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Advances in water treatment technologies paired
with potential restrictions on oil and gas (O&G) produced water
disposal could incentivize the beneficial reuse of treated produced
water in the O&G industry. However, the remote nature of O&G
operations limits the applicability of many of these solutions, which
may be spatially inefficient, require operator supervision, or are ill-
suited for the complex nature of produced water. Furthermore, the
responsible, sustainable reuse of produced water as an alternative
water source requires standardized analytical techniques for
characterizing and determining the toxicity of treated produced
water and improving our understanding of the fate and transport of
various constituents. In the past decade, we made little progress in
economically treating produced water for beneficial reuse outside
of oilfield operations; the sole major breakthrough has been in the development of salt-tolerant fracturing chemicals that allow for
reuse of produced water for fracking operations. Guided research should assist in the development of fit-for-purpose solutions to
maximize the reuse of treated produced water. This is exemplified by the case studies presented here that detail currently operating

A
= NAAANAA
Specific End Use
Treated Produced Water
Fit-for-Purpose Treatment

Raw Produced Water

treatment facilities for reclamation and reuse of produced water.
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Use, disposal, and reuse of water associated with oil and gas
(O&G) production has been a topic of interest to O&G
operators, regulators, water users, and researchers for decades,
but over the past decade, this interest has peaked due to the
increase in hydraulic fracturing operations, water scarcity, and
environmental and toxicological concerns. Recent analyses
have highlighted the extensive volumes of produced water
associated with different O&G production basins, as well as the
potential management options for produced water across the
basins.' ™ These studies suggest that the recycling and
beneficial reuse of produced water (e.g., reuse for irrigation,
livestock watering, streamflow augmentation, municipal water
supplementation, cooling water, dust suppression, ice control
on roadways) must be viewed in terms of both regional
availability and end user demand. Drivers for recycling and
beneficial reuse of produced water often include reducing the
freshwater intensity of O&G production,” minimizing
seismicity associated with deep well disposal,” providing
source water for other sectors,”” and enhancing potential
resource recovery from these waters.*'? Yet, despite a desire
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to increase produced water reuse, techno-economic, regulatory,
and social challenges complicate beneficial reuse of produced
water.'" The confluence of these factors has resulted in the
reinjection of ~92% of the 24.4 billion barrels (1.025 trillion
gallons/508 million m3) of produced water generated in the
United States (US) in 2017 into the subsurface and minimal
beneficial reuse.'

This dearth of reuse has not been the result of an absence of
support for fundamental and applied research among the
various stakeholders. However, due to widespread regional
variability in produced water quality, generation, and manage-
ment regulations, produced water research over the past
several decades has involved predominantly a single or limited
number of investigators or business-driven development of
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intellectual property, research papers, and field trials of
technologies. In most cases, these studies addressed the
characterization and treatment of specific waters and did not
propose universally applicable produced water characterization
or treatment technologies. This has led to a myriad of papers
and literatures that often stymies stakeholder’s search for
relevant information, as highlighted in Tables S1 and S2 in the
Supporting Information (SI), which categorize the range and
breadth of topics covered. These tables identify select
literatures that address water quantity, water quality, water
treatment technologies, and water management issues.
Widespread regional variability in water availability and
produced water quantity have been highlighted in several
recent studies,' > including Scanlon et al, who not only
identified the regionality of water use but also connected it to
potential reuse options.” The literature identified in Table S1
also highlights that produced water generation also differs both
by basin and by well within the same basin due to the type of
well (conventional or unconventional), drilling method,
completion type, and age of well, resulting in water-to-oil
ratios that range nationally from 3:1 to more than 10:1.>>'>"?
For example, in 2017, the Permian Basin, a relatively wet tight
oil basin, produced upward of 1.66 billion barrels (69.7 billion
gallons/264 million m®) of produced water, while the
Marcellus Basin, a relatively dry shale gas basin, only produced
0.033 billion barrels (1.34 billion gallons/S.25 million m®) of
produced water.” Conventional O&G wells are drilled into
geological formations where oil and natural gas readily flow to
the wellbore, while unconventional O&G wells tap into
previously unconventional geological sources such as shale
gas, coalbed methane (CBM), shale oil, tight oil, and oil sands.
While conventional produced water is often reinjected into
medium-to-high permeability reservoirs for pressure main-
tenance or enhanced oil recovery (EOR), unconventional
produced water often cannot be reinjected into the low-
permeability reservoirs associated with unconventional pro-
duction.* For context, between 2009 and 2016, O&G
operations in the Permian used 27 billion barrels (1.134
trillion gallons/4.29 billion m®) of conventional produced
water for EOR and disposed of 6.6 billion barrels (277 billion
gallons/1.05 billion m*) of conventional and $.5 billion barrels
(231 billion gallons/0.87 billion m®) of unconventional
produced water via saltwater disposal wells."* Recycling or
beneficial reuse of unconventional produced water is further
impeded by the temporally mismatched supply and demand
for water within the hydraulic fracturing processes that can
inhibit recycling within O&G without the presence of extensive
storage, water handling, and conveyance infrastructures."’
Management of these spatially and temporally variable
quantities of produced water is further confounded by the
inconsistency of produced water quality and the resulting
treatment challenges. Produced water contains variable
concentrations of inorganics, organics, microorganisms,
suspended solids, radioisotopes, and dissolved gases which
vary by factors including the well’s natural geologic formation,
type of well, type of hydrocarbon being produced, and well
production time."'>'>™** Literatures revealing the variability
in water quality are also presented in Table S1. In particular,
total dissolved solids (TDS) concentrations, ranging from
<1000 to >250,000 mg/L, can present substantial challenges
for both treatment and residual management.'”'>** While
organic matter in raw or pretreated produced water (total
organic carbon (TOC) < 1500 mg/L) is generally not a

limiting factor in disposal or recycle, sustainable beneficial
reuse may be limited by concerns surrounding characterization,
fate, and toxicity of constituents identified in produced
water, 1215222425

A Google Scholar search of publications and patents
illustrates the growing interest in produced water treatment
(from 25 in the 1960s to 5780 in the 2010s) using
commercially available technologies like reverse osmosis
(RO) desalination, nanofiltration (NF), and membrane
bioreactor (MBR) and such novel technologies as forward
osmosis, osmotically assisted RO, membrane distillation, and
eutectic freezing for removal of bulk TDS and/or organics,
along with a range of technologies for precision separation of
trace constituents. In addition to the numerous papers focused
on individual technologies, since the 1970s more than 80
review papers, including several recent reviews, have discussed
the generation, characterization, and treatment of produced
water (Table $2).”°7** For example, Conrad et al. specifically
addresses the need for fit-for-purpose treatment to meet the
varying end use water quality requirements.'” Nevertheless,
there are only a few examples in which novel technologies or
treatment trains have been deployed for beneficial reuse of
produced water.”>~*

Moreover, no technological solution is complete without
considering the disposal of residuals, regulatory constraints
associated with disposal and reuse, and the environmental and
health impacts of disposal and reuse. Regional, federal, and
state regulations further influence the feasibility of various
produced water management options. The U.S. Environmental
Protection Agency (EPA) enacts national environmental
regulations and grants primacy to state agencies to enact
state-specific regulations that meet or exceed the stringency of
the national regulations.’® Title 40 of the Code of Federal
Regulations Part 435 (40 CFR 435) Subchapter C does not
allow onshore upstream O&G facilities east of the 98th
meridian to discharge pollutants from produced water or other
O&G fluids to surface waters.”” In contrast, for onshore O&G
facilities west of the 98th meridian, 40 CFR 435 Subchapter E
allows for the discharge of produced water to surface water if
the facility has a state and/or federally issued National
Pollutant Discharge Elimination System (NPDES) permit,
assuming that the effluent limitations of 40 CFR 437 are met.
State-level produced water regulations depend on factors
including the state’s political and environmental climate, the
state’s water rights laws, the type of O&G resources, and the
associated produced water quantity and quality. For more
information on the produced water quantity, quality, and
regulations surrounding produced water management, please
refer to Table S1 in the Supporting Information.

While the treatment costs, residual management, and
regulatory constraints remain significant barriers for produced
water recycling, a secondary concern is the potential for
toxicity associated with the beneficial reuse of produced water.
As such, the design and operation of these treatment trains
must mitigate risk associated with ecotoxicity, human toxicity,
and soil and crop health relevant to specific end uses. Past
work has highlighted common treatment technologies utilized
by O&G companies that emphasizes the varying levels of
treatment required for different end uses (Figure 1), but
typically these technologies are selected based on the removal
of target species rather than toxicity-relevant metrics for a
specific beneficial use.
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Figure 1. Common proposed produced water management options
and corresponding potential toxicity concerns associated with specific
end uses. Appropriate water treatment trains depend on both initial
water quality and desired end use. Depending on these factors, water
treatment could include the separation of oil, grease, and suspended
solids (e.g, API gravity separator, dissolved air floatation, coagu-
lation/flocculation, sedimentation), removal of bulk organics and
target constituents (e.g., biological treatment, adsorption), desalina-
tion (e.g., electrodialysis, reverse osmosis), and post-treatment (e.g.,
advanced oxidation processes, ion exchange, disinfection). Red arrows
indicate concentrate/brine streams.

