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supplemental water in regions where limited freshwater sources can affect agricultural production. This paper
assesses the potential for developing PW as a water source for agriculture in the Anadarko basin, a major oil and
gas field spanning parts of Kansas, Oklahoma, Colorado, and Texas. From 2011 to 2019, assessment of state oil
and gas databases indicated that PW generation in the Anadarko Basin averaged 428 million m®/yr. A techno-
economic analysis of PW treatment was combined with geographical information on PW availability and
composition to assess the costs and energy requirements to recover this PW as a non-conventional water resource
for agriculture. The volume of freshwater economically extractable from PW was estimated to be between 58
million m® per year using reverse osmosis (RO) treatment only and 82 million m® per year using a combination of
RO and mechanical vapor compression to treat higher salinity waters. These volumes could meet 1-2 % and
49-70 % of the irrigation and livestock water demands in the basin, respectively. PW recovery could also
modestly contribute to mitigating the decline of the Ogallala aquifer by ~2 %. RO treatment costs and energy
requirements, 0.3-1.5 $/m® and 1.01-2.65 kWh/m?, respectively, are similar to those for deep well injection.
Treatment of higher salinity waters increases costs and energy requirements substantially and is likely not
economically feasible in most cases. The approach presented here provides a valuable framework for assessing
PW as a supplemental water source in regions facing similar challenges.
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A. Echchelh et al.
1. Introduction

Oil and gas (O&G) extraction generates large volumes of produced
water (PW), a mixture of formation water, initially present in the pe-
troleum reservoir, and water injected for oil and gas recovery and hy-
draulic fracturing (Engle et al., 2014). By volume, PW is the largest
byproduct associated with O&G extraction (Veil, 2015). The United
States produced an estimated 3.9 billion m® of PW in 2017, which rep-
resents an increase of 18 % compared to 2007 volumes.

The High Plains region is a major contributor to PW generation, with
three states (Texas, Oklahoma, and Kansas) contributing 41 %, 12 %,
and 5 %, respectively, of the nationwide PW volume generated in 2017
(Veil, 2020). While 25-45 % of PW generated in these states is reused in
O&G applications (Veil, 2020), the industry has limited capacity to in-
crease this volume. Most of the remaining PW in the region (36 %, 42 %,
and 75 %, in Texas, Oklahoma, and Kansas, respectively) is disposed of
by injection into deep disposal wells. This process is both energy and
carbon intensive and represents a significant share of the total operating
cost of an O&G field (Stefanakis et al., 2018). Moreover, injecting PW
into deep disposal wells contributes to increased environmental risks
from induced seismicity (Pollyea et al., 2019; Walsh and Zoback, 2015)
and groundwater contamination (Hagstrom et al., 2016). Finally, deep
disposal wells have a limited absorption capacity, and increasingly
stringent regulations limiting injected volumes and PW disposal permits
to mitigate their negative environmental impacts are forcing O&G firms
to seek alternatives to PW disposal (Ground Water Protection Council,
2019).

Outside of the O&G sector, PW has multiple potential uses, including
agriculture, aquaculture, environmental restoration, mining, construc-
tion, fire control, snow control, and domestic water supply (Echchelh
et al., 2021). Of these options, PW reuse in agriculture is particularly
relevant in the High Plains, where the economy and land use are
dominated by the agri-food and O&G industries (McMahon et al., 2007;
Scanlon et al., 2020). Texas, Oklahoma, and Kansas are leading states for
grain and livestock production (National Agricultural Statistics Service,
2017). However, the future of agricultural production in this region is
compromised by declining water levels and quality in the Ogallala
aquifer, the area's major groundwater resource (Lauer et al., 2018).

Increasing PW recovery is key to improving the water footprint of oil
production in water-scarce regions like the High Plains (Shahbaz et al.,
2023). High volumes of PW from O&G development in this region
provide a unique opportunity to transform a waste stream (PW) into a
valuable resource. PW is generated throughout the region, with many
O&G fields located in or near farm and pasture lands. This reduces the
costs of PW transport and provides a consistent demand for treated
water. In addition, using PW for agricultural irrigation and livestock
watering reduces the negative environmental externalities of PW deep-
well disposal (e.g., pressure-induced seismic activity, contamination of
potable groundwater) and could reduce groundwater mining.

Despite the potential advantages, reusing PW in agriculture poses
technical challenges related to the quantity and quality of PW and
questions of environmental sustainability and financial viability. The
volume of PW generated must be compared to agricultural water de-
mands at the regional and local levels, but the best estimates of PW
volumes exist mostly at a state-wide level (Veil, 2015; Veil, 2020). In a
recent study, Scanlon et al. (2020) assessed the significance of PW vol-
umes from major unconventional O&G basins across the United States,
including some in Oklahoma and Texas. They found that the volume of
PW generated in 2017 from unconventional O&G basins would repre-
sent only a fifth of the irrigation water demand but four times the vol-
ume of water used for livestock in these basins. However, this study did
not consider PW generated by conventional O&G production and
included only a portion of the Anadarko Basin — one of the largest 0&G
fields in the High Plains (Higley et al., 2011). Dolan et al. (2018) also
assessed that PW reuse in Colorado could significantly affect irrigation
demand in some areas.
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The only current large-scale reuse of PW for irrigation has been in
California, where low-salinity PW has been blended with surface water
for over two decades (Kondash et al., 2020; Mahoney et al., 2021;
Redmon et al., 2021). While the blended water was similar to local
groundwater, irrigation increased the soil salt content. Further, the PW
use increased boron soil content, which can be toxic to plants (see
Supplementary Material, Table S1). However, PW in the Anadarko Basin
is typically much more saline than the PW used in the California study.
To mitigate the effects of salinity and sodicity buildup from PW use on
soil quality (Kondash et al., 2020; Miller et al., 2020), as well as the
potentially toxic effects of boron and other constituents on crop yield,
PW will have to be treated to match irrigation water quality re-
quirements (Al-Ghouti et al., 2019; Dolan et al., 2018; Geza et al., 2018;
Ma et al., 2018; Myers, 2014; Plumlee et al., 2014). Unlike irrigation,
livestock watering does not involve contact between water and soil;
therefore, there is limited soil and groundwater contamination risk for
this type of PW reuse. Moreover, livestock can tolerate relatively high
salinity compared to most crops (see Supplementary Material, Tables S1
and S2).

