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ABSTRACT
Wastewater generation poses significant challenges to the future of shale oil and gas
extraction. With the rapid expansion of hydraulic fracturing and horizontal drilling
operations, solutions for wastewater management are in high demand. This client project for
Waste Management, Inc. reviews characteristics of produced and flow-back water in ten
active shale formations, federal and state regulatory constraints on water supply and
management practices in thirteen states, current wastewater management practices, and
current and emerging wastewater treatment technologies. We conclude that recycling
wastewater for reuse in additional hydraulic fracturing activities is preferred over other
management practices. We evaluate current and emerging treatment technologies using
criteria based on cost, potential environmental impact, potential community impact,
regulatory requirements, suitability for waste stream characteristics, and other technological
considerations. We employ a combination of qualitative and quantitative methods to rank
technologies and propose technologies for each shale formation.
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1.

INTRODUCTION

This report was prepared by Duke University Nicholas School of the Environment graduate
students for Waste Management, Inc. Waste Management, Inc. partners with its clients in
municipalities and industry to reduce and manage waste. They collect and dispose of waste,
recover valuable resources, and strive to create clean and renewable energy. Waste
Management leads in the development, operation, and ownership of facilities that convert
landfill gas to energy and facilities that convert waste to energy. With 45,000 employees
committed to environmental sustainability, Waste Management’s mission is to “maximize
resource value, while minimizing environmental impact so that both [the] economy and [the]
environment can thrive” (Waste Management Inc, 2013).

1.1

Purpose of Report

The rapid development of the hydraulic fracturing industry in the past few decades has
dramatically impacted the U.S. energy market, in terms of both driving down energy prices
and reducing greenhouse gas (GHG) emissions (Worldwatch Institute, 2010). The process of
hydraulic fracturing with horizontal drilling has proven to be an effective method to extract
natural gas from unconventional sources. Hydraulic fracturing may hold the potential to
significantly reduce the US’s dependence on foreign fossil fuel. However, the assessment of
the environmental impacts of hydraulic fracturing, though important to understand, is not yet
complete.

Shale oil and gas originate within shale formations or plays composed of fine-grained
sedimentary rocks; the shale gas within these formations is estimated to comprise about 49%
of the total natural gas production in the U.S. by the year 2035 (EIA, 2012). In
unconventional reservoirs, natural gas or oil is extracted using two major techniques in
combination: horizontal drilling and hydraulic fracturing (Sakmar, 2011). Horizontal drilling
1

is the process of drilling a well from the surface to a subsurface location called the “kickoff
point” which is above the oil or gas reservoir. The well bore then deviates from the vertical
plane around a curve and intersects the reservoir at the “entry point” with a near-horizontal
incline. The well bore remains within the reservoir until operators reach the desired bottom
hole location(Helms, 2008). Hydraulic fracturing involves injecting high-pressure fluids into
a well to create fractures in the rock formation to ease the flow of the oil or gas from the
fractures to the wellbore (DOE, 2009). Hydraulic fracturing can be done in conjunction with
either horizontal or traditional vertical drilling. For ease of reference, this report refers to both
of these procedures in combination as “fracking.”

Wastewater from hydraulic fracturing is a significant pollution concern. This report analyzes
and recommends treatment technologies for two types of wastewater from fracking: flowback
and produced water. Flowback water is generated from the well within the first weeks of
initial drilling and typically contains a high percentage of the fracking fluids injected to
stimulate production. Produced water is generated once the well begins producing
hydrocarbons. Contaminants tend to differ in flowback waters and produced waters. One of
the main distinctions between these types of wastewater is that flowback water contains high
concentrations of total suspended solids (TSS), while produced water contains higher
concentrations of total dissolved solids (TDS). Typical contaminants in both forms of
wastewater include chemical additives in addition to the natural constituents existing within
the shale formation, both of which pose environmental and public health risks (Ramudo &
Murphy, 2010). Additives and natural constituents of each shale formation are rarely
consistent between formations and may also vary within a single formation. This complexity
poses significant challenges for treatment and disposal.

This report evaluates existing and emerging treatment technologies for wastewater generated
from hydraulic fracturing and horizontal drilling across different shale formations in the
United States. It identifies any applicable and/or emerging state and federal regulations that
2

govern the recycling and disposal of wastewater from hydraulic fracturing and horizontal
drilling activities. Wastewater treatment solutions are examined based on cost, technological
feasibility, and environmental impact within each shale formation. The report concludes with
recommending the best technologies for each shale formation.

1.2

Report Organization

This report provides a systematic overview of the wastewater challenges posed by shale
development and the technological and regulatory solutions established to manage these
challenges. Following this introduction (Section 1), Section 2 discusses the research methods
used. Section 3 contains a discussion of the geology of ten active shale formations (Antrim,
Bakken, Barnett, Eagle Ford, Fayetteville, Haynesville, Marcellus, Niobrara, Utica, and
Woodford) and the characteristics of wastewater generated from these shale formations.
Sections 4 and 5 provide an overview of current wastewater management practices and
options by state. Current and emerging treatment technology descriptions are outlined in
Sections 6 and are coupled with the evaluation and recommendation of the treatment
technologies per shale play in Section 7. Section 8 summarizes the findings and conclusions
of the report and includes a discussion of the future of wastewater management for hydraulic
fracturing and shale development.

2.

METHODS

Information and research in this report were primarily gathered from sources within the
public domain. These sources include peer-reviewed journal articles, government and
industry reports, publications, websites, conference proceedings and presentations, white
papers, corporate promotional materials (used to gather information on emerging treatment
technologies), government agency databases, and the text of statutes and regulations.
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The research phase was divided into four sections: 1) geology of each shale formation
including the average concentrations of wastewater constituents in produced and flowback
water from the formation, 2) current federal and state regulations pertaining to the storage,
treatment, and disposal of produced and flowback water, 3) current wastewater management
practices and technologies employed within each shale formation, and 4) novel and emerging
technologies for wastewater from shale exploration and production activities.

2.1

Project Scope

Shale formations in the United States fall under two major categories: active shale formations
and prospective shale formations. Due to the availability of information and the maturity of
fracking development, this report focuses on wastewater management for ten active shale
formations in twelve different states across the country. The shale plays and the states in
which they are located are listed below and shown in Figure 2-1.

Figure 2-1. Map of active shale plays across the United States.

•

Marcellus & Utica in Pennsylvania, Ohio, and West Virginia

•

Antrim in Northern Michigan
4

2.2

•

Haynesville in Louisiana and Eastern Texas

•

Fayetteville in Northern Arkansas

•

Barnett in North Central Texas

•

Eagle Ford in South East Texas

•

Woodford in Southeastern Oklahoma

•

Niobrara in Colorado and Wyoming

•

Bakken in North Dakota and Montana

Technology Evaluation & Recommendation Process

The goal of this report is to recommend wastewater treatment technologies that are
sustainable options for the oil and gas industry to recycle and reuse the flowback and
produced waters from the shale formations. In order to evaluate and recommend viable
wastewater treatment technologies for each shale play, research was conducted to determine
the state regulatory constraints, the different wastewater characteristics per shale play, and the
capabilities of different emerging and current technologies for treating wastewater
characteristics. Evaluation criteria was developed under three major categories that are
described in detail in the evaluation section of the report: technological feasibility,
environmental footprint, and cost.
1) Technological feasibility: Evaluates the ability of the technology to treat specific
constituents in the shale play, the flexibility of the technology to treat multiple
constituents are varying volumes, and the technology’s overall performance.
2) Environmental footprint: Evaluates the energy consumption and size of the
technology, whether further transportation of waste is needed after treatment, and
whether the technology requires chemical use.
3) Cost: As the most important factor in determining the viability of a technology in a
shale play, cost accounts for the capital and treatment cost of the technologies. The
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cost is used as a comparison to other treatment options when recommending
technologies.

2.3

Challenges and caveats

There are a number of research challenges, data gaps, and caveats that are important to
consider in this report. These include: the inconsistency in definitions for both flowback and
produced waters – definitions vary by producer and by publication, the lack of distinction in
the literature between oil and gas produced and flowback waters, the proprietary status of
fracturing fluid additives, limited information on shale plays with newer development and the
ranges of wastewater constituents across an entire shale play. Regulatory research challenges
include the ever-changing status of state regulations, the lack of consistent definitions within
the regulations pertaining to flowback, produced, and fresh water. Municipal regulations and
ordinances are not considered within the scope of this project.
The report aims to present unbiased information about potential environmental impacts and
regulatory sufficiency, but this is a challenge due to the limited amount of peer-reviewed
information available in the public domain. The wastewater industry for shale hydrocarbon
extraction is still developing and much research remains to be done in this area.

3.

SHALE GEOLOGY & WATER QUALITY CHARACTERISTICS

3.1

Shale Geology & Hydrocarbons

Shale oil and/or gas within the formation is often captured within sedimentary rock as a result
of organic materials being incorporated into rock fragments over time through deposition,
transportation, erosion, and other mechanisms. Shale is a sedimentary geologic formation
characterized by low permeability. Due to the low porosity and permeability of shale
formations compared to conventional oil and gas reservoirs, thousands to millions of gallons
of highly pressurized fluids must be pumped into the well in order to extract the
6

hydrocarbons. These fluids are mostly composed of water but also include sand and lower
levels of chemical additives to help with extraction. The composition of the fluid often varies
within and between shale plays and producers (Cooley & Donnelly, 2012). Because of their
low permeability, shale formations generally require more wells per area in order to deplete
the extractable reserves compared to conventional gas reservoirs (3 Legs Resources, 2011).

Several characteristics can help determine the level of production within a shale formation.
Generally, shale formations with higher total organic carbon (TOC) and organic hydrogen
have a better potential for hydrocarbon generation (3 Legs Resources, 2011). Thermal
maturity is a measure of the degree to which the organic matter contained in the rock has
been heated over time and helps to determine the types of hydrocarbons present (3 Legs
Resources, 2011). Generally, higher thermal maturity (i.e. the higher temperature and
pressure applied), increases the likelihood of producing dry gas instead of wet gas. Wet gas
often contains natural gas liquids including ethane, butane, propane1, and pentane; these
liquids must be separated from the methane but they have inherent value as a commodity in
the market place. Dry gas primarily consists of methane. It is considered more “pipeline
ready” since it does not contain the liquids contained in wet gas. Oil is the least thermally
mature hydrocarbon (3 Legs Resources, 2011).
3.2

Characteristics of wastewater from hydraulic fracturing operations

After a deep well is fractured, the pressure from the well is released and some of the injected
water flows back to the surface before production begins. This type of wastewater is termed
flowback water or “flowback.”2 Between 10 and 30 percent of water injected into the well
returns as flowback once the well is hydraulically fractured (Kidder, Palmgren, Ovalle, &
Kapila, 2012). There are a variety of estimations on the true percentage of fracking fluid
recovery during both the fracturing and production process. This is likely due to differences

1

Propane and ethane are not liquids, but this language is conventional.

2

Flowback water can also be referred to by other terms in state regulations.
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in permeability between and within shale formations and uncertainty surrounding the mixture
of formation waters and injected fracking fluid.

After oil and gas production begins, water returning to the surface with the natural pressure
gradient of the formation is called produced water. Produced water contains the naturally
existing water from the formation (also referred to as brine) and may include some flowback
water from the fracturing stage of the well. The definitions of these two wastewater terms are
not well established in the industry or by regulators and often vary from producer to producer
and between states. For example, some producers use the term “flowback” and “produced”
based on a financial factor meaning water during the well completion stage is defined as
flowback and the associated costs are part of the well completion budget whereas produced
water is defined as water surfacing during gas production. Some producers base these
definitions on specific time frames; for example, some companies define flowback water as
the water that returns in the first 30 days. Some producers base these definitions on volume in
that the flowback and produced water is differentiated based on how much returns as a
percent of fracturing fluid put down the well. It has been cited that the financial definition is
the most commonly used idea to differentiate “produced” and “flowback” water. In any case,
the volume of water that occurs during the flowback period is generally significantly larger
than the produced phase; in addition, flowback volume is usually highest in the first 5-14
days, varying by shale play and by well, and then it significantly drops off (Acharya et al.,
2011). Differences in regulatory definitions between states are discussed in Section 5.

3.2.1 Natural constituents of concern in produced and flowback water

Flowback and produced water amounts and composition vary across plays but can also
substantially vary within a shale play (David Alleman, 2011). Generally, flowback water is
characterized by higher amounts of total suspended solids (TSS), oils, fuels, and the
chemicals associated with hydraulic fracturing operations. Produced water is typically
8

characterized by higher concentrations of various minerals (or TDS) within the geologic
formation due to longer residence time downhole and can contain heavy metals, organics, and
naturally occurring radio-active material (NORM). This is not always the case as produced
water and flowback water composition can sometimes be very similar (Acharya et al., 2011).

TDS concentrations are a good measurement of the total mineral content in wastewater. Shale
plays with higher TDS concentrations will require more energy for treatment and will be
more difficult to treat for water reuse. In addition to other constituents, TDS includes ions
that do (calcium) and do not contribute to water hardness. Chlorides are the greatest
contributor to TDS, especially in the form of sodium chloride (NaCl) salts. High chloride
concentrations can cause friction down the well and within the formation, limiting water flow
into the well and flow of hydrocarbons from the formation; in addition, high concentrations
of chlorides can also contribute to corrosion down well (Hammer & VanBriesen, 2012). It is
important to reduce chlorides and sodium when considering reuse of the wastewater for later
fracking operations. In contrast, TSS are un-dissolved particles of organic or inorganic
metals, and these constituents are often measured as turbidity (Archarya, 2011).

Scaling can affect the ability to reuse water for future fracturing jobs and is associated with
the presence of certain ions, metals, and inorganic constituents. Scaling issues arise when
high concentrations of these constituents precipitate within the formation, which can cause
potential plugging within the formation. The most notable ions associated with scaling are
barium, calcium, magnesium, aluminum, manganese, strontium, sulfates, iron and carbonates.
Common metals that may contribute to scaling include copper, nickel, lead, selenium, cobalt,
iron, manganese, and lithium. Organic constituents include combustible organic carbon and
dissolved/un-dissolved organics such as volatile and non-volatile organic compounds.

NORM is a potential contaminant in produced waters. NORM contamination is of greatest
concern in the northeastern shale formations which tend to be more organic rich (Archarya,
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2011).3 These shales are described as black shales. For example, the Marcellus shale contains
some trace amounts of gamma rays that come to the surface in drill cuttings, flowback water,
and production brine. These waters are subject to specific discharge regulations and their
radioactivity must be logged during drilling operations.

Total Organic Carbon (TOC) can be a good indicator of dissolved and non-dissolved organics
including non-volatile and volatile compounds. There is some concern over the nature of
organic compounds changing over the flowback period; organic compounds present in initial
flowback water are often representative of compressor oils, diesels and other fracturing fluid
additives present immediately after fracturing the well, while later flowback water often
represents more native organics or organic species that are more water soluble (Acharya et
al., 2011).

Silica may be present in flowback water and comes in two forms: colloidal silica and reactive
silica. Reactive silica presents concerns for treatment options that employ desalination
membranes because it can be a potential source of fouling or clogging of the membrane
(Acharya et al., 2011).

TDS levels are of significant concern when considering treatment options for a shale play.
The Marcellus, Utica, Bakken, and Haynesville are considered to have higher average TDS
concentrations ranging from 120,000 mg/L to 180,000 mg/L; the Marcellus has the highest
average TDS out of these shale plays at 180,000 mg/L, though, as mentioned, levels are
highly variable within specific shale plays. In contrast, the Eagle Ford, Woodford, Niobrara,
and Fayetteville have lower concentrations of TDS (below 55,000 mg/L) and are considered
ideal for reuse treatment. Section 7 lists specific constituent values related to each shale play.

3

While NORM concentrations may be low in wastewater, it may concentrate as solids precipitate or are filtered

during treatment processes.
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Appendix G lists individual measurements of constituents from wells in each shale formation
and their corresponding sources.

3.3

Water Quality

Contaminants in flowback and produced waters can be classified into five main categories: 1)
total dissolved solids or salts that include magnesium, sodium, chlorides, bromides, and
sulfides of calcium (solid CaS); 2) metals; 3) dissolved organics; 4) total suspended solids,
NORM, oil and grease; 5) production chemicals like biocides, acids, surfactants, pH
stabilizers, gel breakers, and anti-corrosives (USGAO, 2012).

3.3.1 Factors influencing water quality

In order for an operator to determine what additives to use for the fracturing process, they
must first examine the characteristics of the reservoir that they are fracturing. For example, if
the shale contains trace metals and compounds that can easily leach from the rock with acidic
waters, the fluid injected into the well must counteract this reaction so as not to further
degrade the quality of the water returning to the surface. The Fayetteville shale is rich in iron
compounds and requires an iron-sequestering additive in the fracking fluid so that the iron
does not precipitate out and remain in the pore spaces of the formation, thereby reducing gas
permeability through the formation. The Marcellus shale has a similar issue, but with
strontium and barium (API, 2010).

Total dissolved solids vary the most and will affect the potential recycling and reuse of the
produced water. Formation water can range from brackish to saline to supersaturated brine
depending on the levels of TDS in the wastewater. The corresponding ranges of total
dissolved solids are depicted in Table 3-1 below (Mantell, 2011).
Table 3-1. Salinity levels in formation based on TDS (ppm)
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Salinity Level
Brackish
Saline
Supersaturated brine

TDS Parts per million (ppm)
5,000 – 35,000
35,000 – 50,000
50,000 – >200,000

Water is the most abundant component of fracking fluids. The second most abundant
component is proppant, which is sand which to “props” the fractures open to allow the gas to
flow through the fractures and up the well more easily (API, 2010). Common fracking fluid
additives and their uses, as specified in a Chesapeake Energy Hydraulic Fracturing Fact
Sheet, are listed in Table 3-2.
Table 3-2. Common additives, their Uses, and downhole interactions (Chesapeake, 2012).
Material
Sand
Proppant
Acid
Corrosion
Inhibitor

Use in Fracking
Prop open fractures to keep them
open/so gas can escape
Dissolve minerals and initiate
cracks in the rock
Prevents corrosion of the pipe

Iron
Control
AntiBacterial
Agent
Scale
Inhibitor

Prevents precipitation of metal (in
pipe)
Eliminates bacteria in the water that
can produce corrosive byproducts

Clay
stabilizer
Friction
Reducer
Surfactant

Prevents formation clays from
swelling
Minimizes friction from the water
flowing
Used to increase the viscosity of the
fracture fluid
Thickens the water in order to
suspend the sand
Allows a delayed breakdown of the
gel
Maintains fluid viscosity as
temperature increases
Maintains he effectiveness of other
additives

Gelling
Agent
Breaker
Cross-linker
pH
Adjusting
Agent

Prevents scale deposits downhole
and in surface equipment

Downhole Interactions
Most commonly stays in formation and becomes
embedded in fractures
Reacts with minerals in the formation to create
salts/water/CO2
Bonds to metal pipe; any remaining that is not
bonded is broken down by
microorganisms/consumed or returned in produced
water
Reacts with formation minerals to create simple
salts, CO2, and water (returned in produced water)
Small amount of product may return to surface with
produced water
A lot of this returns with produced water but mostly
reacts with microorganisms that
breakdown/consume the product
Reaction results in NaCl, which is returned with
produced water
A small amount returns with produced water
Generally returns in produced water but some gets
caught in the gas stream
Combines with the breaker for easier fluid flow.
Returns in produced water
Reaction produces ammonia and sulfate salts,
returned in produced water
Combines with breaker in formation to create salts
(returned in produced water)
Reacts with acidic agents in the treatment fluid to
maintain a neutral pH; reaction creates mineral salts,
water and CO2, which is returned in produced water

In order to decide what management practices to use for treating or disposing of fracking
wastewater from, operators need to consider the type of fracking fluid used, the fate and
transport of the additives in the fracking fluid, and how specific additives need to be treated
12

once they return to the surface. For produced waters, operators need to consider the
characteristics of the formation and must do a geological analysis of the natural constituents
in the formation that will affect water quality during production.

3.4

Volume of Produced Water

The volume of produced water generated depends on three main factors: the geographic
location of the well, the type of hydrocarbon produced, and the method of production used.
According to a study conducted by Argonne National Laboratory, an estimated 56 million
barrels of produced water are generated each day as a result of onshore oil and gas production
(USGAO, 2012). This number is considered to be an underestimation of the true volume of
produced water generated due to the inconsistencies in reporting by both producers and state
regulators. Some states do not require full reporting of produced water generation while
others only require a total volume summary that is not categorized by hydrocarbon type. The
Argonne report is helpful, however, in highlighting geological formations that may produce
higher volumes of produced water than others (Clark & Veil, 2009).

Using hydraulic fracturing in more porous formations results in a large volume of water
returning to the surface during the flowback period. As the period of flowback ends,
decreased volumes of water return to the surface during the natural gas production period.
Individual gas wells can be fractured between 10 and 16 times and each hydraulic fracture
can deliver between 10,000 and 60,000 barrels of flowback water (USGAO, 2012).

