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Abstract: The rapid development of unconventional oil and gas (O&G) extraction around the world
produces a significant amount of wastewater that requires appropriate management and disposal. Pro-
duced water (PW) is primarily disposed of through saltwater disposal wells, and other reuse/disposal
methods include using PW for hydraulic fracturing, enhanced oil recovery, well drilling, evaporation
ponds or seepage pits within the O&G field, and transferring PW offsite for management or reuse.
Currently, 1–2% of PW in the U.S. is used outside the O&G field after treatment. With the considerable
interest in PW reuse to reduce environmental implications and alleviate regional water scarcity, it
is imperative to analyze the current regulatory framework for PW management and reuse. In the
U.S., PW is subject to a complex set of federal, state, and sometimes local regulations to address the
wide range of PW management, construction, and operation practices. Under the supervision of the
U.S. Environment Protection Agency (U.S. EPA), different states have their own regulatory agencies
and requirements based on state-specific practices and laws. This study analyzed the regulatory
framework in major O&G-producing regions surrounding the management of PW, including relevant
laws and jurisdictional illustrations of water rules and responsibilities, water quality standards, and
PW disposal and current/potential beneficial reuse up to early 2022. The selected eastern states
(based on the 98th meridian designated by the U.S. EPA as a tool to separate discharge permitting)
include the Appalachian Basin (Marcellus and Utica shale areas of Pennsylvania, Ohio, and West
Virginia), Oklahoma, and Texas; and the western states include California, Colorado, New Mexico,
and Wyoming. These regions represent different regulations; climates; water quantities; quality
diversities; and geologic, geographic, and hydrologic conditions. This review is particularly focused
on the water quality standards, reuse practices and scenarios, risks assessment, knowledge gaps, and
research needs for the potential reuse of treated PW outside of O&G fields. Given the complexity
surrounding PW regulations and rules, this study is intended as preliminary guidance for PW man-
agement, and for identifying the knowledge gaps and research needs to reduce the potential impacts
of treated PW reuse on the environment and public health. The regulations and experiences learned
from these case studies would significantly benefit other states and countries with O&G sources for
the protection of their environment and public health.

Keywords: produced water; water reuse; regulatory framework; water quality standards;
Appalachian Basin; California; Colorado; New Mexico; Oklahoma; Texas; Wyoming

1. Introduction

A significant amount of produced water (PW) is brought to the land surface during
oil and gas (O&G) exploration and production [1]. PW is primarily composed of reservoir
water extracted from rock formation (i.e., formation water); it may also include a portion of
the frac fluid returned to the surface after hydraulic fracturing (i.e., HF flowback water) or
the water injected for enhanced oil recovery (EOR). PW contains the naturally occurring
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constituents from the hydrocarbon-bearing strata, such as salts, minerals, metals, ammonia,
hydrogen sulfide, organics (e.g., oil and grease, total petroleum hydrocarbons, volatile and
semi-volatile organic compounds), radionuclides, and any chemicals added downhole or
during well drilling, production, or maintenance processes (e.g., acid, biocide, breaker, clay
stabilizer, corrosion inhibitor, crosslinker, friction reducer, gelling agent, and surfactant).

Because of the complex chemistry characteristics of PW [2–4], the primary disposal
option for PW in the U.S. and Canada is deep well injection [5–7]. Other reuse or disposal
methods include using PW for HF, EOR, well drilling, evaporation ponds or seepage pits
within the O&G field, transferring PW offsite for disposal, and discharge or reuse after proper
treatment [3,8–10]. The non-injection methods are especially used in areas that lack deep
injection wells (e.g., Pennsylvania in the U.S., Europe, and China) due to geological structure
or regulations. In the U.S., approximately 1–2% of PW is used outside of the O&G field [11–13].
Reuse of PW with lower salinity mainly occurs in the western U.S., such as in California
and Wyoming, because of the severe droughts and applicable regulations. Approximately
20 billion barrels (3180 × 106 m3) of PW will be generated by the onshore O&G activities
in the U.S. in 2022. Approximately 41% of the PW will be reinjected for EOR, 47% will be
disposed of using SWD wells, and 13% will be reused for fracking operations [8].

With the increased O&G development, underground disposal practices are not sustain-
able and have caused environmental concerns (e.g., seismicity activities and groundwater
contamination) [14]. Further, because 38% of shale resources in the world are located
in semi-arid or arid regions [15], the large amount of PW disposed of as waste has the
potential to be treated and reused to alleviate regional chronic water scarcity [12,16]. It
is recognized that PW reuse inside the O&G field, such as for HF, is the most promising
approach because it requires minimal treatment and has relatively low risks of causing
adverse effects on the ecosystem and human health [17,18]. However, the PW volume may
exceed the water requirement for internal uses [19]. For example, it was estimated that the
PW volume in the Delaware Basin, New Mexico, and Texas exceeded HF water demand by
3.7 times [20]. Thus, extra treated PW can be used outside of the O&G field for irrigation,
livestock watering, land application, and other usages after proper treatment. The PW
treatment methods are mainly based on water quality, such as suspended solids, total
dissolved solids (TDS), metals, organic contaminants, and radionuclides. The commonly
used methods include settling, filtration, coagulation, oxidation, distillation, and biological
treatment [10,12]. The detailed PW characterization and treatment methods can be found
in other reviews [3,10,21].

Another major concern for PW management is its possible contamination of soil,
surface water, and groundwater through spills or leakages during its transportation for
disposal, treatment, or recycling [6,22]. For example, 113 environmental spills of PW were
reported in 2015 in the Duvernay shale region, Canada [23]. Moreover, recent studies
raised concerns about the contamination of underground sources of drinking water due
to acid stimulation and HF in the U.S., such as in the Pavillion Field, Wyoming [24], and
the Permian Basin in West Texas [25]. Further, the laboratory data from the U.S. and
Canada have shown that exposure to PW causes a series of problems, such as inhibiting the
survival and reproduction of aquatic animals (e.g., zebrafish [26] and rainbow trout [27]),
and results in functional impairment in exposed animals [28]. Another study assessed
potential surface water impacts that could occur downstream of saltwater disposal well
(SWD) injection facilities in West Virginia [29]. The study reported increased antagonist
activities downstream of a SWD injection site, which could disrupt reproduction and/or
development in aquatic animals [29].

Although numerous studies focused on the evaluation of reusing treated PW, the
regulations for PW reuse from government agencies around the world are very limited [9].
Common water regulations or guidelines are focused on water applications, such as the
United States Environmental Protection Agency (U.S. EPA) drinking water standards
and guidelines for irrigation [30], and the European Union water quality directive for
ground water (80/68/EEC). However, based on a study by Danforth et al. [31], more than
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1000 chemicals in the PW have no U.S. EPA-approved analytical methods for detection
or quantification in the regulatory context, which means the current regulations may
not be sufficient to monitor treated PW quality to assure its safe reuse outside the O&G
field. All these studies suggest that regulatory agencies should establish a comprehensive
monitoring and evaluation program to assess the impacts and risks of reusing treated PW
on groundwater, surface water, ecological systems, and potential public health before its
reuse outside of the O&G field.

Critical review and analysis of PW management, regulations, and reuse scenarios
(inside and outside the O&G field) in the major production regions in the U.S. would
assist the O&G industry and regulators in better understanding the challenges for PW
reuse, addressing the knowledge gap, and providing information to establish suitable
regulations. The experiences learned from the case studies can be used by other states in
the U.S. or countries and regions for establishing PW management and reuse programs. For
example, in China, the study of the impact of the HF water cycle on the environment is in
the early stage, and the research for solutions and regulations to achieve more sustainable
unconventional O&G development has just emerged [9,32].

In the U.S., nearly every aspect of the PW cycle is subject to a complex set of federal,
state, and sometimes local regulations to address the wide range of management, construc-
tion, and operation practices. Regulations are involved in permitting water sourcing (e.g.,
water rights), transportation (e.g., pipeline and trucking), storage (e.g., tank construction
and secondary containment), disposition (e.g., discharge to surface water, wastewater
treatment facilities, underground injection), and beneficial use within and outside of O&G
fields. Figure 1 illustrates the key points for PW management and reuse.
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Figure 1. Schematic diagram of produced water management and reuse.

In the U.S., two federal regulatory programs are associated with PW management,
as shown in Figure 2. The first federal regulation is the National Pollutant Discharge
Elimination System (NPDES) program. Through the Clean Water Act (CWA), the U.S.
Congress directs the U.S. EPA to create an NPDES permitting, compliance, and enforcement
program that regulates discharges of PW to surface water bodies (e.g., rivers, lakes, and
streams). The NPDES program also regulates PW discharged to a municipal wastewater
treatment facility to meet the requirements for pretreatment and any additional standards
imposed by the facility. PW discharged to a centralized wastewater treatment (CWT) facility
must meet standards established in its NPDES or state discharge permit. NPDES water
quality permits are either issued by the U.S. EPA or by states that have been delegated by
the U.S. EPA to issue their own permits. Most PW in the east of the 98th meridian (Figure 3)
cannot be discharged directly from an O&G well site. It can be treated offsite in a CWT
facility, and then discharged if the facility has been issued an NPDES (or state-equivalent)
permit [17]. In contrast, for the wells located in the west of the 98th meridian, the NPDES
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exemption allows for the release of PW for beneficial uses such as wildlife or livestock
watering or other agricultural uses if it is “of good enough quality”, meeting the minimum
oil and grease limit of 35 mg/L and other parameters [33].
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The second federal regulation is the Underground Injection Control (UIC) program.
Through the Safe Drinking Water Act (SDWA), the U.S. Congress directs the U.S. EPA
to develop the UIC program to regulate disposal in injection wells to protect America’s
drinking water sources. Most oil- and gas-producing states have received the authority
to implement UIC under agreements with the U.S. EPA. The UIC program is designed
to protect underground drinking water aquifers through the regulation of six classes of
injection wells. Wells used for injecting PW are Class II wells, including Class II-R wells for
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EOR and Class II-D wells for disposal in a formation below a drinking water aquifer and
other than the producing formation.

PW is primarily regulated at the state level when the states receive primacy to administer
the NPDES or UIC programs. The states can modify the regulatory programs based on state-
specific practices and laws [33]. For example, some states do not allow moving water from
one basin to another due to the constraints of water rights. Therefore, each of the 31 states
with O&G production can have different regulations; they can be more restrictive than federal
regulations, and can include regulations for activities not covered by federal regulations [33].
In addition to O&G agencies or state environmental protection agencies, public health agencies,
state engineers, or regional water planning commissions may also be involved in regulating
PW. Thus, in the U.S., it is imperative to analyze the current regulatory framework for PW
management, which requires new levels of coordination and planning between federal and
state agencies, inter-organizations, or across states for inter-state basins, such as the Permian
and the Appalachian. The information and experience from different states can be used as
references and guidelines for new PW reuse projects.

This study aims to provide an overview of current PW production, management
practices with regulations, and reuse scenarios in the major production areas in the U.S.
We analyzed the regulatory framework surrounding the management of PW, including
relevant laws and jurisdictional illustrations of water rules and responsibilities, water
quality standards, and PW disposal and beneficial reuse up to 2022. Given the complexity
surrounding PW regulations and rules, this study is intended as preliminary guidance for
PW management, and for identifying the knowledge gaps and research needs to reduce the
potential impacts of PW reuse on the environment and public health. The establishment of
regulations in the U.S. would significantly benefit other regions/countries with an interest
to develop unconventional O&G.