Beyond salt management, PW treatment will be required to ensure
the removal of individual constituents, both inorganic and organic, that
can exceed threshold values recommended in the United Nations' Food
and Agriculture Organization irrigation water quality guidelines (Alley
et al., 2011; Beletse et al., 2008) and the Clean Water Act's Subpart E of
40 CFR Part 435 for livestock watering (Pichtel, 2016). Recent studies
have assessed potential processes for treating PW to achieve beneficial
reuse (Al-Ghouti et al., 2019; Cooper et al., 2022; Dahm and Chapman,
2014; El-badawy et al., 2022; Guerra et al., 2011; Samuel et al., 2022).
In addition to the technical challenges involved in treating the water to
acceptable quality standards, the cost and energy requirements of this
treatment are critically important in determining the viability of the
recovery process (Amakiri et al., 2022).

Previous assessments at other locations have found a wide range of
potential costs for PW upgrading for agricultural use. Although Meng
et al. (2016) estimated that it would cost $0.19-0.36,/m"° to upgrade PW
of <25,000 mg/L total dissolved solids (TDS) to a potable level using
desalination in California, crops do not need to be irrigated with
potable-grade water (Shaw et al., 2011). Dolan et al. (2018) estimated
an annualized cost range of $2.32-3.21/m® to reuse PW for irrigation in
Colorado; a cost that falls between the price for private and commercial
PW disposal. A regional-scale study conducted in Queensland, Australia,
estimated the cost of treating coalbed methane (CBM)-PW for irrigation
purposes at AU $1.24/m°>. This treatment cost assumed an investment of
AU $800 million for building a water treatment plant with a lifespan of
20 years (Monckton et al., 2017). However, CBM-PW is generally of
higher quality than conventional O&G PW, which would be more
expensive to treat. Other studies found that using a small-scale treat-
ment unit (300 m®/day) to treat PW for the irrigation of halotolerant
crops would cost $0.46-1.09/m° in Qatar (Echchelh et al., 2020) and
$0.32-0.75/m? in Oman (Echchelh et al., 2021). Lastly, it was found
that desalinating PW from the Marcellus Basin using electrodialysis to
achieve irrigation and livestock water quality standards was more
economical than reinjecting PW into deep disposal wells (Dickerson and
Mirabolghasemi, 2021).

The aim of this study is to examine the potential of treated produced
water to be used as a supplemental water source for agriculture in the
Anadarko Basin. The high levels of PW generation and existing strains on
groundwater supplies used for agriculture make this area a good test
case for examining the potential of PW recovery. Annual volumes of PW
generated from 2011 to 2019 were determined at the county level across
the 60 counties within the basin and compared to existing information
on agricultural water demand for irrigation and livestock watering to
quantify the potential impact of PW recovery on local agricultural water
demand. Estimates of the financial costs and energy requirements for
treating this PW to irrigation and livestock water quality standards were
developed using a treatment train consisting of general pre-treatment
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steps followed by desalination. These results on water availability,
composition, and treatment requirements were then used to provide a
framework for assessing the viability and advantages of PW recovery for
agricultural purposes across the Anadarko Basin.

2. Material and methods
2.1. Produced water volume and quality

The Anadarko basin includes parts of four states: Kansas (25
counties), Oklahoma (22 counties), Texas (11 counties), and Colorado (2
counties). Of these four states, only Colorado reports annual PW vol-
umes by county. PW volumes for Colorado were obtained directly from
the Colorado Oil & Gas Conservation Commission (COGCC, 2020).
While Kansas and Texas did not provide quantitative data about PW by
county, annual volumes of oil (Vo) and gas (Vgas) produced are avail-
able in each state at the county level. 0&G production values between
2011 and 2019 were obtained from the Kansas Geological Survey (KGS,
2020) and the Railroad Commission of Texas (RRC, 2020) and used to
estimate the annual production of PW (Vpy) as follows. First, gas pro-
duction was converted to oil equivalent — using a conversion factor of
181.59 barrels of oil equivalent per MMcf of gas (EIA, 2022a; Veil, 2020)
— and added to the oil production to obtain the annual oil equivalent
production by county (Eq. (1)). The average water-to-oil-equivalent
ratios (WOER) of Kansas and Texas were estimated using state-wide
oil (VoiD), gas (Vgas), and PW (Vpy) production data from 2017 as re-
ported in Veil (2020) (Eq. (2)).

Vow_ Vo + (Vs % 181.59) x WOER €h)

Vi
WOER — PW 2017 o)
Vit 2017 + (‘/ga.\' 2017 X 181-59)

where Vpyy is the estimated volume of PW generated by county in barrels
per year, Vp; is the annual volume of oil produced in each county in
barrels per year, and Vg is the annual volume of gas produced in each
county in barrels of oil equivalent per year.

0Oil production data by county was not available from Oklahoma.
Instead, the annual volumes of PW injected into deep disposal wells from
2011 to 2019 for each county were obtained from the Oklahoma Cor-
poration Commission (OCC, 2020). Veil (2020) reported that deep-well
injection accounted for 42 % of the total PW volume generated in
Oklahoma in 2017. County-level PW production for Oklahoma was thus
approximated by assuming that the injected PW volume was a constant
percentage (42 %) of total PW generation in each county.

The volume of PW available for agriculture use was estimated by
taking the estimated total PW generation and removing the volume of
PW already reused in the O&G industry. The share of the total PW
volume available for use was estimated at 59 %, 75 %, 55 %, and 54 % of
PW generated for Colorado, Kansas, Oklahoma, and Texas, respectively
(Veil, 2020). Because data were available only for the year 2017 for PW
management practices, the PW volume generated during the same year
was used to estimate the volume of PW available for agricultural use.