3.5

Regulatory Considerations

From a regulatory standpoint, wastewater from oil and gas operations is lightly regulated at
the federal level compared to other sources of industrial wastewater. The Energy Policy Act
of 2005 exempted hydraulic fracturing waste and wastewater from major federal
environmental protection statutes, including the Clean Water Act’s (CWA) National
13

Pollution Discharge Elimination System (NPDES) and the Safe Drinking Water Act
(SDWA). The oil and gas industry has been exempted from the Resource Conservation and
Recovery Act (RCRA) subtitle C hazardous waste provisions and the Comprehensive
Environmental Response, Compensation and Liability Act (CERCLA) since 1980.

“Drilling fluids, produced waters, and other wastes associated with the exploration,
development, or production of crude oil [and] natural gas” are exempt from subtitle C of
RCRA (40 C.F.R. S 261.4(b)(5)). “Other wastes” refer to waste materials that are generated
from primary field operations and are “intended to distinguish exploration, development, and
production operations from transportation and manufacturing operations” (USEPA, 2002).
However, this does not mean that these wastes are exempt from state regulations, RCRA
subtitle D provisions for solid wastes, or other federal regulations (USEPA, 2002). It also
does not cover all wastes generated in conjunction with oil and gas operations. EPA
emphasizes that just because some wastes may be exempted from Subtitle C, they are not
necessarily incapable of presenting hazards to human health or the environment if it is
managed improperly (USEPA, 2002).

Additionally, “wastes generated from the treatment of exempt waste are also exempt under
the U.S. EPA’s “exempt in, exempt out” policy” (Romo & Janoe, 2012; USEPA, 1991). The
determination of what is and what is not exempt from Subtitle C can be confusing. EPA
guidance has stated that if waste was generated “by contact with the oil and gas production
stream during the removal of produced water or other contaminants from the product,” it is
generally exempt (USEPA, 2002). EPA has also clarified that exempt wastes do not lose their
status as exempt wastes just by virtue of a custody transfer (USEPA, 2002). However, EPA
also clarifies that “not all wastes generated at facilities that treat or reclaim exempt wastes”
are also exempt (USEPA, 2002). This is a critical point for determining the cost-effectiveness
of wastewater treatment and disposal methods. If a treatment technology creates a
characteristic or listed RCRA hazardous waste as a result of treatment, this could add to
14

permitting requirements, safety, transport, and disposal costs (USEPA, 2002). Additionally,
even though untreated produced and flowback waters are exempt from Subtitle C of RCRA,
producers are not exempt from RCRA liability for site contamination and cleanup for nonpetroleum constituents (USEPA, 2002). The Natural Resources Defense Council petitioned
EPA to reconsider the Subtitle C exemption in 2010, but the petition is currently pending.

Produced and flowback water cannot be discharged to surface waters. Federal technologybased effluent limitation guidelines for the onshore oil and gas industry state: “there shall be
no discharge of waste water pollutants into navigable waters from any source associated with
production, field exploration, drilling, well completion or well treatment (i.e. produced water,
drilling muds, drill cuttings, and produced sand),” (40 C.F.R. Part 435, Subpart C). State
regulations are generally more specific about protecting human health and the environment
and are discussed in Section 5.

4.

CURRENT WASTEWATER MANAGEMENT PRACTICES FOR
HYDRAULIC FRACTURING

Oil and gas producers have several options for managing wastewater from hydraulic
fracturing. In 2010, the American Petroleum Institute (API) issued a water management
guidance document for hydraulic fracturing. API assessed the current state of water
management and highlighted the best management practices for water use, reuse, treatment,
storage, and disposal. The API suggested that operators at hydraulic fracturing sites should
carefully evaluate their options for waste management and disposal. While cost is one of the
key factors to consider, operators are also advised to minimize their environmental and
societal impact on the areas surrounding the hydraulic fracturing sites. The flowback water
must be characterized so that operators may select a preferred management method that may
include sending the water to a treatment facility, using a disposal well, reusing the water in
the same fracking process, reusing the water for another purpose, retaining the water in an
impoundment, or transporting it to a centralized tank storage facility (API, 2010).
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The most used and economically feasible management technique for wastewater disposal is
to inject the water underground using underground injection wells. Underground injection
wells are regulated under the Safe Drinking Water Act (SDWA) and wastewaters from oil
and gas operations can be disposed of with little to no pre-treatment, depending on the
constituents in the wastewater. Other management options include water reuse and recycling,
application to other uses, long-term impoundment or storage, and management through
treatment and discharge into surface waters.

These management and disposal options tend to fall into several categories. These categories
are listed in Table 4-1 and tend to vary in cost. Usually, costs are lower for non-commercial
operations because they remove third-party expenses and additional potential liability issues.
The variation in cost among the factors concerning location is less easy to generalize.
However, because of the added costs and risks associated with transporting wastewater, costs
are typically lower if they occur closer to the wastewater generation site. Regulations,
geography, geology, and human and environmental health risks impose a heterogeneous layer
of complexity to the cost structure of these wastewater management disposal options. They
vary greatly between and within shale formations and sometimes by oil and gas companies.
Table 4-1. Categories and sub-categories of current management and disposal practices.
Category
Location
Owner/Operator

4.1

Sub-Categories
On-lease, Off-lease; Centralized, De-centralized; Stationary, semi-mobile, mobile
Non-commercial, commercial

Wastewater Transportation

Transportation of wastewater is generally regulated at the state level. The RCRA solid waste
provisions may also impose additional requirements for transport, although states tend to
impose specific requirements for produced water, brines, and flowback water. At the state
level, wastewater transport is typically overseen by either the state’s environmental protection
agency, oil and gas agency, department of health, transportation agency, or in some cases,
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jointly regulated. Regulations often involve requirements for permitting, labeling, container
types, and monitoring, reporting or recording retention about custody, quantity, and type of
waste.

Costs associated with transport can present obstacles for wastewater treatment options, since
they “rise proportionally with distance or time from a well site to a disposal site,”(Puder &
Veil, 2006). Transporters or disposal companies typically charge by time ($55.00$175.00/hr) or by load ($1.00-$3.00/bbl). Some charge by container type, by specific services
rendered, or negotiate services and associated charges through contracts. Specific services
rendered can range from trucking and transportation, heavy load movement equipment
(cranes, bobcats) with operators, handling fees for dumping and rinsing containers, drums,
truck containers, and barge cleaning to additional fees for conducting laboratory tests.
Receiving facilities often conduct the laboratory tests, but sometimes the waste disposal
company operates both the transportation and treatment or disposal outfit (Puder & Veil,
2006).

The costs of transporting water for both use and disposal vary by shale play depending on the
proximity of the fracking site to underground injection wells or other disposal and treatment
facilities. An assessment conducted by the Energy and Environmental Research Center
(EERC) in the Bakken play in North Dakota summarized current water handling costs for
flowback water and the figures are summarized in Table 4-2 below. Acquisition costs include
the cost of raw water and the cost of transportation to the site. Disposal costs include only the
cost of deep-well injection and the transportation to the wells.
Table 4-2. Water management costs in the Bakken Shale formation (Stepan et al., 2010).
Water Costs
Raw water purchase
Raw water transportation to site
Deep-well injection disposal
Transportation for disposal
Total Cost for water

$/bbl
0.25 – 1.05
0.63 – 5.00
0.50 – 1.75
0.63 – 9.00
2.01 – 16.80
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4.2

Underground Injection

Approximately 90 percent of all produced water from all forms of oil and gas production is
disposed of through injection wells (NPC, 2011). These wells are ideally constructed to
protect drinking water aquifers.

The SDWA establishes five classes of underground injection wells. Of those classes, Class II
wells are specifically for oil and gas activities and can be used for three different purposes,
only two of which are relevant to wastewater disposal (40 CFR § 144.6(b)). First, saltwater
disposal wells are used to dispose of produced waters. Second, enhanced oil recovery wells
are used for secondary and tertiary recovery of oil, but this use is not considered “recycling”
because it ultimately disposes of the wastewater.

The USEPA can delegate UIC implementation and enforcement authority to states that apply
for “primacy” and whose regulations meet or exceed the stringency of federal standards. The
USEPA can revoke state primacy if the state no longer meets minimum standards (42 U.S.C.
§ 300h-1(b)(3)). States can receive primacy for all well classes or only select classes. Table
4-3 lists the states that do and do not have primacy over Class II injection wells.
Table 4-3. State’s Class II injection well primacy status as of May 2013 (40 CFR § 147).
Primacy states:

AR, CO, LA, MT, ND, OH, OK, TX, WV, WY

EPA direct implementation states:

MI, PA
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Table 4-4. Class II UIC Wells by State.
State
PA
WV
OH
MI
LA
AR
TX
OK
WY
CO
MT
ND

# All Types of Class II Wells According to
USEPA 2011 Inventory (USEPA, 2011)4
1,857
799
2,459
1,460
3,676
1,085
52,501
16,38411
5005
901
1062
1171

# Active Class II Disposal Wells
75
26
1797
NA
2,5008
4389
7,40510
7,81312
NA
29013
88614
36515

There are some risks associated with Class II wells, including seismic activity or earthquakes,
groundwater contamination, or improper well construction or operation. There have been a
number of reported incidents of earthquakes caused by underground injection of wastewater
from hydraulic fracturing into Class II wells. These events occurred in several shale
formations: Marcellus (Ohio), Woodford (Oklahoma), Fayetteville (Arkansas), and others.
There is concern whether the current stock of underground injection wells can safely handle
the volume of wastewater from rapidly expanding unconventional hydrocarbon resource
development (Lutz, Lewis, & Doyle, 2013).

4

EPA’s inventory does not distinguish between the types of class II wells, or whether they are active or inactive.

States keep better track of these details.
5

(STRONGER, 2010a)
(Manchin, 2010)
7
(STRONGER, 2011c)
8
(LDNR, 2013)
9
(AOGC, 2013)
10
(NETL, 2013)
11
(OCC, 2012)
12
Id.
13
(STRONGER, 2011a)
14
(MTBOGC, 2013)
15
(NDDMR, 2013)
6
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Although the EPA reported that there were 150,855 authorized injection wells in 2010, 80
percent of those wells are located in nine states, with Texas having the most (52,016 wells).
These wells are used for both disposal (20 percent) and enhanced recovery of oil and gas (80
percent). Of the produced water injected underground, 59 percent of the water is injected into
enhanced recovery wells and 40 percent is injected into disposal wells (EPA, 2012).

Pennsylvania has 1,861 authorized injection wells of which only 7 are used for disposal
(STRONGER, 2010a). Wastewater from Pennsylvania and other states that do not have easy
access to underground injection wells must be trucked to other locations across state
boundaries. In Pennsylvania, for example, water must be transported to either Ohio or West
Virginia for disposal.

In all shale formations except the Marcellus and Utica, Class II underground injection is the
least costly disposal method, excluding wastewater transportation costs. Table 4-5 shows
some of this variation in costs per barrel injected at commercial wells. Non-commercial wells
are typically less expensive per barrel of wastewater injected for companies that already own
and operate injection wells.
Table 4-5. Average Saltwater Injection Disposal Fee ($/bbl) (Puder & Veil, 2006)
State

Minimum

Maximum

# Facilities Surveyed

AL

$0.43

$0.48

3

AR

$0.56

$0.56

4

LA

$1.95

$3.36
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MI

$0.93

$1.25

3

MS

$0.49

$0.49

2

ND

$0.58

$0.62

13

NM

$0.60

$0.60

4

OK

$0.40

$0.40

12

PA

$4.00

$8.00

TX

$0.72

$0.83

35

WV

$1.00

$1.00

2

WY

$2.67

$2.67

3
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The fundamental sustainability argument against underground injection is that it regards
produced and flowback water as waste rather than as a reusable resource. Considering that
water scarcity is a concern in many shale plays, underground injection may be a wasteful
practice if treatment technologies exist to promote recycling and reuse that do not
exorbitantly increase the cost of extracting oil or gas from unconventional formations.

4.3

Discharge From Centralized Waste Treatment Facilities or Publically Owned
Treatment Works

Centralized waste treatment facilities (CWT) are an alternative to transporting produced
waters to publicly owned treatment works (POTW) or municipal wastewater treatment plants
to remove suspended solids and organic constituents. CWTs use similar treatment processes
as POTWs but may incorporate additional coagulation and precipitation processes to remove
higher concentrations of TDS. Many CWTs use the technologies that will be discussed in
detail in Section 6. CWTs have the added benefit of returning water to waterways, but while
they may remove more pollutants than POTWs, they may also release higher levels of
bromide in their effluent. Once the water is treated at a CWT, it can be discharged to surface
waters or to a POTW (Hammer & VanBriesen, 2012).

CWTs are regulated by the Clean Water Act’s National Pollutant Discharge Elimination
System’s (NPDES) permitting program for point source dischargers to surface waters. Like
the UIC program under the SDWA, the NPDES program can be administered by the USEPA
or by authorized states. Authorized states need to meet or exceed the minimum requirements
set by the federal program and provide enforcement and oversight of their own programs. All
states considered in Section 5 are authorized to administer their own state NPDES permit
program (USEPA, 2013a).

In March 2011, USEPA Region 3 issued a memorandum about the regulation of “natural gas
drilling in the Marcellus Shale under the NPDES program,” (Hanlon, 2011).The
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memorandum included answers to frequently asked questions (FAQ) that serve as guidance
for EPA branches implementing NPDES programs because of the unique challenges posed by
hydraulic fracturing flow-back water (Hanlon, 2011). In general, the FAQ explains USEPA’s
position that the CWA applies to both indirect and direct discharges from shale drilling
operations. Discharges of treated or untreated produced or flowback water from CWTs and
POTWs are indirect discharges. Both POTWs and CWTs are required to obtain state or
national NPDES permits based on local water quality standards and designated uses.

If wastewater from shale hydrocarbon extraction is sent to a CWT, the discharges from the
CWT are subject to the effluent limitation guidelines and any additional limitations set forth
in the CWT’s NPDES permit (40 C.F.R. Part 437) (Hanlon, 2011). The most problematic
constituents of this wastewater are generally not covered by existing effluent limitation
guidelines for CWTs, so any technology-based limits for constituents from shale hydrocarbon
extraction wastewater are determined by best professional judgment by the permit authority
(Hanlon, 2011). For example, current standards for CWTs address oil and grease, TSS, and
BOD. These standards do not address TDS, bromide, or NORM, and empirical research on
the impact of these discharges indicates that they can elevate chloride, bromide, and NORM
levels downstream (Christie, 2012; Olmstead, Muehlenbachs, Shih, Chu, & Krupnick, 2013).
Additionally, regulations governing discharges from CWTs impose no responsibilities on the
generators of shale hydrocarbon wastewater; the CWTs themselves are responsible for
ensuring that their treatment of that wastewater is adequate (Hammer & VanBriesen, 2012).

POTWs must participate in a pretreatment program to prevent pass-through or interference
caused by acceptance of certain types of wastewater (50 C.F.R. Part 403.5). Pass-through is
defined as “a discharge which exits the POTW into waters of the United States in quantities
or concentrations which, alone or in conjunction with a discharge or discharges from other
sources, is a cause of violation of any requirement of the POTW’s NPDES permit (including
an increase in the magnitude of a violation)” (40 C.F.R. Part 403.3(p)). Interference is
22

interpreted as a disruption or inhibition of the POTW, “its treatment processes or operations,
or its sludge process, use or disposal.” (Hanlon, 2011)(40 C.F.R. 435.3(k)(1)). These
provisions apply to all received wastewaters, including wastewater from shale hydrocarbon
extraction and treated wastewater received from CWTs. Essentially, for a POTW to be able to
receive wastewater from shale hydrocarbon extraction, its acceptance of such waste needs to
be based on whether they can still comply with their individual NPDES permits and
notification requirements found at 40 C.F.R. Part 122.42(b). States and local governments
also impose restrictions on the wastes received by POTWs (Hanlon, 2011). While sending
wastewater from CWTs to POTWs may reduce the overall treatment costs at CWTs, POTWs
can only manage and treat limited volumes of wastewater (Puder & Veil, 2006).

POTWs and CWTs are also subject to water quality based effluent limitations in their
NPDES permits. Water quality requirements provide essential information for wastewater
treatment technologies (D. Alleman, 2011). The federal Water Quality Standards Regulation
(30 C.F.R. 131) puts responsibility for reviewing, revising, and adopting water quality
standards on states and tribes. EPA oversees state and tribal standards by reviewing,
approving or disapproving, and promulgating national water quality standards (Section
303(c) of the CWA). States sometimes set their own water quality standards, but EPA can fill
in where states have not yet developed a standard or where EPA disapproves of a state
standard. Some states, like Pennsylvania and Wyoming, set standards specifically for
discharges of treated produced and flowback water.

4.4

Recycling and Reuse

In regions where the cost of water acquisition and transportation is high, water quality or
availability is low, or where disposal options are limited, operators must consider recycling
the flowback water from hydraulic fracturing. While the capital costs for this management
practice may be very high in some regions, the guaranteed long-term supply of water for
fracking operations will save operators money on transportation, water withdrawal permits,
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freshwater purchases from municipal and private sources, and long-range disposal costs.
Table 4-6 is adapted from Chesapeake Energy Corporation’s presentation and report on the
opportunities and challenges of recycling produced water from hydraulic fracturing. There is
great incentive to reuse water due to the sheer volume of water used for each well during
fracking operations. These processes can lead to a substantial disturbance of surface waters.

Table 4-6. Average water use in Chesapeake drilling operations (Mantell, 2011).
Shale Play

Dry Gas
Barnett
Fayetteville
Haynesville
Marcellus
Wet Gas (Oil/Gas)
Eagle Ford
Niobrara

Average Hydraulic Fracturing
Water Used per Well (gallons)

Total Average Water Used per
Well – including drilling water
(gallons)

3,800,000
4,900,000
5,000,000
5,500,000

4,000,000
4,900,000
5,600,000
5,600,000

6,000,000
3,000,000

6,100,000
3,300,000

Recycling and reusing water within the same fracturing operations requires a deep
understanding of the chemical make-up of the flowback waters along with knowledge of the
characteristics of the produced waters from the formation. One of the major challenges with
recycling flowback water is that the water needs to be treated to reduce suspended solids,
metals, and dissolved solids before it can be re-injected into another oil or gas well. Failure to
remove metals and dissolved solids may result in scale build-up inside the well, thereby
hindering the movement and flow of hydrocarbons out of the well. There are a number of
treatment options available that vary by cost, capacity, energy-use, mobility and ease of use,
treatment type, and applicability to the constituents in the flowback and produced waters.
Options include on-site biological treatment, thermal distillation, condensation,
demineralization, reverse osmosis, filtration, sedimentation and aeration, ozonation,
evaporation, ionization, freeze thaw, and crystallization (API, 2010). These technologies will
be discussed in Section 6.
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Using any of the technologies mentioned above, operators can pre-treat the flowback water
and dilute the pre-treated water with freshwater. This practice makes the recycled waters
better fit for reuse within the same fracturing operations and operators can add production
chemicals to the water to prepare for pressurized injection into wells. Fracking water quality
specifications are depicted in Table 4-7. These specifications are from recycled water for
tight-gas sands in Wyoming’s Pinedale Anticline field, a field in which recycled fracking
waters must be of similar quality as recycled water for shale hydrocarbon wells. However,
since reusable water has to be optimized for each well or least treated to a “clean enough”
starting point for fracturing fluid at many wells, these specifications will vary. They are
noticeably less stringent than discharge standards in Pennsylvania and Wyoming, which will
be discussed in Section 5.

Table 4-7. Water quality standards for recycled water (Shafer, 2011).
Parameter
TDS at 180°C, mg/l
Turbidity, NTU
pH
Iron, mg/l
Chloride, mg/l
Potassium, mg/l
Calcium, mg/l
Magnesium, mg/l
Sodium, mg/l
Boron, mg/l

Range
9,000 – 16,000
0–5
6.5 – 8
1 – 10
5,000 – 10,000
100 – 500
50 – 250
10 – 100
2,000 – 5,000
0 – 20

Although recycling and reuse may be the most environmentally responsible option, there are
some areas of the country where it is not economically feasible. The following subsections
outline four shale plays for which reuse and recycling information is available. Other shale
plays either do not extensively report their management options or are able to acquire and
dispose of fracking waters for less cost. However, recycling and reuse appears to be a
growing trend future of water management for hydraulic fracturing, and costs are decreasing.
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Marcellus Shale Reuse
The Marcellus Shale produces a large amount of water in the first few weeks of production.
Flowback and produced waters have high concentrations of TDS, but relatively low
concentration of TSS; the waters have moderate to high scaling tendency because of the
presence of Ca, Mg, and Ba. Despite these characteristics, recycling and reusing wastewater
in the Marcellus region has been done and is a moderately attractive option (Mantell, 2011).

