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Abstract

The recent boom in natural gas production in Pennsylvania has generated huge volumes of
wastewater. Key drivers have been a combination of high prices for natural gas, advances in
horizontal drilling, and hydraulic fracturing; a technique used to explore ‘unconventional’ gas
formations. Using data gathered by the Pennsylvania Department of Environmental Protection,

the volumes of waste generated and waste disposal methods were examined.

Comparing wastewater and gas production from unconventional natural gas exploration in the
Marcellus shale (hereafter ‘Marcellus wells’), and conventional natural gas (hereafter
‘conventional wells’) found Marcellus wells were more efficient, producing approximately three
times more natural gas per gallon of wastewater. Waste composition was similar between the
two well types, but Marcellus wells produced an average of 1.355 million gallons (Mgal) of waste
and 1,301 million cubic feet of natural gas (MMcf) over four years compared with an average of
0.120 Mgal of waste and 32.2 MMcf from conventional wells for the same timeframe. While the
Marcellus wells are more efficient, the unconventional drilling has created a boom in natural gas

production in the northeast, dramatically increasing wastewater generation.

A timeline looking at regulatory changes over this period, and the resulting shifts in disposal
options, showed a transition from historical disposal methods, relying heavily on dilution, to the
current framework relying on reuse, injection wells and advances in dissolved solid treatments.
With growth expected in to continue in Pennsylvania and to spread to the neighboring states of

West Virginia and Ohio, waste generation will continue increasing in the northeastern region.

Based on this assessment of waste generation, disposal options, and future growth, the
northeast needs to focus on improving wastewater recycling and advanced wastewater
treatment options that remove dissolved constituents prior to disposal. Given the ecological
damage seen as shale gas expanded into the northeast and the regulatory restrictions that have
been created, well operators in the northeast must develop a system of reuse and treatment for

wastewater if shale gas is to continue expanding.
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Introduction:

Global energy demands are rising at a time when known energy reserves are declining. The
cost of energy for the consumer is on the rise (see Figure 1; EIA 2012a). With that rise have
come innovative methods to extract energy from unconventional sources. In the oil and natural
gas industry this has meant a shift from conventional drilling, in which gas is drawn from a
porous reservoir, to more intensive methods of extraction like hydraulic fracturing (CAPP 2011).
Hydraulic fracturing is the process of injecting large volumes of water, sand, and chemicals into
low porosity formations at high pressure, creating fractures that facilitate the migration of gas
to a wellbore for collection (US DOE 2009). This enhances the recovery of natural gas from

organic-rich formations with low permeability, like shale, a fine-grained sedimentary rock.

Monthly U.S_ Natural Gas Wellhead Price
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Source: U.S. Energy Information Administration

Figure 1 - United States wellhead prices for natural gas since 1973 (EIA 2012a).

Hydraulic fracturing, in combination with advances in horizontal drilling and the rise of
natural gas prices, has resulted in the exponential growth of gas production in Pennsylvania (See
Figure 2; EIA 2011; EIA 2012b). Pennsylvania sits over the Marcellus shale, the largest shale gas
deposit in the United States, with an estimated 494 trillion cubic feet of available natural gas (US
DOE 2009). During the peak of gas prices, gas production rose from both conventionally drilled
wells (hereafter ‘conventional wells’) and unconventionally drilled wells in the Marcellus shale
(hereafter ‘Marcellus wells’). Coupled with this growth was a substantial increase in wastewater
production. Between 2004 and 2011 wastewater volumes from oil and natural gas wells
increased by a factor of four, from around 200 million gallons (Mgal) to around 800 Mgal

annually (See Figure 3).
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Figure 2 - Gas and oil production estimates from the Pennsylvania Department of
Environment’s Oil and Gas Database (EIA 2011; EIA 2012b).!

Wastewater Production in Pennsylvania
1,200

B Marcellus Production
1,000

® Conventional Production

Wastewater (Mgal)

m‘_
[+

2003 2004 2005 2006 2007 2008 2009 2010 o1l

Figure 3 - Wastewater production from conventional and Marcellus wells from 2003 to 2011."

The arrival of hydraulic fracturing in the northeastern United States has caused a dramatic
increase in media attention (See Figure 4), placing it center stage in energy discussions.

President Obama encouraged the use of ‘American-made’ energy, citing shale gas in his 2012

! Bcf — Billions of cubic feet, Mgal — Millions of gallons



State of the Union address as a cleaner energy alternative that will create jobs in America
(Obama 2012). France recently banned hydraulic fracturing despite suffering from a natural gas
shortage during the 2011-2012 winter (Pilgram 2012; Casert 2012). Poland has embraced
hydraulic fracturing, leasing approximately 1.1 million acres of mineral rights and encouraging
the development of shale gas resources (Natural Gas Europe 2011). Britain suspended the use of
hydraulic fracturing when a direct link was found between the production enhancement
technique and a series of low-level earthquakes in Blackpool, England (Vukmanovic 2011).
Countries around the world are deciding between an energy future with the exploration of
unconventional resources using hydraulic fracturing or banning the development of resources
using the controversial technique. The outcome could be crucial, risking either poorly
understood and potentially permanent environmental damage or declines in economic growth

due to growing energy costs.
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Figure 4 - Media coverage of the term “hydraulic fracturing” from a variety of sources.’

The controversy surrounding hydraulic fracturing rests on a series of poorly understood

environmental impacts. The extraction of natural gas through hydraulic fracturing may have

? Articles were counted by going to the publications website and searching for “hydraulic fracturing” by
year in the publications archive.



direct impacts on the environment (Zoback 2010), but some of the largest impacts are from the
generation of large quantities of wastewater. Current conventional on-shore oil and gas
activities generate an estimated 848 billion of gallons (Bgal) of wastewater per year (Clark and
Veil 2009). At present it is unclear how hydraulic fracturing and the development of
unconventional gas resources may alter the volumes of wastewater being generated. Disposal of

wastewater is one of the largest challenges facing the natural gas industry (Clark and Veil 2009).

History of Hydraulic Fracturing

Hydraulic fracturing has been used in oil and gas production since the 1940’s, although only
recently has hydraulic fracturing been widely used to develop unconventional shale gas
resources (Economics and Martin 2007). In additional to higher prices, advances in hydraulic
fracturing fluid mixtures and better horizontal drilling techniques have both decreased the costs
and increased the effectiveness of these practices (Boyer et al. 2006; Economides and Martin

2007), leading to a widespread development of unconventional resources.

The most common hydraulic fracturing method currently in use, called slick-water hydraulic
fracturing, was developed for the Barnett shale in Texas in the 1990’s (Economides and Martin
2007; Paktinat and O’Neil 2011). It was not until the mid-1980s that operators began using
massive hydraulic fractures (MHF) in the Barnett shale, which used a gel-based fluid (2,270 m?)
and sand (635,000 kg) to open the fractures (Boyer et al. 2006). In 1997 the focus shifted to the
use of slick-water techniques, which uses a much higher ratio of water to chemicals than gels.
For modern hydraulic fractures the ratio used is between 11,000 m? to 19,000 m® of water,
1300-2300 kg of sand, and 110-190 m? of chemicals on average per well (US DOE 2009).* While
well performance was only slightly improved using slick-water mixtures, costs were
approximately 65% lower, prompting an almost complete shift to slick-water fracturing (Boyer

et al. 2006).

The second important technological advance was the ability to utilize horizontal drilling to
focus on specific rock formations. The thickness of a shale beds is generally only 100 to 600 feet,

greatly limiting the effect hydraulic fracturing can have in vertical wells (US DOE, 2009).

3 The ratios of water, sand, and chemicals were calculated based on information from Modern Shale Gas:
a Primer (US DOE 2009). Sand density was assumed to be 2.6 Kg/m”.