The quality of PW in each county of the Anadarko Basin was assessed
using the USGS Produced Water Geochemical Database, which includes
county information for each well (Blondes et al., 2018). All wells within
one of the 60 counties of the Anadarko Basin were selected for this
analysis. However, 12 of the 60 counties had no available water quality
data. While PW can contain many potential constituents impacting
water quality (e.g., dissolved hydrocarbons, organic chemicals, heavy
metals), there is limited information for many of these compounds in the
USGS database. Therefore, for this assessment, we focused only on
constituents that were measured in at least 50 % of the 2762 PW samples
collected in the Anadarko Basin. This included TDS, Na*, CI-, Mg?",
Ca2*, S0%~, and pH. For each water quality parameter, the number of
PW samples (n), minimum and maximum values, and the calculated
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mean and median values were determined for each county. The sodium
adsorption ratio (SAR) was calculated from Na*, Mg?*, and Ca?* con-
centrations. Water quality data and calculations are available in the
associated Mendeley data set (Table M1).

2.2. Agricultural water demand and quality requirements

We obtained annual groundwater and surface water withdrawals for
irrigation and livestock watering for each county in our study area for
2010 and 2015 from publicly available data on water use published by
the U.S. Geological Survey (USGS, 2018). These values were averaged
for each county to provide single values for irrigation use and livestock
watering (county-by-county values are available in the associated
Mendeley dataset, Table M2). Water quality requirements for irrigation
and livestock watering (see Supplementary Material, Tables S1 and S2)
were based on the most common crops grown and animals bred in the
study counties according to the 2017 Census of Agriculture (National
Agricultural Statistics Service, 2017). Threshold electrical conductivity
(EC) values were estimated from TDS using the TDS-to-EC correlation
factors reviewed by Rusydi (2018).

2.3. PW treatment assessment

Due to the lack of data regarding the contaminants other than TDS
and major ions in Anadarko Basin PW, a generalized treatment train was
chosen to address the removal of both organic and inorganic constitu-
ents to prepare the water for agricultural use (Fig. 1). In reality, not all
PW sources may need all of these processes. Nitrogen and phosphorus
removal was not addressed, as these constituents are typically present at
low concentrations in PW compared to agricultural water quality re-
quirements (Echchelh et al., 2018). The treatment trains presented here
were designed to achieve the salinity requirements for irrigation reuse
(see Supplementary Material, Table S1), which were more stringent than
those for livestock reuse. The selected technologies have all been
referenced and described in academic and technical reviews about PW
treatment (Dahm and Chapman, 2014; Drewes et al., 2009; Guerra et al.,
2011; Nasiri et al., 2017; Xu et al., 2016). Mature, field-proven, and
robust technologies were prioritized to reduce uncertainty regarding
their applicability to PWs of diverse quality. It was also assumed that
coarse suspended solids and oil removal had already been carried out by
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—— Flows of backwash water, saturated brine, sludge and solids that are not included in the model
Std: Flows generated through the standard desalination option (only RO is used)

Imp: Flows generated through improved desalination option (RO and MVC are used)

Adv: Flows generated through advanced desalination option (RO, MVC+Crystallizer, and MD are used)

Fig. 1. Suggested treatment trains to treat PW from the Anadarko Basin to
irrigation and livestock watering standards. GAC: Granular activated carbon,
MD: Membrane Distillation, MVC: Mechanical Vapor Compression, RO: Reverse
osmosis, UF: Ultrafiltration.
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the operator using an oil-water separator.

The generalized treatment scheme (Fig. 1) used for this assessment
can be broken into three stages: preliminary treatment, desalination,
and brine/concentrate management and disposal. Preliminary treat-
ment was designed to protect the desalination units by reducing PW
corrosivity, scaling, clogging, and fouling potential (Tong et al., 2019).
Chemical oxidation to oxidize iron, manganese, and non-volatile or-
ganics was followed by lime softening to remove scale-forming cations,
metal oxides, and boron. Ultrafiltration (UF) was included to remove
residual precipitated hardness salts remaining after softening and any
remaining suspended solids. Finally, granular activated carbon was used
to remove residual dissolved hydrocarbons and other dissolved organics,
including hydraulic fracturing chemicals.

To tackle the wide range of TDS concentrations in the Anadarko
Basin, three desalination technologies were considered, depending on
the TDS content of PW. Reverse osmosis (RO) was used for desalination
for PW with TDS content lower than 70,000 mg/L, mechanical vapor
compression (MVC) for PW with TDS content between 70,000-200,000
mg/L, and membrane distillation (MD) for PW with TDS content higher
than 200,000 mg/L (Fig. 1). The TDS threshold values for selecting the
desalination technologies were determined based on previous PW
desalination assessments (Ground Water Protection Council, 2019;
Onishi et al., 2018). MD is still an emerging technique in PW desalina-
tion and was selected because the applicability of MVC to PW of TDS
content beyond 200,000 mg/L remains uncertain (Onishi et al., 2018).
In contrast, MD has virtually no upper TDS limit of applicability and has
been successfully used to desalinate brines up to 300,000 mg/L of TDS
(Subramani and Jacangelo, 2015). The combination of chemical
oxidation, UF, and desalination processes was considered sufficient to
reduce any pathogen load in the PW to acceptable levels (Cordier et al.,
2020; Galeano et al., 2019).

Three different processes were modeled to determine the possible
extent of PW recovery for agricultural use. In the standard treatment
process, only water suitable for RO treatment (TDS < 70,000 mg/L) was
treated, with the RO concentrate and higher TDS PW disposed of by
deep-well injection. In the improved recovery process, water with TDS
between 70,000 and 200,000 mg/L and RO concentrate was treated by
MVC to increase overall recovery. Again, the highest TDS water, along
with the MVC concentrate, was disposed of by deep-well injection. To
achieve the highest possible level of water recovery, the advanced
treatment scenario added MD treatment for PW with TDS > 200,000
mg/L. Brine crystallization was also used to increase water recovery
from the MVC and MD concentrate streams before disposal.