To this end, there is a need to understand and address the
current limitations associated with quantifying toxicity and
environmental impacts to develop end use specific water
quality criteria that can guide fit-for-purpose treatment
strategies. This perspective utilizes several case studies to
review current management practices for produced water and
examines potential scenarios for expanding recycle and
beneficial reuse; however, scientific advancements are needed
for the better characterization and assessment of produced
water being considered for beneficial reuse. Thus, a second
integral component of this perspective is a discussion of both
the challenges of characterizing the chemical composition and
toxicity of produced water for specific end uses as well as a
proposed strategy for assessing produced water toxicity to
enable sustainable, beneficial reuse of produced water for
specific end uses.

Recycling or beneficial reuse of produced water has been
implemented successfully in several cases. Analyses of these
cases can be used to set the stage for identifying potential
additional management options, as well as the current
limitations and concerns surrounding expanded beneficial
reuse. From disposal to recycling, treatment needs increase
minimally in complexity, but as we expand from recycling to
beneficial reuse applications, variable regulatory policies,
treatment complexity, and public perception play more
significant roles in realizing produced water reuse potential.
In this perspective, we utilize a literature-based analysis of
current and potential management scenarios to assess the
current potential for expanding both recycling and beneficial
reuse. As highlighted earlier, most produced water is reinjected
into the subsurface for either disposal or EOR. We chose six
different case studies that highlight current common practices
to represent possible produced water management approaches.
The cases selected are (1) treatment and disposal of produced
water via saltwater waste disposal (SWD) wells in the Permian

Basin in Texas, (2) collection, treatment, and recycling of
produced water in the Anadarko Basin in Oklahoma, (3)
treatment, recycling, and beneficial reuse of produced water in
the Marcellus Basin in Pennsylvania, (4) treatment and
beneficial reuse of produced water for streamflow augmenta-
tion in the Denver—Julesburg (DJ) Basin in Colorado and in
the Powder River Basin in Wyoming, (S) treatment and
beneficial reuse of produced water for agricultural irrigation in
the San Joaquin Basin in California, and (6) proposed
treatment and beneficial reuse of produced water for municipal
reuse in the Powder River Basin in Wyoming. These case
studies were chosen to represent a wide geographic area,
various commonly implemented or proposed end uses for
produced water, and where data were readily available to
model the treatment train.

For case studies where enough data were available, we
modeled the treatment train using the Water Techno-
Economic Assessment Pipe-Parity Platform (WaterTAP3).
Specifically, three fit-for-purpose treatment approaches were
evaluated based on previously reported literatures and
assumptions in WaterTAP3 data to assess the levelized cost
of water (LCOW, $/m?), energy intensity (kWh/m?®), and
water recovery (%) using WaterTAP3. WaterTAP3 simulates a
steady-state water treatment train and unit performance as well
as capital and operating costs based on source water
conditions, unit-level configurations for water treatment
technologies, and system-level techno-economic assumptions.
All unit processes achieve both flow and constituent mass
balances.

WaterTAP3 estimates total installed costs for unit processes
within the treatment train (e.g., capital cost of equipment and
installation), fixed operating costs (e.g, employee salaries,
plant maintenance), and variable operating costs (e.g.,
chemical addition, electricity) at the unit level. LCOW is
then calculated from the total installed costs, operating costs,
and a financial capital recovery factor with respect to the total
volume of treated water stream. The following analysis
presents an adjusted LCOW ($/m?) with respect to the total
volume of influent produced water. WaterTAP3 calculates the
system-level electricity intensity based on the electricity
consumption of each unit within the treatment train and the
volume of treated water by the system. The cost of energy
($/kWh) is based on the state-level cost of electricity for
industrial purposes as reported by the U.S. Energy Information
Administration. Facility locations are noted in the SIL

Analysis in WaterTAP3 is analogous to a Class 4 Feasibility
Study as defined by the Association for the Advancement of
Cost Engineering International Recommended Practice No.
18R-97.%° As such, the uncertainty is —30% to +50% and is
based on the availability of data, technology readiness level of
the modeled technology, and the analysis approach. Additional
details regarding the WaterTAP3 are available in Miara et al.
and in the SI.**

Cases were evaluated for current economic and techno-
logical feasibility, and multiple scenarios with differing water
qualities were generated and analyzed based on previously
reported literature data. Alternate treatment scenarios
endeavored to assess the applicability and potential of
produced water management approaches in the context of
increasing both recycling and beneficial reuse of produced
water. Techno-economic modeling was performed to deter-
mine what research and development advances are needed to
address cost trade-offs of produced water treatment trains.
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Also, while we compare the costs of water treatment to current
water prices and disposal options, changing water availability
trends and increasing prices for water may mean that some
options for treating produced water for different end uses will
become more economically competitive over time.

3.1. Recycling. The upstream O&G industry uses billions
of barrels of water per year to extract resources from
underground geologic formations.””*" While water with-
drawals for O&G constitute less than 1% of the total
withdrawals in the US, O&G operations use of nearby surface
and groundwater may exacerbate problems associated with
water scarcity in semiarid and arid regions.””*'~* Further-
more, water use for unconventional O&G production nearly
doubled between 2011 and 2018, and is anticipated to
continue to increase.” Consequently, there is both industry and
public interest in reducing the freshwater footprint of the
upstream O&G industry.

Recycling of produced water within the upstream O&G
sector is preferable when economically viable as it minimizes
the use of external water sources, reduces produced water
management liability concerns, and limits the management of
produced water (e.g., treatment, conveyance, and dis-
posal).”’35 Before recycling, insoluble oil, microorganisms,
iron, and boron are traditionally removed via fit-for-purpose
treatment trains with oil—water separations, solids separation,
disinfection, and iron removal.'"** Desalination is often not
necessary for recycling as recent advances in hydraulic
fracturing chemicals have enabled the recycling of produced
water with TDS of nearly 300,000 mg/L.***® However, this
level of treatment may not be adequate to reduce public
concerns surrounding spills and the potential resultin
contamination of surface waters, groundwater, and soil.*"~*
In particular, in basins with relatively high salinity produced
water, like the Permian and Bakken (often greater than
200,000 mg/L TDS), there are additional concerns related to
scaling and potential for spills that may increase the costs of
both treatment and conveyance.''

Expansion of recycling may alleviate the potential for the
competition for water by O&G exploration and 4Iz)rocluction
with other end uses (e.g., agricultural, municipal);"* nonethe-
less, recycling is frequently limited by logistics and economics
instead of treatment capabilities. Within relatively dry basins
(e.g, Marcellus, Eagle Ford, Niobrara, and Haynesville),
recycling varies from more than 90% within the Pennsylvania
region of the Marcellus to approximately 1% within the
Haynesville and Eagle Ford Basins, respectively.”'"*" The
wide variability in recycling has been attributed to factors such
as regulatory limitations on SWD in the Marcellus leading to
high produced water management costs for conveyance, the
logistics of handling a relatively limited quantity of water
within a large basin in the Eagle Ford, spatial and temporal
changes of water demand and production over the life of the
field in the Permian, and unfavorable economics for recycling
within the Haynesville due to poor initial water quality and
quantity.'' While midstream water infrastructure (e.g,, storage,
conveyance, and treatment) may help to mitigate some of
these challenges, widespread development of midstream water
infrastructure within a basin often requires both substantial
capital investment and time.'' Thus, recycling is highly
dependent on regional and local conditions. As such,

widespread changes in industrial practices will likely require
prioritized research in characterization, adaptable treatment
trains, logistics, and regulations rather than broad improve-
ments in treatment technologies. For example, if technology
goals were guided by innovative, cost-effective toxicity removal
approaches that are end use specific, this would be a disruptive
change that fundamentally alters existing practice and
revolutionizes treatment process engineering for complex
waters. The following two case studies highlight limitations
and state-of-the-art management practices to expand water
recycling within the Permian and Anadarko Basins.

3.1.1. Disposal and Recycling: Permian Basin, Texas.
Texas has cultivated a logistical and regulatory environment
where recycling of produced water may be technically but not
economically feasible.”" Texas has a plethora of SWD (~8000
wells) with an estimated average pressure utilization of ~65%
within the Permian Basin.””~>" Consequently, approximately
54% of the 9.9 billion barrels of produced water generated in
2017 were disposed of via SWD wells." In contrast, Texas has
fewer facilities for the treatment and recycling of produced
water, which can exacerbate economic and logistic challenges
and lead to potential competition in water scarce years.” As
such, the recycling of produced water (excluding EOR) within
the Permian Basin in Texas is estimated at 10%—15%, albeit
exact numbers are unknown.'**® Meanwhile, water use for
O&G within the Permian Basin is currently estimated to be
near 1.2 billion barrels (S0 billion gallon/0.2 billion m*) per
year, with a potential to increase to an estimated 8.8 billion
barrels (370 billion gallons/1.4 billion m*®) by 2030.>" Thus,
increasing the recycling of produced water within the Permian
could provide an important avenue for meeting future water
demand within the industry. However, over the life of the field,
produced water volumes may overtake hydraulic fracturing
water demand and limit the overall effectiveness of recycling
operations, leading to planning and logistics concerns for
operators.