2. Materials and Methods

The investigated production areas are selected based on the 98th meridian as shown
in Figure 3. The 98th meridian has long been designated by the U.S. EPA as a tool to
separate discharge-permitting under NPDES rules. The eastern states (east or on of the 98th
meridian) include the Appalachian Basin (Marcellus and Utica shale areas of Pennsylvania,
Ohio, and West Virginia), Oklahoma, and Texas; and the western states (west of the 98th
meridian) include California, Colorado, New Mexico, and Wyoming. These regions are
selected to represent different regulations; climates; water quantities; quality diversities;
and geologic, geographic, and hydrologic conditions.

This study involves a comprehensive literature review from peer-reviewed manuscripts,
technical reports, engineering contracts, government reports, news releases, databases of
national and regional water resources and water quality, and information provided by
the industry partners and regulatory agencies through the New Mexico Produced Water
Research Consortium (NMPWRC). The NMPWRC was created by the New Mexico Envi-
ronment Department (NMED) and New Mexico State University (NMSU) to develop a
framework to fill scientific and technical knowledge gaps necessary to establish regulations
and policies for the treatment and reuse of PW outside of the O&G fields. This study sum-
marizes the existing regulatory framework, water quality standards, and risk assessment.
It aims to identify the knowledge gaps to inform policy decisions for the potential safe
reuse of treated PW outside of O&G fields.

3. Results and Discussion

Table 1 summarizes the PW regulatory agencies in the selected states with major O&G
production activities. Table 2 summarizes the PW production and management practices in
the selected states. The information in Tables 1 and 2 will be discussed in detail in each
section. Water quality limits for reusing PW for irrigation, wildlife and livestock watering,
discharge to surface water, road application, dust control, and groundwater standards are
discussed. The detailed application standards are summarized in Supporting Information.
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Table 1. Regulatory agencies for produced water management in the selected states.

State Underground Injection
Control Wells (Class II) Reuse Inside of the O&G Fields Commercial Facility Discharge to Surface Water

via NPDES

Pennsylvania U.S. Environmental Protection
Agency (EPA)

Pennsylvania Department of
Environmental Protection

(PADEP)
EPA PADEP

Ohio Ohio Department of Nature
Resources (ODNR) ODNR ODNR Ohio EPA Division of

Surface Water (DSW)

West Virginia
West Virginia Department of

Environmental Protection
(WVDEP)

WVDEP WVDEP WVDEP

Texas Railroad Commission of Texas
(TRRC) TRRC TRRC

Texas Commission on
Environmental Quality

(TCEQ)

Oklahoma Oklahoma Corporation
Commission (OCC) OCC OCC

Oklahoma Department of
Environmental Quality

(ODEQ)

Wyoming
Wyoming Oil and Gas

Conservation Commission
(WOGCC)

WOGCC WOGCC
Wyoming Department of
Environmental Quality

(WDEQ)

Colorado
Colorado Oil and Gas

Conservation Commission
(COGCC)

COGCC COGCC
Colorado Department of

Public Health and
Environment (CDPHE)

New Mexico New Mexico Oil Conservation
Division (OCD) OCD OCD U.S. EPA

California
California Geologic Energy

Management Division
(CalGEM)

California Waterboards (State
water board and nine regional

water boards)

California
Waterboards California Waterboards

Note(s): The U.S. EPA issues NPDES permits for federally owned facilities, on tribal lands, and in Massachusetts,
New Hampshire, New Mexico, and the District of Columbia. Other permits are issued by state regulators if not
issued by the U.S. EPA.

Table 2. Produced water production and management practices in the selected states.

Region PW Production (2017)
PW Disposal
(Deep Well
Injection)

PW Reuse
Inside O&G Field PW Reuse for EOR

PW Reuse/
Dispose Outside

O&G Field

Examples of PW
Reuse Outside

O&G Field

Appalachian
Basin

105 MMbbls
(16.8 × 106 m3)

PA: 1.1%,
WV: 56%,
OH: 89%.

PA: 96%,
WV: 29%,
OH: 9.1%.

PA: n/a,
WV: 14%,
OH: 1.3%.

PA: 1.6%,
WV: n/a,
OH: n/a.

n/a

Oklahoma 2844 MMbbls
(455 × 106 m3) 41.7% n/a 44.9% 13.4% n/a

Texas 9895 MMbbls
(1583 × 106 m3) 36.2% n/a 46.1% 17.6% n/a

California 3100 MMbbls
(496 × 106 m3) 22.4% 5.1% 59.3% 11.1% Irrigation

Colorado 310 MMbbls
(49.6 × 106 m3) 47.1% 8.9% 32.5% 11.5%

Dust control;
aquifer recharge

and recovery; pits
and surface water

discharge.

Wyoming 1700 MMbbls
(272 × 106 m3) 14% n/a 46% 37%

Surface water
discharge;

groundwater
injection; dust

control and road
application;

irrigation; land
application;

impoundment.
New

Mexico
1240 MMbbls

(196.9 × 106 m3, 2019) 51% 10% 40% n/a n/a

Note(s): PW: produced water; MMbbls: million barrels; PA: Pennsylvania; OH: Ohio; WV: West Virginia; n/a: not
available.
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3.1. PW Management in the East or on of the 98th Meridian

For the eastern states, because the direct discharge of PW to the surface water is
prohibited, PW is usually managed through reuse within the O&G field, injection for EOR,
disposal through SWD, and treatment in CWT facilities. In Pennsylvania, because of the
poor geology for underground injection, a high percentage (~90%, in 2017) of PW is reused,
and the rest is either treated through CWT facilities or sent to West Virginia and Ohio for
disposal. More PW was injected for disposal in West Virginia and Ohio, ~56% and ~89%,
respectively, in 2017. Ohio usually accepts PW from nearby states (Pennsylvania, New York,
and West Virginia) for deep well injection because it has more SWD wells [13]. Although
PW can be reused outside of the O&G field in the west part of Oklahoma and Texas (states
on the 98th meridian), the feasibility is still under the investigation phase in these two
states. Oklahoma has ample freshwater resources and SWD wells; thus, a large amount of
PW was managed through deep well injection (41.7%) and injected for EOR (44.9%) in 2017.
However, the increased seismicity activities urged the state to find alternative methods
for PW management. Texas has a similar situation as Oklahoma; 46.1% and 36.2% of PW
were injected for EOR and for disposal in 2017, respectively. With the increased seismicity
activities, and part of west Texas currently being under a drought condition, the reuse of
PW outside of the O&G field would also significantly benefit the society [13].

3.1.1. Appalachian Basin
PW Production, Disposal, and Management in Appalachian Basin

The Appalachian formations of the Marcellus and Utica shale areas include Penn-
sylvania, Ohio, and West Virginia (Figure 3). In 2020, the Appalachian Basin produced
approximately 24 million barrels (MMbbls) of oil and 12.3 trillion cubic feet (tcf) of natural
gas, making it the highest gas-producing region in the U.S. [34]. The Appalachian Basin
produced 105 MMbbls (16.8 × 106 m3) of PW in 2017 [13]. One factor in accelerating PW
management is the poor geology for disposal wells. Pennsylvania has limited the number
of disposal wells, and so far, only has less than ten permitted disposal wells for PW. Due to
limited disposal options and high disposal costs, Marcellus and Utica operators in Penn-
sylvania became early adopters of PW reuse. In the Appalachian Basin, flowback water is
almost entirely recycled and reused to hydraulically fracture new wells because formation
water can only provide a small fraction of the water needed for HF in this area. Generally,
the PW in the basin is highly diluted with additional freshwater to make up the necessary
volumes, thereby decreasing the treatment requirement of PW for HF. A small percentage
of the flowback water is disposed of through underground injection wells regulated by the
state/EPA, or treated to drinking water standards at state-permitted facilities [33,35].

The PW from the Marcellus Shale has a high TDS concentration (40,000–90,000 mg/L
with long-term >120,000 mg/L), moderate-to-high scaling tendency (high Ca and Mg), but
low total suspended solids (around 160 mg/L), which makes filtration reasonable. Hence,
the PW quality in the Marcellus Shale is manageable and attractive for reuse. Most CWT
facilities, such as Hillstone, HydroRecovery, and Reserved Environmental Services, still
utilize chemical precipitation.

Sharing PW among producing companies is most common in Pennsylvania and West
Virginia. PW may be transferred from one company without enough nearby completion
operations to another company needing PW for reuse. Agreements to exchange water can
reduce costs for both companies while reducing truck miles driven and water disposal. For
example, Antero Resources had the largest desalination plant for PW reuse in the industry.
The 60,000 barrels per day capacity plant in West Virginia costs approximately $500 million.
The company has a water system to gather PW and distribute the treated water for reuse.
Yet, Antero’s Clear Water facility was shuttered in 2019 due to the current low commodity
price environment and operation challenges. The company was conducting an evaluation
to look at all options to determine the most cost-effective ways for operations. Those
options included resumption of the water cleaning efforts at the facility, blending with
fresh water, and reusing or trucking water to injection wells [36].
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However, concerns have arisen about whether surface owners may make a monetary
claim on water transferred among operators. A second concern is whether the liability for
spills is fully passed to the receiving company. An example is that the Hillstone Central
Station Facility takes the water title once it enters the facility from the truck. The client
takes the title of the treated water as it exits the facility and enters their vehicle. If any
spills occur between the inlet or outlet of the facility, the midstream company is responsible.
Despite these concerns, water sharing among producers smooths out the peaks and valleys
of individual company water demands [33].

Based on the 2017 data [13], in Pennsylvania, approximately 96% of PW was reused
within the O&G industry, 1.6% was discharged to surface water through CWT facilities,
and 1.1% was injected for disposal. In West Virginia, around 29% of PW was reused within
the O&G industry, 14% was injected for EOR, and 56% was injected for disposal. In Ohio,
around 89% (46% from Ohio wells and 43% from out-of-state wells) of PW was injected
for disposal, 9.1% was reused within the O&G industry, and 1.3% was injected for EOR.
Underground injection mainly occurs in Ohio because it has much more PW injection wells
(217 wells) in the Appalachian area. In 2019, Ohio Class II Underground Injection wells
received a total of 43.4 million barrels of PW. Among these, 25.3 million barrels (58%) were
from Ohio and 18.2 million barrels (42%) were from outside of Ohio (Pennsylvania, West
Virginia, and New York) [37]. The Pennsylvania Department of Environmental Protection
(DEP) data suggest that exploration and production (E&P) only sent 4.8 million barrels PW
to injection [37]; much of the remainder was sent by centralized processing facilities. If the
facilities did not have an outlet for recycled water, they would pay shipment for disposal
to make room for more E&P water. Pennsylvania regulations do not require tracking the
water after it is dropped off at a centralized processing facility, making recycle volumes
look artificially higher than they are.

Discharges of treated PW may occur through CWT facilities offsite from O&G opera-
tions under industrial effluent limitation guidelines in 40 CFR Part 437 (65 Fed. Reg. 81300
(22 December 2000)). The U.S. EPA released a report in May 2018 listing the facilities in
the region of the Marcellus and Utica plays with the permit to discharge treated PW [38].
However, not all discharge permits are issued by the U.S. EPA. Some are permitted under
Part 437, and some of them are not currently permitted under Part 437, but the revised
permit is expected to contain Part 437 limitations, and there are some other discharge
permits issued by state agencies.

In Pennsylvania, the NPDES water discharge permit is issued by the Pennsylvania DEP,
whereas the UIC program is regulated by the U.S. EPA [33]. In Ohio, the storage, recycling,
treatment, processing, and disposal of brine and other waste substances are regulated by
the Ohio Department of Nature Resources (ODNR) [33]. PW discharge in West Virginia is
regulated by the West Virginia DEP [39], and the UIC program is managed by the Office of
Oil and Gas under West Virginia Code Chapter 22 “Environmental Resources” [40].

