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ABSTRACT

Typically, the term shale oil refers to natural oil trapped in rock of low porosity and ultra-
low permeability. What has made the recovery of shale oil and gas economically viable is the
extensive use of hydraulic fracturing. Research on the relationship between the distribution of
propping agent, called proppant, and well performance indicates that uniformity of proppant bank
height and suspended proppant concentration across the fracture at the end of pumping determines
the productivity of produced wells. However, it is important to note that traditional pumping
schedules have not considered the environmental and economic impacts of the post-fracturing
process such as treatment and reuse of flowback water from fractured wells.

Motivated by this consideration, a control framework is proposed to integrate sustainability
considerations of the post-fracturing process into the hydraulic fracturing process. In this regard,
a dynamic model is developed to describe the flow rate and the concentration of total dissolved
solids (TDS) in flowback water from fractured wells. Then, a thermal membrane distillation
(TMD) system is considered for the removal of TDS. A multi-objective problem is formulated to
optimize the entire superstructure that consists of hydraulic fracturing, storage, transportation, and
water treatment, minimizing annualized cost from recovered water per period and the water
footprint of the process. The capabilities of the proposed approach are illustrated through the
simulation of different scenarios that are performed to examine the effects of water availability on
the productivity of stimulated wells. Finally, the impact of flowback water generation is evaluated
using TRACI, a tool for the reduction and assessment of chemical and other environmental

impacts.
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1. INTRODUCTION

Over the last several decades, the exploration of shale oil and gas in the Marcellus, Barnett,
Fayetteville, Haynesville, and Woodford plays has allowed the United States to gradually become
energy independent. Shale formation is characterized as an unconventional reservoir, because it is
a self-sourced rock, implying that the reservoir (accumulated rock) is the same as the source rock.
Unlike conventional reservoir where natural-oil and gas resources are found in highly permeable
reservoirs, shale formation is characterized by very low absolute and effective permeability values.
The low permeability of the rock formation restricts the oil and gas to easily flow to the wellbore
(Zhiltsov and Shemenov, 2016). Recently, advances in technologies such as directional drilling
and hydraulic fracturing have made it economically viable for oil and gas companies to produce
prolific quantities of shale oil and gas (Wang and Krupnick, 2013).

In practice, the hydraulic fracturing process enhances the reservoir productivity (capacity
and mobility) of low permeability reservoirs, such as tight gas and shale gas. As illustrated in
Figure 1, the hydraulic fracturing process for well stimulation is divided into three stages. The
first stage is the perforation stage, during which initial fracture paths are created along the well.
Then, a hydraulic fracturing fluid is pumped at a high pressure (high enough to overcome the
compressive stress of the rock), where it further propagates the fracture in the rock formation. The
fracturing fluid typically consists of water, chemical additives, and proppant (quartz sand, sillica).
Pumping is stopped during the closure stage, and some of the water will leak into the formation.

Furthermore, since the permeability of the proppant is high compared to the formation, the
proppant-filled fractures create pathways through which oil and natural gas can easily travel from
the reservoir to the wellbore. While the proppants open the fractures and prevent them from closing
once the hydraulic pressure decreases, the chemical additives limit the sloughing of the shales and
mud swelling, bacterial growth, corrosion, and friction (FracFocus, 2012). Moreover, achieving
uniformity of proppant bank height and suspended proppant concentration across the fracture at
the end of pumping determines the efficiency of the hydraulic fracturing process and the

productivity of unconventional reservoirs (Siddhamshetty et al., 2018).
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Figure 1. Schematic Illustration of Hydraulic Fracturing Operation
(Reprinted from Siddhamshetty et al., 2018)

1.1 Hydraulic Fracturing Water Cycle

In the United States, the shale development continues to increase, leading to numerous
concerns with respect to water consumption and management. Although the hydraulic fracturing
process enhances the recovery of hydrocarbons in unconventional reservoirs, it is heavily
dependent on water resources. In the five largest shale oil and gas reserves in the United States,
the average water usage per well ranges from 71,000-155,000 BBL (Henderson et al., 2011; Lira-
Barragan et al., 2015). The amount of water required to complete each well depends on the
geological location, the characteristics of the rock formation, fracture geometry, and most
importantly, the type of well (Henderson et al., 2011; Zuppann et al., 2014). Unlike horizontal
wells, vertical wells tend to use less water for hydraulic fracturing operations. On average, vertical
wells require 11,000-90,000 BBL for well completion, while horizontal wells require 70,000-
190,000 BBL (Bai et al., 2013).

As shown in Figure 2, the water cycle in the hydraulic fracturing process involves five
stages: water acquisition, chemical mixing, well injection, flowback and produced water, and
wastewater treatment and waste disposal (US Environmental Protection Agency, 2016). In terms
of water management, the stages four and five are extremely important. In Petroleum Engineering,
the wastewater generated during the hydraulic fracturing process is referred to as flowback and
produced water. Flowback water is defined as the fluid that contains water, dirt, sand, chemicals

etc., which is recovered within the first 3-4 weeks after the hydraulic fracturing process is



completed. The amount of flowback water collected is typically 15-40% of the total injected
fracturing fluid. On the other hand, the fluid known as produced water, remains in the rock
formation (within the crevices and the interstitial pore spaces), and is recovered during the oil and

gas production phase (Elsayed et al., 2015).

Well Injection

Chemical Mixing Flowback and Produced Water

Water Acquisition Wastewater Treatment and Waste Disposal

Figure 2. Hydraulic Fracturing Water Cycle
(Reprinted from US Environmental Protection Agency, 2016)

1.2 Wastewater Composition

The treatment and reuse of flowback water are viable solutions to minimize fresh water
usage in hydraulic fracturing processes and negative impacts on the environment. Flowback water
mostly consists of total dissolved solids (TDS) and other components such as total suspended
solids (TSS), naturally occurring radioactive materials (NORM), and other elements [(US
Environmental Protection Agency, 2016; Health Canada, 1991; Rosemblum et al., 2017). As the
fracturing fluid resides downhole, it picks up inorganic constituents (Hayes, 2009). Consequently,
the TDS concentration of the initial flowback water is low and increases over time. Flowback
water with lower concentrations of TDS can be reintroduced as a fracturing fluid, whereas high-
TDS flowback water has to undergo further treatment processes as it can corrode/damage drilling

and downhole equipment and affect the performance of fracturing fluids (Elsayed et al. 2015).



1.3 Wastewater Management

As shown in Figure 2, the final stage of the hydraulic fracturing water cycle is wastewater
treatment and waste disposal. The treatment strategy for the removal of TDS in wastewater
depends on the several factors: the technology used, the extension of TDS removal, and fixed and
operating costs (Elsayed et al. 2013; NSF; Water Research Center, 2014). While numerous efforts
have been made to develop cost-effective technologies to optimize water management in hydraulic
fracturing processes, the use of membrane processes as a treatment strategy has significantly
increased, with an annual growth of 15% (Pangarkar et al., 2011).

Thermal membrane distillation (TMD) is a technology that uses vapor compression for
wastewater treatment. The TMD system consists of the following processes and units: (i)
pretreated flowback water is preheated below a boiling temperature, (ii) hydrophobic membrane,
(ii1) heat transfer from agent to the feed and across the membrane, and (iv) mass transfer of the
water vapor (Elsayed et al. 2015). The use of TMD for treatment of flowback water in shale gas
formations is a beneficial method because it has the ability to desalinate wastewater brines with
high TDS concentrations and adjust capacities. Moreover, deep well injection has been the primary
means for wastewater disposal. However, in some areas where shale oil and gas production is
abundant, this practice is either unavailable or restricted due to indications of seismic activity
because of the higher injection pressure (Water Technology, 2016). Consequently, the
development of environmentally sustainable and economically feasible water management and

treatment options is critical.



2. RESEARCH PROBLEM DESCRIPTION

2.1 Water Management under Uncertainty

Uncertainty is an important aspect to consider for optimal design and planning of water
management in hydraulic fracturing processes. Numerous approaches and methodologies have
been formulated for the synthesis of water networks in order to reduce annualized cost and
environmental impact (Islam et al., 2014; Khor et al., 2014; Napoles-Rivera et al., 2015). In this
regard, understanding the life cycle of water consumption associated with shale oil and gas
production is imperative for optimal water management (Jiang et al., 2014; Clark et al., 2013). As
such, the optimal water usage for well completion was determined to minimize costs related to the
post-fracturing process and at the same time maximize profits from gas production (Yang et al.,
2014). Moreover, a shale gas supply chain network was developed to optimize the economic
performance while accounting for various uncertainties related to design and operational decisions
(Gao and You, 2015a; Gao and You, 2015b).