The minimal treatment requirements, availability of SWD
facilities, and associated reduced liability frequently enable
SWD wells to be the most economic management option, in
part due to the limited consideration of externalities.
Traditional integrated treatment processes for injection include
the separation of both suspended solids and oil and grease
(e.g., gun barrel tanks, filtration) followed by chemical addition
(e.g., antiscalants, corrosion inhibitors, biocides) to protect the
well, formation, and related equipment.”'**” A generalized
flow diagram of this process is shown in Figure 2A.

WaterTAP3 analysis of SWD facilities in the Permian
indicated an adjusted LCOW of $1.11/m? ($0.18/bbl) with an
energy intensity of 0.41 kWh/ m3 (0.07 kWh/bbl), as shown in
Figure 2B and C, respectively. These results are near those of
actual SWD cost previously reported in the literature in the
Permian that range from approximately $2.50 to 12.50/m’
($0.40—1.99/bbl)."*** Yet, conveyance, particularly trucking
distances, is often a substantial portion of the cost for both
SWD wells and recycling. Including conveyance, disposal fees
are reported to range from approximately $12.60 to 25.20/m?
($2.00—4.01/bbl) within the Permian Basin.*»**” Analysis in
WaterTAP3 supports the idea that conveyance costs may be a
significant driver for increasing recycling of produced water.
For example, WaterTAP3 estimates a 9-fold increase in the
adjusted LCOW if produced water is conveyed SO miles via
truck. While this effect may be mitigated in part through
conveyance via pipeline, WaterTAP3 still estimates conveyance
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Figure 2. (A) Generalized process flow diagram of baseline treatment
train for the disposal of produced water at an SWD facility. Variation
in the (B) adjusted LCOW and (C) adjusted energy intensity of the
baseline, baseline with 50 miles of conveyance via trucking, baseline
with 50 miles of conveyance via pipeline, and baseline with intensified
brine management. Additional details on the case study and
WaterTAP3 inputs are available in the SI. Abbreviations are as
follows: mechanical vapor recompression (MVR), levelized cost of
water (LCOW), and energy intensity (EI).

via 50 miles of pipeline more than doubles the adjusted
LCOW. Thus, there is interest in both shortening required
conveyance distances and in developing and expanding oilfield
water midstream operations (e.g, hydrovascular networks,
storage, and centralized treatment facilities) within the
Permian and other Texas basins.*”®!

Recent changes (Texas House Bill 2771) have reduced
permitting requirements for the discharge of produced water to
only an NPDES permit from the Texas Commission on
Environmental Quality (TCEQ).**® The TCEQ_permits still
follow the federal effluent limitations of 40 CFR 435 as well as
the state discharge effluent limitations laid out in 30 TAC 307.
By easing this permitting process, the Texas legislature hopes
to incentivize discharge of produced water for beneficial
environmental purposes in the drought-stricken western
portion of the state and potentially begin the process of
assessing produced water for aquifer recharge.

Thus, intensification of treatment at either SWD facilities or
centralized treatment facilities could enable water recovery
from produced waters destined for disposal. In particular,
pretreatment and desalination utilizing MVR to recover water
has been evaluated and field tested in the Barnett Shale Play in
Texas.®®® In this approach, produced water-precipitated iron,
organics, and suspended solids are removed via coagulation
and sedimentation. A set of modular MVR units then
desalinates the produced water to generate a stream that can
be recycled.”” Yet, WaterTAP3 modeling indicates a nearly S-
fold increase in the adjusted LCOW of the process, with the
MVR accounting for 83% of the adjusted LCOW and ~90% of
the electricity intensity. The contributions of each unit process
to the adjusted LCOW and electricity intensity are shown in
Figures SS and S6 in the Supporting Information. Thus, while

recovering water and decreasing disposal volumes may be
useful in semiarid and arid regions, the high cost may inhibit
economic feasibility. Furthermore, there may still be toxicity
concerns and additional treatment requirements for sustain-
able, beneficial reuse of the treated water recovered from
produced water.

3.1.2. Recycling: Anadarko Basin, Oklahoma. Oklahoma,
like Texas, does not explicitly quantify the recycled volume of
produced water. Of the approximately 2.8 billion barrels (118
billion gallons/0.445 billion m*) of water produced in 2017,
the Oklahoma Corporation Commission (OCC) reported that
approximately 45% and 55% were reinjected for EOR and
SWD, respectively.' An increase in seismic events linked to
hydraulic fracturing operations and SWD injection volumes,
specifically within the Oklahoma Area of Interest (AOI),
heightened interest in limiting disposal and promoting other
produced water management techniques. Induced seismicity,
particularly in the context of injection and seismicity in
Oklahoma, has been a focus of éEast studies and is outside the
scope of this perspective.”*** However, future regulations
that limit SWD to mitigate induced seismicity concerns may
lead to recycling of produced water or other management
techniques.

The OCC’s O&G Conservation Division has endeavored to
reduce disposal volumes via SWD wells within the Oklahoma
AOI to 40% below 2014 injection volumes to mitigate the risk
of induced earthquakes.”” To accomplish this objective,
Oklahoma has begun to incentivize the development of
centralized produced water treatment facilities and conveyance
systems through regulatory measures (OK SB 1875), like those
clarifying issues of ownership and liability of produced water
while being transported to centralized treatment facilities and
back to wells for recycling.”® Clearly defining the ownership of
and responsibility for produced water during conveyance
allows O&G companies to better assess and manage the risks
of conveying and treating produced water at centralized
facilities that could be owned by a third-party company.
However, logistics and costs for the conveyance of produced
water could hinder recycling and beneficial reuse of Oklahoma
produced water. Thus, the Oklahoma Produced Water
Working Group (PWWG) anticipates that cooperative
expansion of water distribution systems would likely facilitate
increased recycling of produced water within (and potentially
between) Oklahoma’s STACK and Mississippi Lime plays.”’

Newfield Exploration Company, an operator in the STACK
play, installed an extensive network of storage, conveyance,
disposal, and treatment systems to enable recycling of
produced water.'' This network includes approximately 150
miles of HDPE pipe, 10 million barrels (420 million gallons/
1.6 million m*) of freshwater storage, and S million barrels
(210 million gallons/0.8 million m?) of treated produced water
storage. Newfield’s extensive pipeline infrastructure has
reduced truck traffic by approximately 60,000 round trips per
year.'" Along with reduced truck traffic, pipeline conveyance
may reduce the chance of spills and labor costs.”””"

Newfield’s Barton Water Recycle Facility provides sufficient
treatment of produced water for recycling within the upstream
O&G industry. The facility is capable of processing
approximately 30,000 barrels per day (1.26 million gpd/4800
m?®/day) from approximately 40 well sites.'"”’> A simplified
process flow diagram is shown in Figure 3. Influent wastewater
is pumped into a series of tanks, where both insoluble organics
and solids are removed. Effluent water from the pretreatment
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Figure 3. Simplified process flow diagram of Newfield Exploration
Company’s Barton Water Recycle Facility.

process is then transferred to aerated biological treatment
holding ponds to oxidize contaminants; the hydraulic residence
time in these ponds is approximately 21 days. Following
biological treatment, the water reaches a quality suitable for
recycling.”” Water that is not recycled is disposed of via SWD
wells.”” The capital cost of the entire piping and treatment
network was approximately $90 million, and Newfield incurs
roughly $1.26/m> ($0.20/bbl) to treat the water. Chemical
costs are constant across the process.11

The OCC’s continued effort to divert produced water
management from SWD wells to centralized treatment facilities
may help to increase the recycling of produced water. While
the expansion of both recycling and beneficial reuse could aid
in the economics of centralized treatment facilities, the
Oklahoma PWWG identified that beneficial reuse is limited
in part by a lack of toxicological understanding of risk to both
the environment and public health for many commonly
proposed beneficial reuse options.” These environmental and
human health concerns must be addressed to expand the
beneficial reuse of produced water responsibly and sustainably.

3.2. External Beneficial Reuse. The responsible beneficial
reuse of produced water often necessitates extensive fit-for-
purpose treatment and management practices. Beneficial reuse
of produced water often raises concerns associated with the
contamination of surface and groundwater,49 plant health,”*7®
soil contamination,”*””® and human toxicity that limit industry
and public acceptance.”””®* Frameworks and regulations are
needed to address toxicology risks and public acceptance issues
for beneficial reuse (discussed in Section 4).