PW Reuse Standards and Case Studies in Appalachian Basin

In Ohio, relators seek a writ of mandamus to compel the Respondents State of Ohio,
its Governor, and officers within ODNR to comply with ORC § 1509.22(C) by promulgating
rules and regulations prior to issuance of so-called “Chief’s Orders.” Chief’s Orders are used
by the ODNR to allow the operation of privately-owned facilities for the storage, recycling,
treatment, processing, and disposal of brine and other waste substances associated with
O&G drilling [41].

West Virginia does not have a specific process for centralized treatment facilities;
instead, they must seek input from the West Virginia DEP. For example, the Hillstone
Central Station Facility had to demonstrate a zero liquids discharge status to the water
department. All process liquids and any precipitation that come into contact with O&G
contamination should be directed to the facility for treatment and beneficial reuse. An air
permit is also required because rich volatile organic compounds (VOCs) content in the PW
could emit over-regulated values.
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In January 2021, the Pennsylvania DEP renewed the General Permit WMGR123—
Processing and Beneficial Use of Oil and Gas Liquid Waste (First issued in 2012), which
was issued under the Bureau of Waste Management Authority. For wastewaters with low
TDS (i.e., less than 500 mg/L) that comply with standards found in the permit (Supporting
Information, Table S1), which was derived from drinking water standards, the operator
does not have to manage the waste as residual waste, and should utilize existing designs for
impoundments and handling of the water. This approach would work for water generated
at a well site and stored before transport to a recycling facility, and for recycled water
treated and transported to a well site for reuse. These wastewaters with low TDS no
longer have to be transported as residual waste. However, for high-TDS wastewater, which
does not comply with the General Permit WMGR123, as shown in Table S1, it must be
managed as residual waste. Both the generators and users of the recycled water should
comply with the regulations on storage and transportation found at 25 PA Code § 299
and the permitting and design requirements for impoundments found in 25 PA Code
Section 299.141 through 299.145. If either the generator of the waste or the party beneficially
reusing the waste wishes to store the waste before either shipment or reuse, they need to
comply with storage requirements that are generally more stringent than the requirements
under the O&G regulations. Moreover, the permit holder must comply with several other
requirements associated with the general permit. They include a bonding requirement,
sampling requirements to determine whether the wastewaters comply with Table S1, facility
siting requirements, and inspection and records requirements.

The Marcellus and Utica region has led other basins in the development of commercial
water treatment plants. The commercial plants, some starting operations as early as 2010,
typically take water from multiple producers. The plants treat and may store the water until
it is needed for reuse. For instance, Eureka Resources has three commercial water treatment
plants in Pennsylvania, which have served unconventional O&G producers in the Marcellus
Shale for ten years. Although two of the plants have a permit to discharge treated water to
the Susquehanna River, most of the water is reused for other O&G operations. The plants
have a treatment capacity of 10,000 barrels per day (1590 m3/day). The treatment process
generates little to no disposal of liquids. In addition to treating the water, one plant is also
removing methanol from the water and reselling it for natural gas operations in the area.
Another Eureka plant recovers sodium chloride and calcium chloride for industrial sales,
establishing marketing and sales channels for co-product sales and revenue generation. Eu-
reka Resources possesses a US patent for treating wastewater and recovering the salts. The
method includes the steps of receiving wastewater, screening the wastewater to determine
the optimal treatment approach, and pretreating the wastewater to an acceptable quality
for thermal–mechanical crystallization/evaporation. Another embodiment is applied to
recovering calcium chloride and lithium carbonate from the fluid; it includes processing
the fluid through a second stage thermal–mechanical evaporation/crystallization unit.
This unit is configured to generate high-purity CaCl2, distilled water, and a mixed reject
stream [42]. According to Eureka Resources, a 50,000 barrel per day Eureka facility would
produce ~250,000 metric tons (MT) per year of high-purity NaCl, ~20,000 MT per year
of CaCl2, and 1250 MT per year of LiCl. Recovering minerals from PW is anticipated to
provide economic benefits to offset PW treatment costs and environmental benefits by
eliminating mining and minimizing waste disposal [43].

Besides centralized facilities, onsite treatment using portable units stationed on well
sites can significantly reduce the truck traffic carrying wastewater. For example, Aquatech
tested evaporation/distill technology to treat PW in southwestern Pennsylvania to provide
recycled distilled water at Marcellus Shale drilling sites [44]. Aquatech’s mobile treatment
unit treats water to a TDS of less than 500 mg/L.
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Technologically Enhanced Naturally Occurring Radioactive Material Management and
Waste Disposal in Appalachian Basin

PW may contain different levels of naturally occurring radioactive materials (NORM).
The Marcellus shale, underlying Ohio, Pennsylvania, West Virginia, and New York, has
been tested, showing high NORM [45]. Tanks, filters, pumps, pipes, hoses, and trucks that
brine touches can all become contaminated, with the radium building up into a hardened
“scale,” concentrating as high as 400,000 picocuries (pCi) per gram [45]. With fracking,
which involves sending pressurized fluid deep underground to break up shale layers, there
is dirt and shattered rock, called drill cuttings, that can also be radioactive.

There have been discussions about the Technologically Enhanced Naturally Occurring
Radioactive Material (TENORM) management and waste disposal in the Appalachian Basin.
Ohio can only accept waste that is 6.99 pCi/g combined radium 226/228 above background
levels. West Virginia can accept up to 50 pCi/g combined (plus uncertainty), but requires
testing on a per box basis. However, lab testing relies on a 21-day ingrowth, so there is a
general lack of rapid TENORM management testing. Pennsylvania landfills can receive
TENORM levels that are below the Department of Transportation hazard classification. Still,
each landfill is limited on a monthly tonnage managed by the Pennsylvania DEP. Virtually
all lower level (less than 50 µR/h, microroentgen/hour) TENORM waste generated in the
Appalachian Basin is disposed of in Pennsylvania landfills. The waste over 50 µR/h is sent
to the Austin Masters Services or sent out west to facilities that can accept higher levels.
The cost and regulatory burden of TENORM waste management in the Appalachian Basin
are high, which can be as much as $350 per ton [46,47].

Summary

PW treatment and reuse are extensively implemented in the Appalachian Basin due to
limited disposal options, high disposal cost, and environmental concerns about the impacts
on the ecosystem and human health. Sharing PW among producing companies is most
common in Pennsylvania and West Virginia, whereas Ohio has much more injection wells
for PW from inside and outside of the state. Centralized facilities often treat PW to drinking
water or distillate quality standards. The water is then reused for well completions, injected
into the hydrogeological cycle for EOR, or sent to industrial and municipal facilities to be
combined with wastewater for discharge.

In Ohio, Chief’s Orders are used by ODNR to allow the operation of privately-owned
facilities for the storage, recycling, treatment, processing, and disposal of brine and other
waste substances associated with O&G drilling. West Virginia does not have a specific pro-
cess for centralized treatment facilities; instead, they seek input from the West Virginia DEP.
The Pennsylvania DEP renewed General Permit WMGR123—Processing and Beneficial
Use of Oil and Gas Liquid Waste. Owing to high radioactive signatures detected in the
brine, there has been a long and detailed discussion about TENORM management and
waste disposal in the Appalachian Basin.

3.1.2. Oklahoma
PW Production, Disposal, and Management in Oklahoma

Oklahoma has about 5% and 8% of the U.S. proved crude oil reserves and natural
gas reserves, respectively. The state was the fourth-largest onshore crude oil producer; it
produced 171 MMbbls of oil and 2.8 tcf of gas in 2020 [34]. The primary producing plays in
Oklahoma are principally located in the state’s Anadarko Basin, as shown in Figure 3.

The Anadarko Basin in western Oklahoma has been the site of increased oil production
in recent years [48]. PW across the state has different characteristics based on the plays,
such as water quantity and quality (salinity). For example, the Mississippi Lime has a high
water-to-oil ratio, and the water has the highest salinity in the state; the Granite Wash and
Tonkawa areas produce less water with lower salinity. Detailed information regarding the
PW volumes injected and the TDS by county in Oklahoma can be found in “Oklahoma
Water for 2060 PW Reuse and Recycling, Table 2-1”.
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In Oklahoma, freshwater is available and relatively inexpensive; most of PW is dis-
posed into UIC Class II wells. In 2014, nearly 1500 MMbbls (240 × 106 m3) of PW were
disposed of underground in Oklahoma. In 2016, the underground injection of PW was re-
duced due to the Oklahoma Corporation Commission (OCC) regulations in critical areas to
limit the volume of injections correlated with the seismic events in Oklahoma [18]. In 2017,
2844 MMbbls (455 × 106 m3) of PW were generated in Oklahoma; 1185 MMbbls (41.7%,
192 × 106 m3) of PW were disposed of through underground injection, 44.9% was injected
for EOR, and 13.4% was managed through offsite commercial disposal [13].

Based on the U.S. Geological Survey (USGS) information [49], the number of earthquakes
in the central U.S. has increased dramatically from 2009 to 2016. There was an average of
25 earthquakes of M 3.0 and larger in the center and the eastern U.S. between 1973–2008.
Since 2009, at least 58 earthquakes of this size have occurred each year, and at least 100
earthquakes of this size have occurred every year since 2013. The rate peaked in 2015, with
1010 M 3+ earthquakes. Oklahoma is the most affected region, including the M 5.8 and M 5.0
Cushing Oklahoma earthquakes that occurred in 2016. Many studies have indicated that the
increased earthquakes were induced by HF [14] and wastewater injection [50,51].

PW Reuse in Oklahoma

To reduce the number of induced earthquakes, PW management in Oklahoma has
become an imperative task. In December 2015, Oklahoma Governor Mary Fallin launched
a project to study and recommend alternatives to manage PW from O&G operations in
Oklahoma. The Oklahoma Water Resources Board led the project, and 17 expert members
formed the Produced Water Working Group (PWWG). In April 2017, the final report,
“Oklahoma Water for 2060 PW Reuse and Recycling,” was published. The report was
designed to evaluate the data, issues, and opportunities with PW in Oklahoma. It had two
objectives: (1) to reduce the use of freshwater in O&G production; and (2) to reduce PW
injection, potentially creating new water sources.

In the study, the PWWG investigated PW production in 66 counties and water quality
in 29 counties in Oklahoma, the top 40 major water users in the state based on water
permits, and the PW treatment costs for various volume levels and water quality levels for
eight selected companies in Oklahoma. The PWWG identified a total of 17 scenarios based
on the correlation between high PW volumes and entities requiring significant volumes of
non-potable water for irrigation, power, mining, O&G use, industrial use, aquifer storage
and recovery (ASR), and surface water discharge, as shown in Table S2. The PWWG
further evaluated the primary advantages and disadvantages of each PW reuse alternative,
and then developed ten representative cases of PW reuse or recycling in Oklahoma with
potential treatment and disposal costs ranging from $0.57/barrel ($3.59/m3) of water
to over $7/barrel ($44/m3) of water, as shown in Table S3. Potential uses of PW for
agriculture/irrigation, ASR, and mining were determined unfeasible in Oklahoma due to
the cost, seasonality, and regulation challenges. Thus, these scenarios were excluded from
the cost estimation [18].

In addition, the U.S. EPA’s report for PW management, “Final Report: Summary
of Input on Oil and Gas Extraction Wastewater Management Practices Under the Clean
Water Act”, was published in May 2020. The industry indicated that unless PW has TDS
concentrations of less than a few thousand mg/L, treatment using membranes (e.g., reverse
osmosis) or distillation would be necessary to generate water suitable for agricultural uses
or discharge to surface waters. The cost of such treatment is not currently competitive,
whereas other wastewater management options are available [17]. The key findings from
the Oklahoma 2017 report include:

PW reuse by the O&G industry is the most viable, cost-effective alternative due to
minimal water treatment needs and low treatment costs. Over time, expanding the water
distribution systems would reduce conveyance costs and further facilitate PW use for HF.
An increase in inter-organizational planning and sharing of resources to improve reuse
viability is required.
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The PWWG evaluated a particular case of using surplus PW from the Mississippi Lime
play area around Alfalfa County. The surplus could be gathered and conveyed to Blaine
County sites for O&G reuse. The analysis showed it has the potential to be financially
competitive with the underground injection, although the project could be technically and
commercially complex.