Horizontal drilling, developed in the 1990’s, allows operators to follow the bedding of shale
formations, greatly increasing the surface area of the formation in contact with the well (EIA,
1993). In the late 1990’s the combination of slick-water hydraulic fracturing and horizontal
drilling began to be used in shale gas extraction (EIA 1993; Boyer et al. 2006). The need to
fracture horizontally drilled wells led to a third development, multi-stage fractures, where a
small section of the well could be segregated from the rest of the well bore for fracturing. Each
of these advances has increased the amount of gas that can be produced from previously

unviable formations (Economides and Martin 2007).

Gas production is greatest immediately following hydraulic fracturing and then declines
steeply, with a 5 to 10 year period of viable production (King 2010). Re-fracturing, where an
older well is hydraulic fractured again to increase production, is common when dealing with
wells fractured using a gel-treatment. The older gel treatments were not as effective and re-
fracturing has increased well production considerably (King 2010). Re-fracturing slick-water
fractured wells was initially less successful (Boyer et al. 2006), but has not been dismissed (King
2010). Research is being done to improve re-fracturing in slick-water fractured wells (Zoback et
al. 2010). The ability to re-fracture wells will be important in determining how much water a
well uses over the course of its life. The re-fracturing process would require a similar volume of

water as the initial fracturing and would result in similar wastewater production.

Outline of Topics

The relative waste volumes generated from conventional and unconventional wells remain
poorly understood. This paper will present an analysis of gas and wastewater production from
unconventional wells drilled in the Marcellus Shale (‘Marcellus wells’) and conventionally drilled
wells from Pennsylvania (‘conventional wells’). The Marcellus shale is located under
Pennsylvania, New York, West Virginia, Ohio, and Maryland (See Figure 5, DOE 2009) with most

of the current development in the Marcellus region is located in Pennsylvania (PA).
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Figure 5 — Shale gas plays in the United States, including the Marcellus shale in the northeast
(EIA 2010).

In Section I, | will address differences in waste generation and relative efficiencies between
conventional wells and Marcellus wells. | will examine disposal practices and the effects of
regulation overtime in Section /. Pennsylvania is of particular interest because it faces unique
challenges for wastewater disposal. In most natural gas producing regions, the majority of
wastewater is disposed of through injection wells, which re-injects the waste into the deep
geologic formations (Veil and Clark 2010a). Limited injection well capacity within Pennsylvania
has led to the disposal of wastewater through a variety of surface methods (Johnson 2011).
Realizing some of these disposal practices may pose a risk to drinking water supplies and aquatic
ecosystems (Volz et al. 2012), Pennsylvania has made regulatory changes that force well
operators to consider alternative methods of disposal. | present a timeline of waste disposal
trends and demonstrate how regulatory changes have shifted the landscape of disposal, as well

as identify potential future trends for waste disposal.

Finally, l include a brief discussion of potential growth in shale gas drilling in the

northeastern United States to evaluate future waste volumes in Section Ill. The study uses



current estimated waste production, trends in waste disposal, and future growth scenarios to

consider options for Pennsylvania’s growing wastewater disposal needs.

Methods:

Data were downloaded from the PA DEP oil and gas reporting website. The PA DEP Bureau
of Oil and Gas Management (BOGM) collects data on well production and waste volumes in
accordance with PA law (25 PA §78.121). Well reports are due annually for all wells, including
the production volumes of hydrocarbons, types and volumes of waste, and waste disposal or
reuse information (25 PA §78.121(a)). Well location, well type, and operator identification
information is collected at the time of drilling (25 PA§78.122). The collected data had several
errors that needed to be addressed. The following discusses errors and corrections to the data

prior to analysis.

Information was collected annually from conventional well operators. Marcellus operators
reported annually until March 2010, when a new law required reporting of Marcellus well
production and waste volumes bi-annually (PA S.B. 297). Data from Marcellus wells were
reported twice during the transition in the period from July 2009 to December 2009. Although
the reported gas and waste records overlapped for this period, waste records were not
duplicated in the reported data (Roger Dietz, PA DEP, personal communication). Gas production
was duplicated over the period and required re-calculation. The database included days of

production, allowing estimates of production in the overlapping period.

The data contained numerous wells that reported no production of gas, oil or condensate.
These wells were removed from the analysis, leaving the 2,240 Marcellus wells and 81,718

conventional wells.

Data were reported for each well by waste type and accepting disposal facility for each year.
In a given year a well could produce multiple types of waste and deliver to multiple facilities,
with separate entries for each waste type and facility. In cases where a single volume of
wastewater was sent to multiple facilities, the volume of wastewater appeared to be over-
reported. Several wells recorded the same amount of waste for a single period going to multiple

waste facilities, and, upon closer review, the total waste volumes for these records appeared



abnormally high. Considering reasons for this error, the most feasible explanation appears to be
the total volume of waste was reported disposed to each facility, where in reality only a portion
of the waste went to each facility. This would multiply the waste volume generated at any
individual well by the number of facilities used, giving a falsely high waste volume. Given this
assumption the waste amount was divided evenly between all the accepting facilities. The
analysis looked for wells with identical waste volumes during individual periods (yearly or bi-
yearly) being delivered to multiple facilities. For waste deliveries meeting these criteria, the
waste volume was divided by the number of disposal facilities and this new volume was

reported for each facility.

The wells also reported a waste by type, classifying the waste by 8 residual waste codes
defined by the Bureau of Waste Management (BWM 2001). Only 6 of the wastes refer to liquid
waste, Brine, Drilling Waste, Fracking Fracking waste (sometimes called Frac Fluid), Basic
Sediment, Servicing Fluid and Spent Lubricant Waste. A description of these waste types will be

discussed in Section I. All waste types were assumed to be correctly identified in the reporting.

For each waste record, the disposal facility name, address and geographic coordinates were
provided. Additionally, operators reported a ‘Disposal Method’ indicating the type of facility
receiving the waste. Several reported fields for disposal facilities had significant problems.
Common errors included misspellings in the facility name, lack of location information, and
multiple ‘disposal methods’ identified for a single facility. Clean-up of the data focused on
correctly identifying Municipal Treatment Facilities or publically owned treatment works
(POTW), centralized waste treatment facilities (CWT) and injection wells. Similar disposal facility
names and geographic locations were checked against data gathered from Google Earth, the PA

DEP, Argonne National Laboratory, and facility websites.

After correcting the data, statistical analyses were performed to assess differences in
wastewater volumes generated by conventional and Marcellus wells. Because the data were
often non-normally distributed, comparisons were made using 95% bootstrapped confidence

intervals.

To create a timeline of waste disposal, overall waste disposal volumes were totaled by year.

While some conventional wells also produce substantial quantities of oil, all conventional wells



were included in the analyses because they all produced varying amounts of natural gas and
because the wastewater is disposed of using the same methods regardless of how much oil a
well produces. The total volumes were analyzed by waste type and year, and compared with a

discussion of regulatory changes in Pennsylvania.

The waste data from 2007 was permanently lost by the PA DEP and was not available for

this analysis.

Section I: Waste Composition and Production

Wastewater is produced continuously throughout drilling, fracturing, and production
phases. At different stages the chemical composition of waste can vary greatly. The wastewater
entered into the Pennsylvania DEP database is separated into 6 categories that indicate what
part of the process the waste is produced in (BWM 2010). The following section will discuss how
waste is generated, estimates of waste volumes, and consider general contaminants for each
waste type. Although the following section will discuss how errors may occur in the labeling of

waste, all of the waste labels are assumed to be correct for this analysis.