Consequently, beneficial reuse of produced water generally
requires the removal of constituents such as oil and grease,
total suspended solids (TSS), TDS, biological oxygen demand,
chemical oxygen demand, and pathogenic bacteria via
conventional and advanced water and wastewater treatment
processes.”'> More highly regulated beneficial reuse of
produced water may also require further treatment for removal
of constituents such as selenium, boron, radionuclides, and low
molecular weight organics via desalination, advanced oxidation,
and adsorption processes. For beneficial reuse, treatment trains
might require a process dedicated to reducing the toxicity of
the treated produced water to ensure public and environmental
safety. Recently, promising studies have shown that photo-
catalysis-driven advanced oxidation processes (ozonation, rare
metal catalyst, Fenton processes) can greatly reduce produced
water toxicity.”’~* Other technologies and processes have
shown a potential for reducing toxicity, such as adsorption
(granulated activated carbon, powder activated carbon,
zeolite),*””? ion exchange, and biological treatments (activated

sludge, MBR)”' ™" but require more research to determine
their applicability for produced water treatment.”” Further-
more, if primary, secondary, and tertiary treatments are needed
to meet effluent requirements, ensure sustainability, and
address public concerns, the resulting treatment system may
not be economically viable. Some states, such as New Mexico,
have passed regulations that prioritize beneficial reuse and
promote research to balance the protection of human health
and the environment with increased beneficial reuse of
produced water to limit reliance on freshwater resources.”®
New Mexico also established a research center to identify
needed technology and regulation research to address public
health concerns and overcome the economic and safety
challenges limiting produced water recycling.”®

In particular, beneficial reuse of high salinity produced water
remains a major challenge due to the current limited options
for cost-effective desalination treatments that generate water of
adequate quality for potential beneficial reuse, paired with the
large volume of residuals that must be managed. Beneficial
reuse of produced water with TDS as low as 2000 mg/L may
require desalination via membrane-based (NF and RO) or
thermal-based (eutectic freezing and MVR) processes to meet
effluent requirements. If treatment of high salinity produced
waters (TDS > 75,000 mg/L) were extended to ZLD, the
volume of solid salts generated would be overwhelming. For
example, produced water in the Permian Basin routinely
exceeds TDS concentrations of 95 g/L that are mostly NaCl,
and the produced water in the basin is expected to exceed
13,000 billion gallons (49 billion m?) over the lifetime of the
play (the next 50—100 years).” Assuming an average TDS of
100 g/L and a 100% water recovery, one O&G basin will
generate nearly 4.92 billion metric tons of salt over the lifetime
of the play, highlighting the potential salt management issues if
ZLD was employed industry wide.””””® The salt, naturally
occurring radioactive material (NORM), and brine residuals
management associated with desalination and advanced
treatment is nontrivial, and the economics of managing these
residuals, whether through ultimate disposal or solidification,
need to be considered in assessing the overall economic
feasibility of specific treatment operations.

Enhanced resource recovery of either water or valuable
constituents (e.g., insoluble hydrocarbons, lithium, iodine)
may help offset the cost of produced water treatment.””"" For
example, prior to disposal, recycling, or beneficial reuse of
produced water, insoluble hydrocarbons may be recovered
using conventional oil—water separation techniquesgg_101 or
novel higher-efliciency, modular methods."”'® In contrast,
recovering inorganic compounds from the concentrated brines
generated by treatment processes is often more technically and
economically viable. Yet, advances in solute-tailored function-
alization of membranes for enhanced selectivity could enable
resource recovery earlier in the treatment process.m4_107
Further research must identify regions where saleable
constituents are present in sufficient concentrations to have
economic potential, as well as the fit-for-purpose solutions to
best extract and refine these constituents.

While treating and adopting produced water for beneficial
reuse poses greater challenges for achieving the desired water
quality and pipe parity, some existing state-of-the-art manage-
ment practices have already enabled the beneficial reuse of
produced water. The following case studies discuss beneficial
reuse scenarios with more stringent effluent standards and
limitations: (1) recycling environmental surface discharge and
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resource recovery in the Marcellus Basin, (2) streamflow
augmentation in the DJ and Powder River Basins, (3)
agricultural irrigation in the San Joaquin Basin, and (4)
municipal reuse in the Powder River Basin.

3.2.1. External Reuse, Recycling, and Surface Water
Discharge: Marcellus Basin, Pennsylvania. Treatment,
recycling, and beneficial reuse of produced water within the
Pennsylvania portion of the Marcellus Basin is incentivized due
to water scarcity and regulatory limitations for underground
injection. The combination of Pennsylvania’s geology and state
regulations (25 Pa Code § 78.18) has resulted in fewer than 15
permitted SWD facilities in the state—culminating in the
recycle of approximately 90% of produced water generated in
Pennsylvania.’”'%® Pennsylvania has passed legislation that
encourages the development of centralized treatment facilities
and conveyance systems by streamlining permitting and
reducing regulatory requirements for storage and conveyance
(25 Pa Code § 299). Residual brine streams and remaining
produced water are often transported to Ohio, where SWD
regulations are less stringent, for injection at a total cost of up
to $94—126/m*® ($14.94—20.03/bbl)."" Therefore, the O&G
industry is financially motivated to pursue innovative options
that enable both recycling and beneficial reuse of produced
water within the Marcellus.'"

Eureka Resources operates multiple facilities that receive
produced water from more than 200 wells and multiple
operators in the Marcellus Basin."'” These centralized water
treatment facilities include combinations of the treatment
processes described in the following section to generate
multiple qualities of effluent water, while, when possible,
valorizing residuals.”” The specific processes and extent of
processing vary by facility based on multiple factors, including
customer needs and influent water quality. A simplified,
generic process flow diagram of the Eureka Resources process
is shown in Figure 4.

In general, the treatment facilities have reported capacities of
4000—10,000 barrels (168,000-420,000 gallons/636—1590
m?) of produced water per day.'”” Influent produced water
is screened for various water quality parameters (e.g., screened
by pH and concentrations of TDS, methanol, and TSS) before
entering the treatment train. While influent produced water
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Figure 4. Simplified process flow diagram of various processes
employed at Eureka Resources’ centralized produced water treatment
facilities."! ' "' '* Abbreviations are as follows: methanol (MeOH),
mechanical vapor recompression (MVR), ion exchange (IX),
membrane bioreactor (MBR), reverse osmosis (RO), publicly
owned treatment works (POTW), and SWD well.

quality can vary substantially, the TDS are typically 100,000
mg/L.“l’112 Treatment costs may increase due to factors
including increased chemical usage for produced waters with
TDS in excess of 150,000 mg/L. 12 5] and solids are first
separated in a primary clarifier. Recovered oil is reclaimed for
reuse, while the solid stream is dewatered prior to landfill
disposal."'>"'? Eureka Resources estimates that 10—30 tons of
solid waste per day is generated for produced water treatment
plant with a capacity of 4000 barrels (168,000 gallons/636 m?)
per day.''" At some facilities, water with elevated methanol
concentrations (>500 mg/L) is pretreated using a rectification
column to recover methanol for reuse within the O&G
industry prior to further treatment.'””"'* The resulting
methanol purity is typically 97%, with trace contaminants
(e.g., BTEX, acetone, zinc, calcium, aluminum, Water).114
Deoiled produced water flows through the primary clarifier and
then one of two parallel clarification treatment trains. While
one treatment train is designed for higher TSS streams (e.g.,
drilling fluids), each train includes pH adjustment and
chemical addition, a flash mixer, a clarifier, and an equalization
tank.””'*” Effluent water is classified as pretreated wastewater
and may be used for internal purposes within the O&G
industry.

Pretreated wastewater is desalinated via MVR to produce
distilled water that may be recycled or discharged to publicly
owned treatment works.'”” This distilled produced water may
be further treated with an MBR followed by ion exchange and
RO to generate water that meets Pennsylvania’s dewasting
effluent standards (Pennsylvania Department of Environmental
Protections’ WMGR123 Appendix A General Permit Require-
ments) for direct discharge to surface waters.”>""* While high-
purity MVR distillate traditionally does not require further
polishing, the advanced treatments are necessary to meet the
dewasting standards due to more stringent requirements for
the WMGRI123 permit. To further evaluate this extended
treatment train performance, Eureka Resources worked with
the Center for Sustainable Shale Development to conduct
additional toxicity and characterization testing with the goal of
mitigating toxicity.109

Eureka Resources endeavors to valorize residual streams
from desalination and advanced treatment through resource
recovery from the concentrated brine generated during
desalination.”*'% Concentrated brine (either NaCl or 20%
CaCl,) generated during this process can be reused as a
drilling fluid additive, treated via an advanced brine manage-
ment train, or transported to an SWD facility for
disposal.”*'*>''% Eureka Resources’ facilities may also produce
NaCl crystals via crystallizer for reuse outside of O&G.'*>'"?
Finally, Eureka Resources is currently in the process of
developing lithium and CaCl, precision separation technology
to further valorize the brine generated during this process.