Water treatment and desalination techniques of PW should be further investigated
and developed. For example, low-cost evaporation techniques should be developed that
can potentially limit water conveyance and provide a viable alternative to disposal.

PW Regulations in Oklahoma

In December 2018, the Oklahoma Department of Environmental Quality (ODEQ) applied
for authorization from the U.S. EPA to take over NPDES primary enforcement authority
for certain wastewaters discharges, including PW. The application could give ODEQ the
authorization to issue permits that would allow oil producers to dispose of oil field PW in
above-ground waterways, and the application has been approved by the U.S. EPA.

In May 2020, Oklahoma Governor Kevin Stitt signed the “Oil and Gas Produced
Water and Waste Recycling and Reuse Act” into law (S.B.1875), and it became effective on
1 November 2020. The Act designates who owns and is responsible for PW and waste from
oil and natural gas drilling and production operations; it encourages PW recycling and
reuses in Oklahoma by alleviating much of the uncertainty regarding ownership of PW,
which will reduce freshwater demand and lower saltwater injection volumes.

Summary

Most of the PW was disposed of through deep well injection in Oklahoma because
of the availability of freshwater and Class II disposal wells. However, the increased
number of seismic events induced by HF and PW disposal raised concerns regarding
PW management. In 2017, the final report, “Oklahoma Water for 2060 PW Reuse and
Recycling”, was published. The report suggested that PW reuse in the O&G field is the most
viable, cost-effective alternative, and evaporation techniques need further investigation
and development. In 2020, the Oklahoma Governor signed the “Oil and Gas PW and
Waste Recycling and Reuse Act” into law (S.B.1875). The Act designates who owns and is
responsible for PW and waste from oil and natural gas drilling and production operations.
It encourages the efforts of PW recycling and reuses in Oklahoma by alleviating much of
the uncertainty regarding ownership of PW, which would reduce freshwater demand and
lower saltwater injection volumes in the future.

3.1.3. Texas
PW Production, Disposal, and Management in Texas

Texas is a leader in oil production in the U.S. and a significant contributor to increasing
gas supplies. It produced 1782 MMbbls of oil and 10 tcf of gas in 2020 [52]. The production
areas in Texas are shown in Figure 3, including the Permian Basin in West Texas; the
Anadarko Basin/Granite Wash and Palo Duro (or Bend) Basins in the Panhandle; the
Barnett Shale in the Fort Worth Basin; the Western Gulf Coast Basin in southwest Texas
(which includes the Eagle Ford Shale); and the historic East Texas Field, which contains the
Haynesville–Bossier Shale [53].

The average water-to-oil ratio in Texas is estimated to be 7:1 [52]. In 2017, 9895 MMb-
bls (1583 × 106 m3) of PW were generated in Texas, and PW was primarily managed
through injection for EOR (46.1%) or disposal through SWD (36.2%). The Railroad Com-
mission of Texas (RRC) and Texas Commission on Environmental Quality (TCEQ) were
delegated the authority to regulate the UIC wells in 1982. Monthly reporting of volumes
and pressures began in Texas on 1 January 1983. Over the decades, Texas has issued more
than 54,700 permitted O&G injection and disposal wells, with approximately 34,200 cur-
rently active as of July 2015. Of these 34,200 active injection and disposal wells, about 8100
are wells that are used for disposal; the remainder (about 26,100) are injection wells [54].
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Regulations on PW Discharge and Reuse in Texas

The data of current PW volumes for treatment, recycling, and reuse in Texas are variable
and difficult to verify. Based on the IHS Markit, approximately 4–5% of PW is “treated and
recycled” in the industry, and this number is expected to increase by nearly 16% over the next
4–5 years [55]. The 2019 Groundwater Protection Council report also provided PW reuse data
for key basins across the US, showing that PW reuse is over 10% in the Permian Basin, but
only 1% in the Eagle Ford Basin and negligible in the Haynesville Basin [33].

Statewide Rule 8 and Chapter 4, Subchapter B (Commercial Recycling), have been
written and amended to encourage recycling in the oil field. The Commercial Recycling
rules are divided into six separate divisions based on the type of O&G waste being treated,
and the location and duration of the treatment operations. The Commercial Recycling rules
focus on recycling drilling fluids and drilling muds for reuse in the well completion process,
and recycling drilling solids for reuse as road base [56]. PW is regulated by Division 5 and
6. Off-Lease Fluid Recycling is limited to any location for a maximum of two years. The
information must be submitted in the permit application, including but not limited to a
diagram of the facility processing information, storage, and liner information. Stationary
Fluid Recycling facilities are permitted for one location for up to five years. After five years,
renewal of the permit may be requested [57].

The Texas legislature passed HB 3246 in May 2019 to address the recycling of fluid
oil field waste (PW). The bill states that when fluid O&G waste is produced and used
by or transferred to a person who takes possession of that waste for treating the waste
for subsequent beneficial use, the waste is considered the property of the person who
takes possession of it for treating the waste for subsequent beneficial use until the person
transfers the waste or treated waste to another person for disposal or use. The legislation
focuses on waste regulation and ensures that PW can be readily recycled by O&G operators
and service companies unless otherwise expressly provided by a legally binding document.

Texas has over 100 facilities that provide waste treatment from O&G fields for storage,
reclamation, treatment, or disposal of fluids or solid wastes transported to the facility.
In 2018, only two facilities listed specifically handle “Fluids Recycling,” and they were
both located in the RRC District (Midland) [53]. Large, centralized systems can treat large
quantities of PW per day, thus providing an opportunity for PW treatment and reuse.

The treatment processes for PW depend on the application purpose. For subsequent
fracturing operations, the treatment processes only include necessary chemical and mechanical
treatment to eliminate oils and suspended solids, with the additional biocide or oxidizer to
remove dissolved substances and biologics that may damage wells. Further treatment is
necessary if the product water will be released into the environment. This additional treatment
level may include the removal of organics, dissolved solids, and heavy metals [53].

Due to the existing federal NPDES requirements for onshore O&G operations in Texas,
few discharges of PW are authorized. Any discharge would require both federal and state
agency permits. In 2018, TCEQ issued a permit for PW discharges of onshore O&G operation
(NPDES Permit No. TX0134061). These activities are subject to the Oil and Gas Extraction Point
Source Category (40 CFR Part 435). Agricultural and Wildlife Water Use Subcategory allows
the discharge of PW from facilities west of the 98th meridian for agricultural and wildlife
propagation. To ensure that this discharge is of sufficient quality for livestock and wildlife
water use, and, therefore, meets the requirements, some permits established a more stringent
oil and grease limit of 10 mg/L monthly average, with a daily maximum limit of 15 mg/L.
The limit is based on best professional judgment in accordance with 40 CFR 125.3(h) (1) and
is consistent with other PW permits issued by other EPA regions. The EPA has established
average monthly oil and grease limitations of 15 mg/L for these draft permits based on the
region’s long-standing use of the 15 mg/L standards to represent the concentration at which
a visible oil sheen is likely to occur [58]. The criterion for pH is between 6.5 and 9.0 for the
water segment under Texas Administrative Code Title 30, Chapter 307. The prohibition of
the discharge of floating solids or visible foam other than trace amounts is established in the
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permit. In addition, there shall be no discharge of visible films of oil, globules of oil, grease, or
solids in or on the water, or coatings on stream banks [59].

The 98th meridian bisects Texas into land roughly east or west of Dallas. Under
the current federal regulatory scheme, onshore discharges east of the 98th meridian are
typically not authorized. In the report by the Texas Alliance of Energy Producers and the
Independent Petroleum Association of America, it is suggested, “Some may consider this
division anachronistic and not reflective of the current technological advances in recycling
nor the need for site-specific permit conditions independent of broad national controls” [53].

In May of 2019, the Texas legislature passed HB 2771, which transferred duties and
authority to TCEQ upon NPDES delegation from the U.S. EPA, as opposed to the RRC,
for issuing permits for the discharge of PW, hydrostatic test water, and gas plant effluent
resulting from certain O&G activities. It also directs the TCEQ to submit a request to the U.S.
EPA to seek federal NPDES delegation to Texas of these types of discharges, eliminating
the duplication of federal and state oversight. On 15 January 2021, the U.S. EPA approved
the request.

PW Reuse in Texas

The reuse of PW outside of Texas’s O&G sector is still in the research phase. A cotton-
growing project was conducted in Pecos using recycled PW from nearby oil and natural
gas activity in the Delaware Basin [60]. This project’s coalition included the RRC, Texas
A&M AgriLife Research, and Anadarko Petroleum Corporation. This study evaluated
cotton growth and yield response to irrigating with treated PW blended with groundwa-
ter (1:4 ratio), and investigated the effect of treated PW on soil chemical properties. The
TDS concentration of groundwater was 3200 mg/L, and treated PW with 98 mg/L TDS
concentration. After blending, the irrigation water had a TDS concentration of 2470 mg/L
with sodium 766 mg/L, chloride 1450 mg/L, calcium 127 mg/L, magnesium 40 mg/L,
and bicarbonate 122 mg/L. Boron concentration in the treated PW was 4 mg/L and di-
luted to 0.8 mg/L after blending with groundwater. The sodium adsorption ratio of the
groundwater, treated PW, and blended water was 17.4, 4.9, and 15.2, respectively. The
results suggested that irrigating with treated PW blended with groundwater did not reduce
cotton yield or lint quality. In addition, compared to groundwater irrigation, the blended
PW reduced soil salinity parameters, such as conductivity, sodium, and chloride. Further
studies are still required for the agricultural reuse of PW.

To provide a new water source for beneficial use in Texas, House Bill 2545 [61] was
introduced to incentivize water desalination by providing a franchise tax credit to desalina-
tion operators who treat high-salinity water. The proposed franchise tax credits are $1 for
every 1000 gallons ($0.26/m3) of source water treated by the permit holder if TDS is more
than 3000 mg/L, and $5 and $17 per 1000 gallons ($1.32/m3–$4.49/m3) if at least 50% of
the source water is over 70,000, 90,000 mg/L TDS. The proposed franchise tax credit may
then be transferred to another eligible tax liability for credit only after the original tax credit
recipient has satisfied its qualified tax obligation(s). The tax credit recipient may carry
forward its credit for five consecutive reports (i.e., six years). However, this bill did not
pass in 2019.

In June 2021, the Texas Produced Water Consortium (TxPWC) was established by
Senate Bill 601 to study the economics and technologies related to beneficial uses of PW, and
provide guidance for establishing PW permitting, regulations, and rules to better enable
the use of PW in Texas.

Summary

The large volume of PW generated in Texas is injected for EOR or disposed of through
SWD. Statewide Rule 8 and Chapter 4, Subchapter B, Commercial Recycling, have been
written and amended to encourage recycling of PW in the O&G field. The legislation was
passed to amend the Natural Resources Code that specifies that a person will not be liable
for a recycled product that has been transferred to another person with the contractual
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understanding that the treated product will be used in connection with the drilling for, or
production of, oil or gas.