Drilling Fluids
The first type of waste is drilling fluid, also called drilling mud. Drilling fluid is used during the

drilling process to lubricate the drill bit, control any upwelling pressure in the well, and support
the well bore while removing drill cuttings (Caen et al. 2012; NYSDEC 2011). There are a variety
of potential drilling fluids that can be used by well operators, including air-based, water-based,
petroleum-based and synthetic-oil (‘food-grade’) based drilling fluids (Caen et al. 2012). In
Pennsylvania the surface area of the well, from the surface to 50 feet below fresh groundwater
or 50 feet into consolidated rock (whichever is deeper), must be drilled with air, freshwater or
freshwater based drilling fluid (25 PA § 78.83(a); 25 PA § 78.83(c)). Below this depth, there are
no regulations requiring or banning the use of any particular type of drilling fluid, but
petroleum-based drilling fluid is rarely used by industry due to environmental protection laws
and costs (OH EPA 2012; Caen et al. 2012). However, the use of petroleum-based muds may
occur in Marcellus shale drilling as they have recently been used in other shale gas fields (Mabile

et al. 2011).

9



Conventional and Unconventional Drilling Fluid Production
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Figure 6 - Drilling waste volumes produced from conventional and Marcellus wells.

On average, Marcellus wells generated more drilling fluid waste than conventional wells,
with a mean drilling fluid disposal of 175,000 gallons + 30,700 per Marcellus well. The range of
drilling waste from conventional wells was much lower, with an average of 27,000 gallons +
1,600 per well. There are two possible explanations for the difference in waste volume from
Marcellus and conventional wells. The first is depth. The Marcellus formation is one of deepest
hydrocarbon formations in the area, lower than many of the conventional formations (Milici and
Swezey 2006). An increase in drilling fluid would be expected from the deeper drilling required
to reach the Marcellus formation. The second is the horizontal drilling used in many Marcellus
wells, which extends the well bore.* As the length of the well bore increases, more drilling waste
would be expected. Overall the confidence intervals for conventional and Marcellus drilling fluid
volumes did not overlap, indicating that Marcellus drilling waste volumes were statistically

larger than conventional volumes.

This study assumes that similar drilling fluids are used for Marcellus and conventional wells,

although it is unclear whether different formations would use the same type of drilling fluids

* Marcellus data reported 2,758 wells listed as horizontally drilled with only 773 wells listed as vertical.
Data reported for conventional wells listed 3,444 vertical wells and only 4 horizontal wells.



(Caen et al. 2012). The analysis of impacts unique to hydraulic fracturing for the supplemental
generic environmental impact statement (SGEIS) prepared by the State of New York indicated
that drilling fluid for hydraulically fractured wells was considered the same as historic drilling
fluid types (NYSDEC 2011). Drilling muds may contain a number of hazardous contaminants,
including heavy metals, organic pollutants, and hydrocarbons (Mall and Donnelly 2010). Drilling

fluids are a one-time volume of waste, produced only during the creation of the well.

Fracturing Fluid and Brine

After drilling is complete, a well is ready for hydraulic fracturing stimulation. As previously
described (See History of Hydraulic Fracturing) hydraulic fracturing is a water intensive process
that produces large volumes of saline, chemically contaminated wastewater. Slick-water
fracturing fluids are a mix of around 91% water, 7.5% sand and 0.50% chemicals (See Figure 7;
Arthur et al. 2008). The specific composition of slick-water fluids differs between well operators

and shale formations.
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Figure 7 - Ratios of water, sand, and chemicals for slick-water fracture fluid (Arthur et al. 2008)

The amount of water needed to fracture a well is variable depending on the characteristics
of the well and the geologic formation. The common range listed is 3 to 5 million gallons for a
horizontal well in the Marcellus shale (US DOE 2009), but values as high as 9 million gallons have
been reported (DAERS 2010). A survey of 158 voluntarily reporting wells drilled in Pennsylvania
during 2010 and 2011 showed significant variability, with a mean volume of 4.8 Mgal and range

from 0.9 to 8.4 Mgal (See Figure 8; FracFocus 2011).

’



Water Use at 158 Wells in Bradford County, PA
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Figure 8- A histogram of water use for hydraulic fracturing in Bradford County. It is unclear
whether the wells were drilled vertically or horizontally (Frac Focus 2011).

After the hydraulic fracturing process, the pressure in the well is reversed and a portion of
the injected fluid is recovered. The second waste type, called flowback or fracking fluid, is
considered to be the recovery of these fluids. Estimates of fracking fluid recovery range widely,
with a national estimate of 10-70% of injected fluids (APl 2010). Regional estimates for flowback
volumes from the Marcellus shale are much lower with a range of 9-35%, however, data for
these estimates are limited (NYSDEC 2011). Fracking fluid is generally recovered between 2 to 8
weeks after the fracturing of the well is complete (NYSDEC 2011), but there are no specific rules
regarding separation between fracking fluid and the later stage fluid called brine (BWM 2010;
Adam 2012). Marcellus wells require hydraulic fracturing to be commercially viable, but
conventional wells may also be fractured to improve performance (Economides and Martin

2007; CAPP 2011).



Conventional and Unconventional Fracking Fluid Production
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Figure 9- Fracking fluid volumes produced from Marcellus and conventional wells.

When comparing the two well types, Marcellus wells produce significantly more fracking
fluid waste, around 460,000 gallons + 46,000 on average, while conventional wells produce
around 28,000 gallons £ 1,500. The increased volume of waste may be related to differences in
fracturing method between the two wells, the depth of the formations, or the length of the
wellbores due to horizontal drilling (Economides and Martin 2007; Milici and Swezey 2006). The
confidence intervals for fracking fluid from the two well types do not overlap indicating the fluid

volumes are statistically different.

Like drilling fluid, fracking fluid is considered a one time volume of waste that occurs after
hydraulic fracturing. While hydraulic fracturing may be repeated on the same well to increase
gas production a second time, the re-fracturing time period is long enough (between 7-10 years)
that no re-fracturing is expected to have occurred on wells from the Marcellus shale (Blauch et
al. 2009; King 2010). If re-fracturing occurs, the volumes of waste are expected to be similar to

the volumes of waste produced during the first fracturing job (King 2010).

Fracking fluid many contain a wide variety of residual chemicals used during the hydraulic

fracturing fluid (Colburn 2011). Fracking fluid is initially low in total dissolved solids (TDS) or

;



salts, naturally occurring radioactive material (NORM), and heavy metals similar to the fluid
injected into the well. Overtime the fracking fluid becomes a saline brine through contact with
the rocks and mixing with in situ formation fluids (Blauch et al. 2009). The shift from fracking
fluid to brine, the final type of waste fluid produced, occurs gradually and with separation

determined by the well operator (J. Adams, personal communication, March 8, 2012).

Brine

Brine is commonly produced in many types of oil and gas exploration (EPA 1987). In
conventional wells brine is generally considered to originate from within the formation and is
recovered during the gas production process (Veil 2004). For wells subject to hydraulic
fracturing, brine may be a mix of naturally occurring liquid and some remaining hydraulic
fracturing fluid. Brine can continue to flow for anywhere from 2 years after drilling to the end of

the well’s life (Blauch et al. 2010).

Brine Production by Year
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Figure 10 - Brine volumes from Marcellus and conventional wells for each year of production.

For conventional wells, the number of gallons of brine produced decreased slightly over

time (See Figure 10). The average brine produced during the first year of operation in



conventional wells was 26,500 gallons + 2,140 and declined between 2,000 to 10,000 gallons
each year for the first 4 years (Table 2). While other studies have observed increases in
conventional well brine production in other regions through time, we observe a significant
decline in conventional wells’ brine production in PA (Clark and Veil 2004). For Marcellus wells,
the results showed a more extreme decline (See Figure 10). The average production declined in
an exponential fashion, with 360,900 gallons + 40,200 in the first year and only 19,730 gallons +
10,600 produced by the fourth year (See Table 2). A four-year profile is shown in Figure 10. This
time period was chosen because there are few Marcellus wells reporting more than four years

of data.