Ultimately, this case study highlights the relevance of
flexible, fit-for-purpose produced water treatment that includes
resource recovery valorization and reductions in produced
water disposal.”>'%”"'* Yet, the viability of this extensive
treatment process is contingent on the elevated cost of
produced water management in Pennsylvania.'' Eureka
Resources has reported treatment costs for reuse of flowback
and produced water of $40.63—62.50/m* ($6.50—10.00/
bbl)."'"'"* For more extensive treatment, the reported
crystallization costs are approximately $68.75/m® ($11.00/
bbl), with the potential to reduce to approximately $43.75/m>
($7.00/bbl) with integrated, commercially viable resource
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recovery.''''* Thus, while this treatment and management
approach is often viable within the Marcellus, the elevated cost
of treatment and management far exceeds disposal or recycle
costs within the Permian and Anadarko Basins. Further,
relatively similar facilities, even within the Marcellus, have been
idled, highlighting the often volatile economic viability of
produced water reuse.''> In particular, shifts in the price of oil
affect exploration, production, and consequently the gen-
eration of produced water. This instability in the produced
water supply may undermine the profitability of these large,
centralized treatment facilities. However, management ap-
proaches like this may become more common if concerns
related to the adequate treatment of produced waters and our
understanding of the risks associated with beneficial reuse alter
regulatory requirements.

3.2.2. Streamflow Augmentation: Denver—Julesburg
Basin, Colorado, and Powder River Basin, Wyoming. To
enable streamflow augmentation with produced water,
operators need to meet and receive local and NPDES permits
for specific contaminants and water qualities. An example is a
permit that an operator has requested from the Colorado
Department of Public Health and Environment for discharging
treated/blended produced water from a tight shale formation
into the South Platte River and St. Vrain Creek in the DJ Basin
in northeastern Colorado (PEL230027). Water from a large
network of pipelines in the basin that contains a mix of
purchased surface and groundwater and treated produced
water (MBR or RO desalination with conventional and ion
exchange pretreatment) (first dilution step) is discharged to
streams (second dilution step). The discharge limit is based on
an elaborate mass balance of various constituents in the
pipeline produced water and the water flow rate in the two
streams. For the DJ produced water considered in this
evaluation, the ratio between discharge flow and streamflow
ranges from 1:43 (St. Vrain Creek) and 1:114 (South Platte
River) for chronic low flow that represents the 30-day average
low flow recurrence in a three-year interval. No data regarding
the presence or quantification of organics were submitted to
the division with the Preliminary Effluent Limits (PEL)
application; therefore, testing for organics would be submitted
with the permit application to determine which specific organic
compounds are present and need to be removed.

Another example of surface discharge for streamflow
augmentation was described by Plumlee et al. in a study that
presented a decision support tool that was developed as part of
a new framework for produced water treatment and beneficial
reuse.® Average water quality was obtained from approximately
90 wells in the Powder River Basin in Wyoming, with an
average TDS concentration of ~900 mg/L; this TDS
concentration is less than the limit for irrigation (2000 mg/
L) and for livestock watering (5000 mg/L) in Wyoming. With
respect to streamflow augmentation, the average conductivity
values met standards for the Powder River, but the average
sodium adsorption ratio (SAR) exceeded the standard. Thus,
the produced water would require post-treatment prior to any
stream discharge. The decision support tool developed by
Plumlee et al. proposed a short treatment train consisting of
chemical disinfection, media filter, and potentially NF
desalination for sensitive receiving streams. That said,
considering the high quality of the raw produced water, the
decision support tool gave higher priority to beneficial reuses
that demand higher water quality (e.g, aquifer recharge,

fisheries, irrigation, livestock watering, and other industrial
applications) than streamflow augmentation.

3.2.3. Agricultural lIrigation: San Joaquin Basin, Cal-
ifornia. Treatment of produced water for irrigation could help
alleviate the water demand of drought-stricken states with large
agricultural practices, such as California and Texas. Currently,
the beneficial reuse of conventional produced water for
agricultural purposes is done on a small scale, and one
operation within the San Joaquin Basin in Kern County,
California, has been in operation for over 20 years. Federal
regulations in 40 CFR 435 allow for the discharge of O&G
produced water for environmental or agriculture use. In
California, the Regional Water Quality Control Boards manage
the NPDES program and require companies discharging
produced water for agricultural uses to provide a list of
chemicals added to the water before drilling, the volume of
produced water being discharged, and evidence that the
discharged produced water meets the effluent limits set by the
board for irrigation use. However, the use of produced water
for irrigation in Kern County should be viewed as an exception
that may not be replicable on a national scale because the
background TDS concentrations of produced water in parts of
Kern County are very low (<1000 mg/L), and the produced
water is co-located with elevated agricultural irrigation
demand.”"'® For wider use of produced water for agriculture
in other oilfield play, cost-effective treatment technologies are
needed to reduce high TDS values in other regions to a level
similar to Kern County.

The Cawelo Water District ponds, located in Kern County,
California, receive treated produced water from neighboring
O&G sites, blend it with irrigation water (up to 50% produced
water), and then distribute the water for agricultural irrigation
(e.g., citrus fruits, nuts). The ponds have consistently provided
reclaimed produced water for agricultural beneficial reuse
(longer than any other facility) since the early 1990s and
constitute one of the only such facilities in the US. Due to the
age of this facility and the requirements of the water district,
there is a large amount of historical data on the process and
environmental impacts associated with this facility.''*~""*

One treatment facility, Station 36, upstream of the Cawelo
ponds can treat 900,000 barrels (38 million gallons/143,000
m®) per day of produced water from the Kern River oil field.
The Cawelo ponds may also receive up to 175,000 barrels (7.4
million gallons/27,800 m®) per day of water from the Valley
Water Management Company from the Kern Front oil field.
Treatment of high-quality produced water for agricultural
beneficial reuse in Kern County focuses on oil—water
separations before blending with surface water and pumped
groundwater to lower the concentration of dissolved
constituents such as As, Na, B, Cl, and Se. As shown in
Figure SA, produced water entering the treatment facility first
undergoes mechanical/gravity separation, followed by sed-
imentation, air flotation, and finally filtration through walnut
shell filters. Most of the pretreated water is pumped to a series
of reservoirs for polishing (evaporation of VOCs), blending,
and eventual transfer to the agricultural irrigation systems."'

Beneficial reuse of produced water in Kern County is
enabled by the proximity to agricultural needs, low salinity, and
low concentrations of constituents like boron. These factors
allow for the treatment train to focus on low-cost oil removal,
while subsequently utilizing blending with freshwater to lower
the concentration of toxic constituents. WaterTAP3 analysis
indicates that the adjusted LCOW for the baseline Kern
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(LCOW) and energy intensity (EI).

County scenario is $0.09/m> ($0.01/bbl) with a corresponding
energy intensity of 0.44 kWh/m® (0.07 kWh/bbl) as shown in
Figure 5B and C, respectively. The contributions of each unit
process to the adjusted LCOW and electricity intensity for the
Kern County baseline study can be seen in Figures S10 and
S11 in the Supporting Information, respectively. As with the
SWD case studies, increasing the required conveyance
distances reduces the economic viability of the produced
water management option. WaterTAP3 analysis indicates that
increasing either the piping or trucking distance to 50 miles
will increase the adjusted LCOW to $0.04/m> ($0.01/bbl) and
$0.07/m> ($0.01/bbl), respectively.

Yet, blending may not be sufficient for sustainable soil and
plant health when irrigating with lower quality produced
water.”*”>'** When the background TDS concentrations are
higher (as is typical in other O&G plays), the water will require
further pretreatment and desalination to remove salts before
use for irrigation, which will result in an overall higher cost of
treatment in order to meet SAR guidelines to prevent soil
sodicity. Due to these sensitivities, agriculture irrigation
requires a much higher water quality than does SWD or
recycling. For a brackish produced water with TDS of 10,000
mg/L, WaterTAP3 indicates that incorporating desalination
approaches like microfiltration (MF) with RO increases the
adjusted LCOW of the blended water stream to $0.67/m?’
($0.11/bbl) with a corresponding energy intensity of 1.96
kWh/m?® (0.31 kWh/bbl) The contributions of each unit
process to the adjusted LCOW and electricity usage are shown
in Figures S10 and S11 in the Supporting Information,
respectively. Yet, as most produced waters have much higher

salinities, these values and this approach would still likely have
limited applicability.