Standard, improved, and advanced desalination scenarios were
evaluated for each county using 2017 estimates of PW volumes available
for agriculture. The volume of water in each TDS range (<70,000 mg/L,
70,000-200,000 mg/L, and >200,000 mg/L) was determined based on
the TDS distribution from wells within that county. Twelve counties
(Ford, Lane, Logan, Stanton, Wallace, and Wichita counties in KS; Greer
and Kiowa counties in OK; and Carson, Gray, Hutchison, and Moore
counties in Texas) where no water quality data were available in the
USGS database were excluded from the calculations. Water recovery,
operating costs, and energy consumption data for each scenario were
determined from literature values for individual treatment process steps
(see Supplementary Material, Table S3). Water loss in preliminary
treatment, which was common to all scenarios, was considered to be
minimal, and these processes were therefore set to 100 % water recov-
ery. For each treatment scenario, both a minimum model and a
maximum model were calculated. The minimum model used minimum
values for water recovery, OPEX, and energy use, while the maximum
model used the maximum values for all three parameters at each rele-
vant stage. The energy use and OPEX estimates included the disposal of
untreated PW and brine generated by PW desalination by deep-well
injection. Solid waste management (i.e., sludge and salt disposal) was
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not included due to a lack of available information. Water conveyance
and storage were not considered in the energy use and OPEX estimates,
as these parameters are similar across the different treatment trains.

3. Results
3.1. PW generation in the Anadarko Basin

Over the period 2011-2019, the average annual PW volume gener-
ated in the Anadarko Basin was ~428 million m?® (Fig. 2a). Oklahoma
contributed 61 % of the average annual PW volume generated during
this period, while Kansas and Texas represented 21 % and 18 %,
respectively. The volume of PW generated in Colorado has never been
significant at the scale of the Anadarko Basin and represented only 0.06
% of the average annual PW volume of the basin over the period
2011-2019. PW production in the Anadarko Basin reached its highest
level in 2014 at ~519 million m® and decreased to ~369 million m® in
2019 (Fig. 2a). Over the same period, oil price (Cushing, OK, WTI spot
price) peaked at $98 per barrel in 2013, that is, one year before peak PW
generation. Oil prices decreased dramatically from 2014 to 2016,
reaching a minimum price of $43 per barrel in 2016, before slowly
recovering to $57 per barrel in 2019. While the decrease in PW volume
started the same year as the oil price decline, PW volume did not in-
crease in 2018-19 as prices recovered (EIA, 2022b). A general decline in
PW production can be observed across the basin after 2014, but it was
not uniform.

Oklahoma was responsible for the majority of the fluctuation in PW
volume over the study period, with a difference of 140 million m>/year
of PW between the minimum in 2011 and the maximum in 2014. Texas
and Kansas PW volume fluctuations were modest, with variations of 52
million m®/year and 32 million m®/year between maximum and mini-
mum years, respectively. At the county level, eighteen of the 60 counties
saw increased PW generation ranging from 1 % to 479 % between 2014
and 2019, while 42 counties had decreasing PW production ranging
from —1 % to —99 % over the same period. Twelve counties averaged
>10 million m® of PW generation per year during the study period
(Fig. 2b). Seven of the highest ten counties for PW generation were in
Oklahoma, with the counties of Alfalfa and Woods alone representing
16 % and 8 %, respectively, of the average annual PW production over
this period (Fig. 2b). Geographically, these counties are primarily clus-
tered in north-central Oklahoma (Alfalfa, Dewey, Garfield, Grant,
Kingfisher, and Woods counties), north-east Texas (Wheeler and
Hemphill counties), and south-western Kansas (Stevens and Grant
counties) (Fig. 3a, b). Full data on PW volumes by county is available in
the Mendeley dataset, Table M3.

At the basin scale, the production of PW reached its highest level in
2014 at 519 million m®. Production generally rose from 2011 to 2014,
then declined rapidly in 2015 and 2016. By 2019, PW generation was
estimated at 369 million m?, the lowest value during our study period
(Fig. 2a).

After PW is separated from the recovered hydrocarbons, it is
managed through reuse or disposal options depending on location,
characteristics of the local O&G fields, and total PW volume. The O&G
industry currently recovers a significant portion of PW for reuse in O&G
operations (see Supplementary Material, Table S4). For this study, we
have assumed that industry reuse would be the lowest-cost option due to
minimal treatment requirements, so we considered PW recovered and
reused by the O&G industry to be unavailable for agricultural uses. This
assumption resulted in a peak volume of 301 million m® of PW available
for agricultural reuse in 2014, and an average of 254 million m® per year
over the period from 2011 to 2019 (see Supplementary Material,
Table S5), approximately 60 % of the total PW generated. County by
county data on PW availability are in the accompanying Mendeley data
file, Table M4.
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Fig. 2. Estimated volume of PW generated in the Anadarko Basin per year for the period 2011-2019 by state (a) and by county (b) for those counties that produced

>10 million m® of PW per year on average over this period.
3.2. Agricultural water use in the Anadarko Basin

Irrigation water demand was highest in the central (i.e., southwest
Kansas, western Oklahoma, and northwest portion of the Texas
panhandle) and western (i.e., southeast Colorado) parts of the Anadarko
Basin (see Supplementary Material, Fig. S1). Seventeen counties,
including 11 in Kansas, individually withdrew >100 million m® per year
for irrigation. At the other extreme, the eastern part of the Anadarko
Basin (i.e., central Oklahoma) had the lowest irrigation water demand,
with ten counties withdrawing annual water volumes as low as 2-5
million m®. At the basin scale, the volume of PW available for reuse was
very modest compared to the 4.6 billion m® of water used for irrigation
annually. Even at full recovery, the amount of PW generated would
account for <5 % of irrigation withdrawals in 31 of the 60 counties (52
%) and <25 % in 46 counties (77 %) (Fig. 3c). The primary exception
was in north-central Oklahoma, where high PW generation combines
with low levels of irrigation agriculture.