Due to the existing federal NPDES requirements for onshore O&G operations, few PW
discharges are authorized. In 2019, the Texas legislature passed HB 2771, which transferred
duties and authority to TCEQ upon NPDES delegation from the U.S. EPA, as opposed to the
RRC, for issuing permits for the discharge of PW resulting from certain O&G activities. In
2021, the EPA approved Texas’ request to administer the NPDES program for PW discharges,
hydrostatic test water, and gas plant effluent or O&G discharges within the state of Texas. In
the same year 2021, the TxPWC was established to study the economics, technologies, and
environmental and public health considerations related to the beneficial uses of PW, and to
provide guidance for establishing PW permitting and regulations in Texas.

3.2. PW Management in the West of the 98th Meridian

The western U.S. has been under severe and chronic drought, and the water used for
O&G well development aggravated the drought problem. The treatment and reuse of PW
inside and outside of the O&G field would significantly benefit arid and semiarid regions
in the west of the U.S. [12]. Based on the Oil and Gas Extraction Effluent Guidelines and
Standards (40 CFR Part 435 Subpart E), the discharge of treated PW to surface water for
agriculture or wildlife beneficial reuse is allowed in the west of the 98th meridian in the
U.S., including California, Colorado, New Mexico, and Wyoming.

These western states are either using or working actively to investigate the feasibility
of reusing PW outside of the O&G fields. Currently, PW reuse for agriculture is primarily
occurring in California and Wyoming. PW reuse in California is predominantly in the San
Joaquin Valley due to low salinity in PW; around 11% of PW was used outside of the O&G
field in California, 2017 [13]. Research has proved that treated PW can be safely used for
agriculture without harming crops [62]. PW generated from coalbed methane (CBM) in
Wyoming usually has low salinity, and 37% was discharged to surface water in 2017 [13].
A lesser percentage (5.5%) of PW was reused outside of the O&G field in Colorado, 2017.
The use of treated PW for agriculture is under active investigation in Colorado. However,
some research found adverse effects of treated PW for the soil and plants [63–65]. These
results suggested that more treatments and toxicity studies are required for PW before it
can be used for irrigation; some advanced treatment methods, such as membrane-based
techniques, are required. For New Mexico, approximately 10% of PW was reused inside
the O&G field, and currently, there is no PW reused outside of the O&G field [66]. New
Mexico regulatory agencies are working with academia, environmental groups, and the
industry to find suitable methods to reuse treated PW outside of the O&G field [67].

Further, more regulation agencies are involved in monitoring PW quality and quantity
in these western states compared to the eastern states because of the reuse potential of PW
outside of the O&G field.

3.2.1. California
PW Production, Disposal, and Management in California

California ranked seventh among the U.S. for oil production and produced 144 MMbbls
of oil and 0.17 tcf of gas in 2020 [34]. California has about 76,000 active O&G production wells;
more than half are in Kern County, one of the top oil-producing counties in the U.S. [68].

California Geologic Energy Management Division [69,70] has primary responsibility
for ensuring the safe and environmentally protective development and recovery of energy
resources. Following the passage of Senate Bill 1281 in 2014 [71], the California water
boards (the State Water Resources Control Board (SWRCB) and the nine Regional Water
Quality Control Boards (RWQCB), including the Central Valley Regional Water Quality
Control Board (CVRWQCB)) have been increasingly allocated the resources necessary to
provide active water quality oversight related to oil production activities in California,
thereby providing a clearer picture of PW management.
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On average, California’s O&G fields produce fifteen times as much water as oil [72].
In 2017, around 3100 MMbbls (496 × 106 m3) of PW were generated in California. PW
management in California can be classified as: (1) injection for EOR (59.3%); (2) under-
ground injection for disposal (22.4%); (3) reuse outside of the O&G industry (10.0%);
(4) reuse inside of the O&G industry (5.1%); (5) surface discharge and evaporation (1.1%) [13].
California has 1219 pits, of which, 587 are active; most of the pits (1062 total, 476 active) are
in the Central Valley, primarily in Kern County.

PW Reuse for Agricultural Irrigation in California

In California, the SWRCB and the nine RWQCB are responsible for protecting Califor-
nia’s waters. Among their many functions and duties, the SWRCB sets statewide policy,
and the Regional Boards adopt Water Quality Control Plans or Basin Plans. According to
the Waste Discharge Requirements General Order for oil field discharge to land, the PW
discharge cannot exceed the Basin Plan’s maximum salinity limits for electrical conductivity
(EC, 1000 µmhos/cm), chloride (200 mg/L), and boron (1 mg/L) [73]. The RWQCB, includ-
ing the CVRWQCB, have also been given the authority to gather additional information by
requiring reporting of all additives used or supplied to operators who operate wells that
supply treated PW for reuse within the region to further inform analysis of the practice
(California Water Code §13267.5). Public concerns about using PW in agriculture have also
prompted the CVRWQCB to establish a Food Safety Expert Panel consisting of academics,
regulators, and consulting scientists to review the practice, assess risk, and make recom-
mendations [74]. California regulators prohibited PW from fracking for irrigation; only PW
from conventional oil drilling can be applied for irrigation [75,76].

As described in the “Final Report: Task 1” prepared by GSI International for the CVR-
WQCB [62], “from December 2017 through September 2018, CVRWQCB staff issued Orders
under California Water Code sections 13267 and 13267.5 to oil companies and chemical
manufacturers and distributors. These Orders required, under penalty of perjury, each
recipient to submit the chemical make-up of additives used during petroleum exploration,
production, and treatment at facilities that use PW for irrigation of crops for human con-
sumption.” The receipt of this data aided the preparation of a report by the Food Safety
Expert Panel with the mission of preparing a report describing risks associated with the
use of treated PW for the irrigation of edible crops, with a focus on crops irrigated in the
Kern Sierran Foothills Subregion.

PW reuse in California is predominantly in the San Joaquin Valley due to low salinity
in PW. The discharges of PW in this area are regulated by the Waste Discharge Require-
ments that conditionally allow the water to be used for irrigation and require monitoring.
Examples of PW treatment in Kern County include mechanical separation, sedimentation,
air floatation, and filtration (walnut hull vessels). These processes can remove and reduce
petroleum hydrocarbons and other chemicals used during oil production activities before
delivery to a water district. Another example of PW reuse is in the Arroyo Grande Oil
Field [77]. The Arroyo Grande PW Reclamation Facility treats PW from a nearby oil field.
The product water from the facility goes to irrigation use, whereas the unused treated water
is discharged into nearby Pismo Creek, with volumes not to exceed 0.84 million gallons per
day, according to an NPDES permit.

Risk Assessment of PW Reuse in California

Given California’s severe and persistent drought, reclaimed PW is recognized as a viable
water source for beneficial use that can be expanded to supplement surface and groundwater
resources. Therefore, risk assessment tools should be applied to rapidly identify PW quality
suitable for blending with other freshwater sources to be used as irrigation water. A study
of PW in the Cawelo Water District near Bakersfield was conducted to evaluate whether
chemical components found in the district’s irrigation waterfall are within acceptable health
and safety levels for its intended agricultural use. There were over 70 chemicals tested,
including petroleum hydrocarbons, heavy metals, and radioisotopes. The results suggested
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that all the tested 70 chemicals were found at concentrations well within drinking water
standards, and do not threaten irrigated plants, food safety, or human health [78]. Risk
assessment used to develop the risk-based comparison (RBC) evaluated the potential for
human health effects from potential exposure to chemicals of interest (COIs) in crops because
of deposition from irrigation water into the soil and subsequent uptake from the soil into
plant tissues. According to the SWRCB, no studies to date have shown that irrigating food
crops with reclaimed PW poses any threat to public health [78].

A recent report in 2020 from the CVRWQCB Food Safety Expert Panel presents the
results of a human health risk assessment performed to establish RBC levels of COIs in
irrigation water containing reclaimed PW [79]. To establish RBC levels, a screening process
was conducted to identify COIs based on their potential toxicological significance, with
other COIs added at the request of the state regulatory agency that approves the use of
reclaimed PW for irrigation. The assessment derived the recommended RBC levels for
blended irrigation water using the most stringent target risk thresholds applied by the U.S.
EPA and the state regulatory agency: a theoretical upper-bound incremental cancer risk of
1 × 10−6, which is 100 times lower than the upper end of the acceptable risk range applied
by the U.S. EPA and other agencies. The recommended irrigation water RBC levels are
listed in Table S4 (Original Report Table 15 [79]). Concentrations above the recommended
RBC levels in irrigation water would warrant further assessment to determine whether
they fall within the U.S. EPA and other agencies’ acceptable risk range. Data available from
the California RWQCB dataset in fall 2015 show that measured concentrations of the COIs
in blended irrigation water are all below the recommended RBC levels, indicating that the
crops (almonds, pistachios, citrus, grapes, potatoes, and carrots) are suitable for human
consumption under the regulatory agency’s recommended target risk thresholds [79].

The injection of PW from O&G activities into groundwater aquifers is in the process of
being exempted in California. Independent scientific studies of HF and well stimulation in
California reported a potential risk on groundwater quality in the San Joaquin Valley and
the Los Angeles Basin [80–82]. It is suggested that the criteria from Underground Sources
of Drinking Water in the EPA’s UIC Program should be used as a baseline to protect fresh
and brackish groundwater in all states [80,83].

In 2016, Shonkoff et al. evaluated the list of 173 chemicals reported as used in oil fields
from which PW is deployed for irrigation, watering livestock, and recharging groundwater
in the San Joaquin Valley of California [84]. In 2020, GSI Environmental Inc. conducted
subsequent technical work under the oversight of the California CVRWQCB [85]. GSI
reviewed 399 known chemical additives and naturally occurring chemicals in PW, and
selected 143 COIs for further evaluation in the context of PW reuse in agriculture irrigation
and other potential sources of these chemicals in the agricultural water supply. The report
from GSI stated that there did not appear to be significant differences between blended
irrigation water and known levels in other sources of surface or groundwater and other
sources of these chemicals. The sampling and chemical analysis of all crops irrigated with
PW in the Central Valley showed 30 analytes detected. Although there did not appear to be
any evidence of a difference between treated and control samples that can be attributed to
PW, there is a need to conduct more research to monitor and evaluate the long-term impact
of using treated PW for agricultural uses regarding a full spectrum of organic, inorganic,
and other chemicals of concern in plants, soil, wildlife, and groundwater.

Summary

California’s O&G fields produce fifteen times as much water as oil. PW management
can be classified into underground injection, EOR, reuse inside and outside of O&G fields,
and surface discharge and evaporation. In California, only PW from conventional oil
drilling is permitted for irrigation, and PW from fracking is prohibited for agricultural uses.
A small portion of PW has been applied for local agricultural irrigation, primarily in the
Kern Sierran Foothills Subregion. The discharges of PW to these districts are regulated by
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the Waste Discharge Requirements that conditionally allow the water used for irrigation
and require monitoring.

The CVRWQCB applied risk assessment tools to identify O&G fields with PW quality
suitable for blending with irrigation water. A study suggested that the detected 70 chemicals
were found at concentrations well within drinking water standards and were evaluated as
not posing a threat to irrigated plants, food safety, or human health. Although some studies
indicated that detected chemicals in PW might have potential risks for human health, the
research result from GSI Environmental Inc. suggested that there did not appear to be any
evidence of a difference between treated and control samples attributed to PW. However,
more independent, third-party studies should be conducted to assure the safeness of the
reuse of treated PW for irrigation.

3.2.2. Colorado
PW Production and Disposal in Colorado

Colorado ranked 7th in natural gas production, with the sixth-largest natural gas
reserve and one-fourth of economically recoverable CBM reserves in the nation [34]. The
state also holds nearly 4% of the nation’s crude oil reserves, and 90% of the oil production
was in the Niobrara Denver-Julesburg Basin in 2018 (Figure 3) [86]. Colorado’s annual
crude oil and gas production was 165 MMbbls and 2 tcf in 2020, respectively [34]. In 2017,
Colorado generated 310 MMbbls (49.6 × 106 m3) of PW, and around 32.5% was injected for
EOR, 47.1% was disposed of by injection, 5.5% was discharged to surface water, 6.0% was
disposed through evaporation, and 8.9% was reused within the O&G industry [13].