Table 1 - Brine production by year for Marcellus and conventional wells.

Brine Production in gallons First Year Second Year Third Year Fourth Year

Marcellus Mean 360,900 247,300 91,640 19,730
Confidence Interval 40,200 62,700 25,400 10,600

Conventional Mean 26,500 16,370 14,120 11,150
Confidence Interval 2,140 1,140 1,300 1,030,

Brine tends to be highly saline, with salinity often more than twice seawater. Table 2
displays a range of contaminants in brine samples from Marcellus shale wastewater (NYSDEC
2011). Because fracking fluids and brine are difficult to differentiate and are often collected
together, this range indicates the level of contaminants that may be present in fracking fluid,
brine, or a combination of the two. Shown with the brine ranges are the requirements for
contaminants from the BOGM and a new PA regulation, started in August 2010. Disposal of oil
and gas waste has consistently required the removal of oil and grease, TSS, iron, and pH
adjustment, shown in Table 2 (BOGM 2001). In 2010, PA created a new regulation to address
common contaminants from oil and natural gas wastewater, including salts called total dissolved
solids (TDS) (PA Ch. § 95.10). The new TDS regulations set discharge levels for TDS, chloride,
barium, and strontium prior to disposal. These regulatory limits are shown in Table 2 to give an

indication of ecologically protective levels for surface disposal.



Marcellus (WV and Northern PA)?
Range (mg/L) Median (mg/L)

Table 2 - Contaminant levels for Marcellus wastewater and regulatory discharge standards.

Maximum Discharge

Level®€ (mg/L)

pH 0-85 6.6 6-8
TDS 1,530 - 337,000 63,800 500
TSS 16 - 2,080 129 30
Chloride 287 - 228,000 56,900 250
Barium 0.553 - 15,700 1,450 10
Iron 0-810 29.2 3.5
Oil and Grease 5-1,470 17 15
Strontium 0.501 - 5,841 1,115 10

a) NYSDEC 2011, b) BOGM 2001, c) PA § 95.10

Basic Sediment/Spent Lubricant/Servicing Fluid

These three fluids , basic sediment, spent lubricant, and servicing fluid, represent 0.039% of
the total waste disposed for both conventional and Marcellus wells. The largest group is basic
sediment, which is identified as “oil and gas production storage impurities/sediment”, amounts
to a total of 1.08 Mgal since 2004 (BWM 2010). The next two groups, spent lubricant, composed
of waste drilling lubricants, and servicing fluids, from maintenance or work over fluids, produced
less than 0.5 Mgal of waste total since 2004. Because these fluid types are minimal, no

discussion of contaminants or specific disposal options will be presented.

Gas production

Typically, natural gas production from shale gas, like Marcellus wells, shows an exponential
decline curve (King 2010). While conventional wells can have more stable gas production
overtime, impacted by various actions taken by the well operator, shale gas wells produce gas at
a rate set by the fracturing in the well. Figure 11 (below) shows the rate of gas production from

Marcellus and conventional wells in Pennsylvania.
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Figure 11 - Gas production from Marcellus and conventional wells by year.

Considerably more gas was produced from Marcellus wells relative to conventional wells,
especially in the first two years. The first year is typically not a complete calendar year and,
therefore, volumes for year one are likely underestimated. Thus the slight increase in the
second year for both Marcellus and conventional wells may have resulted because the second
year is the first full year of production. After the first full year, Marcellus wells show an
exponential decline over time, where conventional wells have only a small decrease in gas
production. Table 3 shows the average gas production for the two well types by year of

production.

Table 3 — Gas production by year for Marcellus and conventional wells.

Gas Production in Mcf First Year Second Year Third Year Fourth Year

Marcellus Mean 396,100 439,600 138,700 56,510
Confidence Interval 25,900 35,100 17,900 14,600

Conventional Mean 7,019 10,090 8,223 6,650
Confidence Interval 304 376 1,056 2,720,



Section I - Conclusions on Waste Volume Production

The total volumes of waste production are calculated both as cumulative waste and as the
average waste produced from individual Marcellus and conventional wells. Figure 12 shows the
breakdown of the cumulative waste volume by type of waste for wells from 2001 to 2011. The
first Marcellus wells were drilled in 2004, so no waste was produced from Marcellus wells until
2004. Conventional wells are dominated by brine production (86.9%), with only a small amount
of fracturing fluid (8.2%) and drilling fluid (4.7%). Marcellus wells are a combination of brine
(46.8%), fracturing fluid (37.7%) and drilling fluid (15.4%), with brine slightly dominating. These
profiles are an amalgamation of waste from wells of different ages, so they will not reflect the

waste profile for an individual well.

Conventional Waste Marcellus Waste

SERVICING FLUID BASIC SEDIMENT
0.012% 0.0009% SPENT LUBRICANT BASICSEDIMENT
0.012% 0.058%

FRACKING FLUID
37.7%

Figure 12 — Cumulative breakdown of waste by type for conventional and Marcellus wells
from 2001 to 2011.

For individual wells, overall waste volume is very different between Marcellus wells and
conventional wells, while waste composition is only slightly different if both wells types are
hydraulic fractured. Figure 13 shows a four-year profile of waste from an average Marcellus well
and an average conventional well. The creation of this profile assumes drilling, fracking fluid,
and brine waste are generated by both of the two well types. While Marcellus wells would be

expected to have all three waste fluids at every well, conventional wells do not always use



hydraulic fracturing and may not generate fracking fluid waste (Economides and Martin 2007).
Because few of wells in the PA DEP database report all three fluid types, these profiles are based

on the three separate mean volume estimates of the different waste types.

Marcellus Well

M Drilling
M Frac Fluid

Brine

Conventional
Well

54%

54%

Figure 13- A four-year profile of waste production from Marcellus and conventional wells.

In figure 13, the pie charts are sized to show the difference in the amount of waste
production, with Marcellus wells producing approximately 11.3 times more waste per well than
conventional wells. However, as shown in Table 4, Marcellus wells also produce approximately
40 times more gas in 4 years on average than conventional wells. As a result Marcellus wells are
significantly more efficient than conventional wells in terms of waste production, with about
three times as much gas produced for each gallon of wastewater. This ratio may go down
slightly over time as gas production from hydraulically fractured wells decreases, but even with
no gas production beyond the fourth year and steady brine production mirroring the fourth year

brine values, Marcellus wells remain more efficient than conventional wells.



Table 4 — A four-year profile of waste and gas production for an average Marcellus and
conventional well.

Waste Type Marcellus (Mgal) Conventional (Mgal)

Drilling 0.175 0.027
Frac Fluid 0.460 0.028
4-yr Brine Total 0.720 0.068
4-yr Waste Total 1.355 0.120
4-yr Gas Total 1,031 (MMcf) 32.2(MMcf)

The difference in waste production between the two wells types is important because the
increase in Marcellus drilling quickly increased waste volumes to record levels. However, the
increased efficiency means gas production is increasing more rapidly than waste production.
Figure 2 and Figure 3 showed the increased gas production and the increased waste production
respectively. Pennsylvania dramatically increased its production of natural gas producing 10

times more natural gas in 2011 than 2004, with only 4 times more waste production.

Section II: Waste Disposal Options and Utilization:

As waste production in Pennsylvania has increased, disposal options were also changing
rapidly, with various disposal options gaining favor as regulations shift. There are four major

options for well operators to handle wastewater.

