21128 33492 22296 42560 23457 58777 27958 42560
2016 FP Water (m’) 17215 16843 3080 36217 8082 7189 2204 74471
Water Use Slope (m*well/year) 7467 5959 5726 18749 6067 4524 6362 18749
FP Water Slope (ms’/well/year) 5612 6283 854 5945 260 695 640 15947
2018 738 457 959 1977 973 251 720 358
2019 738 457 959 1977 973 251 720 358
. 2020 738 457 959 1977 973 251 720 358
§ 2021 738 457 959 1977 973 251 720 358
E 2022 738 457 959 1977 973 251 720 358
; 2023 738 457 959 1977 973 251 720 358
% 2024 738 457 959 1977 973 251 720 358
L_D,. 2025 738 457 959 1977 973 251 720 358
g 2026 738 457 959 1977 973 251 720 358
g 2027 738 457 959 1977 973 251 720 358
= 2028 738 457 959 1977 973 251 720 358
2029 738 457 959 1977 973 251 720 358
2030 738 457 959 1977 973 251 720 358
2018 24 21 23 108 23 15 21 27
— 2019 28 24 24 119 24 15 22 32
HE 2020 32 27 25 131 24 15 22 38
gg 2021 36 30 25 143 24 16 22 44
Ej 2022 40 33 26 155 24 16 23 435
2 2023 45 35 27 166 25 16 23 55
% 2024 43 38 28 178 25 16 24 61
% 2025 53 41 29 190 25 16 24 67
-2 2026 57 44 30 202 25 17 25 72
:_; 2027 61 a7 30 213 26 17 25 78
5 2028 65 50 31 225 26 17 26 84
2029 69 53 32 237 26 17 26 89
2030 74 56 33 249 26 17 27 95
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Table 24: Example calculation for future production estimate, future growth
scenario. This data set was used to generate Figure 51 B and D. Slope is the maximum
EDi i1 Ul OEl wel UP1 1 OwUPOwWEOOUI EUUDYI wal EUUZwPOUU
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