PW Regulations in Colorado

Colorado has a unique water rights system in the west, with its own water court sys-
tem [87]. The management of the O&G industry involves multiple state agencies, including
the Colorado Oil and Gas Conservation Commission (COGCC), the Colorado Division of
Water Resources (CDWR), the Water Quality Control Commission (WQCC), and the Water
Quality Control Division (WQCD). After passing the amended SB 19-181 in April 2019,
local government control has been notably increased to regulate O&G development in
Colorado, enabling the power of land-use authority to enact and manage more restrictive
“necessary and reasonable” regulations than the state does within its jurisdiction.

According to the Colorado Oil and Gas Conservation Act, the COGCC is directed to
“Regulate the development and production of the natural resources of oil and gas in the state
of Colorado in a manner that protects public health, safety, and welfare, including protection
of the environment and wildlife resources.” Regulating O&G drilling, production, treatment,
and disposal of waste (except commercial disposal facilities) falls into the jurisdiction of
the COGCC. The COGCC has jurisdiction over permitting the Class II UIC wells (22 wells
approved in 2019), pits (three pits approved in 2019), and non-commercial centralized waste
management facilities accepting waste from the O&G field (two new approved and 54 active
facilities in 2019) [88]. Pursuant to the Commission Rule 205A of COGCC, mineral developers
must disclose chemical additives for HF to FracFocus, within 60 days after the conclusion of
HF treatment and no more than 120 days after commencement.

The WQCC is responsible for implementing water quality classifications and standards
for surface water and groundwater, and developing specific state water regulations and
quality policies. The WQCD enforces such regulations, regulates discharge permitting,
and provides oversight of commercial waste disposal facilities. Generally, the CDWR has
jurisdiction over water rights (i.e., appropriation and distribution) adjudicated by the water
courts and determination of their beneficial use. The construction of groundwater wells
requires a permit from the CDWR to prevent pollution to state waters. The extraction
of groundwater from CBM wells is considered beneficial and requires a permit from the
CDWR, regardless of a tributary or non-tributary status. Subsequent beneficial use of
extracted CBM water requires a well permit from the CDWR, justifying its appropriation of
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a water right. The CDWR well-permitting of withdrawal and beneficial use of groundwater
for CBM wells and non-CBM wells is exhibited in Table S5.

PW Management in Colorado

Mitigation of groundwater contamination. Spills of PW onto surface land have often been
caused by equipment malfunction or human error [22]. The COGCC uses an electronic form-
filling system, including a Spill/Release Report (Form 19), to collect spill incidents in Col-
orado. Operators shall, immediately upon discovery, control and contain all spills/releases
of exploration and production waste, gas, or produced fluids. A spill of more than five bar-
rels (0.79 m3), regardless of whether it is within containment or outside of containment, and
more than one barrel (0.16 m3) spill out of secondary containment, shall be reported within
24 h after detection of the spill (CO CRS §34-60-130). Regarding spill/release prevention in
Colorado, a secondary containment shall be installed around all PW tanks containing PW
with TDS more than 3500 mg/L (CO CRS §34-60-603).

The evaluation of PW generation and PW spilled in Weld County demonstrated that
the total surface of PW spill has a linear correlation with the scale of drilling production [89].
To understand and monitor potential groundwater contamination from drilling, mainly
a result of surface spills and well casing failures [90,91], the COGCC sets concentration
levels for both shallow (unconfined) and deep (confined) aquifers, along with the WQCC
standards and classifications, to ensure compliance with groundwater standards (Table S6)
and adjacent soils standards (Table S7).
Underground Injection Control (UIC). The COGCC, delegated by the U.S. EPA, has the au-
thority to regulate Class II UIC wells by permitting and monitoring PW injection as “dedi-
cated injection wells” for disposal or EOR. Thirty and twenty-two UIC well permits were
issued in 2018 and 2019, respectively. The COGCC works closely with the WQCD to prevent
groundwater contamination from UIC wells and, in union with the U.S. Geological Survey
Earthquake Notification Service, to continuously monitor the potential local seismicity
related to the PW injection. In 2017 and 2018, approximately 50% of PW was injected into
Class II UIC wells either for disposal or EOR, and the percentage increased to 70% in 2019.
Dust Control. As industrial reuse of PW is generally viewed as a viable use in the Colorado
Water Law system, the use of PW (TDS < 3500 mg/L and excluding flowback fluids) in dust
and ice control, viewed as disposal, is allowed in the same geologic basin on operators’ lease
roads without a permit, as long as it is from a non-tributary basin (CO CRS § 37-90-137). It
is worth mentioning that the average TDS concentrations of CBM and the unconventional
Niobrara Denver-Julesburg basin PW usually have TDS greater than 3500 mg/L, which
is not suitable for land application or dust control. A relatively small amount of PW for
dust suppression was reported in 2017 and 2018 on the O&G lease roads. The adjacent
soil around the roads must meet the qualification requirements listed in Table S7 (CO CRS
§34-60-910). Samples from comparable, nearby non-impacted native soil must be collected
and analyzed for purposes of establishing background soil conditions, including pH and
EC. Where the EC of the impacted soil exceeds 4 mS/cm or 2× background (Table S7), the
sodium adsorption ratio (SAR) must also be determined.
Pits and surface water discharge. Most of the PW that is not injected through UIC wells is
disposed of in pits through evaporation/percolation, with pretreatment to prevent crude
oil and condensate from entering the properly permitted lined or unlined pit or surface
discharge. Unlined pits have been restricted to a certain date (Rule 904a) and in certain
conditions (Rule 902). Unlined pits shall not be constructed in areas where pathways for
communication with groundwater or surface water are likely to exist, except as allowed
under Rule 902. Permitting pits may be allowed on-site for various purposes, e.g., to contain
drill cuttings and PW, and for reuse and recycling of PW. The COGCC is responsible for
permitting (Form 15), monitoring and evaluation, and overseeing the closure of pits. New
pit applications have significantly decreased (only two and three new approvals for 2018
and 2019, respectively), in coincidence with decreased O&G activities in areas with a
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tradition of PW disposal using pits, and the adoption of “pitless” drilling and completion
activities in Colorado.

PW may also be discharged into state surface water bodies under a Colorado Dis-
charge Permit System (CDPS) under the jurisdiction of the WQCD, in accordance with
the national 40 CFR 435 and 437 standards. The CDPS general permit COG-840000 covers
only PW (from conventional and CBM production) discharge to surface waters from the
Centralized Exploration and Production Waste Management Facility, used exclusively by
one owner/operator or by more operators under an operating agreement, and the Commer-
cial Disposal Facility (offsite). The numerical limitations and monitoring are determined
on a site-specific basis. The effluent limits (numeric and narrative) are based on several
guidelines, including the 40 CFR 435 standards, the water quality standards of the receiving
water, site-specific review of the disposal facility information, the state’s basic standards and
methodologies for surface water, and the WQCD’s policies and guidelines. The applicable
numeric limits are either statewide or site-specific, including general parameters, organic
compounds, metals, radionuclide parameters, and other pollutants that are applicable,
whereas the narrative water quality limits are mainly for the protection of irrigated crops,
livestock watering (TDS < 3500 mg/L), and aquatic life (Whole Effluent Toxicity testing).
Reuse of PW outside of the O&G fields. PW has been widely reused inside the O&G fields in
Colorado, including for EOR and drilling. The CDWR has jurisdiction over appropriations
of water for various beneficial uses. The first beneficial reuse of PW outside of the O&G
field was reported in Wellington [92]. The treated PW was used to augment the shallow
aquifer to ensure adequate drinking water resources for a nearby city. Three major steps
were required to secure the water right of PW reuse: (1) obtain a beneficial use permit from
the CDWR (confirmed PW as non-tributary in this case); (2) pass preliminary effluent limit
determination for surface discharge in WQCD, and obtain a discharge permit from the
COGCC; and (3) obtain a vested water right from the water court.

Though using PW for irrigation purposes has not been adopted in Colorado, studies
assessing such feasibility have been investigated [93]. A study investigated the utility and
feasibility of treated PW from the Niobrara Denver-Julesburg basin as irrigation water for
salt-tolerant crops, e.g., switchgrass and rapeseed. The results showed that treated PW with
TDS < 3500 mg/L and relatively low organic content are necessary to maintain biomass
yield and plant health [94].

Summary

The COGCC, WQCC, WQCD, and CDWR shared jurisdiction with local governments
for the management of PW in Colorado. Groundwater contamination associated with
PW is a primary environmental concern in Colorado, with its monitoring and mitigation
administrated by the COGCC. The disposal of PW occurs primarily through Class II UIC
well injection, pits, and surface discharge, plus a small fraction for dust suppression applied
on the O&G lease roads. Colorado recognizes the reuse of PW as a viable beneficial use,
e.g., aquifer recharge. Currently, the application of PW for agricultural irrigation is under
active investigation.

3.2.3. Wyoming
CBM PW Production in Wyoming

Wyoming is in a semiarid climate and occasionally experiences water shortage in some
areas affected by the current drought cycle. Wyoming’s annual crude oil and gas production
was 89 MMbbls and 1.4 tcf in 2020, respectively [34]. CBM wells are treated separately
from conventional natural gas production. According to the Wyoming State Geological
Survey, the total recoverable CBM resources are estimated at 31.7 tcf, equal to one-third
of the total recoverable CBM resources in the U.S. [95]. PW from coal seams has been a
vital groundwater resource suitable for beneficial reuse. The relatively low TDS content
of the CBM PW in Wyoming often enables subsequent discharge into surface streams or
beneficial reuse, such as agricultural irrigation, aquifer recharge, and land application.
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In 2017, 1700 MMbbls (272 × 106 m3) of PW were generated in Wyoming, and 46% was
injected for EOR, 14% was injected for disposal, 37% was discharged to surface water, and
the rest was managed by evaporation or offsite commercial disposal [13].

CBM PW Regulations in Wyoming

The O&G industry is under the oversight of the Wyoming Oil and Gas Conservation
Commission (WOGCC). The WOGCC holds the authority to regulate drilling and plugging
wells to protect O&G formation from water intrusion, prevent contamination of freshwater
resources, and regulate PW containment, storage, treatment, and disposal inside O&G
fields. In Wyoming statutes, PW includes formation water from the O&G reservoir, injected
water, and any chemical additives added during the production and treatment process.

The Wyoming State Engineer’s Office (WSEO) supervises the allocation of water
resources (quantity). The CBM PW has been designated as a beneficial use of groundwater
in Wyoming for decades, and follows the same application process for groundwater within
the jurisdiction of WSEO to appropriate the groundwater, in conjunction with a permit from
the WOGCC for CBM production. The WSEO must approve the application for a Permit to
Appropriate Ground Water (Form U.W.5) before drilling any CBM well. It details specific
management scenarios of CBM PW when it is further used as a direct source for another
beneficial use, such as water production for CBM only (no additional permit required);
for stock watering; for discharge into surface reservoir directly; for O&G well drilling
and stimulation/enhancement, dust control, and compaction; for industrial processes; for
irrigation; and for aquifer and recovery wells. If not proposed for further beneficial use
by any developer, CBM PW is considered as surface supply (i.e., discharge to surface or
to new/existing reservoir), and is governed by laws about surface water, which requires
additional permitting requirements from the WSEO Surface Water Division. Once CBM PW
becomes the water of the state (passed an NPDES discharge point), no permit is required
for land applications.