Lira-Barragan et al. (2015) has expanded optimal water management to include uncertainty
in the system. In their study, uncertainties related to the amount of water required to complete each
well and the flowback water collected over time are considered. A mixed-integer linear
programming (MILP) problem was formulated to minimize total annual costs, which consists of
capital costs (investment costs associated with the purchase of treatment, storage, and disposal
units) and operating costs (fresh water costs and costs for treatment units/transportation).
Nevertheless, none of the approaches mentioned above have considered hydraulic fracturing as a
dynamic process whose final geometry as well as proppant bank inside the fracture has to be
regulated at the end of pumping by manipulating the flow rate and concentration profiles of

fracturing fluids to maximize the productivity and performance of stimulated wells.

2.2 Feedback Control for Enhanced Productivity in Shale Formations

Recently, several efforts have been made in improving the well performance via the
regulation of the uniformity of proppant bank heights and suspended proppant concentration inside
the fracture via real-time model-based feedback control of hydraulic fracturing (Economides et al.,

2002; Gu and Hoo, 2014; Narasingam et al., 2017a; Narasingam et al., 2017b; Narasingam et al.,



2018; Siddhamshetty et al., 2017; Siddhamshetty et al., 2018; Sidhu et al., 2018; Yang et al., 2017).
Specifically, the section-based optimization method developed by Liu and Valko (2017) was used
to compute the optimal number of wells, number of fractures per well, half-length of the fracture
that will maximize the productivity of the well-fracture system for a given total amount of proppant
to be injected. Then, a model predictive control (MPC) system was developed by Siddhamshetty
et al. (2018) to obtain a combination of flowrate and proppant concentration over a period of time
that will achieve the desired average fracture width leading to uniform proppant bank height over

the optimal fracture length at the end of pumping.

2.3 Research Motivation and Objectives

The conservation of fresh water is the overarching motivation behind the development of
wastewater treatment technologies for hydraulic fracturing. The optimal flow rate of fracturing
fluids, the optimal number of horizontal wells and fractures per well, the length of the fracture,
and the drainage area aspect ratio that maximize the overall productivity of the well-fracture
system were calculated in the approach described in Ref. [4]. However, it is important to note that
the obtained pumping schedule does not consider the environmental and economic impacts of the
post-fracturing process such as treatment, reuse, and disposal of flowback water. Motivated by this
observation, the focus of this paper is to integrate sustainability considerations of the post-
fracturing process into the hydraulic fracturing process.

In this regard, a dynamic model is developed to describe the flowrate and TDS
concentration in flowback water from fractured wells, provided that the amount of water injected
into the fracture well is known. Then, a thermal membrane distillation (TMD) system is considered
for the removal of TDS. A multi-objective problem is formulated to optimize the entire
superstructure that consists of hydraulic fracturing, storage, transportation, and water treatment,
minimizing annualized cost from recovered water per period and the water footprint of the process.
The capabilities of the proposed approach are illustrated through different scenarios. Furthermore,
the minimum amount of water has been identified that is necessary to achieve the desired fracture

length, which will not lower the productivity of the produced well.



3. METHODOLOGY AND MODELING

3.1 Schematic Diagram of the Water Management in Hydraulic Fracturing Process

In this section, a schematic diagram is constructed to present a holistic view of the water
management in the hydraulic fracturing process. As shown in Figure 3, the flowback water
management process is divided into two blocks. During the hydraulic fracturing process, a model-
based feedback controller is used to determine the amount of fresh water required to inject the
given amount of proppant and to achieve a uniform proppant bank height across the fracture at the
end of pumping. Then, an input-output model is used to find the flowback water flowrate and TDS
concentration from the well over a period of 14 days. The treatment of post-fracturing flowback
water is considered using a thermal membrane distillation (TMD) for the removal of TDS. The
ultimate goal is to minimize fresh water usage in the hydraulic fracturing treatment process and

the total annual cost associated with the post-fracturing process.

Hydraulic Fracturing

Water Management
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Figure 3. Proposed Diagram for the Water Management in Hydraulic Fracturing Process
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3.2 Modeling and Controller Design of Hydraulic Fracturing
3.2.1 Section-based Optimization Method

Section-based optimization method is an offline optimization-based technique that was
proposed by Liu and Valko (2017). This method optimizes the number of wells n., number of
fractures per well n,, and fracture half-length x¢, that maximizes the productivity of a stimulated
well subject to a fixed amount of fracturing resources (Siddhamshetty et al., 2018). As illustrated
in Figure 4, the section-based optimization is performed for planning a large square drainage area,

which is called a section, with multi-stage fractured horizontal wells.
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Figure 4. llustration of a Section for the Case of
Two Wells and Eight Fractures Per Well
(Reprinted from Siddhamshetty et al., 2018)

The section is evenly divided into multiple subsections such that there are n. wells and
n, fractures per well, and the drainage area stimulated by a single fracture is called a subsection.
The productivity of a section with constant values for reservoir fluid properties is expressed as

follows:

2kH

I = ooy (An 1) (1)




where B is the ratio of the volume factor, which is the ratio of the volume factor of oil and gas at
reservoir in-situ conditions to that at the standard condition, k is the reservoir permeability, u,;; is
the oil viscosity, nf = n.n, is the total number of fractures in the section, and Jpr is the
dimensionless productivity index (PI) for each fracture (i.e., a subsection), which is a function of
aspect ratio, A, = x,/y,, and penetration ratio, I, = x;/x,, of a subsection, where x, and y, are

the half-width and half-length of the subsection, respectively (Siddhamshetty et al., 2018).

3.2.2 Optimal Well-Fracture Configuration Using Section-Based Optimization Method

In this work, the total amount of proppant for the section is My, = 3.96 x 107kg. Using
the section-based optimization method, the optimal decision variables which will maximize the
productivity of a section, are found to be: n, = 6, n,, = 55, x = 120 m, I, = 0.895.

Figure 5 illustrates the growth and propagation of proppant bank height during the
hydraulic fracturing process. In unconventional reservoirs, in order to create long and narrow
fractures, slick water (low viscosity fluid) is predominantly used, which allows the proppant to
quickly settle at the bottom of the fracture to form a proppant bank. Once the proppant bank has

grown to equilibrium height, h.,, the injected proppant will travel farther to find the next available
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Figure 5. Growth and Propagation of Proppant Bank
During a Hydraulic Fracturing Process
(Reprinted from Siddhamshetty et al., 2018)



The ultimate goal is to achieve a uniform proppant bank with the equilibrium height over
the optimal fracture half-length, x; = 120 m, obtained using the section-based optimization

method. Assuming that the proppant bank with equilibrium height, h,,, expands along the fracture

eq>

to cover the entire optimal fracture half-length, x, the above-mentioned goal can be translated into
achieving the desired average fracture width, Wy, 147 get, at the end of pumping, which is obtained

using the following equation:

M
prop,frac
(2)

w =
avg,target prheqxf(l — ¢)

where the amount of proppant injected into each fracture is My,op frqc = 72,000 kg, and the
equilibrium height is h,, = 54 m. Therefore, the calculated average fracture width at the end of
pumping i, Wayg targer = 5.37 mm ((Siddhamshetty et al., 2018). The other values used for the

simulation are illustrated in Table 1.

3.2.3 MPC Formulation

To achieve the desired average fracture width over the optimal fracture half-length at the
end of pumping, a MPC was developed by Siddhamshetty et al. (2018). The MPC computes the
optimal pumping schedule, which consists of the flowrate and proppant concentration of the
fracturing fluids at the wellbore. The controller minimizes the squared deviation of the predicted
average fracture width from the desired set-point value at the end of pumping, We,g targee- In this

regard, the MPC formulation is in the following form:

_ - 2
min (W (t7) = Wavg target) (3)

Cstage,k...,cstage,‘a
Qstage,k...,Qstage,9

s.t. Kalman filter 4)
Wo(tr) = Wo(ty), Lo(ty) = Lo(ty) Q)
(6)

Cstage,k—1+m < Cstage,k+m < 2 PPGA
Qmin < Qstage,k+m < Qmax (7)
m=1,.9—-k ®)
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9
A (2 2 Qstage,sztage,k> = Mprop,frac (9)
k=1

In this optimization problem, Eq. (5) describes the real-time measurement of the fracture
width at the wellbore (VV\O (tk)) and fracture length (Zg(tk)), at each of the sampling times, t;, which

are used in the Kalman filter to estimate the average fracture width. The formulated problem also
has a series of constraints. As shown by Egs. (6) and (7), there are limits on the maximum proppant
concentration injected, 2 PPGA (pounds of proppant added to one gallon of fluid), and on the
flowrate of the fracturing fluids at the wellbore, Q,,,4,. For in depth explanation and modeling of

the section-based method and the model predictive control, the readers may refer to

(Siddhamshetty et al., 2018).