Furthermore, for produced waters with elevated boron
concentrations (>0.5 mg/ L), treatment processes may be
necessary to meet recommendations for protecting plant and
soil health.”*"*" Common methods for boron removal in
produced waters include adsorption, ion exchange, and
membranes (e.g, RO, electrodialysis (ED), electrodialysis
reversal (EDR))."** Efficient boron removal in RO membranes
often requires operation at high pH, as nonionized boric acid is
the dominant species in relevant pH ranges (i.e., 6—8) and
may diffuse through the membrane.'**~"*> Yet, high pH may
exacerbate the fouling of the membrane surface (e.g, calcite
scaling).">*""*” One novel approach utilizes a hybrid ED/RO
membrane system to reduce the concentration of anions and
cations via ED, increase the pH to alter boron speciation, and
remove boron via RO."**"** WaterTAP3 analysis of a hybrid
ED/RO membrane system and baseline pretreatment for
enhanced boron removal produces an adjusted LCOW of
$0.83/m3 ($0.13/bbl) with a corresponding energy intensity of
6.82 kWh/m® (1.08 kWh/bbl). The WaterTAP3 simulation
models ED performance; however, replacing the ED unit with
an EDR unit could potentially reduce the LCOW and energy
intensity of these treatment trains. The contributions of each
unit process to the adjusted LCOW and electricity usage are
shown in Figures S10 and S11 in the Supporting Information.
While these case studies consider the presence of both elevated
salinity and boron, the presence of other recalcitrant
constituents could require additional treatment processes,
further increasing both the adjusted LCOW and energy
intensity of the treatment approach. Furthermore, with
agricultural water costs in California generally ranging from
$0.014 to 0.89/m> ($0.002 to 0.14/bbl), these options may
not be economically viable at the present time."*’

While similar treatment processes for produced water
beneficial reuse in agricultural irrigation may have the potential
for adoption in other low salinity basins (e.g., San Juan Basin,
Raton, Powder River Basin), expansion to basins with higher
salinity produced water with trace contaminants and larger
required conveyance distances are unlikely to be economically
feasible. Prior assessments of minimally treated CBM from the
Powder River Basin for use in agricultural irrigation has
demonstrated that minimally treated CBM produced water
allows for the short-term growth of crops, with negligible
detrimental effects to the crops, but accelerates the long-term
degradation of soil health.'**~"** Furthermore, there has been
some social backlash from consumers to the beneficial reuse of
produced water for agricultural irrigation."*> To combat these
public concerns, regulatory agencies have performed sampling
tests for the health of crops irrigated with produced water (e.g,,
almonds, garlic, mandarins) and tests on the soil health
irrigated with the produced water."**™"** Additional research
into human and ecological toxicity may be necessary to
confirm the safety or dictate additional treatment needs for
widespread use of treated produced water for agriculture
irrigation.

3.2.4. Municipal Reuse: Powder River Basin, Wyoming.
While beneficial reuse options like irrigation and streamflow
augmentation are of interest in semiarid regions, water scarcity
in severe drought-stricken regions may justify assessing the
viability of municipal reuse or even direct potable reuse
(DPR). In particular, many regions with significant CBM
production experience water stress, which could be partially
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Figure 6. Process flow diagrams for a proposed centralized treatment systems for municipal reuse. Abbreviations are as follows: Wind-Aided
Intensified eVaporation and Membrane Crystallization (WAIV-MCr), ultraviolet (UV), and advanced oxidation process (AOP). Additional details

on the case study and WaterTAP3 inputs are available in the SI.

mitigated through the beneficial reuse of low salinity CBM
produced water. For example, in the Damodar Valley Basin in
eastern India, a techno-economic analysis indicated that RO-
treated CBM produced water could provide high-quality water
for an estimated 3.5 million people over 20 years."*” Another
techno-economic analysis by Meng et al. suggested that RO-
treated unconventional and conventional produced waters in
California could Iprovide drinking water for one million
residents per year."?"

Singh and Colosi evaluated the feasibility of DPR of CBM
produced water from the Damodar Valley Basin for both
centralized and decentralized RO treatment systems.”” In the
centralized system, the RO-treated produced water is pumped
through a pipe network into homes. In contrast, in the
decentralized system, raw produced water is treated in homes
for point-of-use RO treatment. For both cases, a non-
commercial desalination technology, Wind-Aided Intensified
eVaporation and Membrane Crystallization (WAIV-MCr), was
modeled for brine management. WAIV-MCr is a process that
concentrates the brine 10 times through evaporative processes,
and a subsequent membrane process further intensifies the
brine, resulting in solid salt byproducts, a clean water stream
(50% recovery), and a membrane brine purge.'*’ WAIV-MCr
may have limited applicability due to its ambient condition
requirements (e.g., wind) and its inability to recover
freshwater."*" While Singh and Colosi evaluated RO as the
only treatment step in the centralized DPR treatment train, the
WaterTAP3 results presented herein focus on the centralized
treatment train and incorporate UV inactivation and addition
of chlorine to comply with US drinking water regulations (e.g.,
disinfection credits, chlorine residual) (Figure 6). These
additional treatment steps were added to inactivate pathogens
and prevent microbial regrowth in the distribution system.

The potential for municipal reuse of produced water in the
US was evaluated using CBM produced water from the
Powder River Basin. WaterTAP3 analysis of the modified
centralized treatment train indicates an adjusted LCOW of
approximately $2.20/m> ($0.35/bbl) with an energy intensity
of 1.40 kWh/m® (0.22 kWh/bbl) for a 4500 m*/day treatment
facility. Similar to the original analysis, greater than 50% of the
adjusted LCOW can be attributed to the WAIV-MCr (Figure
S13), highlighting the importance of cost-effective brine and
residual management approaches in achieving pipe parity."*”
Thus, improvements in either the brine management
technologies or co-location of the centralized treatment
facilities with SWD could help to improve the economic

viability of this produced water management approach. Yet,
while the estimated LCOW is above the municipal water costs
from freshwater sources ($0.30—0.80/m> or $0.05—0.13/bbl),
they are relatively similar to those of brackish water or seawater
desalination for municipal use (~‘Z§O.90—1.70/m3 ($0.14—-0.27/
bbl) and $1.80—4.20/m> ($0.29—-0.67/bbl), respectively) and
could provide a potential solution for rural homeowners rather
than build out brand new municipal water treatment
districts."** In response to growing water scarcity, some
municipalities have started to rely on brackish and seawater
desalination facilities to provide municipal water, and thus,
CBM produced water for municipal reuse may be financially
feasible.

However, while it may be economically viable for these
treatment trains to achieve potable drinking water standards,
the lack of toxicological information on unregulated con-
stituents in this water limits the ability to safely adopt low
salinity produced water for potable use. The general lack of
toxicological studies on produced water poses both a scientific
and a social hurdle in the adoption and general public’s
acceptance of these waters for more sensitive uses (e.g., food
crop irrigation and municipal usage). Furthermore, many states
lack regulations concerning municipal wastewater DPR and
those that do have complex regulations and limitations
concerning DPR.'*’ Given the social and regulatory hurdles
encountered during the implementation of DPR with
municipal wastewater, it is difficult to imagine the drivers
that would enable DPR with produced water in the US.
Ultimately, responsible, sustainable beneficial reuse of
produced water may require holistic chemical characterization
and toxicological assessment to inform treatment train
development to appropriately mitigate risk to the public and
the environment (as depicted in Figure 1).

The complex chemistry of produced water creates character-
ization challenges that, when coupled with the understudied
nature of drilling/fracturing fluids and the transformation
products that form in the well, leads to difficulties in evaluating
the success or failure of produced water treatment trains.
Current research is attempting to overcome some of these
challenges in characterizing produced water’”'** and suggests
that numerous unregulated or proprietary chemicals may be
present in any particular untreated produced water
stream”'*>'*® and therefore potentially exist in treated
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produced water. The difficulty in characterizing constituents in
produced waters, in addition to the lack of data, has likely
hampered policymakers and regulatory agencies in developing
policies that enable advanced treatment of produced water to
facilitate alternative water reuse. This, coupled with the lack of
data on completion and production chemicals, and with clear
and defined treatment goals, likely creates concerns that the
water may not be adequately characterized or treated for the
desired end use. Therefore, future research efforts must
identify analytical and bioanalytical methods for indicator/
priority compounds or transformation products in produced
water. These indicators, which would serve as metrics for the
evaluation of treatment technologies for beneficial use of
produced water, must capture the breadth of water quality
concerns for the targeted end use.

There is a critical need for developing rigorous protocols
that ensure sustainable management and beneficial reuse of
treated produced water. Previous studies have identified these
needs and suggested that such protocols should include
components to address monitoring, process control, treatment
effectiveness, and potential environmental and health risks. In
addition, phased approaches for evaluating produced water
management options have been developed (GWPC) that
incorporate both initial and beneficial reuse evaluations,
legislative and regulatory assessment, logistics, economics,
and benefits (Phase I)."' Evaluation is followed by the
identification of contaminants for treatment and risk analysis
using pilot testing and effluent characterization (Phase II),
traditional risk assessment methodologies (Phase III), and risk
management (Phase IV)."' While these recently developed
approaches have significant potential for addressing produced
water management at scale, they have failed to address the
underlying gaps associated with assessing the suitability of
produced water for particular end uses.

Untreated produced water matrix complexity (e.g., salts,
organics, microorganisms) creates challenges for results in the
application failure of traditional water and wastewater
analytical methods, often due to interferences induced by
specific constituents present at high concentrations in these
waters and a dearth of analytical methods for analyzing
unknown organic compounds present in these fluids and
brines. Because an appropriate array of indicators and
bioanalytical tools has yet to be identified or developed,
these current methods fail to connect treatment process
selection to chemical- or toxicity-based end points relevant for
a specific use. Consequently, the systematic framework
required to properly assess the chemical or toxicity end points
of a waste product as complex as produced water has not yet
been developed. Thus, while Figure 1 highlights the need to
incorporate toxicity end points for particular end uses, an
appropriate framework to link technology performance to end
use specific toxicity measures is still lacking.