The first is publically owned treatment works (POTWs), which are generally municipal or
county wastewater treatment facilities designed to handle household sewer flows. These plants
have historically accepted mostly brine, but also fracturing fluid and drilling wastes. POTWs are
designed to remove biological contaminants and some heavy metals using filtration,

coagulation, settling ponds and a purifying step like chlorine or ultra-violet light (Veil 2010b).

The second option is centralized waste treatment (CWT) facilities, which are private
commercial wastewater treatment operations that handle industrial waste. These facilities have
handled all the types of waste fluids produced from oil and gas operations. CWT facilities may
use a wide variety of treatment options, but historically have not addressed dissolved

contaminants (Veil 2010b).
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The third option is injection wells, where waste is injected into a deep subsurface formation
for permanently disposal. Injection wells are not impacted by waste type or contaminants

during disposal.

The fourth option is recycling, where wastewater is blended with fresh water and hydraulic
fracturing chemicals for use in subsequent hydraulic fracture treatments. Recycling is growing in
popularity, but has limitations on the amounts of TDS, barium and other contaminants that can
be present for the waste to acceptable for reuse in hydraulic fracturing fluids (NYSDEC 2011).
Recycling waste is easiest when it has low concentrations of TDS and heavy metals, such as

fracturing fluid, but may also be used for brine or drilling fluid if the waste is treated.

In choosing disposal options it is important to note that these waste fluids are being handled
and disposed of as non-hazardous waste, although in some cases the wastes may contain
hazardous materials that pose a risk to human health (EPA 1987). The hazardous materials
present in wastes are regulated under the Resource Conservation and Recovery Act (RCRA),
which classifies waste as hazardous (subtitle C) or non-hazardous (subtitle D) (40 CFR Part 261).
Although oil and gas waste fluids often contain contaminants that are considered hazardous or
may have hazardous characteristics, Congress specifically exempted these wastes from a
hazardous classification in the Solid Waste Disposal Act Amendments section 3001(b)(2)(A) (EPA
1987; SWDA 3001(b)(2)(A)).

The implications of this exemption for waste disposal from oil and gas exploration are
profound for both disposal and handling of waste fluids. Without this exemption it is unclear
whether either conventional or Marcellus production wastes could be disposed at POTW or
landfills, and CWT facilities would not be allowed to treat the waste as it is currently being

managed.

Another result of this classification is that the majority of the solid waste material from
drilling and production, as it is not considered hazardous material, can be disposed of onsite
with appropriate permits (PA Ch. 25§ 78.62). Waste disposed of onsite must be solid material
that has limited hazardous leaching properties (PA Ch. 25§ 78.62(b)). Only limited solid waste
products are disposed of offsite from oil and gas drillers in Pennsylvania, less than 1 million tons

a year of solid waste generally.



A Timeline of Waste Disposal from PA Wells

Historically, the major disposal option used by oil and gas operators in Pennsylvania was
treatment and disposal to surface waters. From 2001 to 2004, the majority of waste disposal
was handled by CWT, with some reliance on a variety of other disposal options including
POTWs, injection wells, and reuse. Effluent limits for oil and gas waste at POTW and CWT
facilities followed state and federal guidelines, with mandatory requirements for total

suspended solids (TSS), oil and grease, total iron, acidity, and pH (BOGM 2001; 40 CFR 435.32).

Waste volumes during this time were relatively small with approximately 144 Mgal + 17.4
produced each year. In 2004 and 2005 waste volumes began to increase with a dramatic jump in
2008 to 428 Mgal, more than double the historic disposal volumes. The increase was driven by
both record breaking natural gas prices and the increasing exploration of the Marcellus shale,
using advanced drilling techniques, driving up both conventional and Marcellus waste volumes.
The 2008 surge in waste alerted Pennsylvania to the first major regulatory issue in oil and gas

waste disposal.

Even meeting the state and federal discharge requirements, many POTWs and CWTs are not
designed to remove common conventional pollutants found in produced water. The most
important are the extremely high concentrations of TDS (See Section Il). In 2010, the National
Energy Technology Laboratory (NETL) conducted a survey of POTW and CWT facilities that
accept Marcellus wastewater (Veil 2010). The survey contacted 18 out of the 32 POTWs shown
to be accepting oil and gas wastewater® and found none of the 18 POTWs surveyed removed
TDS during treatment (Veil 2010). Given the types of treatment that are required for the
removal of TDS, it is assumed that none of the POTW plants have any TDS removal treatment.
The survey also contacted many of the largest CWT facilities as well. For the ten largest CWT
facilities, processing approximately 90% of wastewater sent to CWT, only 1 had installed a pre-

treatment plan that removed TDS and chlorides (Veil 2010b).

5 The PA DEP database listed 32 POTW facilities accepting oil and gas wastewater.



Publically Owned Treatment Works (POTWs):

Much of the increased waste volumes generated in 2008 were sent to POTW facilities (See
Figure 14). In October of 2008 the PA DEP received reports of elevated TDS in the Monongahela
River, impacting drinking water and industrial usage (Hopey 2008). The PA DEP stated that,
“approximately 40 percent of the problem appears to be due to the high volumes of water from
deep gas well drilling” (Hopey 2008). After the incident in the Monongahela, the PA DEP
contacted POTWs along the Monongahela River, and potentially others in state, and limited
their oil and gas wastewater acceptance volume (Kasey 2008). Several POTWSs were limited to a
maximum of 1% oil and natural gas wastewater disposal per day and many continue to operate

with this as an official limit (Veil 2010b).

o Publically Owned Waste Treatment
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Figure 14 - Volumes of wastewater disposed at POTW facilities over time.

POWTs historically accepted approximately 6% of the waste being disposed of from oil and
gas wells, with an average disposal from 2002 to 2006 of 7.0 Mgal + 3.7. In 2008 POTW handled
29% of the waste volume, increasing the treated waste volume to 120 Mgal. After 2008, the
volume dropped to around to 12.7 Mgal in 2011, similar to the pre-surge volume of waste. The
majority of waste treated by POTWs has historically been brine, with some fracking fluid and

drilling fluid from Marcellus operators being accepted in 2008, 2009, and 2010.

m ”



Centralized Waste Treatment (CWTSs):

After 2008 the volume of waste continued to rise, but in 2009 much of the waste disposal
shifted to CWT facilities, with an increase from around 150 Mgal in 2008 to 450 Mgal (See Figure
15). Despite being commercial facilities, many CWTs did not treat TDS (Veil 2010b) and in
August of 2009, the water quality in the Monongahela was impaired again (Sapien 2009). The PA
DEP looked at the assimilative capacity of streams in Pennsylvania to dilute the highly saline
wastewater and found many streams were almost at capacity for meeting water quality
standards for TDS (Sapien 2009; Aunkst and Pine 2010). Pennsylvania decided to address the
issue with regulations, limiting TDS discharge from new or existing facilities. The regulations
were announced in April 2009, and took effect in August of 2010, effectively capping the
amount of waste that could be accepted by POTW or CWT facilities (Rathburn 2009; PA DEP
2011). The regulations limited waste disposal at CWT facilities in 2010 to around the 2009 levels,
with an increase of only 34 Mgal, still five times higher than historic disposal levels from 2004

(See Figure 15).
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Figure 15 — Volumes of wastewater disposed at CWT facilities though time.

The Pennsylvania TDS regulations set limits on new or expanding discharges of wastewater,

separating the waste into natural gas wastewater and all other industrial wastewater. Surface
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discharges of waste from natural gas wells must have TDS less than 500mg/L, chloride less than

250 mg/L, and strontium and barium less than 10mg/L (PA 95.10). The new discharges must also
comply with New Source Performance Standard under 40 CFR 437.45(b), the standards for CWT

accepting several types of industrial waste. These standards cover a suite of metals, organics,

and some conventional parameters (40 CFR 437.45(b)).