Unlike irrigation water demand, livestock water use was more evenly
distributed throughout the Anadarko Basin, with half of the counties
withdrawing between 1 and 3 million m? per year for this purpose (see
Supplementary Material, Fig. S2). Seven counties in the central parts of
the basin withdrew 5-15 million m® of water per year for livestock
watering, while 16 counties used only 400,000 to ~1 million m® per
year for the same purpose. The volume of PW generated was on a similar
scale to livestock use throughout most of the basin (Fig. 3d). At full
recovery, the volume of PW available for use is sufficient to meet more
than half of the livestock demand in 41 of the 60 counties in the basin
(68 %), and greater than the total livestock demand in 34 counties (57
%).

3.3. Water quality and agricultural use requirements

The PW from the Anadarko Basin is characterized by its high salinity
and high concentrations of alkali and alkaline earth metals compared to
irrigation standards (Echchelh et al., 2018). The TDS of Anadarko Basin
PW samples in the USGS Produced Water Geochemical Database
(Blondes et al., 2018) ranged from 1005 to 404,739 mg/L, with a median
TDS concentration (Q2) of 135,963 mg/L. PW with TDS < 70,000 mg/L,
TDS 70,000-200,000 mg/L, and TDS > 200,000 mg/L represented 36 %,
35 %, and 29 % of the total samples (n = 2762), respectively. (For the
full distribution of salinities of these PW samples, see Supplementary
Material Fig. S3.) These concentrations were well above the irrigation
and livestock watering TDS requirements of 704-4080 mg/L and
3000-7000 mg/L, respectively. In addition, PW in the Anadarko Basin

was very sodic, with a median sodium adsorption ratio (SAR) of 127.
This value is not even suitable for a halotolerant crop such as cotton
(threshold SAR value of 40). The high TDS and SAR values can be
explained by the primacy of sodium chloride salts in these produced
waters. The median pH of PW was within recommended values for
irrigation and livestock watering, and other major ions were not a sig-
nificant concern for irrigation, although median magnesium and sulfate
concentrations exceeded livestock watering standards (see Supplemen-
tary Material, Table S2).

Anadarko Basin PW also contained concentrations of boron, copper,
and iron over the irrigation and livestock watering threshold values in at
least some wells. The median concentrations of barium and lithium were
above the irrigation threshold values. Barium was below the livestock
watering threshold values, however, while Li limits for livestock were
not found. A complete specification and comparison of PW with agri-
cultural water quality requirements could not be carried out due to the
absence of sufficient data for a number of potentially occurring metals
(beryllium, cadmium, chromium, cobalt, lead, mercury, molybdenum,
nickel, selenium, and vanadium), arsenic, antimony and fluoride. PW is
generally anoxic and is not expected to contain significant levels of ni-
trate. While nitrate contamination of groundwater is common in agri-
cultural areas, the percolation of nitrate from fertilizers and animal
waste typically occurs into shallow, fresh groundwater, not oil and gas
reservoirs.

Application of the standard desalination scenario to each county
with water quality data in the Anadarko Basin resulted in total fresh-
water production of 27-57 million m® per year, 11-23 % of the available
PW in the region (Table 1). All water recoveries in Table 1 are low es-
timates, as they do not account for the 18 counties where no TDS data
were available. The improved and advanced desalination scenarios
would generate 82-143 million m° per year (33-58 % of available PW),
and 213-232 million m® per year (86-93 %), respectively. In addition to
recovering fresh water, PW treatment would result in an equivalent
decrease in the total deep-well injection volume across the region. As a
percentage of total PW, the impact of standard (RO only) treatment
would be greatest in the northern and southern parts of the basin, as well
as the two Colorado counties (Fig. 4). The smallest impacts of PW
treatment were observed along the KS-OK border, where very high TDS
concentrations resulted in low water recovery rates except under the
advanced treatment scenario. (A breakdown of PW recovery by county is
available in the accompanying Mendeley data file, Table M5.) The vol-
ume of freshwater generated from PW treatment in the Anadarko Basin
represented <5 % of the irrigation water demand for all scenarios
(Fig. 4). For livestock watering, the standard desalination scenario could



A. Echchelh et al.

b PW Generated
(hmd/yr)

B 20t035
10 to 19.99
B 5t09.99
B 2t04.99
[ 1t01.99
[10.5t00.99
[]0.1t0 0.49
[ ] 0t00.09

Irrigation Water
Use (%)

B >100

[l 50 to <100
B 2510 <50
B 15t0 <25
[] 4to<15
[] 2to<4
[] 1to<2
0 <«

Livestock
Water Use (%)

B >100

W75 to <100
B 50t0 <75
[ 40 to <50
[[] 30 to <40
[[]20to<30
[[]10to <20
[] <10

Fig. 3. Ability of PW to meet agricultural water demand in the Anadarko Basin,
(a) Location of the Anadarko Basin within the United States, (b) PW volumes
potentially available for agriculture reuse by county in 2017, (c) PW volumes as
% of average irrigation water use, and (d) PW volumes as % of average livestock
watering use.
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Table 1
Summary of results by county for water recovery, energy requirements, and
operating expenses for each treatment scenario.

Desalination PW Energy required Operating expenses
scenario recovery (kWh/m®) ($/m>)

Disposal 0% 3.6-5.5 0.6-16

Standard 11-23 % 0.06-5.6 0.02-3.8

Improved 33-58 % 0.38-31 0.13-13

Advanced 86-93 % 18-306 0.76-11

meet 20-42 % of demand, while the improved and advanced scenarios
could meet or exceed most of the livestock water demand throughout the
basin, except in the counties along the Kansas-Oklahoma border.