In terms of bioanalytical tools, several studies have allowed
for a basic assessment of which particular fractions might
contribute the most to certain toxicological end points, but
they have rarely extended to whole organisms. This work has
been performed on various model invertebrate and vertebrate
systems and has been carried out almost exclusively with raw
produced water. End points that have been studied include
mortality (LCS50),"*” developmental effects in early life
stages,"* endocrine disruption,'*”'*” estrogenicity,"*” physical
and behavioral impelirlilent,78’150’151 cardiovascular ef-
fects,>*71%* oxidative stress,'>>'>¢ ionoregulatory stress,>’

metabolic stress,'”” and genotoxicity.””® While these studies
have contributed to our general knowledge of the toxicity
associated with raw produced water, none have outlined
approaches that could be followed to assess the toxicity of
treated produced water.

Treated produced water matrices with, for example, lower
salt and organics will be substantially different from the raw
water matrix. A common practice of diluting water samples
before analysis often results in the inability to detect
compounds that were originally present at low concentrations.
Not only does this practice create challenges in comparing
pretreated and post-treated water, but it also may result in a
gap in assessing synergistic chemical interactions during
toxicity assessments. The analytical challenges are com-
pounded by the multitude of unknown compounds present
in produced water from either the subsurface,"*® proprietary
fracturing fluid additives,"** subsurface transformation prod-
ucts,160 or the formation of chemicals during treatment.'®"’
Thus, significant efforts are needed to either identify or find
indicators to assess the toxicity of treated produced water for
use outside the O&G industry.

4.1. Toxicological Considerations. Toxicity analysis,
both acute and chronic, is the most reliable approach for
determining the long-term suitability and safety of produced
water for beneficial reuse. The use of toxicity assays for
assessing treated effluent quality for surface discharges is often
required. Whole effluent toxicity (WET) is employed within
the NPDES permits program to evaluate the toxicity of the
entire waste stream and should be considered as part of
pretreatment compliance inspections of municipal wastewater
treated effluent.'® While the selection of methodologies for
toxicity testing of treated produced water will likely vary
depending on the desired end use, both short-term and long-
term impacts need to be considered.

Acute toxicity, generally defined as an adverse outcome after
short-term exposure, can be evaluated through classic
toxicology methods such as LCS0 assays'® or focused on
specific end points (e.g., estrogenicity to genotoxicity) using in
vitro bioassays. The evaluation of chronic toxicity (an adverse
outcome after long-term exposure) is challenging because it
must consider the life cycle of an organism with respect to
exposure duration and adverse effects.'®* This can make causal
relationships difficult to determine because additional con-
founding factors can play a role concurrently during the
exposure period (i.e., synergistic or antagonistic effects).
Synergistic effects are adverse outcomes amplified by the
presence of other compounds;'®® this is especially concerning
because produced waters are complex heterogeneous mixtures
with many compounds that have the potential to interact with
other natural organic and inorganic matter. This brief review of
treated produced water toxicity focuses on two of the
alternative beneficial reuse pathways discussed above:
beneficial reuse for crop irrigation and streamflow augmenta-
tion. While different end uses of treated produced water may
have differing acceptable levels or optimal assessment tools for
toxicity (i.e, cooling tower reuse vs irrigation for crops), the
two examples selected represent beneficial reuse options of
near-term interest that may have direct impacts on ecological
systems and indirect impacts on human health.

4.1.1. Irrigation. The agricultural sector has the greatest
potential for beneficial reuse of treated produced water” but
also has potential for toxic exposures to a variety of end points/
biological systems. Beneficial reuse for irrigation involves
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indirect human exposure through consumption of food
products irrigated with treated produced water but also
includes environmental exposure to animals, plants, freshwater,
and soil systems. The long-term impact on soil health in
cropland is an essential component of evaluating this beneficial
reuse pathway and the potential accumulation of inorganic
chemicals, such as simple salts, boron, arsenic, NORMs, or
metals, that could prove detrimental to agricultural soil health.
There has been little research to date in this area, with the only
long-term use of treated produced water for irrigation
occurring in the San Joaquin Basin, which was detailed in
Section 3.2.3. This paucity is compounded since the water in
that basin is not representative of produced waters found
elsewhere in the US (primarily its low TDS values).

Recent greenhouse studies have investigated the irrigation of
crops with diluted, untreated produced water to address several
questions regarding the role of simple dilution when irrigating
crops.”””® These projects demonstrated that even when
salinity concentrations meet local irrigation recommendations,
diluted produced water (e.g, 5% produced water, 95%
freshwater) can still adversely affect soil health by impacting
the soil’'s physical properties, chan§ing the soil microbiome,
and overall decreasing crop yield.'”" Similar studies suggest
that diluted produced water induces greater suppression of the
plant’s immune response’* and promotes plant stressors (i.e.,
saline or oxidative stress) that lead to greater decreases in crop
yield compared to controls containing the same concentration
of salts but no other known contaminants.”” Thus, current
dilution targets that focus solely on salinity are not necessarily
appropriate; targeted end points should address soil health and
plant toxicity as depicted in Figure 1.

The studies described above complement the analysis of
agricultural fields in Kern County, California, that demon-
strates an accumulation of sodium and boron in fields irrigated
with diluted produced water, even in cases when the water met
local criteria for boron (less than 1 mg/L) or contained only
17% more sodium than local groundwater.116 In general, the
effects of these inorganic contaminants on soil health and plant
physiology are well understood,'°>'®” so treatment approaches
can be designed to reduce their impacts using existing
knowledge. For example, the scenario options identified for
the Kern County case studies include desalination and boron
removal using membrane technology. Evaluation of the impact
of these improvements on salt accumulation and soil and plant
health is needed. However, even in this case, more work is also
needed to determine if there are relevant synergistic effects
involving inorganic contaminants within this complex mixture,
and future toxicity analyses need to focus on the impacts of
treated produced water on the soil fauna necessary for a
healthy soil (i.e., bacteria, fungi, nematodes, or earthworms).

There is little to no research on how treated produced water
impacts the surrounding environment and its many receptors
(e.g, ecotoxicological risks to plants or wildlife). The only
research to date is on spills or releases of untreated produced
water that correlate O&G activity to increases in endocrine
disrupting compounds (EDCs) in nearby surface water,"**~""°
compounds that can cause adverse reproductive effects in
freshwater organisms.147 Thus, thorough characterization of
the TOC remaining in treated produced water will be
necessary because excess irrigation water could drain from
agricultural fields into nearby surface water systems, and the
uptake and accumulation of organic compounds found in
flowback and produced water have been demonstrated in

wheat plants.”” Uptake and accumulation of complex organic
molecules such as PAHs,'”" EDCs, personal care products, and
pharmaceuticals have also been shown to occur in corn,'””
leafy vegetables,'”> wheat,'’* and root vegetables'”> through
irrigation with reclaimed wastewater. While flowback and
produced water likely does not contain any pharmaceuticals or
personal care products, the uptake of these compounds into
plants shows the potential for crops to transport similar
complex organic molecules into the plant biomass. Overall, our
understanding of plant uptake, the formation of toxic
metabolites through plant metabolism,'”® and the potential
for synergistic effects of these organic compounds with
pesticides or inorganic compounds'’” remains limited. In the
absence of rigorous research and analytical methods for
assessing end use specific toxicity of treated produced water, it
will be difficult to develop metrics to guide engineers and
regulators and reassure the public.

4.1.2. Streamflow Augmentation. Streamflow augmenta-
tion is another method that O&G producers use to discharge
their produced water. This practice is allowed in arid states
west of the 98th meridian and is regulated under the NPDES
permit system (Section 3.2.2). Requirements for obtaining
these permits and effluent limits of specific parameters may be
site specific and vary from state to state or by EPA region. For
example, at a discharge site in Wyoming, the NPDES permit
has specific effluent limits for oil and grease, TDS, specific
conductance, chloride, sulfate, Ra226, and pH, while acute
toxicity is also analyzed every 6 months.”*" This is in contrast
to the NPDES permitting in Colorado that also requires an
assessment of chronic toxicity.”” Produced water discharged
for streamflow augmentation typically undergoes some type of
treatment prior to release to meet NPDES regulations for oil
and grease levels (<10 mg/L at this site). The treatment prior
to discharge can be through separators (heat, gravity, or
chemical), settling ponds, flotation, and/or skimming.