The TDS regulations address only new and expanding loading of TDS. All previously
permitted sources, called ‘grandfathered’ facilities, are allowed to continue discharging, until an
expansion (>5,000 mg/L average per day increase) occurs (PA DEP 2011). Because the majority
of CWT and POTW facilities did not have TDS criteria in their discharge permits, PA DEP used

historic data to estimate the TDS loading from the facilities.

The Wave of the Future

As natural gas drilling expanded it became clear that surface water disposal was having a
negative impact on water quality (Spear and Kenderes 2009). While the historic amount of oil
and gas wastewater could be assimilated into streams without damage, the increased volumes
of waste could no longer be diluted for disposal. State and federal regulatory agencies focused

on reducing wastewater discharges to surface waters.

In 2011 the EPA addressed pretreatment requirements for waste sent to POTWs, designed
to prevent damage to the facility or the release of untreated pollutants. The EPA argues that oil
and gas waste fails both the pass-through requirement, which bans the flow of pollution that
passes through the waste treatment facility unchanged (40 CFR 403.3(p)), and interference,
where waste either inhibits the treatment process or affects the disposal of sewage sludge (40
CFR 403.3(k)). The first argument, that TDS is a pass-through pollutant, may have been negated
by Pennsylvania’s authorizing TDS levels for POTW plants through the 2010 TDS regulations (40
CFR 403.5(a)(2)(ii)). However, the argument that oil and gas wastewater may cause interference,
harming the biological processes in POTW plants and reducing the effectiveness of biological
treatments, is still valid (Hanlon 2011). Because the EPA regulates waste to POTWs at a national
level, disposal at POTWs may be soon be barred in all states, a consideration for others in the

northeastern region with limited waste disposal options (Hanlon 2011).
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The PA DEP also identified additional contaminants of concern in oil and gas wastewater. In
April 2011, the PA DEP requested that drilling operators voluntarily cease delivering wastewater
to 15 ‘grandfathered’ POTW and CWT facilities (Perry 2011).% A study of downstream impacts
from a facility had shown elevated bromide levels in state waters (Perry 2011). Elevated
bromide levels have been shown to increase cancer causing disinfection byproducts at water

treatment facilities (Pressman et al. 2010; Perry 2011).

Although some ‘grandfathered’ facilities are still discharging oil and gas wastewater to
streams without treatment, the regulatory focus is driving a shift to other waste disposal
options. Of the developing disposal options two were already in use, injection wells and reuse,
and a third option, CWT or mobile treatment units that can reduce TDS, became available very

recently.

Underground Injection Wells

Underground inject is the mostly commonly used disposal method for onshore oil and gas
wastewater, but underground injection wells are limited in Pennsylvania, with only 6 operating
wells (Clark and Veil 2004; Johnson 2011). Pennsylvania may have additional capacity for
injection wells, but it uses many underground areas for natural gas storage, with the majority of

potential injection well sites already in use for other purposes (GMSAC 2011).

Ohio has significant number of injection wells and is the major acceptor waste for injection
disposal. Based on the analysis of injection well disposal sites included in the database, Ohio
accepts 92% of injected waste. West Virginia has identified only 2 commercial injection disposal
wells (Manchin 2010) and has limited records for injection well disposal volumes, accepting only

3% of injection well waste.

Costs have been rising for waste injection in Ohio, with a regulation in 2010 that increased
the disposal price from $0.05 per barrel to $0.20 per Bbl for out of ‘region’ waste (OLSO 2010).
Additionally, a series of earthquakes were linked to an injection well in Youngstown, leading to

stricter regulations and mounting public concern (OH DNR 2012).

6 See Appendix A for the list of operators.
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Figure 16 — Injection well disposal volumes of oil and gas wastewater through time.

Despite increased cost and regulations, injection wells are the fastest growing disposal
method behind reuse. The technologies needed to treat brine for disposal at a limit of 500 mg/L
TDS are expensive and reuse poses its own challenges (See Reuse and Advanced CWT). In 2008
approximately 0.3% of Marcellus waste was disposed of in injection wells, while in 2010 and
2011 the amount was around 10% of total waste volumes. Injection wells are able to accept any
of the waste types for disposal, with the vast majority of waste at injection wells being brine
waste. This is expected because of the cost of disposal at injection wells does not depend on the

waste quality.

The ability for injection wells to accept waste both in Pennsylvania and surrounding states is
constrained, with a limited number of injection-well formations available and growing concerns
about the safety of these wells. Potential growth in oil and gas production in Ohio and West
Virginia may lead to higher demand for injection wells in those states. With high transport costs

to injection wells and potentially rising costs for disposal, injection wells may soon be pricier and

less available for waste acceptance.



Reuse

Recycling is one of the fast growing disposal methods, with considerable political weight
encouraging recycling options for natural gas wastewater disposal (GMSAC 2011). In

Pennsylvania, the new TDS rules have increased the push to recycle more wastewater.

During reuse, the wastewater is commonly blended with fresh water for a future hydraulic
fracturing job (Mantell 2010). Other reuse options that are not feasible in Pennsylvania due to
waste quality are agricultural uses, where low-TDS brine wastes are reused for irrigation or
livestock operations, or industrial reuses where lower quality water can be replace high quality
water in certain processes (IOGCC 2006; Hum et al. 2005). While these options are possible,
generally they require a very low level of TDS and other constituents, limiting the feasibility for

the majority of Marcellus waste even outside of Pennsylvania (IOGCC 2006).

Initial efforts to reuse wastewater in hydraulic fracturing faced difficulty creating a high
quality fracturing fluid from re-used water (Bryant et al. 2010; Economides and Martin 2007; See
Table 5). The high salt, chemicals and metals in wastewater limited the ability to reuse the water
as the contaminants impacted the effectiveness of hydraulic fracturing chemicals (Bryant et al.
2010). Pressure to reuse wastewater came from two directions. Areas like Pennsylvania, with
limited disposal options, looked to recycling wastewater to reduce overall wastewater volumes
and prevent the use of potentially contaminating disposal practices (GSMAC 2011). Area like
Texas, with limited freshwater supplies, focused on recycling to reduce the need for freshwater

sources to mix into the fracking fluids (Pierce et al. 2010).

Table 5 — The maximum levels of constituents that could be present to reuse waste fluids
for hydraulic fracturing mixtures in 2007.

2007 Water Level Criteria for Hydraulic Fracturing

pH 6-8
Iron <10 ppm
Oxidizing Agents None
Reducing Agents None
Carbonates <300 ppm
Bicarbonates <300 ppm
Bacteria None
Cleanliness Reasonable

Econmides and Martin 2007



Over time new fracturing chemicals have been developed specifically to address the
chemistry of recycled fluids, but there are still limitations on the constituents that may be
present in mixing a high quality hydraulic fracturing fluid with recycled water. The most current
list of limitations was taken from the New York SGEIS, shown in Table 6, which came out in

September 2011 (NYSDEC 2011).

Table 6 — The maximum levels of constituents that may be present to reuse waste fluids
for hydraulic fracturing mixtures in 2011.

2011 Waste Level Criteria for Hydraulic Fracturing

Chlorides 3,000-90,000 mg/L
Calcium 350-1,000 mg/L
Suspended Solids <50 mg/L
Entrained oil and soluble organics <25 mg/L
Bacteria <100 cells/100mL
Barium Low levels
NYSDEC 2011

Several parameters required for reuse, most notably TDS, have increased dramatically since
reuse for hydraulic fracturing was initially considered. However, based on the range of
contaminates shown in fracking and brine wastewater (See Table 2) much of the waste must be
treated in some way prior to reuse. Conventional treatments are similar to treatment in many
industries, filtration to remove suspended solids or coagulation to remove oil and grease, and
are regularly conducted at the well site (Mantell 2010). Because of the changes in fracking
chemical blends, many wastewaters can now be used in fracturing mixtures with only

conventional filtration treatments (Mantell 2010).