In order to remove TSS from the water, a simple particle filtration system is used with a 100micron filter followed by a 20- micron filter to remove the smaller particles. TDS is managed
by diluting the produced water with freshwater during the next fracturing process. In northcentral Pennsylvania, Chesapeake Energy is reusing approximately 100 percent of its
produced and drilling wastewater in subsequent fracturing operations (Mantell, 2011).

Reuse of wastewater has led to an overall improvement and increased efficiency in the
drilling process and a reduced impact on the surrounding environment in the Marcellus Shale.
With the need for less freshwater in the fracturing process, there is a reduced impact on local
water supplies. The number of trucks transporting water to fracturing sites has also
significantly decreased, thereby decreasing the impact on the roads. With this improvement
comes a general reduction in pollution. The Marcellus Shale operators have realized a
significant cost savings by reusing water (Mantell, 2011).

Barnett Shale Reuse
The Barnett Shale produces high long-term volumes of produced water. Currently, there is no
real economic incentive to treat and reuse the water in the Barnett region due to the
availability of Class II saltwater disposal wells in close proximity to the fracturing wells.
With high levels of TDS and relatively low TSS and the tendency of moderate scale build-up
inside the well, Barnett Shale produced water requires pre-treatment before reuse. Like the
Fayetteville Shale, Chesapeake Energy is currently using 6 percent of reused water for their
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hydraulic fracturing and drilling operations in the southern portion of the Barnett Shale.
Chesapeake Energy’s ability to reuse water in the Fort Worth area of the Barnett Shale is
limited by curfew restrictions in urban areas. Although they are not working on technologies
to improve reuse of flowback and produced waters in the Barnett Shale, Chesapeake Energy
is considering using the waste heat from the gas compressors to power evaporative
technologies that reduce the volume of water injected into Class II saltwater disposal wells.
This process is said to prolong the lifespan and use of the saltwater disposal wells (Mantell,
2011).

Haynesville Shale reuse
The Haynesville Shale’s produced water is of low quality due to high TDS, high chloride
concentrations and high TSS; the volume of water produced is of a moderate volume.
Produced water generated in the Haynesville in Louisiana must be injected into a Class II
well according to state law, but it can be treated and reused in Texas. The concentrations of
TDS and TSS are high in flowback water, which makes this water difficult to reuse due to
high scaling tendency caused by the presence of Ca and Mg. Since the Haynesville Shale is in
a region with an established saltwater disposal well infrastructure, the treatment of flowback
waters for recycling and reuse is not currently an economically attractive option to producers
(Mantell, 2011).

Fayetteville Shale Reuse
Produced water from the Fayetteville Shale is considered very high quality for reuse within
successive hydraulic fracturing operations compared to the previously discussed shales. Due
to the formation characteristics, the produced waters have low levels of TDS, TSS, and low
chlorides; if reused, the water has a low tendency to form scale build-up inside the well. As
the TSS concentration is low in the produced waters, limited pre-treatment is needed prior to
re-injection. According to Chesapeake Energy Corporation, 6 percent of their drilling and
fracturing water needs are satisfied with the reuse of Fayetteville Shale produced water. Their
goal is to reach a target of 20 percent reused water within the play (Mantell, 2011).
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4.4.1 Regulation of Reuse & Recycling

Currently, federal statutes and regulations do not restrict the reuse or recycling of wastewater
from shale hydrocarbon extraction. Some argue that the exemption of oil and gas waste from
RCRA’s hazardous waste provisions and USEPA’s “exempt in, exempt out” policy allows
for the development of creative or novel solutions for handling and treating produced water
and flowback water for reuse (Romo & Janoe, 2012).

Most states do not prohibit the reuse or recycling of flowback water or produced water for
other oil and gas extraction activities, including other fracking jobs. State regulation of
produced and flowback water reuse and recycling varies. Trends seem to be in the direction
of outward promotion through policy statements and regulation (or strategic deregulation of
obstacles). Examples of these policies and regulations can be found in Section 5, which goes
into more detail about state regulations. Questions about water rights, such as who owns the
treated water, especially from commercial facilities, also pose a unique challenge for
recycling and reuse of produced water in states where water scarcity is one of the main
limitations to shale hydrocarbon development (Colorado, Wyoming, Texas). Water rights
concerns have been addressed either by statute, by agency rulemaking, or through state
courts.

In 2010, the State Review of Oil & Natural Gas Environmental Regulations, Inc.
(STRONGER) issued guidelines for hydraulic fracturing and has conducted reviews of
regulatory systems in Pennsylvania, Louisiana, Ohio, Colorado, Oklahoma, and Arkansas
since 2010. STRONGER is a non-profit organization funded by API, the US Department of
Energy (USDOE) and the USEPA that “helps states document environmental regulations
pertaining to oil and natural gas exploration, development, and production” (STRONGER,
2011b). Their hydraulic fracturing guidelines have been used by states in the development of
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their regulatory approaches. In general, they strongly encourage states to develop regulatory
systems that promote and/or encourage reuse and recycling to minimize waste quantities
(STRONGER, 2010b). States appear to be responding to their recommendations with some
regulatory changes.

5.

WASTEWATER MANAGEMENT OPTIONS BY STATE

In addition to regional geology and climate, technological feasibility, and cost-effectiveness,
state statutes and regulations also play a major role in the wastewater management options
available to producers. States regulate fracking wastewater management options very
differently. This section outlines wastewater disposal options, water treatment options, and
water treatment standards where applicable in the twelve states that the ten most active shale
plays traverse. These states were chosen with the idea that the most cost-effective
management options would be those that could take place near drilling activities.
Table 5-1. Shale plays and corresponding states.
Shale Play
Marcellus & Utica
Barnett & Eagle Ford
Haynesville
Fayetteville
Niobrara
Bakken
Antrim
Woodford

State(s)
Pennsylvania, West Virginia, Ohio
Texas
Texas, Louisiana
Arkansas
Wyoming, Colorado
Montana, North Dakota
Michigan
Oklahoma

In general, states regulate existing management practices, not specific technologies. Common
regulated practices include underground injection, surface application, discharge to surface
water, pit disposal, and reuse or recycling for additional fracturing operations. Most states
prohibit management, treatment, and disposal methods that cause or could cause pollution of
surface and groundwater without authorization (see eg. 25 Pa. Code § 78.57(a); W. Va. Code
St. R. § 35-4-7.2; OCC Rule 165:10-3-10(a); 2 CCR 404-1:907(a)(2)). Some states also
prohibit methods that cause or could cause harm to soils or that could endanger human health
and safety. In addition, some states allow different options for produced water that may not
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be allowed for flowback water, or vice versa. Table 5-2 presents these options by state, and
the sections to follow will discuss these distinctions in more detail.
Table 5-2. Management Practices in 13 States
Management practice

Allowed for produced water

Allowed for flowback water

Underground Injection

PA, WV, OH, MI, TX, LA, OK,
AR, CO, WY, MT, ND

PA, WV, OH, MI, TX, LA, OK,
AR, CO, WY, MT, ND

Pit disposal

WV, TX, CO, WY, MT

OK, WY

Land treatment

OK, AR, CO, MT

LA, AR

Road spreading

OH, WV, MI, OK, CO, MT

LA, AR

NPDES Discharge from POTW

WV, MT, ND

WV, ND

NPDES Discharge from CWT

PA, WV, WY, MT, ND

PA, WV, ND

Recycle & Reuse

PA, OH, WV, TX, OK, AR, CO,
WY, MT, ND

PA, OH, WV, TX, OK, LA, AR,
CO, WY, MT, ND

In states that allow surface water discharge or land application, discharges may have to meet
discharge criteria that reflect the characteristics of the water, the characteristics of the
receiving ground or water body, or both. Some states also provide operational standards that
may be technology-based. Where applicable, these standards are included in the subsections
to follow and are considered in the technology evaluation criteria. If standards are not
determined by regulation, individual or general permits obtained by commercial or privately
operated treatment facilities determine surface water discharge treatment standards.

Three complicating factors may influence wastewater management options across all states.
First, wastewater treatment and disposal can take place beyond shale formation and state
boundaries. Some regions are more suitable for underground injection or have more
commercial Class II wells than others. Low enough transportation costs may make disposal
wells in a neighboring state more appealing to wastewater generators (e.g. Northern Arkansas
to Oklahoma; Western Pennsylvania and West Virginia to Eastern Ohio; Louisiana to
Arkansas and Texas) (Puder & Veil, 2006). Second, local and municipal laws can limit water
access and wastewater management options. Land use decisions are typically made at a local
level and can vary widely. Despite their importance, these laws did not fall within the scope
of this report but potential impacts were considered in the evaluation of technologies. Finally,
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states laws may change. For example, Texas updated its regulations for produced and
flowback water reuse and recycling to further encourage the practice in March 2013
(Osborne, 2013).
5.1

Pennsylvania

Wastewater management options in Pennsylvania are limited. The state allows underground
injection, but currently there are only seven operating Class II disposal wells in the state
(STRONGER, 2010a). Pennsylvania does not have primacy over its Class II UIC program,
which is overseen by Region 3 of the USEPA (40 C.F.R. § 147.1951-1955). As a result of
the scarcity of underground injection wells, some operators transport their produced and
flowback water to Ohio for underground injection. Road application is not an option for
wastewater generated from unconventional oil and gas extraction activities in Pennsylvania
(PADEP, 2011).

Pennsylvania currently allows treatment and discharge through CWTs or POTWs that receive
pre-treated water from CWTs. Produced and flowback water can also be treated at CWTs and
reused in subsequent fracturing operations. In 2010, Pennsylvania had 27 permitted CWTs
that treated flowback and produced water for reuse, pretreatment, or discharge (Veil, 2010).
Pennsylvania’s wastewater treatment requirements can be found at 25 Pa. Code § 95, and
specific requirements for “new and expanded mass loadings of TDS” from hydraulic
fracturing and oil and gas production waste can be found at 25 Pa. Code § 95.10(b). New or
expanding discharges are those that begin after August 2010 or have increased since August
2010. These standards state that discharges of produced or flowback water can be authorized
by a NPDES permit if: 1) they are from a CWT or a POTW that first received the treated
water from a CWT, 2) they comply with new source performance standards found at 40
C.F.R. § 437.45(b), and 3) they meet contaminant-based criteria in Table 5-3, below (25 Pa.
Code § 95.10(b)(3) and § 92). Individual NPDES permits for CWTs may specify additional
treatment standards. Existing mass loadings of TDS authorized prior to August 21, 2012 are
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exempt from the requirements unless the “net mass loadings accepted, treated, and
discharged” are going to increase (25 Pa. Code § 95.10(a)(1)). Under these standards, well
operators are also required to have a wastewater source reduction strategy that demonstrates
how the operator will maximize recycling and reuse of produced or flowback water either for
another fracturing job or another approved “beneficial” reuse (25 Pa. Code § 95.10(b)(2) and
§ 287).
Table 5-3. Contaminant-based criteria for CWTs or POTWs treating wastewater from natural
gas well operations in PA (new and expanded discharges after August 2010)
Contaminant
Total dissolved solids (TDS)
Total chlorides
Total strontium
Total barium

Level (monthly average)
< 500 mg/L
< 250 mg/L
< 10 mg/L
< 10 mg/L

The PADEP’s Oil and Gas Division regulates mobile on-site treatment as an alternative waste
management practice. The PADEP’s Residual Waste Division oversees reuse of flowback
and produced water. Well operators can apply for general permit WMGR123 from the
Residual Waste Division to reuse their wastewater subject to the conditions it establishes
(PADEP, 2012). Generally, the permit prohibits discharges and considers all wastes
generated during treatment processes as solid waste (PADEP, 2012). To encourage
wastewater reuse, the permit sets conditions for when wastewater will no longer be
considered waste. If the wastewater is transported to another permitted well site and
immediately reused in another fracturing job, it is no longer considered waste. However, due
to storage requirements, the permit sets criteria for recycled wastewater stored on-site prior to
reuse. If the water meets criteria set forth in the permit, it is no longer considered waste
(PADEP, 2012).16 The permit establishes that waste waters from oil and gas operations that
meet the criteria in WMGR 123 are also not considered residual wastes when transported in a
container that has been de-contaminated from prior loads of residual waste (PADEP, 2012).
5.2

16

Ohio

See Appendix B for the specific contaminant limitations from WMGR123.
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Ohio statutes allow only four management options for produced water17: 1) injection into
Class II underground injection wells, 2) road application for ice and dust control, 3) reuse in
enhanced oil and gas recovery activities, and 4) other approved uses for the purpose of testing
or implementing new treatment or disposal methods (Ohio Rev. Code Ann. § 1509.22(C)(1)).
Pit or dike disposal of brine or flowback water is prohibited (Ohio Rev. Code Ann. §
1509.22(C)(7)). Road application of flowback water is also prohibited (Ohio Rev. Code Ann.
§ 1509.226(B)(10)).

Ohio has primacy over its UIC program, and the Ohio Department of Natural Resources’
(ODNR) Division of Oil and Gas Resources (DOGR) oversees Class II injection wells.18
Ohio regulates three types of injection wells: annular disposal wells, enhanced recovery
wells, and saltwater disposal wells. These three types of injection wells have to meet different
operational, construction, and siting criteria.19 Ohio has 179 active Class II disposal wells
(STRONGER, 2011c). Ninety-eight percent of produced and flowback water generated in
Ohio is currently injected underground (STRONGER, 2011c). In 2011, Ohio’s Class II
injection wells received 7 million barrels of wastewater from Marcellus and Utica operations
in Pennsylvania (Lutz et al., 2013). There is some concern that Ohio’s existing 179
underground injection wells could be overwhelmed as shale development expands in the
region (Id.). In addition to operational requirements, those injecting brine or flowback fluid
must obtain a permit from the DOGR and collect or pay a tax that favors disposal of locallygenerated wastewaters (Ohio Rev. Code Ann § 1509.22(H)).

17

Ohio revised code refers to produced water as brine (Ohio Rev. Code Ann. § 1509.01(U).

18

ODNR’s Division of Oil and Gas Resources was formerly part of the Division of Mineral Resources

Management. It became its own division in October of 2011.
19

Ohio’s rules for injection and control of produced waters can be found at Ohio Annotated Code Chapter

1501:9-3.

33

Ohio allows well operators to reuse brine in secondary or tertiary oil or natural gas recovery
and sets standards for enhanced recovery20 activities (Ohio Rev. Code Ann. § 1509.21, Ohio
Ann. Code § 1501:9-5). Those conducting enhanced recovery operations are required to
obtain a permit from the DOGR (Ohio Rev. Code Ann. § 1509.21), but are exempt from
Ohio’s permitting and operational rules for disposal wells (Ohio Ann. Code § 1501:9-3-02).

Ohio does not restrict reuse of brine or flowback fluid for additional fracturing operations.
However, due to the relatively low number of horizontal wells compared to vertical wells in
Ohio, flowback water is not available in large quantities and well operators are starting to put
more emphasis on reusing produced water, which is more plentiful (STRONGER, 2011c).

Municipal governments can apply produced water to roads for ice and dust control (Ohio
Rev. Code Ann. § 1509.226). As of January 2011, only two percent of brine was disposed of
through surface application in Ohio (STRONGER, 2011c). The state set minimum
requirements that regulate the surface to which brine is applied, the manner in which it is
applied, and the amount that is applied (Ohio Rev. Code Ann. § 1509.226). There are no
state-wide or local standards for the salinity or content of brine that is applied to roads (Ohio
Rev. Code Ann. § 1509.226). While this option is allowed for produced water, it is prohibited
for flowback water (Ohio Rev. Code Ann. § 1509.226(B)(10)). These regulations are rather
relaxed and do not protect groundwater sources, especially when brine is applied in
groundwater recharge areas (Eckstein, 2011).
5.3

West Virginia

The West Virginia Department of Environmental Protection (WVDEP) oversees oil and gas
operations and waste management within the state. The WVDEP’s Office of Oil and Gas
20

“Enhanced recovery means any injection of natural gas, water, or other fluids approved by the division into an

oil or gas reservoir to increase pressure or retard pressure decline in the reservoir for the purpose of increasing
the recovery of oil or other hydrocarbons therefrom and shall include secondary or additional recovery
operations. This is to include all thermal processes.” (Ohio Admin. Code 1501:9-5-01).
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(OOG) oversees oil and gas drilling and the state’s Class II underground injection well
program, while the Division of Waste Water Management (DWWM) implements the state’s
NPDES program and other water protection regulations. Currently, West Virginia does not
prescribe wastewater disposal methods for oil and gas operations but relies on its
environmental protection regulations to ensure that waste is managed in a way that prevents
soil, groundwater, and surface water pollution.21 West Virginia’s oil and gas operators can
choose from several disposal methods: 1) treatment at CWT facilities, POTWs, or on-site
facilities and discharge to surface waters, 2) reuse of flowback and produced water, 3)
underground injection, 4) discharge to land or surface water with a permit, and 5) road
spreading.

West Virginia allows wastewater treatment at permitted centralized treatment facilities. Well
operators can also dispose of wastewater at POTWs, but the flow and quality of the
wastewater must meet the POTW’s pretreatment requirements. The OOG and DWWM both
must be notified if a well operator is considering disposal through a POTW. The DWWM is
responsible for ensuring that the POTW is permitted and can treat the waste prior to disposal
(WVDEP Guidance, 2010). Treatment standards are established by a facility’s NPDES
permit but effluent must also meet state and federal water quality criteria and effluent
limitations (W. Va. Code § 22-6-7(a)).

Discharges to surface waters must be permitted by an individual, general, or consolidated
water pollution control permit (W. Va. Code § 22-6-7). Operators of injection wells are also
required to have a water pollution control permit (W. Va. Code § 22-6-7(b)(6)). West
Virginia encourages flowback water recycling, but the practice does not appear to be
regulated beyond other environmental protection requirements (W. Va. Code § 22-6A-2(7)).

21

W. Va. Code St. R. § 47-2-3 lists conditions not allowable in state waters.
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Road spreading of brine in West Virginia is allowed under a 2011 memorandum of
agreement between the WVDEP and the West Virginia Division of Highways. Brine that
meets certain can be applied to roads for deicing related activities (pre-wetting, de-icing, antiicing). The memorandum also limits the volume of water that can be applied (DWWM,
2011).22 Even though West Virginia does limit the quality and quantity of applied brine, this
is not a recommended practice because of its potential adverse impact on groundwater
supplies.

West Virginia’s operational regulations for liquid injection and waste disposal wells can be
found at W. Va. Code St. R. § 35-4-7.23 West Virginia prefers that water disposed of in deep
wells be returned to the same formation it originated (W. Va. Code St. R. § 35-4-7.2).
Currently, West Virginia only has two active Class II disposal wells (Manchin, 2010).
5.4

Michigan

Michigan’s laws and regulations limit oil and gas field fluid waste disposal to underground
injection into Class II wells unless the fluid meets criteria set for road spreading for ice and
dust control. Brine can be conveyed for other purposes as long as it meets these same criteria
(Mich. Admin. Code R.324.705(3)-(5)). These other uses must be pre-approved (Mich.
Admin. Code R. 324.703, 705). Produced or flowback water cannot be disposed of in a well’s
annular space or in an earthen pit (Michigan Admin. Code R. 324.702, 704).

Michigan does not have primacy over Class II injection wells, which are overseen by Region
5 of the USEPA. In addition to obtaining a permit from Region 5 of the USEPA, operators of
brine disposal wells are required to obtain a permit from the MDEQ’s Office of Geological

22

This agreement was allegedly updated on October 2, 2012, but the levels provided in Table 5-5 are from the

December 21, 2011 agreement.
23

Additional underground injection control regulations can be found at W. Va. Code St. R. § 47-13, and W. Va.

Code §§ 22-6 et seq. and 22C-9-1.
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Survey (MCL 324.61501-324.61527, Mich. Admin. Code R. 324.20 - 324.216).24 In 2013,
the USEPA Region 5 reported that Michigan had 1,460 Class II injection wells but did not
specify whether these are disposal wells or enhanced recovery wells, whether they are
currently active, or whether they are commercially or privately owned or operated (USEPA,
2013b).
5.5

Louisiana

The Louisiana Department of Natural Resources’ Office of Conservation regulates oil and
gas activities in Louisiana. Louisiana allows different treatment and disposal options for
produced and flowback water. It also distinguishes between on-site and off-site options, as
well as commercial and non-commercial operations.

Management options for produced water in Louisiana are limited. On-site, produced water
must be injected into the subsurface unless it is discharged or disposed of in a manner that
complies with state and federal discharge programs or transferred for off-site treatment (LAC
43:XIX.301). Once it is off-site, produced salt water with over 500 mg/L chloride must be
disposed of in a Class II injection well (LAC 43.XIX.503.C LAC 43:XIX.547(A)(1)).
Louisiana has primacy over its injection well program, and its operational regulations for
Class II wells can be found at LAC 43.XIX Chapter 4.25 The state has 2500 active saltwater
disposal injection wells, and sometimes waste is shipped to Texas or Arkansas for
underground injection (STRONGER, 2011b); (LDNR, 2013). 1,402 saltwater disposal wells
are located within 50 miles of oil or gas wells in the Haynesville Shale formation, 31 of
which are commercially operated (LDNR, 2013).