3.4. Energy requirements and operational costs for PW treatment

The estimated energy requirement for treating PW to agricultural
water standards had an interquartile range of 1.01-2.65 kWh/m> of
treated PW for the standard desalination scenario, 5.71-14.4 kWh/m>
for the improved desalination scenario, and 26.3-90.0 kWh/m? for the
advanced desalination scenario (Fig. 5). As a comparison, the energy
requirement for injecting PW lies between 3.6 and 5.5 kWh/m® (Breuer
and Al-Asmi, 2010; Schrevel et al., 2004). Typical energy requirements
for PW treatment are, therefore, less than those for disposal for all
standard desalination scenarios and the majority of improved desali-
nation scenarios at low recovery, and for >75 % of standard desalination
scenarios at high water recovery.

The estimated OPEX for treating PW to agricultural water standards
had an interquartile range of 0.3-1.5 $/m° of treated PW for the stan-
dard desalination scenario, 2.0-5.8 $/m? for the improved desalination
scenario, and 1.9-7.3 $,/m° for the advanced desalination scenario. The
cost of PW disposal depends strongly on whether the oil producer owns
an injection well (0.6-0.9 $/m? (Pham, 2022)), or has to pay for com-
mercial disposal (3-16 $/rn3 (McCurdy, 2011)). The operating costs for
standard desalination scenarios with low water recovery were less than
or equivalent to the costs of disposing of the same PW volume using
producer-owned wells. Standard desalination scenarios with high water
recovery, as well as some improved and advanced desalination scenarios
with low water recovery, have higher operational costs than disposal in
producer-owned wells, but lower costs than those for commercial
disposal (Fig. 6).

In the standard desalination scenarios, both energy use and opera-
tional costs for treatment are offset to a notable extent by the reduced
volume of PW disposal. At low water recovery, disposal of the remaining
brine through deep-well injection accounts for 82 % of estimated energy
use and 41 % of the operational costs. Expanding standard treatment to
maximize water recovery substantially increases both total energy re-
quirements (Fig. 5) and the share of energy required for treatment, to 85
%. RO treatment by itself accounts for 64 % of energy usage in these
scenarios. For improved and advanced desalination treatments, energy
requirements increase much more rapidly than expected operational
costs. This is primarily due to the energy-intensive desalination pro-
cesses required to treat high-salinity brines. Even with low water re-
covery and minimum energy use estimates, desalination processes (RO
-+ MVC) account for 72 % of total energy use for improved desalination
scenarios. This increases to >90 % for high water recovery and for all
advanced desalination scenarios. Incorporating treatment of brines with
TDS > 200,000 mg/L results in energy requirements that are a minimum
of five times greater than those for deep well injection, and more than
ten times those for standard desalination (Fig. 5). Expected operational
costs also increase substantially for improved and advanced desalina-
tion, particularly for high water recovery scenarios (Fig. 6). Unlike en-
ergy costs, the estimated operational costs for low water recovery
scenarios, even for advanced desalination, are below the expected range
for commercial disposal costs. Costs rise substantially, however, for the
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Fig. 4. Geographical distribution of the estimated water recovery (in %) and brine disposal reduction (in %) from produced water desalination, irrigation water
demand met by desalinated produced water, and livestock water demand met by desalinated produced water, at maximum water recovery.

high water recovery (and high cost) scenarios, indicating that treatment
costs under these conditions are substantially higher than those for
direct disposal.

4. Discussion
4.1. Treated water as a resource

Despite the high volume of PW generated in the Anadarko Basin
during the study period, the extent of water demand for irrigation
agriculture means that PW can provide only a small supplemental water
source for irrigators. Even if all currently unused PW could be recovered,
it would still represent only 5 % of the annual irrigation water use in the
basin. Available volumes would decrease even further if only the most
economically viable fraction — lower salinity water that can be recovered
using RO treatment — is considered. Because agricultural water use and
PW volume and quality are not uniformly distributed across the Ana-
darko Basin, however, there are regions where the impact could be more
significant. Five counties (Ness (KS), Blaine (OK), Canadian (OK),
Dewey (OK), and Hemphill (TX)) had both a PW/irrigation water use
ratio of 0.5 or greater and a high fraction (>40 %) of PW with salinity
<70,000 mg/L. These areas thus provide the best options for further
exploration of PW recovery for irrigation purposes.

By contrast, the amount of potentially recoverable PW across the
basin is a much more substantial fraction of the water required for
livestock use, even when accounting for only RO- treatable water
(Table 1). In addition, the estimated livestock water demand met by
treated PW was more evenly distributed than for irrigation, although the

counties with highest PW reuse for this application were more concen-
trated in the southern and central parts of the basins (see Supplementary
Material, Fig. S2). Livestock watering thus seems to provide a more
consistently productive avenue for potential reuse of produced water in
this region, provided additional water quality questions can be
addressed.

Increasing the use of PW for agricultural purposes could also help to
decrease the rate of groundwater depletion in the Anadarko Basin re-
gion. Over the period 2013-2015, the depletion of water stored in the
Ogallala aquifer, which underlies portions of Colorado, Kansas, Okla-
homa, and Texas, was estimated at 12,700 million m®, or ~4200 million
m?’/yr (McGuire, 2017). Once treated to suitable standards, recovered
PW could displace freshwater withdrawals, which are primarily used for
irrigation, helping to slow this depletion. Alternatively, the treated PW
could be used directly for aquifer recharge. The standard, improved, and
advanced desalination scenarios were estimated to reduce the ground-
water deficit by 0.6 %-1.3 %, 2.0-3.4 %, and 5.8 %-6.3 %, respectively.
While a small fraction of total groundwater withdrawals, these volumes
are comparable to those obtained through other existing recharge pro-
jects. For example, managed aquifer recharge projects using playas are
estimated to recharge approximately 750 m® per hectare per year
(Gurdak and Roe, 2010). PW recovery and use could thus be the
equivalent of adding almost 310,000 ha of managed aquifer recharge
lands.

In Kansas, where aquifer levels have fallen most dramatically,
groundwater management districts (GWMDs) have been formed to
improve aquifer conservation, with some districts developing enforce-
able water use reduction programs to reduce this decline (Deines et al.,
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Fig. 5. Estimated energy requirement to treat PW up to agricultural standards by county for three scenarios: a) standard desalination, b) improved desalination, and
¢) advanced desalination. Dashed lines show the lower and upper limits of estimated energy use for disposal (3.6 and 5.5 kWh/m?>, respectively).