The Wyoming Department of Environmental Quality (WDEQ) also participates in
the discharge and use of all PW (quality). A discharge permit from WDEQ is required for
the O&G production facility to meet specific standards and requirements. Moreover, the
discharge of treated PW must comply with the U.S. EPA effluent guidelines and NPDES
standards. After the discharge point, treated PW is considered the property of the state. In
the western states, the split of property regimes is common, where land ownership (surface)
and estate minerals (underlying) belong to separate entities [96,97], which expands the
number of stakeholders involved during O&G development [98]. A legal contract including
a description of surface use and damage agreements is required in Wyoming between the
surface owner and mineral developer, which highlights the prominent role of landowners
during O&G activities [98].

Only Colorado and Wyoming in the Rocky Mountain states require water rights for
CBM production. The water rights system in Wyoming focuses on permitting to protect
prior appropriation (ensuring senior water rights are not interfered with by CBM PW
production). It allows simple disposal for O&G producers once the water reaches the
surface [99], whereas further beneficial use of CBM PW or reservation/storage for future
use is viewed as a disposal option for producers, and has been a challenge. In doing so,
most of the PW extracted has been wasted/disposed of after CBM production, which, if
appropriately reused, could preserve household and livestock well capacities for future
beneficial use [100].

CBM PW Management and Reuse in Wyoming

The quality of CBM PW in the PRB declines from the south and east basin edges, with
water quality close to drinking water level and EC and SAR suitable for irrigation. The west
and north regions have relatively low water quality, including one or more water quality
parameters exceeding reuse standards (e.g., TDS for drinking, EC for irrigation of sensitive
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plants, and SAR for irrigation) [95,101]. In practice, surface discharge and irrigation are
executed in eastern PRB.
Surface water discharge. The discharge of CBM PW into surface streams is allowed in Wyoming
as long as it bears “good enough quality” for watering livestock or wildlife. Effluent limits
are required for CBM PW surface discharge to protect livestock and wildlife consumption,
including chloride 2000 mg/L, sulfate 3000 mg/L, specific conductance 7500 µS/cm, oil and
grease 10 mg/L, pH 6.5–9.0, and total recoverable radium 226 of 60 pCi/L.

The WDEQ can grant a temporary surface discharge of CBM PW under two conditions:
less than a six-month discharge (additional one-time six-months extension/renewal) into a
reservoir for livestock watering, as emergency water to livestock; or a 15-day discharge
permit for CBM PW characterization, which must occur greater than 0.5 miles from a
perennial water body with a discharge rate less than 0.5 cubic feet per second. The effluent
limits include 1000 µg/L dissolved iron, pH 6.5–9, chloride 2000 mg/L, total recoverable
arsenic 150 µg/L, and specific conductivity 7500 µS/cm.
Groundwater injection. The CBM PW can be injected into shallow aquifers bearing
TDS < 10,000 mg/L or <5000 mg/L through UIC Class V wells by mineral developers
administered by the WDEQ. Rules and regulations in chapter sixteen of the Wyoming
Water Quality Division must be met to obtain the injection permit to construct and operate
a CBM PW injection well. The injection is not common in the PRB due to the complex
management of multiple producing zones and numerous mineral developers [102], except
in the city of Gillette, which uses CBM PW for partial replenishment of the city’s potable
water resource [103].
Dust control and road application. Although no permit was required under the NPDES pro-
gram for the application of CBM PW for dust control, approval from the WOGCC must be
obtained. CBM PW spreading on roads for dust control is usually mixed with magnesium
chloride. In addition, dust control activities on public lands must comply with applicable
Bureau of Land Management requirements and local government requirements.

WDEQ also stated that “When no other alternative is reasonably available for disposal of
limited quantities of wastewater or exploration and production exempt oily wastes, a Road
Application of Waste or Wastewater permit may be requested.” The water quality analysis of
PW and PW-contaminated soils includes radium 226, benzene, TDS, arsenic, total metals, and
other constituents determined to be appropriate by the WOGCC (Table S8).
Irrigation. Due to the continuous drought in the PRB, irrigation using CBM PW is encouraged.
Most of the CBM PW directly used for agricultural irrigation does not satisfy sustainability
criteria for irrigation water, and, therefore, a managed irrigation system is required [104].
Table S9 summarizes the scenarios of CBM PW used for irrigation in Wyoming.

The WDEQ has set up a permitting guideline in the PRB for the discharge of CBM PW
to irrigated lands under different scenarios. SAR and salinity are the primary concerns,
particularly for the ephemeral channel (SAR limit 3–10) (Table S9). Scenario 3 in Table S9
provides guidelines for ephemeral streams that previously conveyed flood irrigation water
that leached salts out of the soil. Turning an ephemeral stream into a perennial stream by
CBM PW discharge may adversely affect the soil and plants (i.e., salt mobilization from
poor quality soil, bank erosion, disruption to the existing ecosystem) [99]. A significant
increase in EC, SAR, and exchangeable sodium percent was reported in fine-textured soil
after 1~4 years of irrigation of CBM PW [105]. Therefore, the EC threshold is calculated by
dividing the median value tested or the published soil EC threshold value by 1.5 (Table S9).

CBM PW treatment and soil amendment are general approaches for the managed irri-
gation system, e.g., lowering Na+ content, SAR, and alkalinity in CBM water; application of
gypsum (exchange Na+) and sulfur (alkalinity reduction) to soil [106]. Gypsum can increase
Ca2+ content in the soil system, competing for exchange sites on a clay surface, with Na+ to be
leached out by flooding and irrigation events [107]. The application of elemental sulfur can
decrease the soil pH and promote the dissolution of calcite to release Ca2+.
Land application. A land application permit is required for each site, along with the
landowner’s approval in Wyoming. The land application of CBM PW was reported to
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increase forage production and enhance recharging shallow groundwater aquifers [102].
However, multi-year direct land application of CBM PW can alter soil characteristics with
a continuous increase of soil EC and SAR, and decrease native plant species [108,109]. The
biological effects of CBM PW land applications were complex and site-specific, indicating
site-specific management approaches for land applications.

The previous land application permits focused on general water chemistry and inor-
ganic constitutes. The new permit (WDEQ Permit No. 19-283, issued to Encore Green, LLC,
2020), although specified for treated PW in Laramie County outside of PRB, signified a
much more stringent trend, including a numeric limit on a total of 159 water constituents the
treated PW shall not exceed before land applications: general, inorganic, and radionuclides
(43); volatile organic compounds, semi-volatile organic compounds, and polyaromatic
hydrocarbons (91); and pesticides (25). The new permit for land application in Wyoming
added a substantial number of organic contaminants. The details of the constituents and
permitted range/limit are summarized in Table S10.
Impoundment. The practice of impoundment is for the disposal of CBM PW through infil-
tration and evaporation, not genuinely constituting beneficial use [99], except occasionally
for livestock watering. Impoundment must be approved by WOGCC and WDEQ; the CBM
PW quality is regulated by the WDEQ’s Wyoming Pollutant Discharge Elimination System.
The potential pollution of groundwater has been identified due to unlined infiltration
impoundment of CBM PW in Wyoming, primarily due to the infiltrating water acting as a
solvent to leach constituents (e.g., sulfate salts, selenium) in the subsurface and transporting
them into groundwater [95,110].

Summary

In the PRB, several management options have been executed, including impoundment,
surface discharge, aquifer injection, road spreading, irrigation, and land application. The
discharge of CBM PW into surface streams is allowed in Wyoming. The CBM PW can
be injected into shallow aquifers through Class V wells, and no permit is required for
road spreading. The direct use of CBM PW for irrigation may result in soil salinity and
sodicity. The feasibility of using CBM PW for managed irrigation has been demonstrated
with appropriate soil physical/chemical amendments. The direct land application of CBM
PW does not meet irrigation water sustainability criteria and requires water, soil, and plant
management. The new land application permit in Wyoming contains much more stringent
requirements with a substantial number of water constituents.

The management of PW is three-fold in Wyoming, with WOGCC regulating activities
inside the O&G field, the WSEO supervising appropriation and distribution (quantity), and
the WDEQ managing the discharge and use of PW (quality).

3.2.4. New Mexico
PW Production, Disposal, and Management in New Mexico

New Mexico (NM) has more than 7% and 5% of the nation’s proved crude oil reserves
and natural gas reserves, respectively. It is the second-largest onshore oil-producing state
and accounted for more than 9% of the nation’s crude oil production [111]. In 2020, the total
oil production of NM reached 380 MMbbls, which has increased more than five-fold since
2009 (61 MMbbls). In 2020, NM was the eighth-largest gas-producing state and produced
more than 2.0 trillion cubic feet or about 5% of the U.S. gross withdrawals of natural
gas [111]. The Permian Basin, located in the eastern NM and western Texas (Figure 3), is
one of the most prolific petroleum-producing areas in the U.S. and the world [112].

Advanced drilling and oil recovery technologies have increased oil production in the
Permian Basin. However, the large amount of water used for HF, along with the large
volumes of PW generated during well production, has brought concerns in NM, a semiarid
state that suffers from chronic droughts and water shortage [113]. It is estimated that up
to 10 million gallons (38,000 m3) of water may be needed to frack one well, depending on
several factors, such as its location, well type, and the operator [114,115]. In NM, freshwater
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comes from either surface water or groundwater, e.g., the Pecos River and Ogallala Aquifer
in the Permian Basin. In order to reduce stress on NM’s water resources due to O&G
production, effective on 13 October 2020, OCD Rule 19.15.16.19(B) requires that producers
shall disclose water use (quantity for PW, freshwater, brackish water, and saline water) to
the OCD within 45 days after completion, recompletion, or other HF of a well. According
to the OCD Water Use Report Summary, as of 30 December 2021, the average freshwater
use for HF was reduced from 20% in 2020 to 10% in 2021.

In the Permian Basin, three to four times of PW may be generated for every barrel of
oil produced. In 2019, about 1203 MMbbls (191 × 106 m3) and 37 MMbbls (5.9 × 106 m3) of
PW were generated in the NM Permian Basin and San Juan Basin, respectively [115,116].
However, in 2019, only about 10% of all PW generated in NM was being reused or recycled
in O&G operations; eventually, all PW was treated as wastewater and was discharged
through permitted UIC wells for EOR or disposal by SWD wells [117]. No PW has been
permitted for use outside of O&G production activities in NM. With continued O&G
development, underground disposal practices are not sustainable and have been linked to
other environmental challenges (e.g., seismicity activities) [14]. Because freshwater supplies
are dwindling, the reuse of the billions of gallons of treated PW may significantly benefit
arid regions such as NM. One key factor that affects treated PW reuse is its quality, such as
TDS, pH, organic contaminants, metals, naturally occurring radioactive material (NORM),
chemicals added during HF, and toxicity [4]. The average TDS concentration varies based
on the location and place, but is typically about 100,000–120,000 mg/L.

Produced Water Regulation in New Mexico

Under the Oil and Gas Act (Chapter 70 NMSA 1978), the Oil Conservation Division
(OCD) within the Energy, Minerals and Natural Resources Department (EMNRD) regulates
the handling and disposal of PW within the O&G industry in NM. This includes UIC wells for
PW disposal, reuse through enhanced recovery operations, and recycling and reuse in O&G
drilling operations. The OCD encourages the recycling and reuse of PW within the O&G
industry by specifically exempting from permitting the disposition of PW for use in “drilling,
completion, producing, secondary recovery, pressure maintenance or plugging of wells.”