Table 1. Model Parameters Used for the Simulation
(Reprinted from Siddhamshetty et al., 2018)

Parameter Symbol Value
Reservoir height H 60 m
Fracturing fluid viscosity u 0.005Pa-s
Proppant bank porosity o 0.61

during hydraulic fracturing

Square drainage area of a

6 2
section A 2.59x 10° m

3.3 Modeling of Flowback Water
3.3.1 Flowback Water Field Data

An input-output model is developed to predict the flowback water volumes and TDS
concentration collected over the first 14 days after well completion. The data used in this model is
taken from information provided by Hayes (2009). This report samples and analyzes the influent
and flowback water streams at day 0, 1, 5, 14, and 90, associated with shale development of 19
locations in Pennsylvania and West Virginia (Marcellus Shale Region). As shown in Tables 2 and
3, the report includes the locations, types of wells, the total fracturing fluid volumes used, the

associated flowback water volumes collected, and TDS concentration after well completion.
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Table 2. Water Use and Flowback Water Collection Associated with
Hydraulic Fracturing Completion of Shale Gas Wells (Reprinted from Hayes 2009)

Total Vol. Cumulative Volume of Flowback Water, BBL

Location Well Type %Zig’lg]l;lf 1 Day 5 Days 14 Days 90 Days

A Vertical 40,046 3,950 10,456 15,023

D Horizontal 21,144 2,854 8,077 9,938 11,185

E Horizontal 53,500 8,560 20,330 24,610 25,680

F Horizontal 77,995 3,272 10,830 12,331 17,413

K Horizontal 70,774 5,751 8,016 9,473

M Horizontal 99,195 16,419 17,935 19,723

N Vertical 11,435 2,432 2,759 3,043 3,535

Q Vertical 23,593 1,315 3,577 5,090

S Vertical 16,460 2,094 7,832 9,345

Typically in shale oil and gas development, the flowback water flowrate is initially high
(2,500 to 6,000 BBL/day) and decreases over time to levels as low as 5 to 100 BBL/day
(Henderson et al., 2011). On the other hand, the initial streams contain moderate to low salinity
and the TDS levels gradually increase over time, reaching as high as 345,000 mg/L (Hayes, 2009).
This is because the fracturing fluid injected picks up soluble inorganic constituents from the rock
formation. Thus, the longer the fracturing fluid resides downhole, the higher the TDS

concentration of the flowback water becomes.

Table 3. Concentration of Total Dissolved Solids
in Flowback Water, mg/L (Reprinted from Hayes 2009)

Location Day 0 Day 1 Day 5 Day 14 Day 90
A 990 15,400 54,800 105,000 216,000
B 27,800 22,400 87,800 112,000 194,000
C 719 24,700 61,900 110,000 267,000
E 5,910 28,900 55,100 124,000
F 462 61,200 116,000 157,000
G 1,920 74,600 125,000 169,000
H 7,080 19,200 150,000 206,000 345,000
L 221 20,400 72,700 109,000
0] 2,670 17,400 125,000 186,000
P 401 11,600 78,600 63,900
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3.3.2 Assumptions
To effectively develop the dynamic input-output model, the following assumptions are made:

o The total fracturing fluid volume to be injected during the hydraulic fracturing process is
known.

o The flowback water recovered over the time period of 14 days is mainly from the
accumulated water inside the fractures at the end of pumping.

o The TDS concentration in the flowback water will be estimated by the average of the

available data provided by Hayes (2009).

3.3.3 Flowback Water Volume Model

The flowback water data from Table 2 are correlated using a regression technique. To
properly fit the data into a single function, it is normalized to facilitate comparison of the vertical

and horizontal wells at each location. The following equation describes the average daily percent

of fracturing water collected from the fractured well, (yF Bwe”'out) :

FBwell,out

= (1.254 * 107%)t® — (6.403 = 107°)t> + 1.306 * 1073)t* — 0.0136¢t3
+ 0.076t% — 0.219t + 0.280 (10)

where t is in days after well completion. The trend in Figure 6 is as expected; the percent collected
is initially high, and then it decreases over the next 14 days. The volume constraint for the

input, FBel-out 'based on the data used to generate the model is:

11435 BBL < FBWeé!-°ut < 99195 BBL (11)
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Figure 6. Flowback Water Percent Collected Regression Model

As discussed, pumping is stopped during the closure stage and some of the fracturing fluid
leaks off into the formation. The pressure from the rock formation enables water along with
hydrocarbons to flow from the reservoir to the wellbore. During the initial flowback phase, only
the water emerges to the surface because it is within and close to the fracture. As such, the flowback

water recovered is mainly from accumulated water inside the fracture at the end of pumping.

FBwell,out

Multiplying the calculated input (67,832 BBL) by y obtained from the regression model,
generates the outputs over the time period of 14 days. As shown in Table 4, the volume collected

is initially 8,421 BBL on day 1, and then it decreases to as low as 205 BBL on day 14.
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Table 4. Flowback Water Volume Collected Based on Regression Model

Average
Day Flowback Recovery Flowback Water
Coefficient Volume (BBL)
(%)
1 12.4 8,421
2 5.45 3,705
3 2.86 1,943
4 2.07 1,405
5 1.78 1,210
6 1.50 1,021
7 1.18 799
8 0.90 613
9 0.78 525
10 0.77 521
11 0.76 513
12 0.59 404
13 0.29 200
14 0.30 205

3.3.4 Flowback Water TDS Concentration Model

TDS concentration is highly dependent on the rock formation; therefore it changes from
one location to another. In this work, the TDS concentration in the flowback water is assumed to
be the average of the available data provided by Hayes (2009). The TDS concentration profile over
the time period of 14 days is fixed at the average value for each scenario, regardless of the location
of the shale play, geological formation, and chemicals introduced during the drilling and hydraulic

fracturing operation.
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Figure 7. TDS Concentration Regression Model

An exponential regression is used to correlate the TDS concentration with time. It is shown
in Figure 7. The longer the fracturing fluid remains downhole, the higher the TDS levels become.
Fitting the data using a single function generates the following equation for the average TDS
concentration of flowback water, C¥e!-°%¢ as a function of time that comes out of the fractured

well:

Cwell_out — 3909260.1079t (12)

where t is in days from the beginning of a hydraulic fracturing event. Using Eq. (12), the predicted

TDS concentration in the collected flowback water over the first 14 days is shown in Table 5.
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Table 5. TDS Concentration in Flowback Water Based on Regression Model

Day TDS Concentration, mg/L
1 43,546
2 48,507
3 54,034
4 60,191
5 67,049
6 74,688
7 83,198
8 92,677
9 103,236
10 114,998
11 128,101
12 142,696
13 158,954
14 177,065

3.4 Modeling of Post-Fracturing Flowback Water Treatment Process
3.4.1 Mass Balance Equations

The increasing salt concentration (TDS level) over time in flowback water is an important
component of the collected stream, as it determines the disposal options, treatment strategies, and
most importantly, treatment cost. To properly develop and implement the proposed methodology,

mass balances for the storage unit, TMD technology, and the reuse/disposal options are considered.