2019; Whittemore et al., 2023). Five of the counties in this study
(Greeley, Lane, Scott, Wallace, and Wichita) are included in one of these
reduction programs. Analysis of local PW volumes and composition
suggests that PW treatment using the standard recovery scenarios could
contribute 0.3-6 % of agricultural water usage in these counties. At the
high end, a 6 % replacement of freshwater withdrawals by treated PW
could contribute significantly to typical Local Enhanced Management
Area goals of 15-20 % reductions in groundwater use (KS Department of
Agriculture, 2023). Groundwater Management District 3, which in-
cludes the majority of KS counties included in this study, has some of the
highest PW generating counties in the Anadarko Basin, although high
salinities in this area would reduce the fraction of PW that could be
economically treated. Further research is recommended to better iden-
tify how patterns of PW generation and salinity (which impacts the
extent of potential treatment and recovery) overlap with existing and
proposed projects to manage the decrease in Ogallala aquifer levels in
both Kansas and Oklahoma, including in other Kansas Groundwater
Management Districts outside of the current study area.

4.2. Barriers and incentives to PW use in agriculture in the Anadarko
Basin

Our assessment of PW generation and agricultural water use patterns
across the Anadarko Basin shows the potential for PW recovery to meet a
significant part of regional water needs. Additional considerations that
could impact the potential for PW recovery for agricultural use in the
Anadarko Basin include the cost of treatment, the uncertainty of PW
quality, and the energy intensity required for high TDS PW. The analysis

presented here for PW treatment is only a partial assessment, as the cost
estimates in Fig. 6 do not reflect the full costs of using treated PW in
agriculture. Additional costs that would need to be considered in a full
economic assessment include costs related to water conveyance (tem-
porary lines, permanent pipes, trucking) and water storage (impound-
ments, above-ground storage, tanks). Storage infrastructure, in
particular, may be needed to balance out temporal differences in PW
generation, which occurs throughout the year, and agriculture demand,
which is more seasonal. These costs would significantly increase the
operating cost of PW recovery and management but are difficult to es-
timate accurately without focusing on more specific locations and water
use scenarios. In addition, the capital expenditure (CAPEX) needed
could not be estimated at this time, as further information is needed to
determine the best actual configurations and process units for a full
treatment train.

Looking solely at operating costs, this analysis shows that the costs of
PW treatment for water with TDS < 70,000 mg/L (standard desalina-
tion) are comparable to, or less than, the costs of deep well injection
(Fig. 6), especially when commercial disposal is required. Unfortu-
nately, data on the relative prevalence of private vs. commercial
disposal in this region is not readily available, but increased regulation
of deep well injection volumes and rates could be expected to generally
increase future disposal costs. The improved and advanced treatment
scenarios increase the overall treatment costs substantially, especially
for high recovery scenarios. These scenarios typically result in operating
costs well above the minimum values for commercial disposal, sug-
gesting that the cost of these processes would be a limiting factor except
where local disposal options are not available. The large spread in
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Fig. 6. Estimated operational cost to treat PW up to agricultural standards by county for three scenarios: a) standard desalination, b) improved desalination, and c)
advanced desalination. Dashed lines show the cost of private disposal ($0.6/m?> (Pham, 2022)) and the lower and upper limits of cost for commercial disposal ($3 and

$16,/m>, respectively (McCurdy, 2011)).

literature estimates for commercial disposal costs (McCurdy, 2011) is
due largely to assumptions of longer transport distances to available
disposal wells.

On the other hand, it can be hypothesized that the increasing water
demand will increase fresh water prices, making PW reuse in agriculture
more competitive than under current conditions. Estimates of water use
patterns suggest that most of the Anadarko Basin will experience high to
extremely high water stress by 2030 if there are no changes in current
water consumption patterns. This assumption is in line with other pre-
dictions that see the increasing water stress causing a continuous in-
crease in agricultural water demand by 2060 in the Anadarko Basin
(Brown et al., 2013). Nonetheless, as the estimated operational cost of
using RO to desalinate PW compares with the minimum operational cost
of injected PW into deep disposal wells, the PW reuse option in farming
deserves to be further studied as it could be an economic option in some
areas of the Anadarko Basin. Moreover, other techniques, such as PW
blending with freshwater and gypsum amendments to adjust water SAR,
could reduce the need for PW desalination and, therefore, the cost of
upgrading PW to agricultural standards (Echchelh et al., 2018).

Second, uncertainties remain regarding the PW composition that
could undermine the sustainability of using this water for agriculture.
PW composition could vary from the estimates provided here both due
to changes over the lifespan of a well (Ziemkiewicz and He, 2015) and as
oil production shifts from one formation to another. This could affect the
fraction of PW available for recovery through the different treatment
scenarios. Even after treatment, the high SAR of most PW would require

specific attention to prevent soil structural degradation in the long term
due to clay dispersion by excessive sodium added to the soil. Therefore,
in addition to desalination, SAR adjustment through water reminerali-
zation, PW blending with non-sodic water, over-irrigation, or soil
treatment with lime and gypsum could be necessary depending on PW
quality, treatment performance, soil type, and climate aridity (Echchelh
et al., 2019). PW sodicity management would add to the energy re-
quirements and cost of PW reuse in irrigation. This is an additional
reason to favor livestock watering over irrigation as a PW end use.

In addition to salinity issues, the presence of production chemicals,
particularly those related to fracking fluids, in PW could impact the
suitability of this water for any agricultural use. Very limited data exist
regarding the removal efficiency of production chemicals (added in
hydraulic fracturing and remaining in flowback PW) by the PW treat-
ment technologies selected in this study. This is critical as concerns have
been raised following experiments that have shown that PW reuse in
irrigation can result in production chemical uptake by crops (Shariq
et al., 2021). Further data and experiments are needed to resolve this
issue, as regulators are will certainly want to have evidence that pro-
duction chemicals will not contaminate the crops, the animals and the
environment before allowing PW use for livestock or food crops. In
California, for example, PW reuse in irrigation has been allowed on food
crops for decades. While salinity issues have been managed, concerns
have been recently raised regarding human exposure to heavy metals
and organic contaminants through the migration of these contaminants
in crops (Redmon et al., 2021; Thebo et al., 2023). In those studies,
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concentrations of inorganics were below irrigation standards, but a full
assessment of potential organic contaminants has not yet been done.