Management options for flowback water are more numerous. It can be treated and/or
disposed of off-site (LAC 43:XIX Chapter 5) or on-site (LAC 43:XIX Chapter 3) at private
24

Minimum operational requirements for Class II wells can be found in the SDWA (42 U.S.C. 300f et seq., 40

C.F.R. §§ 144-148).
25

Monitoring requirements for commercial Class II injection wells can be found at LAC 43:XIX.539.
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or commercial facilities.26 Commercial treatment and disposal options for flowback water
include “Class II injection wells, Class II well slurry fracture injection, land treatment, phase
separation, thermal desorption, cavern disposal, incineration, solidification, stabilization, and
other methods approved by the Office of Conservation,” (LAC 43:XIX.548).27

Flowback fluid can also be re-used in hydraulic fracturing operations, though this option is
relatively new to Louisiana (LAC 43:XIX.313.J). For reuse, off-site commercial treatment
facilities that create reusable fracturing fluid must be permitted and follow operational
requirements (LAC 43:XIX.565). For on-site treatment and recycling, oil and gas well
operators or pit-treating companies that generate reusable material have to follow operational
requirements and report to the Office of Conservation (LAC 43:XIX.565(D)).

Off-site commercial land application (or land treatment) is an option for flowback water in
Louisiana (LAC 43:XIX.548(D) and 549). Operational regulations do not set standards for
the quality of flowback fluid suitable for land application, but they do set standards for the
contamination levels of the receiving land prior to application (LAC 43:XIX.549(C)(3)). Soil
that has been treated can be reused for additional application or removed for reuse as cover
for sanitary landfills or as fill in construction if it meets some contaminant limits (LAC
43:XIX.565(F)).

Louisiana also restricts some well-site activities in the Haynesville Shale if the well site is
located within 750 feet of “a residence, religious institution, public building or public park in
an urban area,” (LOC, 2009). These are important to consider when choosing treatment
technologies and waste management options. Restrictions are based on truck traffic, noise,
well bore setbacks, dust, vibrations, odors, site maintenance and appearance, lighting,
daylight work hours, water sourcing and disposal. Generally, discharges are prohibited in
26

Louisiana’s Office of Conservation keeps a list and map of commercial waste facilities on its website. See

Appendix C.
27

Descriptions of these options can be found at LAC 43:XIX.547(A).
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these areas unless authorized, work activities on-site are restricted to daylight hours with
some exceptions, and noise levels must be no more than 5 or 7 decibels over the background
noise level prior to operations depending on the time of measurement (LOC, 2009).

5.6

Texas

Texas allows several options for produced and flowback water: 1) recycling and reuse, 2)
underground injection, and 3) pit disposal. Unpermitted discharges into flowing or dry
waterways are prohibited (16 Tex. Admin. Code § 3.8(d)(1)), and point-source discharges to
surface waters from oil and gas operations in Texas are permitted by USEPA Region 6.

The Texas Railroad Commission (TX RRC) encourages producers to recycle produced and
flowback water. As of March 2013, the TX RRC issues five-year permits for off-lease
commercial recycling facilities and stationary commercial recycling facilities that handle
produced and flowback water (16 Tex. Admin. Code §§ 4.201-211, §§ 4.262-293).28 On-site
recycling activities no longer require a permit (Id.)
The permit for off-lease commercial mobile recycling facilities establishes a number of
minimum siting, construction, operation, monitoring, and reporting requirements. Off-lease
commercial recycling facilities permitted after March 26, 2013 cannot be located in areas that
would pose an unreasonable risk of pollution or threat to public health and safety (16 Tex.
Admin. Code. §4.272(a)). They are also subject to restrictions relative to the locations of 100year floodplains, streambeds, sensitive areas, surface water, or public, domestic, or irrigation
water wells (16 Tex. Admin. Code § 4.272(b)).

28

The TX RRC adopted revised produced and flowback fluid recycling permitting rules on March 26, 2013. It

also updated rules for on-lease recycling. On-lease recycling of produced and flowback water no longer requires
a permit, but prior to the rule change, the TX RRC issued permits to 14 commercial mobile recycling facilities
and one stationary facility (TXRRC, 2013). To some extent, the permits describe the permitted treatment
processes and technologies involved. Some permits also limit the regions where the permitted entity can operate.
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Minimum construction requirements involve spill prevention and monitoring. Minimum
requirements for operations involve the provision that permits may impose limits on the
volumes of oil and gas waste, partially treated waste, and recyclable product stored at the
facility. These limits are imposed to ensure that waste, partially treated waste, or recyclable
products are not stored at the facility for speculative reasons (16 Tex. Admin. Code §4.274).
The permit may also require a trial run and trial run report subject to review by the TX RRC
that involves sampling and analyzing the partially treated waste resulting from the trial run
(16 Tex. Admin. Code § 4.290). Monitoring requirements are up to the discretion of the TX
RRC to ensure that the recycled product meets the environmental and engineering standards
established in the permit, but it does not require laboratory testing for recycled flowback or
produced water that will be re-used in hydraulic fracturing fluids for use in other wells (16
Tex. Admin. Code §4.275).

Stationary commercial recycling facilities are also required to obtain a permit from the TX
RRC (16 Tex. Admin. Code §4.278). These facilities are subject to financial security
requirements (16 Tex. Admin. Code § 3.78 relating to Fees and Financial Security
Requirements). Siting restrictions are slightly different with respect to proximity to water
sources for stationary commercial recycling facilities, but the TX RRC will consider the same
factors as with off-lease commercial recycling facilities (16 Tex. Admin. Code § 4.288).

16 Tex. Admin. Code § 3.9 contains the rules for Class II underground injection wells.
Injection is the most common disposal practice in Texas. Those who wish to dispose of oil
and gas wastewater must obtain a permit from the TX RRC (16 Tex Admin. Code § 3.9(1).
Permits are transferrable (16 Tx. Admin. Code § 3.9(6)(B)). Wastewater can be injected into
non-hydrocarbon producing zones or geothermal zones with water quality unsuitable for
other uses (Id.). The target formation must be separated from freshwater sources, and proof
that injection to the target formation will not pose a threat or harm freshwater sources is
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required with the permit application (16 Tex. Admin Code § 3.9(2)). Commercial wells are
an option (16 Tx. Admin. Code § 3.9(4)).

Texas allows for the disposal of produced water into permitted saltwater disposal pits “on a
temporary basis” (Tex. Nat. Res. Code Ann. § 91.453, 16 Tex. Admin. Code § 3.8(d)(2)).
The TX RRC can only authorize the pit if the person wishing to use the pit can show that it
will not pollute water resources or agricultural land because the pit is isolated from these
things by some naturally-occurring barrier or because surface waters are not present (Tex.
Nat. Res. Code Ann. § 91.453).
Texas also regulates oil and gas NORM disposal. Oil and gas waste that contains NORM
cannot be spread on roads or discharged to surface or subsurface waters unless it is produced
water (16 Tex. Admin. Code § 4.611). NORM waste can be injected into wells that are being
plugged and abandoned and meet additional construction requirements (16 Tex. Admin. Code
§ 4.614(b)). NORM waste can also be buried or land-farmed on-site if the radioactivity
concentration prior to burial is less than “30 pCi/g Radium-226 combined with Radium-228
or 150 pCi/g of any other NORM radionuclide within the waste,” (16 Tex. Admin. Code §
4.614(c) and (d)). It can also be disposed of at a federal or state-licensed facility (16 Tex.
Admin. Code § 4.614(e)). NORM waste can also be injected underground if it “meets the
exemption criteria in 25 Tex. Admin. Code § 289.259(d) after treatment or processing,” (16
Tex. Admin. Code § 4.614(f)).
5.7

Oklahoma

In Oklahoma, produced water can be disposed of through 1) reuse and recycling, 2) ground
disposal (conditional on oil and grease concentrations, TDS or Total Soluble Salts, and
specific receiving ground conditions), and 3) underground injection. Flowback water can be
disposed of through 1) reuse and recycling, burial, 2) noncommercial pits, or 3) underground
injection. Fracturing sand can also be disposed of in landfills and burial (as approved). (OCC
Rule 165:10-7-24)
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The Oklahoma Corporations Commission (OCC) encourages reuse and recycling for both
produced and flow-back water, though not as explicitly as other states. It encourages
recycling of flowback water through pit regulations that pertain to large non-commercial
(OCC Rule 165:10-7-16(f)) and commercial (OCC Rule 165:10-9-4) storage pits. Flowback
fluid can also be temporarily stored in smaller pits (OCC Rule 165:10-7-16(a)-(e)).

Underground is an option for produced water, used treatment fluids, fracking sand and other
flowback wastes (OCC Rule 165:10-5).29 Underground injection is overseen by the OCC, and
the state has 41,000 Class II UIC wells (STRONGER Jan 2011).

Produced water can be discharged to the ground, but flowback water cannot (OCC Rule
165:10-7-17). A permit is required to discharge produced water to the ground. TDS or Total
Soluble Salts concentrations must be less than 5000 mg/L and oil and grease concentrations
must be less than 1000 mg/L in order to receive a permit. Permits can only be obtained by
the generator of the waste (i.e. the operator of the well) and can apply for a surface discharge
permit (OCC Rule 165:10-7-17(d) and (g)).

Noncommercial pits used to manage or dispose of drilling fluids and other waste substances
from well drilling and operation activities on or off-site are subject to a number of permitting,
construction, operation, and closure requirements (OCC Rule 165:10-7-16). Noncommercial
pits are operated by the generator of the waste. The OCC also regulates noncommercial
flowback water pits that have a capacity greater than 50,000 barrels (OCC Rule 165:10-716(f)). It does not appear that pit disposal can be a commercial operation in Oklahoma.
5.8

29

Arkansas

See also: OCC Rule 165:10-7-24.
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Well operators or permitted commercial entities can treat or dispose of produced and
flowback30 water through 1) underground injection into Class II disposal wells, 2) recycling
for reuse, and 3) surface application.31 Discharges to surface water or groundwater, or
discharges to land that are likely to result in surface or groundwater pollution are prohibited
in Arkansas (Arkansas Code Ann. §15-76-201, Ark. Admin. Code 014.04.1-1, AOGC
General Rule B-17 (e)). No NPDES permits had been issued to POTWs as of 2012
(STRONGER, 2012). Class II wells and recycling for reuse activities are regulated by the
Arkansas Oil and Gas Commission (AOGC), and land application activities are regulated by
the Arkansas Department of Environmental Quality (ADEQ).

Arkansas encourages the disposal of brines in underground disposal wells.32 AOGC General
Rules H-1, H-2, and H-3 pertain commercial and non-commercial Class II injection wells.
There are local moratoria for Class II injection wells in areas of Conway, Cleburne, Van
Buren, Faulkner, and White counties, all of which are located within the Fayetteville shale
formation (H-1 (s)(2)).33 Class II wells are subject to siting restrictions relative to their
proximity to deep faults, the Fayetteville Shale formation, and to other Class II wells (H-1
(s)(4) and (5)). Class II disposal wells injecting to a formation below the Fayetteville Shale

30

Arkansas defines flowback water from hydraulic fracturing differently from other types of flowback fluids. It

is referred to as frac flow-back fluid or hydraulic fracturing flow-back fluid (AOGC General Rules B-17 and B19). Here, references to flowback water are to frac flow-back water.
31

Oil and gas waste or fluid transporters can only take their cargo to another well for reuse “in the well drilling

or completion process, a permitted off-site temporary storage facility, permitted surface disposal facility, or a
permitted injection well disposal facility,” (AOGC General Rule E-3(i)(2)). Arkansas general rule B-19 (k)
(February 2013) provides for the disposal of flowback waters. “All Hydraulic Fracturing Treatment flow back
fluids shall be handled, transported, stored, disposed, or recycled for re-use in accordance with the applicable
provisions of General Rule B-17, General Rule E-3 and General Rule H-1, H-2 and H-3” (AOGC General Rule
B-19(k)).
32

AR Pollution Control and Ecology Commission Regulation No. 1 (8) (1993). Regulation No. 17 (2005) is the

AR UIC Code.
33

These apply to unconventional oil and gas resources in “Arkansas, Cleburne, Conway, Cross, Faulkner,

Independence, Jackson, Lee, Lonoke, Monroe, Phillips, Prairie, St. Francis, Stone, Van Buren, White and
Woodruff Counties,“ and are referred to as “section (c) lands” (B-43 (c) and H-1 (s)(5)).

43

formation have to be 5 miles from one another and those injecting to a formation above the
Fayetteville Shale formation must be half a mile from one another (H-1 (s)(5)).

Despite local moratoria, UIC is the most commonly used disposal method in Arkansas. As of
February 2012, there were 28 commercial disposal wells and over 500 non-commercial
disposal wells in Arkansas. Only 6 commercial and 9 non-commercial disposal wells were
located in the Fayetteville Shale. Most disposal wells are located in southwestern Arkansas.
Waste is also trucked to disposal wells in Oklahoma. On average, active natural gas wells in
the Fayetteville formation are only 7.5 miles from the nearest underground injection well.34
Owners or operators of land application facilities must obtain a no-discharge permit from the
ADEQ (Ark. Code Ann. § 8-4-203(c)(1)(A)). These operations must protect human health
and the environment (Id.). Limits on discharges, emissions, environmental standards,
analytical methods, and monitoring requirements are established in the permit and must also
comply with other environmental standards (Ark. Code. Ann. § 8-4-203(e)(2)(B)). Flowback
water temporarily stored in reserve pits cannot be disposed of at commercial land disposal
facilities or through on-site land application (AOGC General Rule B-17(g)).

Recycling and reuse practices are not strictly regulated in Arkansas. Flowback fluid can be
temporarily stored in a reserve pit for 90 days per pit if it is part of a flowback fluid recycling
program. The pit is subject to liner, permission, and ultimate disposal requirements or
restrictions (AOGC General Rule B-17 (g)). Produced water cannot be placed, stored, or
disposed of in mud, circulation, or reserve pits (AOGC General Rule B-17 (g)(2)). Arkansas
defines oilfield wastes and the chemicals used to detoxify brine or other oil and gas wastes as
non-hazardous (AOGC General Rule B-17(c)(17)).
5.9
34

Colorado

Euclidian distances calculated using ArcMap 10.1 and data available from the Arkansas Oil and Gas

Commission, 2012. See appendix D. While these distances refer to the straight-line distance, actual driving
distances could be greater by road.
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The Colorado Oil and Gas Conservation Commission (COGCC) regulates oil and gas
extraction and waste disposal options in Colorado.35 Produced water management options in
Colorado include underground injection, evaporation pits, road spreading, and recycling for
reuse (2 CCR 404-1:907(c)). UIC is the most commonly used disposal method (Rule 325)
and underground injection wells receive about 60% of produced water from the oil and gas
industry in Colorado. Colorado has primacy over its Class II UIC program, which is regulated
and permitted by the COGCC.36 In 2011, Colorado had 290 active Class II saltwater disposal
wells (STRONGER, 2011a). Class II injection wells can be operated as centralized or
commercial operations (2 CCR 404-1:325(f)).

Colorado allows produced water to be spread on lease roads if the water contains less than
3,500 mg/L TDS, when allowed by the surface owner (COGCC Rule 907(c)(D)). Where road
application occurs, it cannot impact state waters, pool or runoff, and adjacent soils or surface
waters have to meet criteria set forth in Rule 910 table 910-1 (Appendix E) (COGCC Rule
907(a)(1)). Flowback fluids cannot be used for dust suppression.

Colorado also allows evaporation pit disposal for produced water at permitted noncommercial centralized waste management facilities (COGCC Rule 907(c)(2)(F) and Rule
908). Generally, evaporation or disposal pits must meet operational and maintenance
requirements (2 CCR 404-1:902-904).

The Colorado Department of Public Health and Environment’s Water Quality Control
Division (WQCD) oversees surface water discharges under the Colorado Pollution Discharge
Elimination System Permit program. Operators who wish to discharge produced water must

35

Regulations pertaining to oil and gas extraction and production waste are found at 2 CCR 404-1:901 to 912.

36

COGCC Rule 907(c) allows for disposal of produced water via Class II underground injection in accordance

with COGCC Rule 325.

45

have a permit (COGCC Rule 907(c)(2)(E)), however, as of 2011, no produced water was
discharged to surface waters (STRONGER, 2011a).

The COGCC encourages the reuse and recycling of produced and flowback water (COGCC
Rule 907(c)(3)). The COGCC also approves other uses for recycled water as long as the
manner is consistent with existing water rights and meets water quality standards and
classifications established by the Colorado Water Quality Control Commission (COGCC
Rule 907(c)(3)). Colorado also encourages “beneficial use” and reuse for management of
exploration and production wastes through a plan and approval system (COGCC Rule
907(a)(3)). In 2011, approximately 50% of flowback water was recycled, but it is unclear
how much produced water was recycled (STRONGER, 2011a).
5.10

Wyoming

Wyoming allows a number of options for produced and flowback water management: 1)
underground injection for disposal or enhanced recovery, 2) land application and road
application, 3) discharge to surface waters, and 4) pit disposal. The Wyoming Oil and Gas
Conservation Commission (WOGCC) regulates underground injection, while the Water
Quality Division of the Wyoming Department of Environmental Quality (WDEQ) regulates
water discharges and pit disposal. The agencies share jurisdiction over land application
practices (Wyo. Admin. Code OIL GEN Ch. 4 § 1(mm)).
Class II underground injection requires a permit from the WOGCC (Wyo. Adm. Code OIL
GEN Ch. 4 § 5(b)). Underground injection wells are subject to a number of operational,
testing, construction, and monitoring requirements (Wyo. Adm. Code OIL GEN Ch. 4 § 5 to
12). Fluid from reserve pits can be injected underground, but the target formation must have a
water quality over 10,000 mg/L TDS or an aquifer exemption (Wyo. Admin. Code OIL GEN
Ch. 4 § 1(tt)).
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Land application requires approval from the WDEQ. The landowner must also allow the
practice and provide written consent (Wyo. Admin. Code OIL GEN Ch. 4 § 1(mm)). Any
land application practice must be protective of human health and the environment and
comply with other applicable regulations at the state and federal level (Id.).

Pit disposal must be permitted by the WDEQ (Wyo. Admin. Code OIL GEN Ch.4 § 1(c)). Pit
disposal and the processes associated with commercial treatment of those pits must obtain a
permit from the WOGCC (Wyo. Admin. Code OIL GEN Ch. 4 § 1(oo)). The treatment
mechanisms included in this category include “enhanced evaporation, solidification,
centrifuging, etc.” (Id.).

Wyoming does allow treatment for discharge and the treatment standards are generally
reflective of the state’s water quality standards and technology-based effluent limits. The
WDEQ issues Wyoming Pollution Discharge Elimination System Permits for treated
produced and flowback water. Specific treatment standards are based on values listed in the
permit application (WDEQ, 2012). Treatment standards for key constituents of concern in
Wyoming are listed in Table 6-7. The full table can be found in Appendix F.
Table 5-7. Selected discharge standards for WYPDES permit (WDEQ, 2012).
Parameter
Chloride
Iron
Oil & Grease
TDS
Specific conductance

5.11

Standard or Limit
Technology-based
2,000 mg/L
1000 ug/L
10 mg/L
5000 mg/L
7500 micromhos/cm

For Class 2A and 2B waters
230 mg/L
300 ug/L
10 mg/L
5000 mg/L
7500 micromhos/cm

Montana

Montana’s regulation of produced and flowback water management and disposal practices
are straightforward. Any disposal methods “allowed by law” that do not harm soils, surface
water, or groundwater are an option if the TDS level of the water is less than 15,000 mg/L
(MCA § 36.22.1226). In Montana, for wastewaters with TDS levels greater than 15,000
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mg/L, management options include: 1) Class II underground injection, 2) pit disposal, and 3)
reuse. Reuse is currently unregulated in Montana.

Montana has primacy over its Class II UIC program, which is overseen by the Montana
Board of Oil and Gas Conservation (MBOGC). Administrative Rules of Montana §
36.22.1226(2)(a) allows underground injection into Class II injection wells, regardless of
their specific purpose, for produced water with >15,000 ppm TDS.37 All Class II injection
wells must be permitted by the MBOGC (Mont. Admin. R. 36.22.1402). Class II wells are
also subject to bonding requirements if they are not located on Native American territories
(Mont. Admin. R. 36.22.1408(a)). The bonding requirements generally increase with the total
depth of the well and the number of wells covered by the bond (Mont. Admin. R.
36.22.1308). These range from $1,500 for a well that is drilled to 2,000 feet or less, to
$10,000 for a well that is drilled to 3,501 feet or more. Multiple wells require the operator to
present a $50,000 bond. (Id.). The MBOGC can increase the bonding requirements up to
double the amounts previously listed for the given categories (Id.).