3.4.1.1 Flowback Water

In this model, the main objective is to analyze the impact of flowback water attributes on
the economic performance of the system, while considering environmental factors. As shown in
the proposed superstructure illustrated in Figure 3, the flowback water collected goes through a
treatment unit for TDS removal. This practice does not only avoid the disposal of untreated
flowback water, it also represents environmental remediation (Lira-Barragan et al., 2015). The

mass balance equations are given as follows: the outlet water (F,**"-°**) from the fractured well

at time period t enters the interim storage ( f ftw"’”-s“’mg e);
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F;/vell_out — fftwell_storage ’ V¢t (13)

The flowback water stream has TDS concentration associated with it. The following mass flow
rate (mm}"*"-***"*9¢) is considered for the outlet concentration (C}***~°"") into the interim storage
unit:

well_storage __ ,~well_out well_storage
m, = C, *ff, , Vt (14)

3.4.1.2 Water Inlet to Storage Unit

Flowback water that comes out of the well enters an interim storage unit before treatment.
This storage unit is local, i.e. low transportation costs. The following equation describes the
flowback water that enters the storage unit at time period ¢t (F°*°"*9°-™) is same as that coming out

from the well at the same time period:

Efstorage_in — fftwell_storage ’ V¢t (15)

The mass flow of the TDS (M;*°"*9°-™) and the corresponding concentration (¢ *"*9*-™) entering

the storage unit is provided by Egs. (16) and (17), respectively:

storage_in well_storage
pEoragein _ pwellstorage ¢ (16)
Mstorage_in

C:torage_in _ _t VvVt (17)

~  ptreatment_in ’
Ft -

3.4.1.3 Water Outlet from Storage Unit

The flowback water from the storage unit is transported to the separation technology (TMD
system) for regeneration and disposal of rejected feed at time period ¢ (f£5T9¢-Te%ment) The
equations for the outlet flow (F°°"**-°*) and mass flow of TDS from the storage unit

(mmgtorese-reatmenty are as follows:

storage_out storage_treatment
FTOTROSO = ffTOTAO , Vit (18)
storage_treatment __ ,storage_out storage_treatment
mm, = C, * ffrord , Vit (19)
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3.4.1.4 Water Inlet for Treatment

In this study, a thermal membrane distillation system is considered to treat the wastewater
brines (flowback water). This technology efficiently treats wastewater under adequate conditions
to be disposed or reused, while minimizing cost and environmental impacts (Lira-Barragan et al.,
2015). Compared to reverse osmosis, thermal membrane processes are more suitable for the
recovery and desalination of high-TDS flowback water (Pangarkar et al., 2011). The flowback
water entering the treatment technology at time period 7 (F/¢*™"-" ) is supplied by the outlet

storage_treatment) .

streams from the storage unit (ff;
Fttreatment_in — ff;storage_treatment ) Vit (20)

The mass flow of the TDS and the inlet concentration are:

i storage_treatment
Mfreatment_m = mm ge_ , vVt (21)

treatment_in
M; -

C;rreatment_in -t 000000 vVt (22)

treatment_in ’
F‘t —

3.4.1.5 Water Outlet from Treatment Units

The present model represents an open-loop problem where the streams will not be
reintroduced as a fracturing fluid to another well. Depending on the optimization scheme
(parameters, variables, costs, etc.), only a portion of the flowback water will be recovered for reuse,
while the rest may have to be disposed. In this regard, the outlet flowrate from the TMD system
(Ffreatmentout ) gyer time period ¢ will be transported to a water reuse site for profits or to disposal

via deep well injection:

Fttreatment_out — ffzreatment_reuse + ffzreatment_disposal LVt (23)

The mass flow of the TDS and the outlet concentration for each end purpose are illustrated by Egs.

(24) through (26):

treatment_out treatment_reuse treatment_disposal
M, O = mm]] - + mm’, SHSPOSAt Ly g (24)
treatment_reuse treatment_reuse treatment_reuse 25
mmy - = (; - *ff; - , Vit (23)
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treatment_disposal __ Ctreatment_disposal N fftreatment_disposal ’ V¢t (26)

t - t t

3.4.1.6 Volume Balances in Storage Unit

To calculate the volume balance in the storage unit over time, the previous volume in time
period ¢-1 (for the 14 day time period), the time conversion factor H"¢, and the difference between
the inlet and outlet flowrate are considered (Lira-Barragan et al., 2015). H"™ is defined as the
operating days per time period (86400 sec/day). As such, the volume balance in the storage unit is

given by the following equations for each time period :

V:torage — V:torage_initial + Htime " (E:storage_in _ E:storage_out) ) Vi=1 (27)
V:torage — Vstti)gage + Htime % (E:storage_in _ E:storage_out) ) ViE>1 (28)

t
ysterase — o yir=14 (29)

The TDS concentration balance for each time period in the interim storage unit is provided by Egs.

(30) through (32):

Citorage_out — Citorage_in ) Vi=1 (30)
Citorage_out % (Vtsfirage + Hn’me % Efstorage_in)
t t t i storage_in
= MM Ly A8 gtime  FROTA9CR Ly > €2))
Citorage_out % Hn'me % Fitorage_in
— Cit_olrage_out % Vts_tirage + Citorage_in % Hn’me % Efstorage_in ) Vi=14 (32)

3.4.2 Thermal Membrane Distillation Design

The TMD system used in this model was developed by Elsayed et al. (2013). As mentioned,
TMD is a membrane technology that uses vapor compression for wastewater treatment. First, the
flowback water is pretreated to remove oils, organic compounds, and bacteria. Then, the pretreated
flowback water is preheated below a boiling temperature to avoid complete evaporation of the

feed. Finally, the water vapor travels through the membrane and is condensed on the permeate side

20



by large quantities of sweeping water (clean water) (Elsayed et al., 2013; Elsayed et al., 2015).

Through this process, complete TDS rejection is assumed. As such, the treated flowback water

treatment_reuse
Ct

(permeate) is virtually pure water (i.e. = 0). In this regard, the water recovery ({;)

described in Eq. (33) is the ratio of the permeate flowrate to the flowrate fed to the TMD system:

treatment_in
F, -

Vit (33)

(t = treatment_reuse '’
ff )

To increase water recovery, a portion of the rejected stream leaving the TMD system

( f fzre“tme”t-d“posal) is reheated and recycled back by mixing with the feed [15]. The following

equation describes the recycle ratio (v;) of the recycled flowrate to the feed flowrate.

fftreatment_disposal
t

Vit (34)

U = treatment_in ’
Fy

Furthermore, the permeate flux (J,, ;) is one of the key equations in this model. As shown

in Eq. (35), B,, is the membrane permeability, a function of the membrane properties

(BwB =75%10"11 k—g) and the average membrane temperature, T,,, = 363 K. Eq. (36)

m2xsxPaxK1-334

describes the water vapor pressure of the feed (Py, (), while Eq. (37) describes the water vapor
pressure of the permeate (P;, ,). The activity coefficient of the water in the feed (y,,7) is described
by Eq. (38). Moreover, as shown by Eq. (39), (Xyqci¢) 1s the mole fraction of NaCl of the feed.
Finally, the area of the membrane (A, ;) described in Eq. (40) is the ratio of the permeate flowrate

to the permeate flux (Elsayed et al., 2013; Elsayed et al., 2015):

. . 35
]W,t = BW * (PW.f * wa,t - PW.p)' V t ( )
3816.44 (36)
P = 23.1964 — ——————

wf = SXP < Tof — 46.13)
P, = 23.1964 381644 37
wp = SXP | 22 Trmp — 46.13 7
Ywrt = 1—-0.5Xnace — 1OXIZVaCl,t , Vit (38)
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treatment_in
C; -

_ 58
XNaCl.t - Cfreatment_in 1— CfreatmEnt_in ’ Vit (39)

58 + 18

fftreatment_reuse
t

A t — B Vit
m Jw,e

(40)
3.4.3 Constraints
3.4.3.1 Volume Capacity

There is a maximum capacity available for the storage, reuse, and disposal units. Given the
time conversion factor and the previous volume at time #-/, the storage volume at time ¢ will
increase as wastewater flows into the storage unit over time. Similarly, as the treated wastewater
flows into the reuse (or disposal) unit, the associated volume capacity will increase over time. As
described in the following equations, to effectively optimize the system, the maximum capacity

available cannot be exceeded:

(a) Storage Capacity:

Vtcapacity_storage > VtStOTage , vVt (41)
(b) Reuse Capacity:
Vtreuse = ptime , Ftreuse_in .Vt (42)
Vcapacity_reuse > Vtreuse Vit (43)
t i )
(c) Disposal Capacity:
thisposal — Htime % Efdisposal_in ) Vit (44)
Vtcapacity_disposal > thisposal , vVt (45)

3.4.3.2 TDS Constraints

As mentioned, the stream that comes out of the treatment system for reuse is virtually pure
water, i.e. the TDS concentration = 0. The constraint associated with the treated wastewater is
presented in the following equation:

C;:reatment_reuse =0, Vit (46)
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Moreover, to avoid build up contaminants and precipitation in the TMD system, the TDS level in
the reject should not exceed 0.35 (Elsayed et al., 2015). The maximum TDS weight fraction

allowed is provided by the following equation:

thapacity_disposal < 0.35 ) Vit (47)

3.4.4 Objective Function

3.4.4.1 Total Annual Cost

The proposed methodology is a mixed-integer non-linear programing (MINLP) problem
that was implemented in General Algebraic Modeling System (GAMS), and solved using the
BARON solver. The objective is to optimize the expected total annual cost associated with the
post-fracturing process. As shown by Eq. (48), the total annual cost consists of total capital cost,

total operating cost, and profits from selling the treated flowback water:

TAC, = TOC, + TCC — Profitl®*s¢, Vvt (48)
3.4.4.2 Total Operating Cost
In this model, the operating costs are related to all of the expenses associated with
wastewater treatment, disposal, and transportation.
a) Treatment Costs

Before going through the TMD system, the generated flowback stream is pretreated to
remove oils, bacteria, and organic compounds (Elsayed et al., 2015). All of the annual costs

associated with the pretreatment and treatment processes are presented as follows:

Costtreatment — (11411 + 43 % (1 — {)] 4 [1613 * (1 + v)]} » Fireatmentin =y ¢ (49)

b) Disposal Costs

As discussed, deep well injection has been the primary means of management for disposal
of high-TDS wastewater. In this regard, the cost of disposal (Cost;*P***') is the product of the unit

cost of disposal (UC*P**") and the associated flowrate:
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, , di i
Cost;izsposal — UCtdLsposal " Ft isposal_in ) vVt (50)

c¢) Transportation Costs

The total operating cost equation mostly consists of the transportation costs to send
flowback water streams from one network to the other. In this model, the interim storage unit is

ll_st :
well_s orage) is

onsite, thus the unit transportation cost (UTC, relatively low. The transportation cost

(Tce"-**7*9¢) from the fractured well to the storage unit is provided by Eq. (51):

TC:vell_storage _ UTC:vell_storage * ff;well_storage’ vt (5 ])

In theory, the treatment technology should be located close to the well operation site, to
further minimize hauling costs. The TMD technology used in this model is a mobile system that
can be moved from one well to the other, depending on the operators’ demand (Elsayed et al.,

2015). The transportation cost from the storage unit to the TMD system is provided by Eq. (52):

storage_treatment storage_treatment storage_treatment
TC; " 9% = UTC; " ""9% « ffOTA98- , Vit (52)

The flowback water data generated in the dynamic input-output model comes from data
samples associated with shale development in the Marcellus Region. As previously mentioned,
there are few injection sites in that region (Henderson et al., 2011). Consequently, the generated
flowback water needs to be transported to sites in Ohio or Indiana. In this regard, the unit

treatment_disposal)

transportation cost (UTC, of such long distances is high. The transportation cost

(Tcfreatment-Aisposaly from the TMD system to the disposal unit for deep well injection is provided

by Eq. (53):

treatment_disposal treatment_disposal treatment_disposal
TC, -AEPOSEt = yTC, SHSPOSA . £ f SSPOSAT -y ¢ (53)

The transportation cost from the TMD system to reuse water sites for profit is provided by Eq.

(54):

treatment_reuse treatment_reuse treatment_reuse
TC| reuse — 1 Teuse y ff Teuse ¢ (54)
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d) Profits
As shown in the following equation, treated water will be transported to a reuse water site
and sold for profit:
Profit]e%se = UPJevse « F/ee-, vt (55)
3.4.4.3 Total Capital Cost

In this model, the capital costs are related to equipment acquisition associated with
wastewater storage, treatment, and disposal. Given the annualized factor K = 0.1, the fixed and
variable costs, and the maximum volume capacity for each, the capital cost equations are presented

in the following form:

Capcost:torage =K x [FCtstorage + (VCtstorage % Vtcapacity_storage)] .Vt (56)
CapCost[ese = K « [FCTevse 4 (VCTeuse « yfopacityrewse)] - vy

(57)

CapCOSt;iiSposal =K [FCtdisposal + (VC;iisposal " Vtcapacity_disposal)] ) vt (58)

CapCost{Teatment = 58« A . + 1115 * Ffreatmentin =y (59)

3.4.4.4 MINLP Model

Based on the detailed mathematical model presented in the previous sections, the problem
of optimal wastewater management related to the post-fracturing operations can be posed as a

multi-objective MINLP problem, as follows:

min  TAC =TOC + TCC — Profit"c“s¢ (60)

s.t. Eq.(13) — (59) (61)
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4. RESULTS AND DISCUSSION

Some of the key barriers for shale gas development are related to water availability for the
hydraulic fracturing process, as well as the treatment and disposal of the water collected as
flowback after well completion (Henderson et al., 2011; Jiang et al., 2014). In the Marcellus Shale
Region, the average amount of water required to complete one well is roughly 92,000 BBL. Thus
water availability (and scarcity) can become an issue, especially in places where there is apparent
competition between water usage for energy production and agriculture, for instance. In this
regard, a multi-objective optimization problem is formulated to minimize the total annual cost
associated with the post-fracturing process, as well as the water footprint. The capabilities of the
proposed approach are illustrated through different scenarios, and a sensitivity analysis examines
the effects of water availability on the productivity of stimulated wells. Finally, the impact of
wastewater generation is evaluated using the tool for reduction and assessment of chemical and

other environmental impacts (TRACI).

4.1 Base Case

In the base case, the proposed MPC computes the optimal pumping schedule without any
constraint on the availability of fresh water for the hydraulic fracturing operation. By assuming
there is unlimited fracturing fluid available, the optimal pumping schedule will generate a uniform
proppant bank height across the fracture at the end of pumping. Then, the dynamic input-output
model discussed in Section 3.3 describes the flowrate and TDS concentration in flowback water
reported in Table 6. Finally, the flowback water data is used in the post-fracturing process to
minimize TAC. Table 7 illustrates the parameters used in the post-fracturing process optimization
problem (Boschee, 2014; Collins, 2016; Elsayed et al., 2015; Henderson et al., 2011; Lira-
Barragan et al., 2015).
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Table 6. Flowback Water Data Based on Dynamic Input-Output Model

Day Flowrate of Flowback (kg/s) Mass Fraction of TDS
1 15.5 0.044
2 6.82 0.049
3 3.58 0.054
4 2.59 0.060
5 2.23 0.067
6 1.88 0.075
7 1.47 0.083
8 1.13 0.093
9 0.97 0.103
10 0.96 0.115
11 0.94 0.128
12 0.74 0.143
13 0.37 0.159
14 0.37 0.177

Table 7. Model Parameters Used in the Optimization Problem

Treatment Storage Disposal Reuse
Fixed cost, $ Refer to Eq. (59) 10,000 52,000 10,000
Va“;’j’lieg €St | Refer to Eq. (49) 0.0063 0.0135 0.0063
Unit
transportation 0.00036 0.00036 0.15 0.03
cost, $/kg
Cost of
disposal, $/kg 0.04
Selling price,
$/kg 0.004

The costs associated with treatment and disposal of flowback water over the 14 day time

period are reported in Table 8. Since the selling price per kilogram of the treated flowback water

27



is relatively low compared to the total cost of treatment, meaningful profit is unattainable in this
problem. The only way to make profit in the post-fracturing process is by increasing the selling
price and/or finding reuse and disposal sites that are closer to the hydraulic fracturing operation
site. However, increasing the selling price of treated flowback water is not feasible because if it is
too high, it is more cost effective to use fresh water. Furthermore, there are only few disposal sites
in the Marcellus Shale region, which explains the high hauling cost of $0.15/kg. Thus finding
disposal sites that are closer is also a problem due to availability. In this regard, the productivity
of the stimulated well is extremely important, as it will determine how much money is made from

the hydraulic fracturing operation.

Table 8. Costs and Profit Associated with Treatment
and Disposal of Flowback Water

Value
Disposal cost $24,125
Profit from selling treated flowback $11.819
water
Treatment cost $13,1160
Transportation cost to well $1,230
Transportation c?st to treatment $1.230
unit
Transportation cost to reuse site $84,420
Transportation cost to disposal site $90,467
Capital cost of storage unit $3,133
Capital cost of treatment unit $135,650
Capital cost of reuse unit $2,773
Capital cost of disposal unit $6,014

Moreover, to get a better idea of how TAC changes, the cumulative TAC and percent
recovery of the flowback water is plotted for each time period. As shown in Figure 8, the
cumulative TAC increases almost linearly throughout the post-fracturing process from $176,256
for one day of treatment and disposal to $468,379 when the process is done for all 14 days. The

percent recovery reported in Table 9 refers to the flowback water recovered from the TMD system.
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As shown, more than 50% of the flowback water collected is recovered within day 3. Over the 14

day period, 82.3% of the total flowback water collected is recovered through treatment.
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Figure 8. Cumulative TAC and Percent Recovery for the Base Case