Third, the energy intensity for PW treatment is a potential limitation
to recovery of water with TDS >70,000 mg/L, independent of cost. The
standard desalination scenario using membrane desalination (RO) had
energy requirements that are comparable to, or less than, current energy
requirements for deep well disposal of PW. While this assessment does
not include the energy associated with PW transportation, the results
suggest that energy intensity is not the major barrier to reusing lower
salinity PW. However, thermal desalination technologies (MVC, MD,
and brine crystallization) are substantially more energy intensive
(Fig. 5). The energy requirements for the improved desalination sce-
narios are two to four times those for deep well injection. While this
treatment scenario would increase the water recovery from PW and the
water resources available to farmers, it would negatively impact the
energy efficiency and carbon footprint of O&G production. This goes
against the environmental engagements of the O&G industry, which has
set greenhouse gas emissions reduction targets that will be partly ach-
ieved by cutting its own energy consumption (IEA, 2020). Moreover, the
energy return on investment (EROI) of O&G production has tended to
decline since the late 1950's (Guilford et al., 2011). Thus, even if PW
treatment for agricultural use could be carried out with costs compa-
rable to those for disposal with the improved treatment scenarios, it is
not obvious that O&G firms would consider treatment of PW with TDS >
70,000 mg/L if it significantly increased the energy requirements and
carbon footprint of O&G production. Advanced desalination scenarios,
meanwhile, result in an average increase in energy intensity of five to
twenty times that used by current disposal practices, making them
impractical for water recovery. The most likely path forward for this
treatment option would be if viable commercial products (such as rare
earth metals) could be extracted from the brines.

5. Conclusion

The multifaceted assessment of PW resources presented here
addressed the alignment of PW resources with local agricultural needs,
water quality challenges and resource requirements for PW treatment to
suitable quality for reuse, and the potential for PW to play a role in a
more sustainable water management process in the High Plains. The
results of this assessment show that PW generation in this region is
substantial, averaging 428 million m3/yr. Using a combination of
reverse osmosis and thermal desalination processes, up to 58 % of this
water could be recovered for agricultural use. At the same time, these
volumes are only a small fraction of the irrigation water demand across
the same region. Based on this analysis, PW should be seen as a minor
resource for irrigation agriculture across the Anadarko Basin, providing
supplemental water in periods when demand is high and helping to
reduce the rates of freshwater aquifer depletion.

For livestock ranchers, on the other hand, PW could be a substantial
water resource that could provide anywhere from 20 to 100 % of water
needs all year long. Further study should explore the potential for
treated PW to contribute to irrigation and livestock watering on a more
local level, as PW composition, volumes, and disposal costs can vary
substantially over the study region. In fact, treating existing PW supplies
could cover a large part, if not all, of the irrigation water needs for the
counties located in the south-east of the Anadarko Basin. Meeting the
full water demand of livestock is also feasible in most counties located in
the southern and central parts of the basin.

The expected costs of PW treatment to agricultural reuse standards in
each county vary from $0.02 to $13 per m>, depending on the level of
treatment and extent of water recovery. Median costs were $0.64 per m®
for standard desalination, $2.44 per m® for improved desalination, and
$2.84 per m> for advanced desalination. Costs for the standard desali-
nation scenario and improved desalination scenario with minimum
freshwater recovery have an average OPEX similar to the costs of
injecting PW into deep disposal wells. Energy requirements for these
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scenarios are estimated at 0.06-5.6 kWh/m®, similar to the re-
quirements for disposal by deep-well injection. Therefore, the volume of
freshwater that is economically extractable from PW is estimated to be
between 58 (using RO only with maximum recovery) and 82 million m>
per year (using RO with maximum recovery + MVC at minimum re-
covery). This freshwater volume could meet 1-2 % and 49-70 % of the
irrigation and livestock water demands in the basin, respectively. Here
again, an examination of disposal practices on a more local level is
recommended for further study, as the difference between private and
commercial disposal costs could have a major impact on the financial
viability of PW recovery. The advanced desalination process using
membrane distillation, while only slightly more costly, would require
very high energy inputs (18-306 kWh/m?) and is not recommended.

In addition to contributing to meeting the agricultural water de-
mand, PW can also modestly contribute to mitigating the decline of the
Ogallala aquifer by ~2 % through the PW desalination scenarios that
have an average OPEX lower than the cost of deep-well disposal.
Assuming similar groundwater withdrawals and PW volumes and
management practices in the future, PW reuse in agriculture could
positively impact the Ogallala aquifer by reducing its decline, especially
in Oklahoma. This is of particular importance for the environment,
economy, and communities of the High Plains region, where unrelenting
water stress and water scarcity are expected to further reduce the level of
the groundwater reserves.

This analysis shows that there is potential for treating and recovering
PW for agricultural use under some conditions in the Anadarko Basin. It
is worth noting, however, that the median TDS of PW in the Anadarko
Basin is among the highest compared to PW generated in other O&G
basins in the United States (Scanlon et al., 2020). As desalination is the
most energy-intensive and costly treatment step required for PW re-
covery, the Anadarko Basin might be one of the costliest and most
energy-intensive areas for PW treatment for agricultural use. Therefore,
it is worth replicating this research in other O&G basins where PW
salinity is lower, as we can expect a larger proportion of PW to be
economically treatable and usable in agriculture under those conditions.
The approach presented here offers a valuable framework for policy-
makers, researchers, and industry stakeholders to evaluate the feasi-
bility and benefits of PW recovery for agriculture both in the Anadarko
Basin itself and in other regions facing similar challenges.
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