Montana conditionally allows earthen pit disposal of produced water depending on the
concentration of TDS, the quantity of produced water disposed of on a monthly basis, and
environmental protection. Produced water with greater than 15,000 ppm TDS into boardapproved lined or unlined earthen pits if the volume of water to be disposed of per pit is <5
barrels per day on a monthly basis, and given that the produced water will not harm surface
water, groundwater, or soils (ARM § 36.22.1226).

Discharges of produced waters from traditional oil and gas operations to “ephemeral
drainages” must be authorized for the Montana Department of Environmental Quality
NPDES General Permit for Produced Water, MTG310000 (MTDEQ, 2010). The PW-GP

37

Montana's UIC rules are available at ARM § 36.22.1401 to 1425.
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does not cover shale oil operations in the permit language and Montana laws do not currently
distinguish between produced and flowback water (MTDEQ, 2010).38
5.12

North Dakota

Wastewater management options in North Dakota are straightforward, but do not necessarily
prescribe wastewater management options. Recycling and reuse of water is not regulated nor
prohibited. North Dakota mandates that “all waste material associated with exploration or
production of oil and gas must be properly disposed of in an authorized facility in accordance
with all applicable local, state, and federal laws and regulations,” (NDAC 43-02-03-19.2).
Additionally, “all saltwater liquids or brines produced with oil and natural gas should be
processed, stored, and disposed of without pollution of freshwater supplies,” (NDAC 43-0203-53). Discharge of industrial wastes or other “wastes which contain substances or
organisms that may endanger public health or degrade the water quality of water usage into
waters of the state” are prohibited by the North Dakota Department of Health (NDAC 33-1602.1-11).

Class II underground injection is the most commonly used practice. North Dakota has
primacy over its Class II UIC program, which is overseen by the North Dakota Industrial
Commission, Oil and Gas Division.39 Commercial and private injection wells must be bonded
(NDAC 43-02-05-11). The bonding amount is typically $50,000 per well. Wells drilled less
than 2,000 feet are typically charged asked to present bonds for lower amounts established on
a case-by case basis (NDAC 43-02-03-15). Class II wells are also subject to construction,
operational, testing, and monitoring requirements (NDAC 43-02-05). North Dakota has 365

38

MCA Section 75-5-101 et. seq. and ARM title 17, Chapter 30, subchapters 6,7,12,13.

39

North Dakota's Class II UIC regulations can be found at ND Admin. Code 42-02-05.
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active Class II disposal wells, most of which are located within 50 miles of drilling activities
in the Bakken Shale formation.40

6.

TREATMENT TECHNOLOGIES

6.1

Current Treatment Technologies for Recycling and Reuse

When treating fracking flowback and produced waters for recycling and reuse in subsequent
fracking operations, the main goal is to treat for contaminants that may hinder the fracking
operation. Typical treatment for recycling addresses four areas of concern: solids removal
(TSS) and oil and grease removal, water softening to reduce the risk of scaling, bacteria
removal, and desalination (TDS). In this section, technologies that are currently in use on-site
are grouped by the constituents that they are able to treat.

6.1.1 Total Suspended Solids & Oil and Grease

Suspended solids are of concern in fracking wells due to their ability to reduce the flow of
natural gas out of the well or plug certain parts of the formation. Solids can be removed from
frack flowback or produced waters using settling or sedimentation ponds on-site. Coagulants
and flocculants can be used to cause the agglomeration of solid particles which then settle to
the bottom (Kidder et al., 2012). Filtration is also a common method used to remove solids
from flowback and produced waters. Solids treatment technologies are outlined below. They
include settling ponds, biological aerated filters, hydrocyclones, and dissolved gas or air
flotation devices. Some technologies also remove insoluble oil and grease that tend to
separate from water.
Treatment: Settling Ponds/Pits
Use: State dependent and most are regulated by permit restrictions.
40

Euclidian distances calculated using ArcMap 10.1 and data available from the North Dakota Industrial

Commission, Office of Oil and Gas, 2013. See Appendix D. While these distances refer to the straight-line
distance, actual driving distances could be greater by road.
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Technology specifications: Lined ponds or pits that are operated on-site for produced water management. Pretreatment is not necessary and can be used as a unit process in a larger treatment system. Has a long lifecycle
but holds a limited amount of water depending on the size of the pond/pit. Water recovery: Depending upon
residence time as water may be lost due to evaporation.
Costs: Initial capital cost for digging and lining pit. Energy use is minimal – pumping into pond/pit required.
Costs of permits will vary by state. Little to no O&M costs.
Environmental footprint: Medium to large based on size of construction. Risk of overflow during heavy
rainfall. May affect wildlife if TDS levels are high in influent water. No measurable air emissions.

Treatment: Biological Aerated Filter
Use: Unrestricted use unless using ponds.
Technology specifications: Media filtration using aerobic and anaerobic microbial slime that develops on the
top layer of the filter and water then trickles through this layer and through the media bed that can consist of a
bed of rocks. 70-80% oil removal; 30-60% COD removal; 85-95% BOD removal; 75-85% TSS removal (Su,
Wang, Liu, & Zhou, 2007). Does not remove TDS; best when Cl < 6,600 mg/L (Ludzack & Noran, 1965). 100
percent water recovery if filters do not clog.
Costs: 40 percent of overall technology cost is removal of filtered sludge. Capital costs with little O&M except
for backwashing filter bed and disposing of sludge. 1-4 kWh/day energy use.
Environmental footprint: Waste must be land-filled from filter. Not a mobile technology and may have a large
structural footprint. No truck traffic or noise pollution and no emissions.

Treatment: Hydrocyclone
Use: Unrestricted use unless using ponds to store water. Currently used in Barnett formation to treat fracking
brine.
Technology specifications: Separates solids, oil, and grease from liquid based on the density of constituents in
the influent water. Reduces grease concentrations down to 10 ppm. High TDS concentrations in influent water
do not hinder treatment. Can be constructed using plastic, ceramic, or metal and no pre or post treatment is
required unless treatment of other constituents is needed. Water recovery ~ 100 percent.
Costs: Capital cost - $200,000. Off-site or landfill solid disposal required from hydrocyclone grit chamber. Only
energy use is pumping water into hydrocylone.
Environmental footprint: Mobile and stand-alone separation technology with no emissions and little truck
traffic required for disposal of solids. May be some noise pollution considerations but can be decreased with
noise absorption pads around treatment area.
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Treatment: Dissolved gas/air flotation (DGF/DAF)
Use: Currently in wide use for produced water from conventional oil and gas, but can be applied to fracking
water.
Technology specifications: Fine gas or air bubbles in influent water can separate smaller suspended particles
that cannot be removed through sedimentation. The particles and oil attach to the air bubbles and rise to the
surface where they can be skimmed off. The gas is released in the water due to a vacuum in the DGF or DAF
chamber. DAF removes 25 μm particles; 93% oil removal; 100% water recovery.
Costs: Capital cost: $218,000; treatment cost: $0.09/bbl; O&M: $140,500/year (Çakmakce, Kayaalp, &
Koyuncu, 2008). In high temperature areas, water needs to be cooled for treatment. Sludge generation requires
off-site disposal. Chemical costs for coagulation accounted for in O&M.
Environmental footprint: No post-treatment requirement depending on use. Chemical coagulant use requires
safety controls. Truck traffic for land-filled waste and solid disposal.

6.1.2 Bacterial Disinfection
Disinfection is an important part of the treatment process that prevents microbial build-up in
subsequent fracking operations. This step of the treatment process may require the addition of
chemicals to the flowback or produced waters to prevent bacteria, algae, or fungi from
clogging production or treatment equipment (USGAO, 2012). Various technologies can be
used to disinfect flowback and produced waters. The most commonly used methods in field
operations include ozonation and chlorine dioxide generation and injection at the treatment
site (Kidder et al., 2012). As these technologies require minimal chemical transportation, they
are preferred by operators.

Ozone is generated from the air using an ozone generator and can disinfect flowback water to
exceed the 1,000 CFU/mL standard (Kidder et al., 2012). Ozone ruptures the bacterial cell
membrane causing a cellular fluid leakage and a functional shutdown of the cell. Chlorine
dioxide is produced on-site through electrolytic conversion of sodium chlorite. Several
companies are investing in chlorine dioxide generation technology for use in many industries
including oil and gas. The Millennium III Series generators from Siemens are capable of
consistently producing chlorine dioxide with a yield efficiency of 95 percent (Siemens,
2011).
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Ultraviolet (UV) disinfection is best for produced water disinfection after other treatments
have taken place. There is no chemical transportation or generation involved in UV
disinfection. UV disinfection ensures that no treatment byproduct will be present if produced
or flowback waters were treated and discharged to surface waters. The UV disinfection
technology and cost profile is summarized below.
Treatment: UV Disinfection
Technology specifications: Water pumped through a reactor with UV lamps and pathogens are inactivated
based on residence times under lamps. Suspended solids shield the inactivation of pathogens, so must be used
prior to solids removal. 90-99% inactivation of pathogens dependent upon lamp intensity; 100% water recovery.
Costs: Capital cost: EPA estimate ~$5.42/bbl per day (Drewes, 2009). Energy consumption: 0.5-3 kWh/mgd for
low pressure and high output mercury vapor lamps.
Environmental footprint: No chemical transportation to site and no sludge disposal. Additional units for pretreatment will result in more environmental impact and cost.

6.1.3 Hardness

Scaling ions in flowback and produced waters are of major concern to operators due to the
ability of the ions to hinder subsequent fracking operations. Scale build-up in fracking wells
restricts the flow of product out of the well and may also plug fracture and seams in the
formation that enhance the flow of gas. Nanofiltration and ion exchange treatment processes
and their cost profiles are summarized below.
Treatment: Nanofiltration
Use: For produced water treatment to reduce scaling in fracking well reuse.
Technology specifications: Membrane filtration can remove contaminants up to 0.001 μm; influent TDS range
1,000-35,000 mg/L for 2-stage filtration; >99% removal of divalent scaling ions (Mg, Ca, Ba, SO4); <90%
removal of Fe and Mn and radionuclides – good for removal of NORM. Water recovery between 75-90% using
scaling inhibitors.
Costs: Capital cost: $35-$170/bpd; O&M cost: $0.03/bbl; use of caustic chemicals required and membranes
need replacement every 3-7 years.
Environmental footprint: May be a part of a larger process requires more equipment; caustic chemical use and
transportation to site; use of electrical energy off the grid.
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Treatment: Ion Exchange
Use: In use for produced water from coal-bed methane operations.
Technology specifications: Specific harmful ions are removed from the produced water by the exchange of a
pre-saturated ion with the targeted ion on an ion exchange resin (Drewes, 2009). Cation exchange removes Ca,
Mg, Ba, Sr, Ra. Anion exchange removes F, NO3, fulvates, humates, arsenate, selenate. Allowable TDS in
influent: 500-7,000 mg/L; water recovery >98% depending on resin regeneration.
Costs: Treatment cost at 5 bbl/min treatment: $0.08-0.11/bbl; at 21 bbl/min treatment: $0.04-0.07/bbl. Anion
resin lasts 4-8 years and cation resin lasts 10-15 years. Least energy demand for pumping process – 0.07
kWh/bbl.
Environmental footprint: Large footprint with need for storage of regenerant and cleaning chemicals on-site;
Mobile, but need heavy machinery to mobilize; Some ion exchange systems operate 10-20 hours; Requires
multi-stage pretreatment, remineralization, and pH stabilization.

6.1.4 Total Dissolved Solids (TDS)
Total dissolved solids (TDS) are present in all shale plays in both flowback and produced
water. It is one the greatest challenges faced by the fracking wastewater treatment industry.
Depending on the levels of TDS, several treatment technologies can be applied to the TDS
treatment process, including seawater reverse osmosis, brackish water reverse osmosis,
electrodialysis/electrodialysis reversal, multi-effect distillation, and vapor compression
distillation. The technologies are outlined below.
Treatment: Seawater Reverse Osmosis (SWRO)
Use: For coal-bed methane produced water treatment – can fail if no pretreatment.
Technology specifications: Feedwater TDS range: 20,000 – 47,000 mg/L; removal of Na, Cl, Mg, Ca, Ba, SO4,
Fe, Mn and some organics. TDS in product water: 100-400 mg/L; 80% ammonia removal; <50% boron
removal. Sensitive to organics and inorganics in feedwater. Highly mobile and automated depending on
capacity. Water recovery: 30-60%
Costs: Capital costs: $125 to $295/bpd; O&M costs: $0.08/bbl (dependent on feedwater). Energy use: 0.46-0.67
kWh/bbl electrical energy consumption for pressure pumps. 3-7 year lifecycle. Costs for disposal of brine and
for pre-treatment must be considered.
Environmental footprint: Smaller footprint compared to thermal desalination. Periodic cleaning required with
use of NaOH, Na4EDTA, HCl, Na2S2O4, or H3PO4. Generates large concentrations of brine.
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Treatment: Brackish Water Reverse Osmosis (BWRO)
Use: Mature for brackish water desalination. Lab scale studies used for oil and gas produced water.
Technology specifications: Feedwater TDS range: 500-25,000 mg/L; removal of Na, Cl, Mg, Ba, SO4, Fe, Mn,
and some organics. TDS in product water: 100-1500 mg/L; 60-80% ammonia removal; sensitive to organics in
feedwater. Water recovery 60-85%.
Costs: Capital costs: $35-170/bpd ; O&M costs: $0.03/bbl (dependent on feedwater). Energy use: 0.02- 0.13
kWh/bbl electrical energy consumption for pressure pumps. Costs for disposal of brine and for pre-treatment
must be considered.
Environmental footprint: Smaller footprint compared to SWRO and thermal distillation. Periodic membrane
cleaning required with use of NaOH, Na4EDTA, HCl, Na2S2O4, or H3PO4. Generates large concentrations of
brine that require deep well injection disposal.

Treatment: Electrodialysis (ED)/Electrodialysis Reversal (EDR)
Use: Robust technology used in Marcellus formation
Technology specifications: Dissolved ions separated from water through ion permeable membranes with
electrical potential gradient. EDR uses reversal of polarity periodically to reduce and minimize membrane
scaling and increase water recovery rate. Typically used for brackish water treatment. Flexible to varying water
constituents and quality. Pre-treatment requirement to remove solids, adjust pH and use of anti-scalants. Water
recovery: 80-100%.
Costs: High treatment cost and membrane fouling. Treatment cost: Estimated $0.15/bbl based on 8,000 bbl/day
ED membrane lifecycle: 4-5 years; concentrate disposal requirement. Electrical energy use: 0.14-0.20 kWh/lb
NaCl removed. Chlorine can be added to control the biological growth in system.
Environmental footprint: Limited removal of organic molecules, silica, boron, and microorganisms. No
infrastructure requirement. Concentrate disposal will require landfill and truck traffic.

Treatment: Multi-effect Distillation (MED)
Use: Can be applied to produced water treatment.
Technology specifications: Bring feedwater to a boil and then transforms saline water to steam. Condensation
of process steam to pure water. Applicable to wide range of TDS concentrations. High flexibility – varying salt
concentrations will not affect efficiency of treatment. Multi-stage process increases the efficiency of treatment.
Costs: Capital cost: $250-330/bpd; O&M costs: $0.11/bbl. Energy use: 0.48 kWh/bbl electrical consumption.
1.3-1.9 kWh/bbl energy consumption. 20 year lifecycle. Cost of scaling inhibitors and high level of skilled
labor. Less rigorous pretreatment. Requires a centralized facility.
Environmental footprint: Antiscaling chemical use – requires chemical transportation to site or commercial
facility. Not flexible to varying water flow. Continuous centralized operation.
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Treatment: Vapor Compression Distillation (VCD)
Use: Can be applied to produced water treatment.
Technology specifications: Mechanical or thermal compression of vapor results in heat evaporation. Usually
used for small-scale desalination units. Feedwater TDS range: >40,000 mg/L. High flexibility – varying salt
concentrations will not affect efficiency of treatment. Lower power consumption than MED. Water recovery:
40%.
Costs: Capital cost: $140-250/bpd; O&M cost: $0.075/bbl; Unit cost: $0.08/bbl. Energy use: 1.3 kWh/bbl
electrical consumption; 4.2-10.5 kWh/bbl energy consumption for zero liquid discharge. Costs of scaling
inhibitors and rigorous pretreatment requirement. Need to stabilize product water due to low TDS level.
Environmental footprint: Small scale technology that is beneficial for community. Need for transportation of
anit-scaling chemicals to site or to centralized facility.

6.2

Emerging Treatment Technologies for Recycling and Reuse

The increasing number and stringency of regulations and standards set at both state and
county levels are still pushing the emergence of novel technologies. “Emerging technologies”
refer to modified or improved methods of an existing treatment technology that is not yet
commercially distributed or widely applied, a novel application of certain techniques that has
not been previously applied to wastewater treatment, or a new combination of conventional
technologies that have not yet been integrated. Research in the field of emerging technologies
currently focuses on four areas: 1) enhancing the effect of the treatment, demonstrated by
higher pollutant removal rate, 2) reducing the cost in the treatment process, demonstrated by
lower capital investment and lower energy consumption, 3) minimizing the need for
wastewater transportation, demonstrated by higher mobility and scalability on site, and 4)
decreasing the use of hazardous materials and complicated techniques in the treatment
process, demonstrated by zero or little use of chemical additives and recycling of treatment
chemicals. The aforementioned improvements are aimed at achieving lower economic costs
while reducing the environmental impact and improving treatment efficiency. Companies of
various sizes are currently active in the fracking wastewater treatment field and the market is
estimated to grow approximately 9-fold to $9 billion by the year 2020 (Curwin, 2012).
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The treatment of wastewater can be broadly grouped into three main processes: chemical,
thermal, and physical (Ely, Horn, Cathey, Fraim, & Jakhete, 2011). However, depending on
the physical and chemical characteristics of the wastewater to be treated, various new
technologies are being developed to specifically treat constituents present in flowback and
produced waters. Flowback water typically contains total suspended solids, salinity, heavy
metals, fouling biological activity, scalants, volatile organic compounds (VOCs), and
occasionally radioactive materials from the shale formation (Giles, 2012) and must be treated
prior to reuse as discussed in Section 4. Three flowback treatment technologies being
developed in the field are advanced electrocoagulation (EC), advanced oxidation and
precipitation process (AOPP), and enhanced chemical precipitation.

Produced water, which usually contains high level of TDS and hardness, requires a different
treatment process prior to discharge or disposal (Xu, Cath, & Drewes, 2011). Novel
technologies aimed at treating produced water may be placed into six categories: ion
exchange processes, electrochemical charge driven separation processes, osmotically-driven
membrane processes, improved microfiltration/ultrafiltration/reverse osmosis (MF/UF/RO)
membrane separation (Xu et al., 2011), novel filtration, and advanced adsorption. Some
emerging technologies can treat both produced and flowback water due to breakthroughs in
thermal distillation and the development of systematical approach.
Due to the great variation of waste characteristics across shale formations and the vague
distinction between produced and flowback water, the emerging technologies may be
interchangeable for specific water treatment use.