New Mexico House Bill 546 (HB 546), which includes the Produced Water Act, went
into effect on 1 July 2019. PW is defined in the Produced Water Act as “fluid that is an
incidental byproduct from drilling for or the production of oil and gas.” The Produced Water
Act addresses the reuse and recycling of PW and establishes that no water right is created
from PW. “Recycled produced water” is defined as “produced water that is reconditioned by a
recycling facility permitted by the oil conservation division of the energy, minerals and natural
resources department.” PW recycling within the O&G industry reduces the use of freshwater
for O&G applications. A key provision of HB 546 is that it removes obstacles related to the
recycling of PW in NW, and encourages recycling by the industry while minimizing freshwater
usage. Therefore, NM expects the volumes of PW recycled for oil production will increase
in the coming years. The Produced Water Act also specifically directs the Water Quality
Control Commission (WQCC) to “adopt regulations to be administered by the department
of environment for the discharge, handling, transport, storage, recycling or treatment for the
disposition of treated PW, including disposition in road construction maintenance, roadway
ice or dust control or other construction, or in the application of treated PW to land, for
activities unrelated to the exploration, drilling, production, treatment or refinement of oil or
gas.” The Act provides that the WQCC “may adopt regulations to be administered by the
department of environment for surface water discharges.”

Surface water discharges are currently regulated through EPA Region 6, and state-
certified by the New Mexico Environment Department (NMED)’s Surface Water Quality
Bureau because NM does not yet have primacy over the NPDES program. NMED’s Ground
Water Quality Bureau issues and manages discharge permits that have the potential to
impact groundwater. The Office of the State Engineer (OSE) has no authority over PW, and
no water right shall be established by the disposition of PW, recycled PW, or treated PW.



Water 2022, 14, 2162 25 of 33

All PW that is produced from an O&G well is the responsibility of and under the control of
the working interest owners and operators. However, a transferee shall have control of and
responsibility for the PW when it is transferred, sold, or conveyed. Thus, the control of and
responsibility of PW transfers with PW.

Implementation of Produced Water Act in New Mexico

To collect input from the public on the Produced Water Act, in the fall of 2019, NMED
initiated and conducted public engagement activities across NM in coordination with
EMNRD and OSE. The collected input is used to inform future regulatory and research
efforts related to NMED’s authority to regulate the treatment and use of PW outside of the
O&G industry. In total, NMED generated a public input catalog containing 2296 statements.
The public concern or opinion is roughly split between regulation needs (59%) and research
needs (41%). Most input (56%) generally expressed concern regarding the unknowns
surrounding PW use outside of O&G. The remaining (44%) either expressed direct support
(6%) or opposition (38%) to one or more PW topics [66].

The level of treatment necessary to protect human health and the environment depends
upon the intended end use of the treated PW. Emerging technologies to effectively treat PW
are potentially making the PW reuse inside and outside of the O&G industry possible with
targeted research and regulation. “Fit for purpose” research to support future regulations
will address the range of factors that vary based on the end-use. In 2019, NMED and New
Mexico State University (NMSU) launched the New Mexico Produced Water Research
Consortium (NMPWRC) to assist the state in filling scientific and technical knowledge
gaps necessary to establish regulations and policies for the treatment and reuse of treated
PW. The NMPWRC leads an extensive research program to explore desalination and other
technologies needed to adequately treat PW for potential fit-for-purpose reuse; characterize
physical, chemical, and biological properties of PW and treated PW; assess the technical,
societal, environmental, and economic effects of the use of treated PW, including risks and
toxicity to public health and the environment; and develop public outreach and education
programs to improve the public understanding of the potential impacts of using treated
PW on public and environmental health and safety.

Summary

Currently, most of the PW was disposed of through deep well injection in NM, and
no PW has been permitted for use outside of O&G production activities. However, to
encourage the O&G industry to reuse and recycle the PW instead of relying on limited
freshwater resources, the Produced Water Act was passed in 2019. The Produced Water Act
clarified ambiguity regarding jurisdiction over PW reuse, and assigned it clearly to OCD
when inside the O&G industry. The Act also clarified that the use of treated PW outside
of the O&G industry is subject to the state Water Quality Act and must comply with the
WQCC regulations administered by the NMED. The responsibility and liability for PW go
with the water when it is transferred, and PW does not come with, nor does it affect, water
rights. The NMPWRC was established to promote scientific research to fill scientific and
technical knowledge gaps, necessary to develop regulations and policies for the treatment
and reuse of PW.

4. Conclusions and Perspectives

This study analyzes the current regulatory framework for PW production, management,
and reuse in the major oil and gas production areas in the U.S., including Appalachian Basin,
California, Colorado, New Mexico, Oklahoma, Texas, and Wyoming. Most of the PW is
injected either for EOR or by disposal wells. States in the east of the 98th meridian reuse more
PW inside of the O&G fields due to the current U.S. EPA regulations. States in the west of
the 98th meridian have been planning to reuse treated PW outside of the O&G fields because
of the droughts and the exemptions from U.S. EPA regulations. Different states may need to
develop their own regulations pertinent to their unique geographic locations, state-specific
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practices and laws, and the differences between the PW quality and quantity. This review
summarizes the PW regulations, examples of PW reuse practices, water quality standards,
and risk assessment studies in different states, which can be used as guidelines and support
regulatory development for other states or countries with proper modifications.

Recently, more regulations on PW management and reuse have been established by
state regulators. Pennsylvania renewed the General Permit WMGR123 in 2021 to guide the
reuse of PW inside the O&G field. The Oklahoma Governor signed the “Oil and Gas PW and
Waste Recycling and Reuse Act” into law (S.B.1875) in 2020. The Act encourages the efforts
of PW recycling and reuses in Oklahoma by alleviating much of the uncertainty regarding
ownership of PW, which would reduce freshwater demand and lower saltwater injection
volumes. In 2021, the U.S. EPA approved Texas’ request to administer the NPDES program
for PW discharges within the state of Texas, and the Texas legislature passed HB 2771, which
transferred duties and authority to TCEQ upon NPDES delegation from the U.S. EPA for
issuing permits for the discharge of PW in 2019. NM passed HB 546 in 2019 to encourage the
treatment, reuse, and recycling of treated PW within and outside of O&G fields.

Reuse of treated PW for agriculture mainly happens in California and Wyoming
because of the “good” quality of the PW. Research from California suggested that the treated
PW with high quality or after blending can be used for irrigation. Colorado recognizes
the reuse of treated PW as a viable beneficial use, e.g., aquifer recharge. Currently, most
of the PW was disposed of through deep well injection in NM, and no PW has been
permitted for use outside of O&G production activities due to a lack of understanding
of the risks associated with the reuse of treated PW. The NMPWRC was established
to promote scientific research to inform future regulations and policies. A report from
Wyoming demonstrated the feasibility of using CBM PW for managed irrigation with
appropriate soil physical/chemical amendments. The feasibility of reusing treated PW for
irrigation in Colorado, New Mexico, and Texas is under intensive investigation.

The treatment effectiveness for removing the chemical constituents in PW needs to be
demonstrated to protect the environment and public health during beneficial use. Because
of varying levels of oil residues, salts, suspended solids, petroleum hydrocarbons, metals,
NORM, and other chemicals and potential toxins, PW must be treated to meet the water
quality requirements for fit-for-purpose uses. There are many PW pre-treatment and
treatment processes available that include modular and scalable components [118,119].
However, current treatment technologies are often not cost-competitive as compared to
the options of SWD well disposal or water reuse for HF. Advancements in water treatment
technology can create new and more cost-effective, energy-efficient opportunities to treat
and reuse PW, such as using innovative, high-performance materials and technologies;
selective removal and separation of constituents of concern; and the use of renewable energy
and waste heat to reduce energy consumption and greenhouse gas emissions [120–123]. In
addition, technologies are needed to achieve zero-waste-disposal and support the extraction
or recovery of specific minerals in PW or treatment residuals as commodities [124,125].

A significant concern of reusing treated PW is the chemical additives put down
wells during fracturing. Many chemical products are protected by patents that result
in restrictions on the manufacturer providing useful information regarding the chemical
formulation of the product. As manufacturers are unwilling to reveal key details about
the chemical additives due to trade secrets, it makes it difficult to identify these chemicals
and assess their associated risks during reuse. For risks and toxicology assessment, it is
imperative that the chemical additives be disclosed, as well as the volume and frequency
of their use. The CVRWQCB worked around this restriction by making it clear that
O&G operations must disclose the chemical formulation if they were to receive a permit
for discharging PW thereby providing the incentive to manufacturers for disclosing of
product formulations. However, this was only accomplished with the CVRWQCB agreeing
that they would review the formulations but that they also would maintain confidential
any information regarding the formulation. This is an important issue that needs to
be addressed by a standardized practice that will provide the required information to
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regulators and for risk assessment but also will protect the economic interests of the party
holding the product formulation patent, most likely the manufacturer.

It is also critical to investigate the chemicals’ breakdown products during fracking.
Chemicals are injected under high temperature and pressure into oil and gas reservoirs,
where they interact with other compounds in the formation and may be transformed into
other types of chemical constituents. Up to date, there are limited studies and no established
tools to monitor these unknown transformation compounds and understand the toxicity
effects of the chemical interactions during reuse applications. Currently, researchers and
the industry are identifying greener chemical additives in HF and minimizing the use
of chemicals with less-desirable environmental, safety, and health concerns. However,
the proposed alternative chemicals also need to be evaluated regarding their potential
impacts on public health and environmental risks, the efficacy and compatibility with other
naturally occurring formation chemistries, operating conditions, as well as commercial
availability and costs [126].

The U.S. EPA has developed the National Water Reuse Action Plan (WRAP) to support
water security, sustainability, and resilience. Actions in the plan are intended to drive
progress on reuse and address local and national barriers across a range of topics, including
technical, institutional, and financial. To address the challenges of reusing treated PW
outside of oil and gas fields, the U.S. EPA, in collaboration with partners in academia, state
agencies, and the industry, leads a national program to study the safety of PW and develop
cutting-edge analytical methods for evaluating the complex mixtures of contaminants, and
for predicting the potential toxicological effects of PW and treated PW intended for reuse.
The study includes targeted and nontargeted chemical analysis to identify the constituents
and correlate molecular targets to identified chemical constituents using gene expression
biomarkers and comparison with known targets examined in human cell lines. The study
aims to fill the knowledge gaps in detecting and assessing risks to human and ecological
health caused by chemicals in PW, and help identify fit-for-purpose reuse options outside
of the oilfield. The program will provide valuable information and data to inform future
permitting requirements by understanding the chemicals present and potential risks during
reuse applications.

The reuse of PW inside and outside of the O&G fields would benefit society and the
environment. However, the risks associated with reusing treated PW still require intensive
research. Given PW is a new, non-traditional water source, and the water chemistry is
complex with naturally occurring constituents and chemical additions during the well
stimulation process, water quality standards for different reuse applications should consider
the known and unknown chemicals and toxicological characteristics of PW and treated
PW. Intensive research is needed to provide scientific and technical knowledge to establish
science-based regulations and develop well-informed permitting programs for the safe
reuse of treated PW outside of the O&G fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14142162/s1, Table S1: General Permit WMGR123 Appendix A
(39 constituents) from Pennsylvania; Table S2: Alternative screening matrix for the produced water
reuse in Oklahoma, prepared by the Produced Water Working Group; Table S3: Cost estimates for ten
produced water use scenarios in Oklahoma, prepared by the Produced Water Working Group; Table
S4: Recommended Irrigation Water Risk-Based Comparison (RBC) Levels (mg/L) in California; Table
S5: Oil and Gas wells permitting in Colorado Division of Water Resources; Table S6. Groundwater
standards in Colorado; Table S7: Soil quality criteria for road spreading of produced water in
Colorado; Table S8: Regulatory guidelines for road application of waste and wastewater in Wyoming;
Table S9: CBM permitting guideline for discharges to irrigated drainages of the Powder River Basin,
Wyoming; Table S10. Wyoming Department of Environmental Quality parameter list for produced
water for beneficial use for land application.
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