Table 9. Cumulative TAC and Percent Recovery Values
for the Base Case

Day* Cumulative TAC Recovery (%)
1 $176,256 34.3%
2 $251,984 49.1%
3 $292,440 56.7%
4 $322,321 62.2%
5 $348,663 66.7%
6 $371,462 70.5%
7 $389,854 73.3%
8 $404,255 75.4%
9 $417,282 77.1%
10 $430,610 78.8%
11 $445,629 80.3%
12 $456,635 81.4%
13 $462,386 81.9%
14 $468,379 82.3%

*Days from the hydraulic fracturing event.
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4.2 Scenario I-IV: Reduction in Total Fracturing Fluid Injected

Compared to the base case, there is a limit on the total water available for scenarios I
through IV. As such, a constraint is introduced in the proposed MPC to find the new optimal
pumping schedule. In this regard, the revised MPC formulation from Section 3.2.3 will include

the following equation:

9
A (2 2 Qstage,k) = WRprop,frac (62)
k=1

where Qs¢qge x 18 the fracturing fluids flowrate and Cgq 4« s the proppant concentration that have
to be injected at each time interval to achieve uniform proppant bank height across the fracture.
Furthermore, the constraint of Eq. (62) refers to the amount of water to be injected in a
single fracture over the entire hydraulic fracturing process, WRyyop frac = 241.09 m* for the base
case. In this regard, the constraint for a 10% reduction in the water available (scenario 1) is,
WRpyrop frac = 216.98 m3. The results for water availability and requirements based on 20%

(scenario II), 30% (scenario III), and 40% (scenario IV) reductions are tabulated in Table 10.

Table 10. Water Requirements Based on Volume
Reduction for Scenarios I-IV

Total Water Injected,
WRprop,frac (m3)
Scenario I: 10% Reduction 216.98
Scenario I1: 20% Reduction 192.90
Scenario I1I: 30% Reduction 167.86
Scenario IV: 40% Reduction 145.11

Using the proposed MPC for the hydraulic fracturing process, provided the new constraint
imposed on the amount of water to be injected, the new optimal pumping schedule for each
scenario can be obtained. Then, it is applied to the high fidelity model to get the total water volume
inside the fracture, which is used in the dynamic input-output model to generate the flowback

water flowrate and TDS concentration reported in Tables 11-14. Compared to the base case, there
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is a 23% reduction in the flowrate on day 1 for scenario II. Moreover, the new data is implemented

in GAMS to optimize the total annual costs associated with the post-fracturing process.

Table 11. Flowback Water Data Based on Dynamic
Input-Output Model for Scenario I (10% Reduction)

Day L2 Dot 1D O L G T Mass Fraction of TDS
(kg/s)
1 13.98 0.044
2 6.15 0.049
3 3.23 0.054
4 2.33 0.060
5 2.01 0.067
6 1.69 0.075
7 1.32 0.083
8 1.02 0.093
9 0.87 0.103
10 0.86 0.115
11 0.85 0.128
12 0.67 0.143
13 0.33 0.159
14 0.33 0.177

Table 12. Flowback Water Data Based on Dynamic
Input-Output Model for Scenario II (20% Reduction)

Day L2 Dot 1D O L G T Mass Fraction of TDS
(kg/s)
1 11.99 0.044
2 5.28 0.049
3 2.77 0.054
4 2.00 0.060
5 1.72 0.067
6 1.45 0.075
7 1.14 0.083
8 0.87 0.093
9 0.75 0.103
10 0.74 0.115
11 0.73 0.128
12 0.57 0.143
13 0.29 0.159
14 0.29 0.177
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Table 13. Flowback Water Data Based on Dynamic
Input-Output Model for Scenario III (30% Reduction)

Day Flowrate of Flowback (kg/s) Mass Fraction of TDS
1 11.81 0.044
2 5.2 0.049
3 2.73 0.054
4 1.97 0.060
5 1.7 0.067
6 1.43 0.075
7 1.12 0.083
8 0.86 0.093
9 0.74 0.103
10 0.73 0.115
11 0.72 0.128
12 0.57 0.143
13 0.28 0.159
14 0.28 0.177

Table 14. Flowback Water Data Based on Dynamic
Input-Output Model for Scenario IV (40% Reduction)

Flowrate of Flowback

Day (kg/s) Mass Fraction of TDS
1 10.63 0.044
2 4.68 0.049
3 2.45 0.054
4 1.77 0.060
5 1.53 0.067
6 1.29 0.075
7 1.01 0.083
8 0.77 0.093
9 0.66 0.103
10 0.65 0.115
11 0.64 0.128
12 0.51 0.143
13 0.25 0.159
14 0.25 0.177
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Similar to the base case, the cumulative TAC and percent water recovery are plotted for
each time period. As reported in Table 15, the reduced volume injected does not affect the amount
recovered from the TMD system. As such, there is a 56.8% and 82.3% recovery by day 3 and 14,
respectively for each scenario. The flow reduction only affects the cumulative TAC of each
scenario. In other words, TAC for the base case is higher than the other scenarios because the
volume of injected fracturing fluid and the volume of collected flowback water are higher. In this
regard, TAC for scenario III and IV after 14 days are $358,660 and $323,023 respectively.
Compared to the base case, there is a 23% reduction in TAC for scenario III and a 31% reduction
for scenario IV. From Figure 9, the cumulative TAC increases almost linearly over the 14 day

period for each scenario.

Table 15. Cumulative TAC and Percent Recovery Values for Scenarios I-IV

Day* Recovery (%) Scenario I Scenario 11 Scenario I1I Scenario IV
1 34.3% $159,678 $137,973 $136,010 $123,140
2 49.1% $227,966 $196,601 $193,750 $175,106
3 56.8% $264,467 $227,904 $224,600 $202,792
4 62.2% $291,348 $250,978 $247,328 $223,213
5 66.7% $315,091 $271,295 $267,409 $242,349
6 70.5% $335,586 $288,880 $284,751 $258,077
7 73.3% $353,611 $304,437 $298,686 $270,724
8 75.4% $366,776 $315,567 $311,140 $280,653
9 77.1% $378,342 $325,637 $320,977 $289,427
10 78.7% $390,173 $335,817 $331,020 $298,369
11 80.3% $402,302 $346,234 $341,294 $307,502
12 81.4% $412,267 $354,712 $349,772 $315,087
13 81.9% $417,397 $359,219 $354,125 $318,973
14 82.3% $422,742 $359,228 $358,660 $323,023

*Days from the hydraulic fracturing event.
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Figure 9. Cumulative TAC and Percent Recovery for Scenarios I-IV

4.3 Scenario Analysis to Assess the Effects of Uncertainty

To determine the economic viability of a project and/or process, it is important to consider
the effects of risks and uncertainty. In economic analyses, the use of a sensitivity analysis is
advisable as it demonstrates how results can change if one parameter changes. In this analysis, the
impact of a reduction in the available amount of fracturing fluid to be injected on the productivity
of a stimulated well is investigated.

As discussed in Section 3.2.1, the section-based optimization method is an offline
optimization-based technique that finds the optimum number of wells n., number of fractures per
well n,, and fracture half-length x;, to maximize the productivity (PI), J,, of the well [4].
Moreover, for a given amount of proppant, M,y rrqc = 37,000 kg, if the target average fracture
width at the end of pumping is achieved, then the optimal fracture half-length, x; = 120 m would
also be achieved. As illustrated in Figure 10, the desired average fracture width at the end of
pumping is attained for each scenario, despite reductions in the total fracturing fluid volume

available.
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Figure 10. Average Fracture Width During the Hydraulic Fracturing Process
Under MPC for Scenarios I-V

Moreover, Figure 11 illustrates the optimal pumping schedule for each scenario. The
reduction in the total volume of water to be injected directly affects the pumping schedule of
scenarios III and IV because when there is not sufficient amount of water available, all of the
proppant cannot be injected. The only way to inject all of the proppant would be to increase the
proppant concentration injected over the time period. However, as described by Eq. (6), there is a
limit on the maximum proppant concentration injected. Consequently, the proppant concentration

cannot exceed 2 PPGA.
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for Scenarios I-V
Table 16. Results Obtained for Scenarios I-V
Total Water Total Proppant Fracture Half- Productivity
Injected, Injected, My,,op frac Length, x¢ Index per
WRprop,frac (m3) (kg) (m) Well, ] D
Base case 241.09 37,000 120 372.4
10% Reduction 216.98 37,000 120 372.4
20% Reduction 192.90 37,000 120 372.4
30% Reduction 167.86 33,509 105 132.9
40% Reduction 145.11 27,547 87 59.1

As reported in Table 16, until 20% reduction in the total fracturing fluid available, the
water requirement for well completion can effectively be reduced without any effect on the

productivity of the well. For scenarios III and 1V, all of the proppant cannot be injected because
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of the constraint imposed by Eq. (6). As shown, when the total water available is reduced by 30%,
the fracture half-length decreases because there is not enough proppant to cover the remaining part
of the fracture. As a result of this, the overall productivity of the stimulated well is reduced by
64%, compared to the base case. A further reduction by 40% leads to a PI of 59.1, or a 84%
reduction from the base case.