An overview of emerging technologies are described in the following sections; listed in
Appendix H are specific details and examples that help define their commercial potential in
the hydraulic fracturing industry. Though these processes and technologies are individually
listed, some technologies may be integrated with others. An overview of the emerging
technologies is presented in Table 6-1.
57

Table 6-1. Emerging Technology Overview
Name

Developer (s)

E-Floc

Technology
type

Treating
pollutants

Effectiveness

TDS
tolerance*

Mobility for on-site
treatment

Development
Phase

EC

TSS, bacteria,
VOCs, total
petroleum
hydrocarbons, heavy
metals, and chlorides

>99% chloride removal rate; >90%
TSS, TPH, and hardness; and >80%
SRB, sulfite, silica, strontium and
barium removal rate

High

High

Field test in Barnett

EC

Hydrocarbon

98% hydrocarbon removal rate

Medium

Low

Laboratory test and
early field test

AOPP

Microorganisms

100% on-site reuse

Medium

High

Post laboratory test
and initial
commercialization

AOPP

Chloride, organic
matters, sodium,
potassium and
calcium

47.2% chloride removal rate;
98.3% microorganism removal rate;
and ~50% removal rate for sodium,
potassium and calcium

High

Medium

Ongoing benchscale test in Bakken
and early
commercialization

AOPP

Chloride,
microorganism

Not specified

Medium

High

Early
commercialization

Chemical
precipitation

TDS

99.5% water recycle rate

Low

Low

Pilot projects in
Texas and Louisiana

Ion exchange

Salts

Not specified

Medium

High

Post laboratory test

Electrochemicalcharge-driven
separation

Salts

>90% water recovery rate

High

High

Pilot projects

Ecolotron, Inc.
Single-step
Extraction

OriginOil

Ozonix®
Ecosphere
Technologies Inc.
pHyX-in-DAF
System
Produced Water
Solution Inc
MIOX® onsite chemical
generation
systems

MIOX

Waterone™
Select Energy
Services

IonFlo
Drake Water
Technologies
Radial
Deionization
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Atlantis
Technologies

Electrodialysis
Reversal
System

Forward
Osmosis

SepraMemTM
30/400

Anti-fouling
membrane
coating with
PDOPA

GE

HTI Water
Technology

HTI Water
Technology

U of Texas at
Austin

FilterSure

Electrochemicalcharge-driven
separation

TDS

94% water recovery rate and 40%90% TDS removal rate

Medium

Medium

Fully
commercialized in
wastewater
treatment, recently
expanded to
fracking water
treatment

Osmotically
driven membrane
separation

Organic matters,
salts

>98% TOC removal rate

Medium

Low

Field tests and
initial
commercialization

Enhanced
MF/UF/RO
membrane
separation

Oil

80 to 97% oil removal rate

Medium

Medium

Field tests and
initial
commercialization

Enhanced
MF/UF/RO
membrane
separation

Salts

99.5% salt removal rate at 1000 psi
for RO

High

Unknown

Pilot projects

Filtration

TSS and TDS

40% removal rate for particulates
with a diameter between 1.5 to 3.0
microns; 100% removal rate for
particulates with a diameter greater
than 3.0 microns

High

High

Deployed in
municipal
wastewater
treatment, currently
under field test for
fracking wastewater
treatment

Adsorption

Hydrocarbons

Removing three times of its own
weight in hydrocarbons or five
times in oil

High

Unknown

Laboratory and field
test

Adsorption

Hydrocarbons

99% removal rate of hydrocarbon

High

Medium

Pilot projects

Evaporation

All kinds

90% water recovery rate

High

High

Filter Sure Inc.

Smart
Sponge®

AbTech Industries

Osorb ®
ABS Materials
AltelaRain®
system
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Pilot project in
Marcellus

Altela, Inc.

ITS

Ecologix
Environmental
Systems

Holistic approach

All kinds

99% TSS removal rate and 99% fog
removal rate

*High TDS level, >50,000 ppm; Medium TDS level, 30,000 ppm-50,000 ppm; Low TDS level, <30,000 ppm
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High

High

Pilot projects

6.2.1 Novel and Emerging Flowback Treatment Technologies

Innovative flowback water treatment technologies include advanced electrocoagulation,
oxidation and chemical precipitation. These technologies differ in treatment effectiveness, cost,
energy efficiency and flexibility for on-site treatment.

Advanced Electrocoagulation (EC)

Electrocoagulation (EC) uses an electrical charge to coagulate and precipitate constituents out of
a solution. It is a cost-effective technology widely applied in wastewater treatment. It is
commonly used in flowback water treatment for recycling or reuse. By adding polymers or polyelectrolyte, the EC process can effectively remove TSS and breakdown emulsions such as oil and
grease or latex while oxidizing and removing heavy metals. It is efficient as it avoids the use of
filters and separation additives (Noling, 1 Jul 2004). This process is effective in killing bacteria,
removing heavy metals and solids to reduce hardness, and produces an easily dewaterable and
stable sludge (Ecolotron Inc., 2012). Novel advances in EC techniques focus on enhancing the
performance of the technology by modifying the physical or chemical structure of the additives,
revising the charging cycles and increasing the recyclability of the additives. EC can also be
integrated with other treatment technologies like Advanced Oxidation Processes to increase
treatment efficiency (Global Avantech, 2011).

Novel AOPP

Advanced oxidation and precipitation process (AOPP) is the combination of oxidation and
precipitation in wastewater treatment. AOPP involves 1) adding oxidants to the wastewater and
removing the pollutants through oxidation reactions with hydroxyl radicals (Glaze, Kang, &
Chapin, 1987) and 2) adding precipitators to facilitate the precipitation of oxidized chemicals.
AOPP has a wide treatment spectrum and is extremely efficient in breaking down aromatics,
petroleum constituents, and VOCs (Brillas et al., 1998), which are all common pollutants found
in flowback water. Common oxidants used in wastewater treatment are oxygen, ozone, and
hydrogen peroxide. However, AOPP may not be effective in removing some heavy metals and
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radioactive materials, and it requires pre-TDS removal before its use. Current innovative efforts
around AOPP are centered on increasing the efficiency of oxidation and enhanced precipitation,
as well as combining the use of AOPP with other treatment modules.

Enhanced Chemical Precipitation

Chemical precipitation is commonly used to remove salts from wastewater. It causes the
contaminants suspended or dissolved in the solutions to settle out in a solid phase in order to be
easily removed using centrifuges, filtration or separation (US EPA, 2000). In addition to
removing salts, chemical precipitation can also remove oil & grease, phosphorus, and
microorganisms. This process is commonly done by adding precipitators, including lime, ferrous
sulfate, alum or filter alum, ferric chloride, and polymers (US EPA, 2000). Chemical
precipitation facilities are easy to build and operate, and the precipitators are generally
accessible. This process is highly sensitive to operating factors like pH levels and may lead to
corrosion of membranes in some instances. Chemical precipitation is often used to treat flowback
water in combination with other technologies. Only a few companies still invest in the R&D of
solo precipitation enhancement and tend to emphasize the invention of high-performance
precipitators, which are mostly synthesized polymers.

6.2.2 Novel and Emerging Produced Water Treatment Technologies

Innovative produced water treatment technologies are rather diverse and include ion exchange,
electrochemical-charge-driven separation, osmotically driven membrane separation, enhanced
MF/UF/RO membrane separation, filtration and adsorption.

Ion Exchange Process

Ion exchange is currently employed in produced water treatment, but emerging technologies are
working to improve the exchange resins and treatment efficiency.

Electrochemical Charge Driven Separation Processes
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Electrochemical-charge-driven separation processes separate dissolved ions from the aqueous
environment using ion permeable membranes or conductive adsorbers that are powered by an
electrical potential gradient. These processes can be further broken down into electrodialysis
(ED), electrodialysis reversal (EDR), electrodeionization (EDI), and capacitive deionization
(CDI) (Xu et al., 2011). Electrochemical-charge-driven separation processes are typically used in
desalination of brackish water (up to about 8,000 mg/L TDS) but not highly saline water.
Compared to conventional membrane processes, electrochemical-charge-driven separation is
more reliable and stable. It does not, however, rule out the problem of scaling, and fouling is still
one of the biggest impediments of this process.

Osmotically Driven Membrane Separation Processes

Conventional membrane processes involve the use of high pressure, which is often energy
intensive. Osmotically driven membrane processes differ from conventional practices by
replacing the external high pressure with the trans-membrane osmotic pressure created by a high
concentrated solution (draw solution) or osmotic agent (McCutcheon & Elimelech, 2008).
Forward osmosis (FO) is a common type of osmostically driven membrane process. During the
FO process, the solvent (usually water) is diffused from the feed solution of low osmotic
pressure to the draw solution of high osmotic pressure. FO membranes are dense, non-porous,
and composed of a hydrophilic, cellulose acetate active layer that is cast onto either a woven
polyester mesh or a micro-porous support structure (Xu et al., 2011). FO can operate in a TDS
range from 500 mg/L to 35,000 mg/L and is capable of a high removal rate of most particulate
matter, making it a desirable technology to treat produced water with relatively low TDS levels.
However, FO membranes still require cleaning before reuse, requiring additional energy
consumption.

Enhanced MF/UF/RO Membrane Separation Technologies

Microfiltration (MF), Ultrafiltration (UF) and Reverse Osmosis (RO) are all valid membrane
treatment options in addressing wastewater problems. MF and UF membrane systems mostly
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come in the form of hollow fibers that can be operated in the outside-in or inside-out direction of
flow (AMTA, 2007). RO is another membrane-technology filtration method that removes large
molecules and ions from solutions by applying hydraulic pressure to force water through a
selective membrane. The term “selective” means that this membrane will not allow large
molecules or ions through its pores but will allow smaller molecules and solvents to pass freely.
Due to the small size of the membrane pore, compounds in the wastewater are trapped on the
membranes. Unlike RO, which requires very high pressure (up to 1000 psi), the operating
pressure of MF/UF separation processes is much lower, ranging from 5 psi to 35 psi. Thus, it is
an economically attractive option for produced water treatment. However, interference of
chemical compounds can easily result in membrane fouling, lowering the separation efficiency.
Hence, research in this field focuses on revising membrane coating technologies to improve the
performance of the membrane.

Novel Filtration

Filtration is part of the primary wastewater treatment process and is widely used to separate
solids from fluids. Filtration is often categorized as surface filtration and depth filtration. The
former uses a solid sieve to capture the solids in the fluid while the latter often involves a bed
consisting of various filtration media. Filtration media largely determine the effect of filtration;
common filtration media include sand, silica, and various types of polymers.

Advanced Adsorption

Adsorption removes organic matter during wastewater treatment. It effectively reduces organic
residues that are often resistant to filtration or ozonation (Cooney, 1998). Dissolved constituents
are adhered to the surface of the adsorbent and are removed from the aqueous phase. Adsorbents
must be of high abrasion resistance, high thermal stability and high porosity to enhance their
surface capacity for adsorption. The most common adsorption material is activated carbon;
materials made from bio-fiber are also becoming popular. Adsorption requires little energy input
and is a cost-effective choice for primary treatment. However, the disposal, recycle and treatment
of adsorption materials saturated with pollutants are still a great challenge. The majority of
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pioneer companies currently focus on material science to develop reusable and biodegradable
adsorbent.

6.2.3 Hybrid Technologies

Hybrid technologies are defined as technologies that can treat both flowback and produced water
or technologies that take a systematic approach to treat all wastewater produced by fracking
operations.

Evaporation/Thermal Distillation

Evaporation or thermal distillation technology utilizes heat to extract water from the wastewater,
leaving concentrated tail water for disposal. It is not affected by the quality of the wastewater
and can use solar energy as a power source; it can be used to treat both flowback and produced
water. Evaporative processes are in some cases the best and only option for treating challenging
water sources with high TDS (Brant, 2009). Once the water has evaporated from ponds built onsite, the salt sludge still needs to be transported for disposal. New evaporation technologies are
intended to increase the mobility of the technology while reducing the cost of disposal.

6.2.4 Holistic Treatment System

This type of approach can tackle a high variety of pollutants in the wastewater and does not
require additional modules for pre-conditioning or post-treatment stabilization. The treated
water released from the treatment system should meet the discharge requirements and can be
directly discharged or disposed.

6.3

Conclusions

Treatment technologies are the fundamental key of fracking wastewater recycle and reuse.
Though recycle and reuse are not yet common practices, a number of existing and emerging
technologies have already demonstrated the potential to push this trend. For most existing
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technologies, the cost of treatment is less than $ 0.30 per barrel, which is competitive when
compared to underground injection. In addition, developers for new technologies are focusing on
further decreasing the cost via incorporating new materials, lower energy consumption, and
highly mobile treatment modules. Many companies are also looking into inventing systematic
treatment units to bring down the initial capital cost. Wastewater treatment technologies in the
future are going to be more energy-efficient, flexible, economically viable, and environmentally
sustainable. With more available technology options, we are optimistic that the fracking
wastewater treatment market will continue to grow. However, the lack of field tests, mobility,
and commercial channels can potentially hinder the marketing of these technologies. Moreover,
the implementation of treatment technologies can be highly regulation-dependent, with political
and legislative uncertainties. Further investment in this field should take these risks into
consideration.
7.

EVALUATION AND RECOMMENDATIONS

7.1

Recommendation and Evaluation Framework

Based on the previous sections, recycling and reuse practices are the industry’s best practice. It
offers the most environmental benefit and protection, and it has the potential to become the most
cost-effective though it may not be at this time. Reuse and recycling ultimately reduces the
quantity of wastewater in need of treatment and reduces demand on freshwater supplies. State
regulators have started to promote recycling and reuse, likely in response to growth in both
demand for alternative water supplies and the development of new treatment technologies. Even
though underground injection is the most commonly used disposal practice and is often
considered by regulators and industry as the best environmentally protective and cost-effective
option, the team chose to focus on a practice with more growth and investment potential. By
considering any regulatory constraints and the specific wastewater characteristics of a shale play,
existing and emerging technologies were assessed in order to identify the best potential treatment
systems for water in each shale formation.
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7.2

Evaluation of Treatment Options and Technologies

After narrowing the scope to current and emerging treatment technologies that can treat to
minimum numeric criteria for reuse, technologies were evaluated based on suitability to the
wastewater characteristics in each shale formation, their cost, and environmental footprint. Of
the numerous characteristics, the team primarily compared technologies based on TDS levels in
wastewater while considering any other wastewater criteria information available. Many
technologies considered for wastewater treatment, recycling and reuse could also be applied to
treatment facilities that discharge to surface waters or to POTWs. While this is a benefit, there
are inherent and unknown (and unregulated) risks associated with discharging treated wastewater
to surface waters. Where relevant, the team also evaluated technologies against state-specific
numeric discharge criteria.

In assessing different treatment options for wastewater treatment within specific shale plays,
three major categories were considered during the course of the team’s research; specifically: (1)
technological feasibility; (2) environmental footprint; and (3) cost. Table 7-1 lists the specific
considerations in each category, and the specific technologies were discussed in Section 6.
Table 7-1. Technology criteria and evaluation considerations.
Technological Feasibility

Environmental Footprint

Cost















TDS level treatment primary focus
Flexibility to varying constituents and volumes
Overall performance and efficiency
Energy consumption
Physical size of technology or treatment option
Transportation associated with treatment
Emissions/Noise pollution
Chemical usage
Capital cost
O&M cost
Transportation cost or need
Energy use
Cost-effectiveness compared to current practice

Although exact disposal costs were not available for fracking sites in each state, Table 7-2
outlines the maximum and minimum costs per barrel given different fracking wastewater
management options in specific states. These are limited to only a few facilities in each state in
2006, so current commercial costs may be different as it can be assumed that the volume of
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wastewater in need of management has increased since then. There may also be new facilities in
a given area.
Table 7-2. Average Commercial Disposal Fees for Produced Water in 2006 (Puder & Veil,
2006).
Disposal Method

Minimum ($/bbl)

Maximum ($/bbl)

# Facilities Surveyed

OK

$0.35

$0.35

1

WY

$1.62

$2.75

2

PA

$2.13

$2.13

3

WY

$2.50

$3.50

1

$0.84

$1.37

2

CO

$22.16

$22.66

4

WY

$2.32

$2.39

7

AR

$0.56

$0.56

4

LA

$1.95

$3.36

21

ND

$0.55

$0.62

13

OK

$0.40

$0.40

12

TX

$0.72

$0.83

35

WV

$1.00

$1.00

2

WY

$2.67

$2.67

3

LA

$5.50

$10.50

6

TX

$5.50

$10.50

4

$0.30

$0.40

1

$0.19

$0.19

1

$0.02

$0.20

1

LA

$250.00/ton

$75.00/ton

1

ND

$22.00

$15.00

1

ND

$80.00/ton

$35.00/ton

1

OH

$57.50/ton

$15.50/ton

2

WV

$67.50/ton

$34.00/ton

2

Burial (pit)

Discharge (NPDES)

Discharge (POTW)
PA
Evaporation

Injection

Injection (solids)

Land Application
AR
Recycling
OK
Thermal Treatment
TX
Burial (landfill)
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For each shale play, both primary and secondary treatment technologies are recommended. This
concept is similar to that used in municipal wastewater treatment facilities as no single current or
emerging technology in this report can effectively treat for all constituents of concern in fracking
wastewater. Treatment options for each shale play are recommended as systems containing both
a primary and secondary treatment technology.

Primary technologies, as defined in this recommendation section, treat for larger particles and
more “visible” constituents that should be removed at an earlier phase of the treatment process.
These constituents include TSS, oil and grease, VOCs, and bacteria. Secondary treatment treats
for smaller constituents that are dissolved in the water, which require more sophisticated removal
methods. These constituents include the particles that contribute to TDS, NORM, and hardness.
In addition, treatment technologies must also stabilize certain characteristics throughout any
treatment process such as pH and microorganism communities-- this step is referred to as “total
environment control.” One systematic approach is listed separately as its treatment unit combines
modules from both primary and secondary treatment.

When considering the categories for technology assessment, cost is the most important factor. In
order to expand business within this industry, technologies that are not cost-effective or are
unlikely to become cost-effective to treat fracking wastewater were not recommended. The
potential cost of each treatment practice is listed in Table 7-3 and technologies are grouped by
the primary and secondary treatment categories mentioned above. Considering that these
technologies will be used as part of a system, the overall cost of the treatment system will depend
on the technologies used. Limited and relevant public cost information posted a challenge in
determining the costs of these technologies, especially in any meaningful way to compare to
existing management options. The costs of emerging technologies will need to be vetted
properly. Some of these technologies also produce reusable materials like dense brine for
injection wells, but those costs were not included here. They could reduce the cost and amount of
residual waste disposal and may help recycling and reuse become more appealing compared to
existing disposal methods.
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Table 7-3. Primary and secondary technology costs.
Emerging (E)/
Current (C)

Treatment
Cost ($/bbl)

Capital
($)

C

NA

NA

NA

Sand, Sock, Cartridge
Filtration

C

NA

NA

4,970/year

Multi-media Filtration
(FilterSure)

E

<0.01

NA

C

NA

NA

226,400/year

E

NA

NA

0.34/bbl

C

NA

200,000

NA

E

0.05-0.10

105,000

NA

C

0.09

218,000

140,500/year

SWRO

C

NA

125-295/bpd

0.08/bbl

BWRO

C

NA

35-170/bpd

0.03/bbl

Nano Filtration

C

NA

35-170 /bpd

0.03/bbl

Ultra Filtration

C

NA

Micro Filtration

C

NA

0.02-0.05/bpd
Approximately
same

0.02/0.05/bbl
Approximately
same

E

0.11

NA

NA

E

Area and
capacity
depending

NA

NA

E

NA

NA

NA

C

0.08-0.11

NA

NA

C

0.04-0.07

NA

NA

C

0.15

NA

NA

E

NA

NA

NA

C

NA

250-330/bpd

0.11/bbl

C

0.08

140-250/bpd

0.075/bbl

E

Construction
and capacity
depending

NA

NA

UV

C

NA

5.42 /bpd

NA

AOPP

E

NA

NA

NA

CLO2

C

0.015

NA

NA

Processes

Cost

O&M Cost ($)

PRIMARY TREATMENT
Settling Ponds

Filtration

Coagulation &
Precipitation

Coagulation/Flocculati
on/Sedimentation
Electrocoagulation (EFloc)

Hydrocyclones
Adsorption

Osorb®

Dissolved Gas/Air Floatation
SECONDARY TREATMENT
Desalination (RO)

Membrane
Filtration

Electrochemical
Charge Driven
Separation
Osmotically-Driven
Membrane Separation
(Forward Osmosis)
Secondary Enhanced
Membrane Separation

5 bbl/min treatment
rate
Ion Exchange
21 bbl/min treatment
rate
8000bbl/day treatment
rate
ED/EDR
GE’s EDR system and
Radial Deionization
Multi-effect
distillation
Vapor Compression
Thermal Distillation Distillation
Mobile Thermal
Distillation
(AltelaRain®)
TOTAL ENVIRONMENT CONTROL
Bacteria Control
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SYSTEMATIC APPROACH
ITS

E

NA

NA

NA

TDS is the primary concern when assessing treatment options for fracking wastewater. Other
concerns include TSS, scaling tendency and NORM. Table 7-4 lists average characteristics by
shale play listing the shale plays in order by TDS measurement, from the highest to the lowest.
Table 7-4. Water Quality Variation by Shale Play
Marcellus/Utica
Bakken
Haynesville

Avg. TDS
(mg/L)
180,000
150,000
120,000

Barnett

60,000-80,000

Eagle Ford
Woodford
Niobrara
Fayetteville

50,000
30,000
30,000
25,000

Shale Play

Chlorides
(mg/L)
High
25,000-80,000
NA
45,000133,000
26,751
NA
NA
10,000

~160
NA
~350 (high)

NORM
(pCi/L)
2,460
NA
NA

Scaling
(mg/L)
Med-high
High
NA

Low

NA

High

NA
Low
NA
NA

NA
NA
NA
NA

High
High
NA
Low

TSS (mg/L)

“NA(s)” in the tables indicate there is no reliable average constituent data publically available for
that specific constituent in that specific shale play (i.e. the team may have found individual
measurements, that are listed in Appendix G, but no values that were representative of the shale
play as a whole).