Analysis of streamflow augmenting produced water effluent
at one site in Wyoming showed that these treatment trains are
effective at meeting NPDES requirements at the discharge
point. However, downstream four of the six regulated
parameters increased in concentration, and specific con-
ductance increased above the permissible limit for NPDES
regulated effluent (only regulated at the effluent dis-
charge).”'”® At the discharge point, the produced water
effluent underwent comprehensive chemical characterization
that showed the presence of over 20 unregulated volatile/
semivolatile organic compounds and three different types of
surfactants.”'”” Concurrent mutagenicity assessments of
effluent at the discharge point showed increased mutation
rates with four different mutation types when compared to a
negative control, but these mutation rates decreased as the
discharge flowed down the augmented stream.®’ This
produced water discharge was eventually consumed by cattle
downstream in an ephemeral lake, but consumption also
occurred as close as ~100 m to the effluent discharge.
Eventually, the augmented stream terminated upon entering a
perennial river or at times even dried out before reaching the
river.” This example highlights the importance of linking
treatment trains to end use toxicity measures as suggested in
Figure 1. The presence of both salinity and organic compounds
downstream of the discharge point suggest that more advanced
treatment is needed. Both advanced oxidation and adsorption
processes are capable of reducing toxicity. As a result,
treatment trains such as that provided within the Eureka
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Resources case study may be necessary. More importantly, this
work brings to question the use of the current NPDES
permitting approach and highlights the need for thorough
chemical characterization and toxicity assessments to fully
understand the risks of discharging treated produced water to
the environment. Within the context of discharge to natural
water bodies, the presence of bioaccumulating contaminants in
complex produced water discharges can represent another
threat that must be considered.'®” These issues have added
importance in the arid west, where produced water eftluent
might be the major water source of an ephemeral water body
that is consumed by various animals/livestock; alternatively, if
the effluent flows into a perennial river, it would eventually be
utilized downstream for either agriculture or as a drinking
water source.'®' While the cost of treatment and toxicity
testing may deter streamflow augmentation with produced
water, treatment process advances and improved toxicity
testing approaches may prove to be cost effective in the future.
Indeed, future toxicity testing may be less expensive and more
informative than existing analytical tools such as high
resolution chromatography/mass spectrometry.

4.1.3. Bioanalytical Tools. Toxicological characterization of
produced water to date has primarily focused on diluted raw
produced water and on either organic or inorganic fractionated
components of raw water. Chemical separation techniques
(e.g, solid phase extraction) have been used to partition
organic components from inorganics without dilution, allowing
for bioassay testing of each fraction at a variety of dilutions.
However, we currently lack the standard separation/dilution
methods to facilitate comparisons among research studies and
between raw and treated samples. Future methods must
address this limitation to allow the development of general-
izable insights and produced water toxicological databases.

4.2. Proposed Method for Assessing Toxicity in
Treated Produced Water. The complexity of produced
water makes it difficult to establish methods to determine
biological toxicity. However, even more challenging is the fact
that each produced water has a distinct composition, and when
volatile organic compounds dissipate, the composition and
toxicity of the water will change. This makes it exceedingly
difficult to formulate thresholds for concentrations of
constituents in either raw or treated produced water that
might be expected to generate adverse environmental effects.
One approach to solving this problem is the implementation of
an adverse outcome pathway. The adverse outcome pathway
concept uses existing toxicity testing methodologies at all levels
of biological organization relevant to human and ecological risk
assessment.'> Adverse outcome pathways identify molecular
and biochemical changes following exposure to a given
chemical or effluent, and use of these as sublethal, early
warning signs of eventual toxicity at the individual and/or
population level provide a useful approach to follow in
evaluating a treatment process that meets that water’s specific
end use (Figure 7).

Adverse outcome pathways could be integrated into an
assessment of biological toxicity as follows. Preliminary “first
tier” testing should initially establish links between mortality
and exposure utilizing, for example, traditional toxicity tests
such as LD/LC50 assays with early life stages, usually the most
sensitive developmental stage. Ideally, such assessments would
be performed chronically (the most realistic exposure scenario)
and should involve a wide variety of different produced waters
extracted from different geological formations that have gone
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Biomarker
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Treated Produced Water
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Figure 7. Proposed method for incorporating adverse outcome
pathways and toxicity analysis into the design and operation of fit-for-
purpose treatment trains for specific end uses of produced water.

through the same range of treatment steps. Chronic assess-
ments would also allow samples to be taken over time for
determination of sublethal changes, allowing linkage of these
more subtle effects to mortality. The specific sublethal end
points of interest should focus on pathways known to be
impacted by salts (i.e, whole body ion homeostasis and
associated enzymes, such as sodium/potassium ATPase),
organic compounds (i.e, induction of biotransformation
pathways, such as cytochrome P450 enzymes), and metals
(e.g, metal handling pathways, such as metallothionein).

This “first tier” approach would be conducted in
combination with “second tier” methods, based on the end
use of the water and its potential to impact broader receptors
in the environment. These may include omics techniques (e.g.,
transcriptomics, proteomics, epigenomics, and metabolomics),
which are wide-scale screening techniques that can be used to
identify other end points that are consistently changed upon
produced water exposure.'®® First and second tier approaches
would be of greatest efficacy if performed in standard model
organisms across multiple phyla. Standard model organisms
offer a greater availability of genetic information along with the
ease of culturing such animals in the laboratory, and the past
use of standard organisms will facilitate knowledge of exposure
history. These studies will be critical to establish robust adverse
outcome pathways and to establish the strongest linkages
between sublethal change and eventual mortality. Once
established, biomarkers that have been identified as early
warning signals of future adverse effects will have to be verified
in region-specific monitoring for the “third tier”. Ideally, field-
collected biota (of greatest relevance to the specific region and
end user) can be sampled and assessed for the sublethal
changes. This may ultimately require lab-based verification that
the relationship between exposure and effect holds for the
species of interest. Following this multilevel adverse outcome
pathways approach, treatment technologies could be evaluated
for their ability to not just reduce toxicity but ideally eliminate
it from these complex industrial waters.

Overall, the adverse outcome pathway method can be used
to continuously monitor toxicity regardless of the effluent’s end

https://doi.org/10.1021/acsestengg.1c00248
ACS EST Engg. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsestengg.1c00248?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00248?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00248?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00248?fig=fig7&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

use. Adverse outcome pathway analysis would be able to verify
the effectiveness of any proposed treatment for produced
water. If toxicity is appearing in vitro, then the specific
biomarkers affected can help identify which class of chemicals
is causing toxicity, and the treatment system can be modified
accordingly. Once a certain treatment system has been
established, the adverse outcome pathway method allows for
a framework to establish credible regulations/policy because
the targeted biomarkers are reliable indicators of toxicity that
can be used to monitor the effectiveness of the treatment and
beneficial reuse systems in situ. Therefore, if O&G producers
want to beneficially reuse produced water at a specific location
for a specific outcome, they could concentrate on the
biomarkers that would be the focus of any regulatory
requirements, then independently develop a treatment system
and analyze the potential toxicity of the treated produced water
in key model organisms (i.e., organisms defined by the end use
and environmental restrictions). Lastly, long-term monitoring
of the biological systems exposed to this treated produced
water would be essential and should be conducted by testing
different phyla of animals in the field for these established
bioindicators; this monitoring would act as an alarm system,
indicating adverse outcomes that might be manifesting in the
environment.

This perspective presents a current baseline of treatment
methods of produced water in the O&G industry. We first
provided a baseline of current water treatment practices for
different end uses of produced water and then provided
context and analysis for six case studies. These six case studies
were chosen to represent different water treatment and
disposal methods, different geographic regions, and different
end uses of treated produced water. Where data were available,
we modeled these case studies in the WaterTAP3 model to
assess the LCOW and energy use for different treatment trains
and source waters. On the basis of these modeled case studies,
we also examined sensitivities and scenarios to determine the
implications of utilizing treatment in other regions and water
qualities. Even though the LCOW of current treatment
practices may not be competitive with current water and
treatment costs, technology innovations, changing water
availability, mutable regulations, and rising water costs over
time are likely to cause these treatment trains to become
competitive with other water sources, especially when
examining opportunities in water scarce regions. In cases
such as CBM for municipal reuse, the economics may appear
to be competitive with similar nontraditional water sources
such as brackish water, but water treatment economics may
not be the sole driver for future increased beneficial reuse of
produced water. Regulatory frameworks are needed to ensure
that environmental and health risks of beneficial use are
communicated and managed. Frameworks should address
monitoring, process control, treatment effectiveness, and
potential environmental and health risks and can build off
past developed frameworks (GWPC).

This perspective attempts to provide a framework that (a)
links such tools to treatment train selection and optimization
to reduce the potential toxicity associated with the beneficial
reuse of produced water and (b) can be applied to case studies
of treated produced waters of varying composition and end use
targets, with the goal of identifying appropriate chemical
indicators, biomarkers, and bioanalytical assays that correctly

assess the risk associated with each particular end use. Thus,
research is needed that employs a comprehensive adverse
outcome pathway methodology for a range of waters and uses.
The resulting data can be used to develop monitoring tools or
optimize treatment trains that are relevant to produced water
beneficial reuse for a specific end point. This analysis should
begin with a baseline case in which produced water beneficial
reuse has been employed for a long period of time, such as
Kern County agricultural beneficial reuse. Comprehensive
adverse outcome pathway testing on treated water, plant
species, and soil samples would provide a baseline for the study
of more complex waters in Colorado, Wyoming, Texas, and
New Mezxico. While this approach is necessary for reducing the
risks associated with the beneficial reuse of produced water, it
can also be applied to other industrial reclaimed water reuse
scenarios, as well as to other unconventional water sources.
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