As discussed in Sections 4.2 and 4.3, 82.3% of the collected flowback water is successfully
recovered through the TMD system. However, the TAC for the base case is higher than the other
scenarios because the actual flowback volume recovered is higher. In other words, more money is
spent to recover more flowback water without any benefit to the hydraulic fracturing operation.
Although the treated flowback water is sold, profits from recycling are overshadowed by the costs
of treatment, transportation etc. In this regard, the main goal should be to maximize profits from
the hydraulic fracturing operation instead of maximizing the flowback water recovery. As such,
assuming that the amount of water injected is sufficient to create the same stimulated volume of
hydrocarbons, the water usage can be reduced by 20%, without affecting the performance of the
well. By applying this recommendation, the TAC associated with post-fracturing process becomes

$359,228 a 23% reduction from the base case.

4.4 Scenario V: Complete Discharge of the Flowback Water

The treatment and recycle of flowback water are viable solutions to minimize fresh water
usage and the negative impacts on the environment. For comparison purposes, complete discharge
is considered, meaning the flowback water from the fractured well is directly sent to a disposal
unit for deep well injection. Table 17 shows the cumulative TAC for treatment vs. no treatment
for the base case. As shown, an additional $192,917 is spent to directly dispose the flowback water
over the course of 14 days. This indicates that the treatment of flowback water is beneficial when
we look at the entire framework regarding sustainability. For the present problem, the TAC for
complete discharge is high because of the transportation cost to the wastewater disposal site. As
mentioned, the data used in this model is taken from flowback water samples associated with shale
development in the Marcellus Region. In that region, there are availability and capacity issues
related to injection sites. Consequently, the generated flowback water has to be transported over

long distances to nearby sites in Ohio or Indiana.
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Table 17. Cumulative TAC for Treatment vs. No Treatment

Day* Cumulative TAC Treatment C;I:l,;l::;‘t’fn:lﬁc
1 $176,256 $262,938
2 $251,984 $375,903
3 $292,440 $435,201
4 $322,321 $478,101
5 $348,663 $515,038
6 $371,462 $546,178
7 $389,854 $570,527
8 $404,255 $589,244
9 $417,282 $605,311

10 $430,610 $621,212
11 $445,629 $636,782
12 $456,635 $649,039
13 $462,386 $655,167
14 $468,379 $661,296

*Days from the hydraulic fracturing event.

Other than economic and environmental benefits, there are societal benefits as well from
the treatment of flowback water. Getting rid of the TMD system indicates that large amounts of
untreated flowback water will be disposed via deep well injection. The direct disposal of untreated
flowback streams also affects the societal pillar of sustainability. For example, a small leak into
the formation could pose risks to animal and human health, as it would result in waste migration
and groundwater contamination (Simpson and Lester, 2009). As such, the handling process of
flowback water is extremely complex in terms of safety, which is why wastewater treatment is an

essential part of the post-fracturing process.

4.5 Environmental Impact Assessment

To analyze and quantify the environmental impact of chemicals in the flowback water
collected within the first 14 days, the tool for reduction and assessment of chemical and other
environmental impacts (TRACI) is used (Bare, 2011; Bare, 2012; Jiang et al., 2014). The TRACI
framework, developed by the Environmental Protection Agency (EPA) characterizes factors for

sustainability metrics to quantify the potential effects of ozone depletion, climate change,
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acidification, eutrophication, smog formation, human health impact, and ecotoxicity. It is an
Excel® based tool where each compound can be identified by substance names and/or their
chemical abstract service numbers (CAS). The corresponding characterization factors of each
chemical is given based on their respective impacts (Bare, 2012). In this research, the focus is on
impact categories related to fresh water pollution such as: eutrophication potential (in kg of N
equivalent), freshwater ecotoxicity potential (in CTUeco per kg), carcinogenic potential (in
CTUcancer per kg) and noncarcinogenic potential (in CTUnoncancer per kg) (Bare, 2012; Jiang
et al., 2014). The following equation is used to calculate the environmental impact of each of the

above-mentioned categories.

Potential Environmental Impact
= 2 Mass of Chemical * TRACI Characterization Factor (63)

The average and median concentrations of chemicals present in flowback water for the
base case are reported in Table 18. It is important to note that some major contributing chemicals
present in flowback water are not listed in Table 18 and 19 because they do not have an assigned
characterization factor in TRACI. These include but are not limited to: bromide, calcium, chloride,

magnesium, and strontium.

Table 18. The Average and Median Values of Chemical
Concentrations in the Collected Flowback Water (Revised from Jiang et al., 2014)

CAS # Parameter Unit Average Median
95636 1,2,4-Trimethylbenzene ug/L 90 1
108678 1,3,5-Trimethylbenzene ug/L 74 0
78933 2-Butanone ug/L 0 0
91576 2-Methylnaphthalene ug/L 0
95487 2-Methylphenol ug/L 0
88744 2-Nitroaniline ug/L 0 0
67630 2-Propanol mg/L 68 0
7005723 4-Chlorophenyl Phenyl Ether ug/L 0 0
108101 4-Methyl-2-pentanone (MIBK) ug/L 0
83329 Acenaphthene ug/L 0 0
64197 Acetic Acid mg/L 17 0
67641 Acetone ug/L 489 18
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Table 18. (Continued)

CAS # Parameter Unit Average Median
98862 Acetophenone ug/L 2 0
NH4-N Ammonia Nitrogen mg/L 92 0
62533 Aniline ug/L 0 0
7440382 Arsenic ug/L 24 0
7440393 Barium ug/L 1,625,847 686,000
71432 Benzene ug/L 221 0
56553 Benzo(a)anthracene ug/L 0 0
50328 Benzo(a)pyrene ug/L 0 0
100516 Benzyl Alcohol ug/L 1 0
BOD Biological Oxygen Demand (BOD) mg/L 449 144
111444 bis(2-Chloroethyl) Ether ug/L 1 0
117817 bis(2-Ethylhexyl) Phthalate ug/L 6 2
74839 Bromomethane ug/L 8 0
71363 Butyl Alcohol mg/L 3 0
85687 Butyl Benzyl Phthalate ug/L 0 0
75150 Carbon Disulfide ug/L 35 0
COD Chemical Oxygen Demand (COD) mg/L 5,402 4,870
67663 Chloroform ug/L 0 0
7440508 Copper ug/L 536 0
84742 Di-n-butyl Phthalate ug/L 2 0
117840 Di-n-octyl Phthalate ug/L 1 0
53703 Dibenz(a,h)anthracene ug/L 1 0
132649 Dibenzofuran ug/L 0 0
84662 Diethyl Phthalate ug/L 2 0
122394 Diphenylamine ug/L 0 0
64175 Ethanol mg/L 37 0
100414 Ethylbenzene ug/L 41 0
107211 Ethylene Glycol mg/L 52 0
206440 Fluoranthene ug/L 0 0
86737 Fluorene ug/L 0 0
118741 Hexachlorobenzene ug/L 0 0
98828 Isopropyl Benzene ug/L 8 0
7439921 Lead ug/L 71 0
67561 Methanol mg/L 113 0
75092 Methylene Chloride ug/L 0 0
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Table 18. (Continued)

CAS # Parameter Unit Average Median
86306 N-Nitroso Diphenylamine ug/L 0 0
91203 Naphthalene ug/L 14 0
Nitrate-N Nitrate as N mg/L 0 0
Nitrate-Nitrite N Nitrate-Nitrite mg/L 0 0
Nitrite-N Nitrite as N mg/L 8 6
85018 Phenanthrene ug/L 0 0
108952 Phenol ug/L 2 0
99876 p-Isopropyl Toluene ug/L 4 0
57556 Propylene Glycol mg/L 103 0
129000 Pyrene ug/L 0 0
110861 Pyridine ug/L 214 10
135988 sec-Butylbenzene ug/L 4 0
108883 Toluene ug/L 511 1
7723140 Total Phosphorous mg/L 1 0
16065831 Trivalent Chrom ug/L 6 0
1330207 Xylenes (total) ug/L 438 4
7440666 Zinc ug/L 705 0
Table 19. Potential Environmental Toxicity of the Average Mass of
Chemicals Present in the Collected Flowback Water
Average Mass Eutrophication Ecotoxicity Carcinogenic 1\.Ion- c
Parameter of Chemical (kg N eq) (CTUeco)  (CTUcancer) Carcinogenic
(kg) gnNeq (CTUnoncancer)
1,2.4- 0.23047 0 165.1 1.263E-09 0
Trimethylbenzene ) ) )
1,3,5-
Trimethylbenzene 0.18949 0 56.6 0 0
2-Butanone 0 0 0 0 0
2-Methylnaphthalene 0 0 0 0 0
2-Methylphenol 2.56E-03 0 1.5097 0 5.122E-10
2-Nitroaniline 0 0 0 0 0
2-Propanol 174.1 0 428.9 0 0
4-Chlorophenyl
Phenyl Ether 2 0 0 0 0
4-Methyl-2-pentanone
(MIBK) 0 0 0 0
Acenaphthene 0 0 0