Advanced treatment options, to remove dissolved constituents, may also be used for reuse
depending on the quality of the waste streams. Advanced treatment options are available in
mobile units at well sites or in advanced CWT facilities (Horn 2009; Veil 2010b). The advantage
of using advanced treatments for reuse is the quality needed is much lower than for surface
disposal, especially in Pennsylvania, which can reduce the costs of advanced treatment options

(Veil 2010b; See Advanced CWT).
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Figure 17 — Volumes of wastewater reused from oil and natural gas though time.

Reuse increased dramatically in 2010 and 2011, becoming the most commonly used method
for disposing of waste in 2011 (See Figure 17). There are clear advantages to the reuse of
wastewater, reducing the volumes of fresh water that must be used by drillers while also
reducing the volumes of waste produced. However, in the very long term, reuse must be
considered a complex form of storage. Reusing wastewater will alter wastewater volumes, but
will still eventually require the disposal of waste fluids. Reuse also requires potentially long-term
storage of fluid in pits or tanks on site. There are currently regulations limiting long-term storage
of waste fluids in the majority of states containing the Marcellus formation (Wiseman 2010).
These regulations range from 45 days (New York) to 9 months (Pennsylvania), but they may be
adjusted to promote increased recycling (Wiseman 2010). When considering longer term
storage in pits several problems are presented, including infiltration from rainwater, the off-
gassing of chemicals, and wildlife contact with wastewater pits (BOGM 2001; Colburn 2011,
Ramirez 2009). Several oil and gas drillers store wastewater in tanks, which limits air/water

contact, prevents contact with wildlife and blocks infiltration from rain flow (Mantell 2010; Atlas

2011; Cabot 2011).



When considering reuse as an option, well operators evaluate the economics of reuse: how
much does water acquisition, transport, and disposal cost relative to any storage, treatment and
transport that must occur for wastewater reuse (Mantell 2010). The quantity and timing of
waterwater recovery from wells can strongly impact these costs, especially given that brine
volumes must be collected over long periods (Mantell 2010). As shown in Figure 17, reuse of
fracking and drilling fluid is relatively higher than reuse of brine due partly to waste quality and

partly to the timing of waste generation (Mantell 2010).

The limitations of reuse are found in the need for additional drilling, the quality of
wastewater relative to hydraulic fracturing needs, and storage of materials. While reuse is an
excellent option for reducing waste volumes, it requires a mixture of treatment, storage and
continued fracturing to be a functional waste handling method. While the projections of growth
are extremely large, it is unclear whether reuse will be a viable option for all operators in all

locations.

Advanced CWT

During the later period of gas production, after 2009, a much wider range of CWT facilities
were proposed or built with advanced waste treatment technologies to reduce TDS prior to
reuse or disposal (Veil 2010b). Figure 18 shows the shift in CWT facilities from 2009 to 2011. In
2009, 69% of waste was disposed in CWT facilities and of that 90% was discharged to surface
waters without TDS treatment. By 2011, only 31% of waste was disposed in CWT facilities, with
only 48% being discharged to surface waters without TDS treatment. The zero liquid discharge
facilities, which are approximately 23% of CWT disposal in 2011, use conventional and advanced
treatment options to generate only re-usable salts and distilled water products, and thus do not
discharge fluids (Veil 2010b). The development of advanced CWT facilities to treat TDS protects
surface waters, but can have high costs and high energy needs. The use of these facilities is

much more expensive than POTW or historic CWT facilities (CSM 2009).
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Figure 18 - The two pie charts show the overall disposal method for 2009 and 2011
respectively, with side bars indicating the disposal method by CWT facility. (PA DEP 2012; Veil
2010; Hapchuk 2012).

There are a variety of different treatment technologies that are used by advanced CWT
facilities, and of these have different energy, quality, and cost requirements. The most
commonly discussed advanced treatment options are reverse osmosis, thermal distillation,
electro-dialysis, and ion exchange (NYSDEC 2011). Of the available treatment options, only
thermal distillation and reverse osmosis are being considered for use in the Marcellus shale (Veil
2010b). Currently other advanced treatment options are only able to manage relatively low

levels of TDS in influent, or have large energy costs relative to TDS levels (CSM 2009; See Table

7).



Table 7 — Factors for various advanced treatment options to remove TDS.

Energy Input
Energy Relative Applicable Pretreatment
to TDS' to' Requirement1
Low 200-500 Yes, Montana and
lon Exchange Low increase  All Waste Filtration mg/L Wyoming ¢
Yes, Texas and
Reverse Moderate 200-500 proposed
Osmosis Moderate Increase TDS Extensive mg/L Pennsylvanial'6
Eletrodialysis High 200-1000
Reversal High Increase High TDS Filtration mg/L
Thermal Yes, Texas and
Distillation High Indepen. High TDS Minimal <10 mg/L Pennsylvaniaz'6
Ozone/
Ultrasonic/
Ultraviolet Low Increase  All Water Filtration Variable Yes, Texas 3‘

® Feed TDS >20,000 mg/L
1 URS 2011, > TRRC 2011, * Horn 2009, * NETL 2012, ° CSM 2009, ° Veil 2010b

Most advanced treatment technologies require pre-treatment to remove oil and grease,
TSS, and some dissolved constituents that may cause scaling. The most common type of pre-
treatment appears to be filtration (NYSDEC 2011). After filtration, the waste is may be treated
with chemicals to precipitate dissolved contaminants that can form scale or salt precipitates

during treatment (NYSDEC 2011).

Thermal distillation makes no distinctions between waste quality, but requires a very high
input of energy. Thermal distillation is already in use in the Barnett shale in Texas, treating
waste in mobile units at well sites (TRRC 2011). Two facilities in the Marcellus are already using
thermal distillation, and several other zero liquid discharge facilities in the Marcellus are using a

combination of extensive pretreatment and thermal distillation (Veil 2010b).

Reverse osmosis uses advanced membranes with pressure gradients to separate dissolved
contaminants (URS 2011). Reverse osmosis is limited to TDS levels around 45,000 mg/L,
although higher level TDS may be treated with a reduction in efficiency and increased
membrane impacts (CSM 2009). Reverse osmosis has been used extensively in desalinating
seawater and occasionally on produced water in other areas of the country, but is only under

consideration for the Marcellus (CSM 2009; URS 2011).



Section II - Conclusion
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Figure 19 - Waste disposal trends overtime for conventional and Marcellus wastewater.

Over time different disposal method have gained favor with well operators or disfavor with
regulators. Disposal has shifted from historical disposal methods, mostly to surface waters, to
dispose of fluids through reuse, injection wells and advanced CWT (See Figure 19). Surface

disposal still occurs, especially for waste fluids from conventional natural gas wells.

It is unclear whether the state regulatory system, or a federal regulatory system being
considered by the EPA, would be the best solution for this problem. Considerations in this area
include issues of waste quality, availability of disposal options, and costs/feasibility of treatment
options. The current regulatory standards of 500 mg/L encourage drillers to dispose of waste
through reuse or injection wells because the disposal standard requires intensive treatment. A
better solution might be to set a higher TDS level for treatment plants and remove any
authorization of historic waste disposal or differences between conventional and Marcellus
waste. This would use the assimilative capacity of Pennsylvania streams to the highest extent

without over or under treating waste from different waste streams.