7.3

Recommendations

Recommendations for each shale formation are listed in Table 7-5. Detailed descriptions of each
technology, in terms of both current and emerging options, can be found in Section 5. We are
recommending a combined treatment of both primary and secondary for each shale play.
Although we evaluated many technological solutions in Section 5, not all of them received equal
recommendation in this part.
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Table 7-5. Recommendations by shale play
Shale Play
Current
Marcellus/Utica

Emerging
Current

Bakken

Emerging
Current

Haynesville
Emerging
Current
Barnett
Emerging
Current
Eagle Ford
Emerging
Current
Woodford
Emerging
Current
Niobrara
Emerging

Primary Treatment

Secondary Treatment

Sand filtration
Multimedia filtration
(FilterSure)
Sand filtration
Multimedia filtration
(FilterSure)
Sand filtration or
Coagulation/Flocculation/
Sedimentation
Multimedia filtration
(FilterSure)

Distillation

Sand filtration or
Hydrocyclone
Multimedia filtration
(FilterSure) or Osorb®
Sand filtration or
Hydrocyclone
Multimedia filtration
(FilterSure)
Sand filtration
Multimedia filtration
(FilterSure)
Sand filtration or
Hydrocyclone
Multimedia filtration
(FilterSure) or E-Floc

Current

Sand filtration or Settling Pond

Emerging

Multimedia filtration
(FilterSure)

Fayetteville

AltelaRain®
Distillation with ion exchange
AltelaRain® with ion exchange
Distillation or ED/EDR
AltelaRain® or Radial
Deionization
Distillation or Membrane
Filtration or ED/EDR or
Desalination
AltelaRain® or Radial
Deionization
ED/EDR or Desalination or
Membrane Filtration
AltelaRain® or Radial
Deionization
ED/EDR or Membrane Filtration
or Desalination or Ion Exchange
GE’s EDR system or Forward
Osmosis
ED/EDR or Membrane Filtration
or Desalination
GE’s EDR system or Forward
Osmosis
Membrane Filtration;
Desalination; ED/EDR
GE’s EDR system

7.3.1 Primary Treatment Recommendations
For primary treatment, filtration is recommended for all shale plays. Filtration is a relatively
inexpensive option and is effective at removing more particulate-like constituents (e.g. TSS, oil
and grease, bacteria etc.) making it an attractive option for initial treatment.

Hydrocyclones are recommended for the Barnett, Eagle Ford, and Niobrara due to the tendency
of these shale plays to have increased concentrations of oil and grease in the produced water.
Hydrocyclones can efficiently separate both solids and oil and grease from the wastewater,
thereby satisfying the solids removal requirement as well.
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Since Haynesville generally has wastewater with very high levels of TSS, either adsorption or
coagulation/flocculation/sedimentation are recommended since these treatment options are
effective at removing higher levels of TSS. In addition, these technologies are also more
effective in removing organic matters that might be present in the wastewater.

Without reliable numbers on the TSS amounts in the Fayetteville shale, the team recommended
settling ponds; this treatment option is relatively cheap and easy to use though there are potential
environmental impacts associated with this treatment option. Arkansas only allows pit storage of
wastewater for 90 days.
7.3.2 Secondary Treatment Recommendations
In terms of secondary treatment, distillation was recommended for those shale plays with
medium to high average TDS concentrations, which include the Marcellus, Utica, Bakken,
Haynesville and Barnett. Three options available are mobile thermal distillation units, multieffect distillation (MED), and vapor compression distillation (VCD). While these technologies
can be applied to produced and flowback waters with a wide range of TDS concentrations, the
energy consumption for each technology varies. VCD is the most energy-efficient of the three
forms of distillation while thermal distillation is the most energy-intensive. Cost will be the
biggest determining factor of what is used in the shale formations for which this treatment
process is recommended.

ED/EDR was recommended for shale plays with somewhat medium/high (Haynesville) to low
average TDS levels. It improves the membrane performance by reducing the possibility of
membrane fouling, which is a major concern for membrane technologies. Although conventional
ED/EDR technology can treat up to medium TDS levels, emerging technology option, namely
Radial Deionization has greatly loosened the constraints by increasing the TDS tolerance to up to
100,000 ppm. It is able to treat the Haynesville down to reusable levels but does not have the
ability to treat higher average TDS concentrations such as those found in the Marcellus, Utica
and Bakken. A caveat for ED/EDR system is the relatively high treatment cost compared to other
options.
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Ion Exchange is an effective treatment process for wastewaters with high levels of hardness. The
Bakken and Woodford formations’ produced waters contain high levels of hardness that can be
addressed by ion exchange used in combination with another secondary treatment technology
like distillation or even a simpler primary treatment technology like sand filtration.

Desalination and membrane filtration were also recommended for shale plays with medium to
low average levels of TDS for the same reasons. Membrane separation technologies are highly
effective in removing TDS (>90% removal rate). The cost of reverse osmosis and membrane
filtration depends on operating capacity, membrane area, operating pressure, and membrane
regeneration frequency. Although the application area both types are similar, they are not
interchangeable. Reverse-osmosis-based desalination process can achieve a higher treatment
efficiency compared to micro filtration, nano filtration, and ultra filtration, but also at a higher
cost. The choice between the two technologies should be based on engineering specifics and
cost.

8.

CONCLUSION

Faced with public concerns and regulations at federal and state levels, the fracking-related
wastewater management and disposal market will continue to grow in the next few decades with
the increasing importance of shale gas in the U.S. national energy structure. Of all the current
management and disposal methods, recycling and reuse of produced and flowback water is
considered the industry’s best practice. It reduces demand on freshwater supplies, reduces
pollution, and is generally less politically charged and more environmentally favorable. Its major
weaknesses are cost and removed solids disposal. Currently, the prospects for recycling and
reusing wastewater appear to be the strongest in Texas, Colorado, and Pennsylvania to state
regulations and regional concerns over water scarcity and surface water quality.

Despite this promising outlook, managing wastewater for shale hydrocarbon extraction is a
dynamic challenge. It is difficult to generalize about the cost of treatment compared to other
management and disposal methods. Cost comparisons will vary depending on producer’s needs
and their profit margins, the cost of natural gas and/or oil, water quality, the availability of and
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proximity to existing disposal or treatment options, the density of fracturing operations in a given
area, and the volume of water generated within a given area. Due to time constraints and public
information gaps, this paper does not address all of these aspects in fine detail. Future research
should focus on collecting more empirical or qualitative information in a method that could
allow for better comparisons between and within shale formations.

We recommended several treatment technologies that are capable of treating wastewater based
on known wastewater characteristics, state and federal regulations, and the capabilities and
characteristics of each treatment technology. In our view, recycling and reuse is the only
potentially sustainable option for hydraulic fracturing wastewater, and it offers the most
promising investment opportunities in this field. It may not be the most economically attractive
option at this time in all shale formations at this time, but it is moving in a promising direction.
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APPENDIX A

Water Rights and Acquisition Regulations by State
Obtaining freshwater for hydraulic fracturing is typically more challenging in waterscarce regions. In these regions, the additional cost of water acquisition and transport can
be higher than in other regions with more abundant water sources and more permissive
water use laws. Geographically concentrated shale gas extraction activities could increase
demand in those areas, especially if other industries, municipalities, or residents are
competing for scarce freshwater supplies (Carter, 2010). Drought and population growth
also add to the complex political nature of water allocation in water-scarce regions
(Carter, 2010).

States appropriate water rights and regulate surface and groundwater withdrawals
differently. They may also regulate withdrawals for oil and gas extraction or hydraulic
fracturing activities differently than they regulate other industries. The way a state
administers water rights and regulates withdrawals is a potential indicator of whether
treatment technologies that promote reuse and recycling of either produced or flowback
water could be more economically and environmentally viable in certain states. However,
it is important to acknowledge that other factors may also make reuse and recycling of
wastewater more or less favorable compared other methods of management and disposal.

State water appropriation methods generally follow two doctrines: riparian rights or
prior-appropriation. Riparian rights stem from English common law and essentially
provide that people who own land adjacent to waterways have a right to use the water as
long as use of the water does not diminish water quality or quantity for another user.
Arkansas, Indiana, Louisiana, Maryland, Michigan, New York, Ohio, Pennsylvania, and
West Virginia employ the riparian rights doctrine of appropriation. Generally, these states
tend to have relatively abundant water supplies but may face other challenges associated
with water availability such as pollution, population growth, or competing uses for water.
Non-riparian uses and consumptive uses in these states tend to be regulated by the state.
In contrast, the prior-appropriation doctrine asserts a first come, first serve approach
toward water appropriation and treats water like any other commodity that can be bought
and sold. Water must be put to a “beneficial use” and diverted within a reasonable

amount of time in order to obtain water rights. The state is considered the water owner
until rights are allocated. Texas, Colorado, Montana, Oklahoma, and Wyoming, where
water is scarce, employ the prior-appropriation doctrine.

1.

Pennsylvania

Depending on the source, water withdrawals for hydraulic fracturing in Pennsylvania can
be regulated by either the Pennsylvania Department of Environmental Protection
(PADEP), the Susquehanna River Basin Commission (SRBC), or the Delaware River
Basin Commission (DRBC). Of these, the SRBC has the largest influence on freshwater
availability within the state. The SRBC requires all withdrawals for oil and gas extraction
to seek prior approval for any amount of surface or ground water (18 C.F.R. §
806.4(a)(8)) and obtain a consumptive use permit for withdrawals of surface or
groundwater that exceed 20,000 gallons per day (gpd) (18 CFR § 806.22(f)). The DRBC
requires oil and gas operators to acquire prior approval for withdrawals for ground or
freshwater over 100,000 gpd (18 C.F.R. § 401.35). Pennsylvania requires all users of
water who withdraw over 10,000 gpd from surface water or obtain water from another
person in a critical water area to register with the state. Additionally, users who obtain
over 100,000 gpd of water from another person in a non-critical water area also have to
register with the state (25 Pa. Code § 110.201). Pennsylvania also encourages the use of
“surface water impacted by acid mine drainage” as a water source (PADEP, 2013)

2.

Ohio

Water withdrawals in Ohio are regulated by different agencies depending on the source.
Facilities with the capacity to withdraw 100,000 gpd or more from any waters of the state
are required to register with the state (Ohio Rev. Code Ann. § 1521.16). New or
increased consumptive uses of over 2 million gpd are required to obtain a consumptive
use permit (Ohio Rev. Code Ann. § 1501.33). Diversions of 100,000 gpd or more from
the Ohio River Basin to the Lake Erie Basin must obtain a permit from the state (Ohio
Rev. Code Ann. § 1501.32). Some withdrawals in Ohio are also subject to rules of the St.
Lawrence River Basin Water Resources Compact, which sets a number of permitting

requirements and restrictions for withdrawals from the Lake Erie Basin (Ohio Rev. Code
Ann. § 1522.01).

3.

West Virginia

West Virginia requires water users who withdraw over 750,000 gallons per month
(25,000 gpd) per facility to register with the West Virginia Department of Environmental
Protection’s Division of Water and Waste Management (DWWM) ("Industry Guidance,
Gas Well Drilling/Completion, Large Water Volume Fracture Treatments," 2010).
Additional water withdrawal information is required in the oil and gas well permitting
process. Increased water withdrawals for “high-volume” hydraulic fracturing activities
are a rising concern in West Virginia. In 2011, West Virginia passed the Natural Gas
Horizontal Well Control Act, which adds reporting requirements for withdrawals for
hydraulic fracturing (W. Va. Code § 22-6A). Under this law, any well operator who uses
over 210,000 gallons of water per month for hydraulic fracturing must prepare a water
management plan that is subject to review by the West Virginia Department of
Environmental Protection’s (WVDEP) Office of Oil and Gas (OOG). Among other
things, the water management plan must identify sources of freshwater used for the
fracturing job and the planned wastewater disposal method (W. Va. Code § 22-6A-7(e)).

4.

Michigan

Michigan employs a riparian doctrine of appropriation for water rights. Generally, the
Michigan Department of Environmental Quality (MDEQ) Water Use Program requires
reporting for withdrawals exceeding 100,000 gallons per day and permits for withdrawals
exceeding 2,000,000 gallons per day (NCSL, 2013). However, water withdrawals for oil
and gas operations are exempt from Michigan’s water withdrawal statute (MCL §
324.32701). Instead, oil and gas operations using hydraulic fracturing are subject to the
requirements of Supervisor of Wells Instruction 1-2011, which sets self-assessment
requirements regarding the potential impacts of water withdrawal along with other
reporting requirements (MDEQ, 2011). Essentially, water scarcity is not currently a
problem in Michigan, but the state is taking measures to ensure that increased

withdrawals for hydraulic fracturing are protective of water resources and the
environment.

5.

Louisiana

Louisiana employs a riparian rights approach to water allocation. Major water sources
used for hydraulic fracturing in the Haynesville Shale include the Red River Alluvial
Aquifer, the Red River, industrial wastewater, recycled flowback water, and water
purchased from riparian owners (Bruyninckx, 2010). For hydraulic fracturing activities,
the Louisiana Department of Natural Resources requires well operators to report their
water sources and the volume of water used after well completion (Welsh, 2012).

6.

Texas

Texas employs a dual-doctrine approach to water rights. Surface water is owned by the
state, but groundwater is considered private property of the landowner (TX Water Code §
11). The only surface water source from which oil and gas developers can withdrawal
without a permit is the Gulf of Mexico or its adjacent bays and arms, as long as the
quantity does not exceed one acre-foot of water in 24 hours (325,851 gpd). All other
surface water sources require that the user to obtain appropriated water rights. Temporary
water use permits are issued up to 10-acre-feet over a one year time period, or for uses
that exceed the 10-acre-feet per year or a longer duration of diversion time. Groundwater
in Texas is generally considered property of the landowner and can be used however the
landowner chooses. However, Texas’ water conservation districts and groundwater
management areas oversee the groundwater resources within their jurisdictions. In these
areas, groundwater wells may be subject to spacing requirements, waste prohibitions, and
permitting for new groundwater wells (TX Water Code § 36). There is concern about
over-using groundwater supplies, especially in arid regions of the Eagle Ford and the
Permian Basin, but groundwater well permitting varies by groundwater conservation
districts. Proposed legislation S.B. No. 873 aims to create a statewide permitting

requirement for groundwater withdrawals for hydraulic fracturing and other oil and gas
uses from newly drilled water wells.1

7.

Oklahoma

Oklahoma follows the prior-appropriation doctrine to allocate water rights. The
Oklahoma Water Resources Board issues permits for both surface and groundwater
withdrawals of any quantity for non-domestic uses, including oil and gas activities (Okla.
Stat. tit. 82, §§ 105.1-19, §§ 1020.1-11, Okla. Admin Code § 785:20 and § 785.30). Oil
and gas operators tend to seek 90-day provisional temporary permits rather than longterm permits.

8.

Arkansas

Arkansas employs the riparian rights doctrine of appropriation for water rights.
Generally, registration is required for both surface and groundwater withdrawals, and
non-riparian surface water permitting is applicable to hydraulic fracturing of natural gas
wells (National Conference of State Legislatures, 2013).

9.

Colorado

Water withdrawals are strictly regulated in Colorado due to water scarcity. The state
employs the prior appropriation doctrine and relies on judicial permitting for water rights.
Water withdrawals are overseen by the Colorado Department of Natural Resources’
Division of Water Resources, but water rights decisions are also decided through judicial
permitting. Water access for hydraulic fracturing also depends on whether the water
source is “tributary” or “nontributary,” (2 CCR 402-17).2 All water is considered
tributary unless found to be non-tributary (2 CCR 402-17.7). Waters that are found to be
nontributary are exempt from the prior-appropriation doctrine (2 CCR 402-17). Produced
water from parts of the Niobrara formation are considered nontributary (2 CCR 402-

1

S.B. No. 873. Text available from:
http://www.capitol.state.tx.us/Search/DocViewer.aspx?K2DocKey=odbc%3a%2f%2fTLO%2fTLO.dbo.vw
CurrBillDocs%2f83%2fR%2fS%2fB%2f00873%2f1%2fB%40TloCurrBillDocs&QueryText=SB+873&Hi
ghlightType=1.
2
This refers to whether a groundwater source is hydraulically connected to surface water. It is only
“nontributary” if it is found to be not hydraulically connected to a surface water body.

17.7(D)(10)(e)), which could make reusing this water attractive. Many operators lease or
purchase water from existing water rights holders (STRONGER, 2011a).

10.

Wyoming

Wyoming employs a prior-appropriation doctrine for surface and groundwater rights. The
Office of the State Engineer is responsible for regulating “surface water appropriation,
construction of water supply wells and appropriation of water from those wells, and the
beneficial use of water produced in association with the recovery of hydrocarbons,” (4
Wyo. Admin. Code § 1(c)(iii)). Surface water rights for oil and gas exploration and
production are usually obtained through the same means as other uses (Wyo. Admin.
Code ENG SW Ch. 4 § 1). Temporary rights are most common for oil and gas purposes,
and they last until the completion of the use or for a two-year time period (Wyo. Admin.
Code ENG SW Ch. 4 § 2(a)(3)). Oil and gas operators can also obtain temporary access
to existing rights for up to two years, which can be done through a written agreement
between a water user and a water owner (Wyo. Admin. Code ENG SW Ch. 4 § 3). The
State Engineer’s office also issues permits for groundwater rights (W.S. §41-3-930, Wyo.
Admin. Code ENG GW Ch.2 § 1).

11.

Montana

Montana employs a prior appropriation doctrine for water rights and requires entities that
withdrawal water to obtain a permit, with some exceptions (Mont. Code Ann. §§ 85-2-10
to 117; Mont. Admin. R. 36.12.101.2001).

12.

North Dakota

North Dakota employs a prior appropriation doctrine for water rights and regulates water
withdrawals through permitting and reporting, with exceptions for domestic, livestock,
fish, wildlife or recreation and withdrawals less than 12.5 acre-ft. per year. The North
Dakota State Water Commission, Water Permits office, oversees water withdrawals
(N.D. Cent. Code § 61-04, NDAC 89-03-01-03).

APPENDIX B

PADEP General Permit WMGR123: “De-wasted” water quality criteria
Constituent

Maximum Limit

Aluminum

0.2

mg/L

Ammonia

2

mg/L

Arsenic

10

ug/L

Barium

2

mg/L

Benzene

0.12

ug/L

Beryllium

4

ug/L

Boron

1.6

ug/L

Bromide

0.1

mg/L

Butoxyethanol

0.7

mg/L

Cadmium

0.16

mg/L

Chloride

25

mg/L

COD

15

ug/L

Chromium

10

ug/L

Copper

5

ug/L

Ethylene Glycol

13

ug/L

Gross Alpha

15

pCi/L

Gross Beta

1000

pCi/L

Iron

0.3

mg/L

Lead

1.3

ug/L

Magnesium

10

mg/L

Manganese

0.2

mg/L

MBAS (Surfactants)

0.5

mg/L

Methanol

2.5

mg/L

Molybdenum

0.21

mg/L

Nickel

30

ug/L

Nitrite-Nitrate Nitrogen

2

mg/L

Oil & Grease

ND

-

pH

6.5-8.5

SU

Radium-226 + Radium-228

5

pCi/L

Selenium

4.6

ug/L

Silver

1.2

ug/L

Sodium

25

mg/L

Strontium

4.2

mg/L

Sulfate

25

mg/L

Toluene

0.33

mg/L

TDS

500

mg/L

TSS

45

mg/L

Uranium

30

ug/L

Zinc

65

ug/L

APPENDIX C

APPENDIX D

APPENDIX E

Contaminant

Colorado Maximum Contaminant Concentration Levels
(COGCC Rule 910, Table 910-1)
Concentration in Soil (mg/kg) Concentration in Groundwater (ug/L)

TPH (total volatile and extractable
petroleum hydrocarbons)
Benzene

500 mg/kg

-

0.17

5

Toluene

85

560-1,000

Ethylbenzene

100

700

Xylenes (total)

175

1,400-10,000

Acenapthalene

1,000

-

Anthracene

1,000

-

Benzo(A)anthracene

0.22

-

Benzo(B)fluoranthene

0.22

-

2.2

-

0.022

-

22

-

Dibenzo(A,H)anthracene

1,000

-

Fluoranthene

1,000

-

Fluorene

1,000

-

Ideno(1,2,3,C,D)pyrene

0

-

Napthalene

23

-

Benzo(K)fluoranthene
Benzo(A)pyrene
Chrysene

1,000

-

<4 mmhos/cm or 2x
background
<12

-

6 to 9

-

TDS

-

<1.25 x background

Chlorides

-

<1.25 x background

Sulfates

-

<1.25 x background

Arsenic

0.39

-

15,000

-

2

-

70

-

120,000

-

Pyrene
Electrical Conductivity (EC)
Sodium Adsorption Ratio (SAR)
pH

Barium (LDNR True Total
Barium)
Boron (Hot Water Soluble)
Cadmium
Chromium (III)

-

23

-

3,100

-

Lead (inorganic)

400

-

Mercury

23

-

Chromium (VI)
Copper

1,600

-

Selenium

390

-

Silver

390

-

Zinc

23,000

-

Below detection level

Below detection level

Nickel (soluble salts)

Liquid hydrocarbons including
condensate and oil

APPENDIX F

Wyoming Discharge Parameters for Oil and Gas Produced Waters
Parameter
Aluminum, Dissolved

Standard or Limit
750 ug/L

Arsenic, Total Recoverable

150 ug/L

Barium, Total Recoverable (New Facilities)

2000 ug/L

Boron, Dissolved (New Facilities)

5000 ug/L

Cadmium, Dissolved

0.25 ug/L (Hardness dependent)

Calcium, Dissolved

-

Chloride- Technology Based

2000 mg/L

Chloride, For Class 2A and 2B Waters

230 mg/L

Chromium, Dissolved (III)

74.1 ug/L (Hardness dependent)

Copper, Dissolved

9 ug/L (Hardness dependent)

Fluoride, Dissolved (New Facilities)

4,000 ug/L

Hardness (CaCO3) mg/L

(For metals analyses)

Iron, Dissolved

1,000 ug/L

Iron, Dissolved, For Class 2A and 2AB Waters

50 ug/L

Lead, Dissolved

2.5 ug/L (Hardness dependent)

Magnesium, Dissolved

-

Manganese, Dissolved

1462 ugL (Hardness dependent)

Manganese, Dissolved, for Class 21 and 2AB Waters

50 ug/L

Mercury, Dissolved

0.77 ug/L

Molybdenum, Dissolved (New Facilities)

300 ug/L

Nickel, Dissolved

52 ug/L (Hardness dependent)

Oil and Grease

10 mg/L

pH

6.5-9 s.u.