41




Table 19. (Continued)

Average Mass

Parameter of Chemical Eutrophication Ecotoxicity Carcinogenic Non-Carcinogenic
(kg) (kg N eq) (CTUeco) (CTUcancer) (CTUnoncancer)
Acetic Acid 43.5 0 2169.7 0 0
Acetone 1.2522 0 1.5193 0 7.338E-09
Acetophenone 0.005122 0 0.37029 0 8.553E-11
Ammonia Nitrogen 235.6 235.6 0 0 0
Aniline 0 0 0 0 0
Arsenic 0.06146 0 2482.3 2.268E-05 0.001679
Barium 4163.4 0 6,353,834.7 0 0.40885
Benzene 0.56593 0 37.3 1.369E-07 3.475E-08
Benzo(a)anthracene 0 0 0 0 0
Benzo(a)pyrene 0 0 0 0 0
Benzyl Alcohol 0.002561 0 0.51328 0 0
Biological Oxygen
Demand (BOD) 1149.8 57.5 0 0 0
bis(2-Chlorocethyl) 0.002561 0 0.15396 1.631E-08 0
Ether
bis(2-Ethylhexyl)
Phthalate 0.01536 0 4.95 1.346E-09 1.875E-08
Bromomethane 0.02049 0 32.51 0 1.251E-06
Butyl Alcohol 7.682 0 42.37 0 2.881E-07
Butyl Benzyl
Phthalate 0 0 0 0 0
Carbon Disulfide 0.08962709 0 13.8 0 3.361E-06
Chemical Oxygen
Demand (COD) 13,833.3 691.7 0 0 0
Chloroform 0 0 0 0 0
Copper 1.3726 0 75,831.4 0 1.185E-06
Di-n-butyl Phthalate 0.005122 0 32.36 0 5.839E-10
Di-n-octyl Phthalate 0.002561 0 0.07721 0 0
Dibenz(a,h)anthracene 0.002561 0 7.4848 7.836E-08 0
Dibenzofuran 0 0 0 0 0
Diethyl Phthalate 0.005122 0 2.1664 0 6.965E-11
Diphenylamine 0 0 0 0 0
Ethanol 94.7 0 295.01 2.407E-07 0
Ethylbenzene 0.10499 0 18.362 4.966E-09 3.916E-09
Ethylene Glycol 133.2 0 184.3 0 2.024E-06
Fluoranthene 0 0 0 0 0
Fluorene 0 0 0 0 0
Hexachlorobenzene 0 0 0 0 0
Isopropyl Benzene 0.020486 0 13.625 0 5.675E-10
Lead 0.18182 0 68.128 6.218E-08 2.183E-05
Methanol 289.4 0 765.9 0 3.039E-06
Methylene Chloride 0 0 0 0 0
N-Nitroso
Diphenylamine 0 0 0 0 0
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Table 19. (Continued)

Average Mass Eutrophication Ecotoxicity Carcinogenic Non-Carcinogenic

LT LC s o C(hlfg‘;“cal (kg N eq) (CTUeco) (CTUcancer) (CTUnoncancer)
Naphthalene 0.035851 0 66.958 3.729E-08 1.083E-08
Nitrate as N 0 0 0 0 0

Nitrate-Nitrite 0 0 0 0 0
Nitrite as N 20.486 20.486 0 0 0
Phenanthrene 0 0 0 0 0
Phenol 0.005122 0 4.779 0 7.426E-10
p-Isopropyl Toluene 0.010243 0 3.238 0 0
Propylene Glycol 263.8 0 243.4 0 3.825E-05
Pyrene 0 0 0 0 0
Pyridine 0.548005 0 30.902 1.255E-06 3.809E-06
sec-Butylbenzene 0.010243 0 0 0 0
Toluene 1.30856 0 73.18 4.305E-09 2.329E-08
Total Phosphorous 2.56077 18.668 0 0 0
Trivalent Chromium 0.01537 0 19.891 0 4.656E-11
Xylenes (total) 1.12162 0 86.851 4.352E-09 1.761E-08
Zinc 1.8053 0 69,658.5 0 0.002313

The TRACI tool is used to quantify the environmental toxicity mitigated when the
flowback water is treated via a thermal membrane distillation system. Impacts from the average
and median concentration of the compounds are shown in Table 20. Eutrophication is
characterized as the enrichment of nutrients (nitrates, phosphates) in an aquatic ecosystem that
contributes to the excessive growth of plants and algae and the death of animal life due to the lack
of oxygen (Bare, 2012; Chislock et al., 2013). The eutrophication potential mostly results from
chemical oxygen demand (COD), ammonia nitrogen, and biological oxygen demand (BOD)
impacts, in descending order. Although substances such as copper, zinc, and arsenic impact fresh
water ecotoxicity, barium with 6,353,834.7 CTUeco accounts for roughly 97% of the total
potential.

Barium, which is characterized as a signature chemical for tracing flowback water and its
impact on the environment, has an average and median concentration of 1,626 mg/L and 686 mg/L
respectively. These values are comparable to the literature in which barium concentration ranges
from 0.24 mg/L and 2,580 mg/L (Vidic, 2015; Ziemkiewicz and He, 2015). Moreover, the
carcinogenic and non-carcinogenic environmental potentials are also included in Table 20.

Although arsenic, pyridine, benzene, and ethanol impact the carcinogenic potential, the score for
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this impact category is low because naturally occurring radioactive material (NORM), chloride,
and bromide which may have potential human health cancer toxicity do not have a characterization
factor in TRACI (Jiang et al., 2014). In terms of non-carcinogenic potential, barium accounts for
99% of the total environmental impact. Other contributing chemicals include but are not limited

to: arsenic, propylene glycol, and zinc.

Table 20. Potential Environmental Toxicity of the Average and Median Mass of the
Chemicals Present in the Collected Flowback Water

Eutrophication Ecotoxicity Carcinogenic  Non-carcinogenic
(kg N eq) (CTUeco) (CTUcancer) (CTUnoncancer)
Average Chemical 1,024 6,506,679 2.452E-05 0.41292
Impact
Median Chemical 657 2,680,904 5.915E-08 0.17251
Impact
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5. CONCLUSION

The exploration and production of shale oil and gas through hydraulic fracturing has
allowed the United States to gradually become energy independent. However, this newfound
independence has come with a cost to water resources and the environment. Over the past few
years, several studies have focused on water management and treatment strategies to overcome
these consequences. As such, this work proposed a new control framework that integrates
sustainability considerations of the post-fracturing process into the hydraulic fracturing process.
Through the methodology and model proposed, the economy of the wastewater management
process that consists of hydraulic fracturing, storage, transportation, and water treatment, is
successfully estimated and some valuable insights could be obtained.

First, the dynamic input-output model guaranteed a 32% flowback water collection from
the total fracturing volume injected. Of the 32% water stream that emerged to the surface shortly
after well completion, 82.3% was successfully recovered through treatment via a thermal
membrane distillation system. Second, the productivity index of stimulated wells showed
significant sensitivity to water reductions of 30% and above. This indicates an opportunity to
reduce the water footprint of the hydraulic fracturing process by 20%, which will decrease the
annualized costs of the post-fracturing process, with no impact on the productivity of the
stimulated well. Note that any reduction in the total fracturing fluid available assumes that the
amount of water injected is sufficient to create the same stimulated volume. Third, complete
discharge of the flowback water demonstrated that the benefits of wastewater treatment were not
only from an environmental and societal point of view, but also economic point of view, as
treatment reduces TAC by 30%. Finally, when the flowback water was treated via a thermal
membrane distillation system, environmental toxicity was mitigated which showed another

importance of optimal wastewater management.
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