Future Concerns - Landfill Disposal

Landfills play an important role in waste disposal, as they are often the acceptors of
byproduct waste from CWT and POTW facilities (Veil 2010, Alexander and Shilling 2011). There
are growing concerns around landfills accepting waste sludge from treatment plant operators
disposing of significant amounts oil and gas wastewater. One of the largest concerns for landfill
acceptance of waste is the presence of elevated levels of NORM in waste material, especially
sewage sludges (Urbina 2011; NYSDOH 2009). Pennsylvania already has a requirement for
landfills to have a Radiation Protection Action Plan (PA § 270.140a). Under the radiation plans,
waste disposed at landfills has been screened for radioactive material, but at present no waste
has exhibited radioactive levels that would require further action by the landfill (Alexander and

Shilling 2011).

A second question is the disposal of saltcake, the waste sludge from CWT facilities with TDS
treatment systems that handle large volumes of oil and gas waste. At present it is unclear
whether landfill disposal of large volumes of salt-rich sewage sludge could have negative
impacts. Studies of the impact of salt on landfill clay liners indicate that there are potential
increases in hydraulic conductance or swelling of the liner (Arasan et al. 2010). No studies have
been conducted directly on the impact of natural gas salts on landfill liners or the potential

impacts of a shift to facilities producing large volumes of salt cake on landfills.

Proposed State and Federal Regulatory Changes:

At present the EPA has not promulgated any regulations for shale gas effluent (or other
onshore oil and gas wastewater disposal), but the EPA has noted that it will develop effluent
limits for both coal-bed methane and shale gas wastewater (EPA 2011). The new regulations are
currently being scoped and it is unclear what pollutants would be included or what treatment
would be required for disposal (B. Damico, personal communication, February 13, 2012). The
effluent limits would be applied under the requirements for direct discharges and will probably
include some level of TDS or chloride control, although the process is still in planning and list of
considered pollutant is not available (B. Damico, personal communication, February 13, 2012).

Although these regulations will be important, it must be noted that rise in gas prices in 2008



launched an increase in conventional oil and natural gas waste disposal. The conventional well
waste would not be required to meet shale gas effluent requirements, limiting the surface water

protection provided by these regulations.

Pennsylvania’s Water Resource Advisory Committee is currently reviewing a draft proposing
more stringent chloride, dissolved oxygen and sulfate requirements (WRAC 2012). These limits
would create stringent standards for some of the disposal parameters commonly found in TDS

and would probably be applied to plants grandfathered into the TDS regulations (WRAC 2012).

Section III: Projections:

Shale gas production has increased dramatically in recent years, with a 17% growth rate
from 2000 to 2006 and a 48% growth rate from 2006 to 2010 (EIA 2012c; See Figure 20). This
growth rate is only expected to increase in the future, with a range for shale gas production in
2035 from 5.5-17.1 trillion cubic feet (EIA 2012c). The largest of the shale gas reserve available
is the Marcellus (EIA 2008) and, although Pennsylvania was the first state to significantly
develop this resource, surrounding states have the potential for major gas reserves as well

(Soeder and Kappel 2011).

U.S. Natural Gas Production, 1990-2035

trillion cubic feet

History 2010 FProjections
25
i,
20 y GE%h
Shale gas
15
=i es
A".:_F"_T':‘ Tight gas oqag
10 s
MNon-aasoociated olfshore T4
5 Coalbed methans 154
Associated with oil T
y T %
Non-assoclated onshom S,

1990 18925 2000 ED*.DE 2010 2015 2020 20285 2030 2035

Source: U.S. Energy Information Administration, AEO2012
Early Release Overview, January 23, 2012.

Figure 20 — Estimates of natural gas resource extraction over the next 20 years (EIA 2012c).
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Pennsylvania is expected to continue extensive production of natural gas from the
Marcellus. The highest predictions show a continued strong growth, with estimates of 12.0
billion cubic feet equivalents (bcfe) per day in 2015 and 17.5 bcfe/day in 2020, a growth of rate
around 100% of production per year (Considine et al. 2011). Comparing the short-term
estimates from the report to production, the report estimates 3.5 bcfe per day in 2011 while

calculated Marcellus production was 2.88 bcfe per day in 20117 (Considine et al. 2011).

West Virginia began shale gas exploration in the Marcellus in 2005, but lagged behind
Pennsylvania in the authorizing of shale gas permits after 2008 (WV DEP 2012). At present West
Virginia has 727 active Marcellus wells, but 2,072 permits for Marcellus wells have been

approved and have permits increased by 25% from 2010 to 2011 (WV DEP 2012).

Ohio also predicts growth, in both the Marcellus and the Utica shale, which lies below the
Marcellus (Weinstein and Partridge 2011; See Figure 5). At present Ohio has 33 wells drilled,
with 4 wells in active production in the Utica shale (Thomas et al. 2012). Estimates of future
drilling ranges from 1,918 wells by 2014 (Thomas et al 2012) to 4,000 wells by 2015 (Kleinhenz
2011) with some advocating for even lower estimates due the lower price for natural gas and

potential impacts of industry funding on report results (Weinstein and Partridge 2011).

At present New York State has banned high volume hydraulic fracturing, defined as greater
than 80,000 gallons and is currently working on a final SGEIS for hydraulic fracturing and shale
gas extraction (NYSDEC 2012). No predictions of shale gas exploration can be made until a clear

regulatory picture emerges.

The lowest projections see shale gas as an unsustainable bubble, with high over-head costs
requiring a much higher wellhead price (57.00/Mcf) for sustained growth (Burman 2010). Under
these circumstances, limited growth for shale gas could be met by CWT facilities, but recycling
might decrease due to limited availability of fracture jobs to reuse wastewater. Additionally, the
cost of disposal at advanced CWT facilities may be especially burdensome, leading to waste

being redirected of older ‘grandfathered’ facilities.

7 Calculates natural gas equivalent as 5.8 Mcf per barrel of oil or condensate produced.

)



The majority of predictions indicate continued growth in Marcellus drilling. Estimates range
across the states ranges from around 4,000 wells in total to more than 15,000 wells in the three
states allowing drilling. These increases would generate enormous volumes of waste. Given the
current strains being seen in the disposal system, the growth of shale gas will require continued

efforts to find safe disposal methods.

Conclusions:

The expansion of natural gas drilling into the Marcellus shale formation has vastly increased
both gas and wastewater production in Pennsylvania. A comparison between Marcellus wells
and conventional wells shows that natural gas production from the Marcellus shale is more
efficient than from conventional formations, with approximately three times as much gas
produced per gallon of wastewater. Despite the increased efficiency, Pennsylvania currently
produces much higher volumes of wastewater because the production of natural gas has

dramatically increased, mostly due to Marcellus shale wells.

The increase in wastewater overwhelmed available disposal methods during the early
period of drilling from 2004 to 2009, with consequences for surface water quality. Overtime
regulations were put into place to address waste disposal, shifting treatment methods from
surfaces discharges to reuse, injection wells, and advanced waste treatment. Each of these
options will be needed to address future growth in natural gas extraction, but injection wells are
very limited in the northeast and cannot absorb significantly more waste. Reuse has already
proven very flexible at absorbing large quantities waste, with an enormous increase between
2009 and 2011. However, reuse does not permanently dispose of waste and has limitations
regarding the quality and timing of wastewater recovery. Advanced waste treatment options are

gaining in popularity, but remain expensive and energy intensive.

Given the anticipated future growth in shale gas production in the northeast, reuse and
advanced treatment options must be promoted to protect surface water quality. Regulatory
agencies need to consider how to encourage safe, viable alternatives to surface discharges by
supporting reuse and advanced waste treatment to manage ever increasing wastewater

volumes.
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