Radium 226, Total recoverable

5 or 60 pCi/L

Radium 228, Total recoverable

5 pCi/L

Selenium, Total recoverable

5 ug/L

Silver, Dissolved

3.4 ug/L (Hardness dependent)

Sodium Adsorption Ratio

-

Sodium, Dissolved

-

Specific Conductance

7,500 micromhos/cm

Sulfates

3,000 mg/L

Sulfide-Hydrogen Sulfide (S2-, HS-)

2 ug/L

TDS

5,000 mg/L

Total Petroleum Hydrocarbons

-

Zinc, Dissolved

118.1 ug/L (Hardness dependent)

APPENDIX G
(See attached MS Excel Spreadsheet)

APPENDIX H

Emerging Technology Examples
1. NOVEL AND EMERGING TECHNOLOGIES
A. Advanced Coagulation
Example 1:
Name: E-Floc (Ecolotron Inc., 2012)
Developer: Ecolotron, Inc.
Treatment Efficiency: >99% chloride removal rate; >90% TSS, Total Petroleum
Hydrocarbons (TPH), calcium and iron removal rate; and >80% sulfate-reducing bacteria
(SRB), sulfite, silica, strontium and barium removal rate.
Capacity: 8 barrels/min per unit and can be scaled up according to need
Development Phase: Post field-test (in Barnett)
Developer Technology Description:
An E-Floc unit is an EC reactor accompanied by an ancillary tank and clarifier. It can
effectively remove TSS, bacteria, VOCs (including benzene, toluene, ethyl benzene, and
xylene), total petroleum hydrocarbons, heavy metals, and chlorides. The technology can
come in multiple units to match the actual treatment need. It serves as a crucial pretreatment module before tertiary treatment. E-Floc is mostly used in flowback water
treatment, but can also be used to treat produced water with high TDS.
Technological Highlights:


Reliability: E-Floc provides a steady process to attain lower post-concentrations of
heavy metals when compared to chemical precipitation treatment;



Eliminating the addition of chemical reagents: E-Floc requires only pH control
chemicals and poly-electrolytes under most operating conditions;



Treating multiple contaminants: E-Floc is capable of simultaneously treating
multiple contaminants, reducing the use of add-on treatment facilities;



Small footprint: With a relatively small size of 55’(L)*9’(W)*9’(H), it allows for
easily adding multiple units based on the volume of wastewater;

Example 2:
Name: Single-step Extraction (Boman, 2012; OriginOil, 2012)
Developer: OriginOil
Treatment Efficiency: 98% hydrocarbon removal rate
Capacity: 1 barrel/min per unit
Development Phase: Laboratory test and early field test
Developer Technology Description:
Single-step Extraction was initially developed to harvest algae for renewable oil energies,
which contains long, specially designed tubes for hydrocarbon compounds to travel and
pre-conditioning modules to remove TSS. However, it has also been proven effective in
organic pollutant removal for flowback water treatment. Due the structural similarity
between algae and hydrocarbon pollutants, this process can cause pollutants to flocculate
and rupture with precisely tuned electrical wave patterns. The flocculated hydrocarbons
can be efficiently concentrated and processed.
Technological Highlights:


Chemical-free: Single-step Extraction does not require extra chemical addition
compared to biocides or friction reducers;



Continuous Process: This extraction process can be carried out without pausing for
refill or adding chemicals;



Low energy consumption: The process does not require high voltage or pressure;



Easy sludge dewatering: The output sludge has a water content ranging from 80-90
percent, which can be economically dewatered through centrifuges or filters.

B. Novel AOPP
Example 1:
Name: pHyX-in-Dissolved Air Floation (DAF) System (Peterson & Kast, 6 August,
2012)
Developer: Water Solution Inc.
Treatment Efficiency: 47.2% chloride removal rate; 98.3% microorganism removal
rate; and ~50% removal rate for sodium, potassium and calcium.
Capacity: Not yet scalable

Development Phase: Ongoing bench-scale testing and implementation in Bakken, ND
Developer Technology Description:
pHyX System is a cavitation-enhanced AOPP technology. pHyX-in-DAF System
employs the Venturi effect in the fluid stream to create cavitation (void space). At a high
temperature, the high pressure generated from the collapse of the voids can trigger
multiple oxidation reactions by dissociating water molecules into hydrogen and hydroxyl
radicals. After the oxidation process, the wastewater is treated with ferric chloride, a
common coagulant for solids settling, for precipitation. This system can efficiently
destroy organic chemicals in the fluids.
Technological Highlights:


Simple structure: pHyX-in-DAF System utilizes an in-line reactor, which requires no
distillation or membrane system as with traditional treatment processes;



Rapid reaction: The turbulent flow within the reaction chamber, the flow along the
deflector, the “atomizing” effect of the deflector, and mixing within the containment
chamber all aid in reducing reaction time;



Advanced dissolved air flotation system: The attached DAF system can reduce the
use of both the air compressor and pressurized recycle line;



Flexibility: pHyX-in-DAF System can be operated at various pressure levels.

Example 2:
Name: Ozonix® (Ecosphere Technologies Inc., 2012)
Developer: Ecosphere Technologies Inc.
Treatment Efficiency: up to 100% on-site reuse
Capacity: 105 barrels/min per unit
Development Phase: Post laboratory test and initial commercialization
Developer Technology Description:
Ozonix™ combines hydrodynamic cavitation, acoustic cavitation, and electro-oxidation
to enhance the dispersal of ozone in the wastewater to remove hydrocarbons. It can also
break down ozone molecules into hydroxyl radicals to initiate the deep oxidation process.
This process is usually operated under high temperature. Ozonix™ can be jointly used

with other treatment modules, including Ecos-Frac® and Ecos-Brine®, which were also
developed by Ecosphere Technologies Inc.
Technological Highlights:


Mobility: Self-contained Ozonix™ units are highly mobile, providing rapid on-site
set-up;



Low cost: Ozonix™ does not require chemicals or an external power source,
reducing the need for purchasing additives (e.g. biocides, scale-inhibitors, and
friction reducers) and reducing energy use;



High efficiency: Ozonix™ system can recycle the wastewater at 100% efficiency onsite, the highest among all emerging technologies covered in this section;



Rapid reuse: A single Ozonix™ unit has a processing capacity up to 3,300
gallons/min on-site, which is relatively high compared to other novel AOPP
solutions;



No extra pollution: Ozonix™ can eliminate secondary waste streams generated
during the treatment process.

Example 3:
Name: MIOX® on-site chemical generation systems (MIOX, 2011)
Developer: MIOX
Treatment Efficiency: Not specified
Capacity: Up to 1.6 million barrels/day
Development Phase: Early commercialization
Developer Technology Description:
The MIOX® system electrifies salts to produce a chlorine-based, oxidant-rich solution.
The superior mixed oxidant enables its effectiveness even at a high pH levels. The return
period on investment is typically 18 to 36 months.
Technological Highlights:


Low sensitivity to pH change: The MIOX® system can operate well in a high pH
environment;



Environmental safety: The oxidant mixture is of low toxicity and the environmental
hazard is minimal as it is injected into flowback at low concentrations;



Mobility: MIOX® systems has a small footprint and can be easily transported;



Controllability: MIOX® contains self-diagnosing systems, which can be monitored
and remotely controlled and allow for automatic adjustment to operating changes.

C. Enhanced Chemical Precipitation
Example 1:
Name: Waterone™ (Select Energy Services, 2011)
Developer: Select Energy Services and Pro Treat Technology Corp.
Treatment Efficiency: 99.5% water recycle rate
Capacity: Designed on demand
Development Phase: Pilot projects in Texas and Louisiana
Developer Technology Description:
Waterone™ is a permanent concentrated treatment facility that incorporates WT-970, a
specially formulated water-soluble gas well foamer developed by Pro Treat Technology
Corp., to treat flowback water. This process can be operated as a continuous process onsite and can effectively precipitate TDS and salts in flowback water.
Technological Highlights:


High efficiency: Waterone™ can provide high recycle rates on-site, with high
efficiency in treating soluble salts in the wastewater;



This technology is operated continuously.

2. NOVEL AND EMERGING PRODUCED WATER TREATMENT TECHNOLOGIES
A. Ion Exchange Process
Example 1:
Name: IonFlo (Drake Water Technologies, 2011)
Developer: Drake Water Technologies, Inc.
Treatment Efficiency: Not specified.
Capacity: 10 barrels/min, 10,000 barrels/day per unit
Development Phase: Post laboratory test
Developer Technology Description:

IonFlo is an enhanced version of conventional ion exchange process that allows rapid
regeneration of exchangers. Wastewater is pumped into the process vessel, which
contains a series of selective resins, where the dissolved salt ions can be replaced by the
ions released by the resin. The clean water can then be directly discharged. A resin
regenerator is also attached to the system to recover the resin after treatment. IonFlo can
treat large volumes of slightly polluted water produced during fracking operations.
Technological Highlights:


Modularity and scalability: IonFlo comes in modules, which can be easily scaled up
and down to fit treatment needs;



Continuous process: Continuous salt removal and resin generation saves time and
investment;



Mobility: The processing unit has a relatively small footprint without concrete or
steel, and thus can be easily deployed on site;



‘Dial In’ removal of sodium: The IonFlo Process removes only the amount of sodium
necessary to meet standards thereby generating savings on chemical regeneration
costs;



Zero water discharge: No wastewater stream exists in this system.

B. Electrochemical Charge Driven Separation Processes
Example 1:
Name: Electrodialysis Reversal System (GE, 2012)
Developer: GE
Treatment Efficiency: 94% water recovery rate and 40%-90% TDS removal rate
Capacity: 32 barrels/min per unit
Development Phase: Fully commercialized in wastewater treatment; recently expanded
to fracking water treatment
Developer Technology Description:
GE Electrodialysis Reversal System is a pioneered membrane water treatment technology
that can be used in multiple applications. The system is comprised of a stack of
membranes; when wastewater passes through the membranes, the anions and cations
dissolved in the water are attracted to the charged plates. Once the pollutant ions are

collected on the surface of the membranes, the membranes are recharged with reversed
currents that release the captured ions from the membranes.
Technological Highlights:


Long membrane life: 10 years;



High Silica tolerance: Withstands silica concentrations, up to 140 mg/L;



Low sensitivity: Less sensitive compared to RO and can be operated under changing
conditions;



Anti-corruption: The membranes are resistant to chloride and bacteria fouling.

Example 2:
Name: Radial Deionization (Atlantis Technologies, 2012)
Developer: Atlantis Technologies
Treatment Efficiency: >90% water recovery rate
Capacity: 32 barrels/min per unit
Development Phase: Pilot projects
Developer Technology Description:
The patented Radial Deionizing (RDI™) is a technology with high TDS tolerance. With a
super capacitor technology platform, it removes the ions within the dielectric layer as
feed water passes through. Once the capacitors are filled with ions, the polarity is
reversed and the ions are discharged back into the dielectric spacer and removed from the
system. A three-way valve is positioned at the outlet of the device to separate the brine
away from the clean tail water.
Technological Highlights:


Relatively high TDS tolerance: TDS concentration as high as 100,000 mg/L;



High-speed separation: Separation cycle can be as low as 2 min;



Modularity and Scalability: Scaled up or down depending on the treatment
requirements.

C. Osmotically Driven Membrane Separation Processes
Example 1:
Name: Forward Osmosis (HTI, 2011)
Developer: HTI Water Technology

Treatment Efficiency: >98% TOC removal rate
Capacity: Not specified
Development Phase: Field tests and initial commercialization
Developer Technology Description:
HTI’s FO technology uses a concentrated solution of organic and inorganic solutes
dominated by salt with high osmotic pressure as the draw solution. Due to the osmotic
pressure gradient, water will pass through the membrane from the wastewater to the draw
solution. The diluted clean draw solution then goes through RO or NF before it is
circulated back to the FO system. The effluent from the RO or NF system is ready for
reuse.
Technological Highlights:


Low pressure: Compared to conventional RO process, which requires a pressure of
400 psi to 11,00 psi, FO only requires a pressure of 25 psi;



Energy efficiency: FO process can reduce power consumption by 33% compared to a
normal osmosis process;



Stability: FO membranes are highly selective, reducing the fouling rate of the
membranes;



Internal recirculation: A high internal recirculation factor means that there is no need
to add extra draw solution during the process.

D. Enhanced MF/UF/RO Membrane Separation Technologies
Example 1:
Name: SepraMem (HTI, 2010)
Developer: HTI Water Technology
Treatment Efficiency: 80 to 97% oil removal rate
Capacity: 95 barrels per day per unit
Development Phase: Field tests and initial commercialization
Developer Technology Description:
HTI’s SepraMemTM Ultrafiltration membrane is installed with open channel spiral
elements, with the capacity to be scaled up to 9,000 gpd. The system is operated at a
pressure of 60 psi. The concentrate is collected for disposal and the permeate water can
be discharged to a POTW after post treatment.

Technological Highlights:


Scalability: The system is adaptable to a parallel system skid, allowing up to a fivefold increment in processing capacity;



High efficiency: The system can reject almost all oil and grease.

Example 2:
Name: Innovative Anti-fouling Polydopamine (PDOPA) Membrane Coating Technology
(Huang et al., 2011)
Developer: The University of Texas at Austin
Treatment Efficiency: 99.5% salt removal rate at 1000 psi for RO
Capacity: Not yet scalable
Development Phase: At least one field test in the Barnett
Developer Technology Description:
PDOPA is an effective anti-fouling surface coating for UF, NF, and RO membranes for
produced water purification that can improve the permeate flux for all types of
membranes. With the same amount of energy input from the pump, the modified RO
membrane generates 1.27 times more permeate volume than the unmodified RO after one
hour of oil/water emulsion filtration. The modified UF membrane permeate volume is
increased by a factor of 2.35 after one hour of oil/water emulsion filtration. PDOPA
modification is estimated to provide savings of up to 30% of the capital and 40-80% of
the operating costs compared to conventional membrane separation process.
Technological Highlights:


TDS tolerance for RO: RO membranes can maintain its effectiveness at a TDS
concentration of up to 25,000 mg/L;



Stability: With coating, the removal rate of RO membrane can be sustained over a
longer period of time.

E. Novel Filtration
Example 1:
Name: FilterSure (FilterSure, 2009; Ziemkiewicz et al., 2012)
Developer: Filter Sure Inc.

Treatment Efficiency: 40% removal rate for particulates with a diameter between 1.5 to
3.0 microns; 100% removal rate for particulates with a diameter greater than 3.0 microns
Capacity: Up to 5 barrels/min per unit
Development Phase: Deployed in municipal wastewater treatment and currently in the
field test stage for fracking wastewater treatment;
Developer Technology Description:
The FilterSure Modular Multi-media technology comprises five different types of
filtration media in separate modules, with each module being separated by filter screens.
It can effectively remove the TDS and TSS in the produced water, while preventing the
mixing or loss of filter media to achieve better pollutant removal efficiency.
Technological Highlights:


Wide treatment spectrum: The system can treat a wide range of complex wastewater,
with a TDS concentration of up to 188,000 mg/L;



Flexibility: Each module can be filled with media selected to meet current and
anticipated needs. Media sequence can be adjusted as necessary;



Modularity & scalability: Filtration media are separated into 6 to 12 inches deep
layers in five separate modules and more modules can be added according to need;



Fail-safe protection: When external pressure indicates a module is blinded, bypass
valves open automatically at preset pressure differentials allowing flow to bypass the
clogged module.

F. Advanced Adsorption
Example 1:
Name: Smart Sponge® (AbTech, 2011)
Developer: AbTech Industries
Treatment Efficiency: Removing three times of its own weight in hydrocarbons or five
times its own weight in oil
Capacity: Not specified
Development Phase: Laboratory and field test
Developer Technology Description:
Smart Sponge® is a polymer with a unique molecular structure to allow for higher
adsorption efficiency. It can selectively adsorb organic matter, including bacteria, oil and

grease. Upon adsorption, the sponge fully encapsulates the oil and transforms it into a
stabilized solid waste, preventing it from leaching. The absorption efficiency is
dependent on the contaminant level. The waste from the process can fit into vessels of
different sizes and can be disposed of in a landfill or reused after adsorption.
Technological Highlights:


Easy disposal: The product is non-toxic and can be disposed directly to landfill;



Waste-to-energy: Smart Sponge® is an acceptable waste product in the production of
electricity and Portland Cement;



Long life: The sponge is resistant to water, enabling a longer life.

Example 2:
Name: Osorb ® (ABSMaterials, 2010)
Developer: ABS Materials
Treatment Efficiency: 99% removal rate of hydrocarbon
Capacity: 8-60 gallons/min per unit
Development Phase: Pilot projects
Developer Technology Description:
Osorb® is a nano-engineered animated organosilica (or swellable glass) that can
effectively treat for various types of pollutants. During the adsorption phase, the material
can expand up to 14 times its original size. It can be regenerated after treatment and
produces no toxic by-products.
Technological Highlights:


Reusability: The material can be regenerated many times via mild thermal treatment
or rinsing before disposal or reuse;



Advanced modification: Modified versions of the material not only capture but also
break down contaminants in a catalytic process without resulting in toxic byproducts,
hazardous air emissions, or landfill waste.

3. HYBRID TECHNOLOGIES
A. Evaporation/Thermal Distillation
Example 1:

Name: AltelaRain® system (Altela, 2011; Martin, 2012)
Developer: Altela Inc.
Treatment Efficiency: 90% water recovery rate
Capacity: up to 3,175 barrels/day
Development Phase: Pilot project in Marcellus
Developer Technology Description:
AltelaRain® system is based on the mechanism of rainmaking. In the system, wastewater
is heated to produce clean water vapor free of pollutants. After the evaporation, two
output streams are generated: the clean distillate water (>90% of the influent) and the
concentrated tail water (<10% of the influent). The distillate water can be reused on site
whereas the concentrate water is stored or disposed of accordingly. The total cost
(including the capital cost and initial investment) of this system ranges from $3 per barrel
to $5 per barrel.
Technological Highlights:


High energy efficiency: This technology can significantly reduce the energy
consumption required in the process;



Mobility and Scalability: AltelaRain® technology is highly ‘modular,’ which can be
shipped in a single portable 45*8 foot container and easily sized to any given
application.

4. HOLISTIC TREAMENT SYSTEM
Example 1:
Name: Integrated Treatment System (ITS) (Ecologix Systems, 2010)
Developer: Ecologix Environmental Systems
Treatment Efficiency: 99% TSS removal rate, 99% hydrocarbon removal rate, and
capability to remove TDS, heavy metals, hydrocarbons, sulfates, sulfides, and organic
matters simultaneously.
Capacity: 31,000 barrels per day
Development Phase: Pilot projects
Developer Technology Description:

The ITS platform contains a Mobile Chemical Treatment (MCT) unit and Mobile DAF
unit. The MCT unit adds chemicals to condition the untreated water for physical
separation in the Mobile DAF unit. The Mobile DAF unit employs both aeration and
skimming to remove TDS and TSS from the aqueous phase.
Technological Highlights:


Versatility: ITS system can simultaneously deal with a wide variety of pollutants in
both flowback and produced water without adding any ancillary facilities;



Controllability: ITS has a control system to monitor all chemical feeds and mixing;



Energy efficiency: ITS has higher energy efficiency compared to other similar
products;



Mobility: ITS provides on-site treatment options;



Scalability: ITS systems can be scaled up to a capacity of 31,000 barrels per day.
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