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Several approaches have been developed to design shale gas supply chain network (SGSCN)

in  an economically viable manner, but the connection between hydraulic fracture geometry,

shale  gas production, and wastewater recovery has not received much attention. Specifically,

the  final fracture geometry in unconventional reservoirs significantly affects shale gas pro-

duction rate and it indirectly determines the amount of recovered wastewater. To take into

account the relations among hydraulic fracturing jobs, wastewater generation and man-

agement, and shale gas production and management, we focus on the development of a

novel  framework that integrates a model predictive control (MPC)-based pumping schedule

of  hydraulic fracturing and a SGSCN model. Based on this developed framework, the optimal

SGSCN configuration, which maximizes the overall profit, is determined by solving a mixed-

integer linear programming problem. The proposed SGSCN design framework is compared

to  the case when the same SGSCN model is integrated with a suboptimal pumping schedule

like  Nolte’s pumping schedule. The overall profit of the former is 4.49% higher than that of
MILP
the  latter.

Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.

rating and storing natural gas, and generating electricity, which is the
1.  Introduction

Natural gas is one of the most important energy sources in the United

States. Currently, 30% of the United States natural gas production is

supplied by processing shale gas, which has been enabled by the recent

advances in horizontal drilling and hydraulic fracturing technologies

(Allen et al., 2013; Howarth et al., 2011; Kargbo et al., 2010; Paltsev et al.,

2011; Wang et al., 2014). The amount of shale gas produced from a shale

well is determined by the final fracture geometry (i.e., the one at the

end of pumping) which is related to the amount of injected freshwa-

ter and proppant (Siddhamshetty et al., 2018a). As hydraulic fracturing

requires a huge amount of water resources, the profit generated by
the extraction of shale gas accompanies environmental concerns, par-
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ticularly many water-related issues. Furthermore, since shale gas is a

hydrocarbon mixture mainly consisting of methane (Administration,

2011), it requires additional processing units for its subsequent use.

Therefore, it is very important to understand the supply chain of water

consumption and shale gas production; the integrated process that

acquires raw materials, and delivers the final products to the markets

(Beamon, 1998).

Shale gas supply chain network (SGSCN) consists of two major

parts: (1) water network for ensuring the supply of freshwater required

for hydraulic fracturing in shale wells and treatment of wastewater

generated during shale gas production; (2) shale gas network for sepa-
neering, Texas A&M University, College Station, TX, United States.

main consumer of natural gas. Several approaches have been devel-

al Engineers.
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Nomenclature

Sets
c Centralized wastewater treatment (CWT)
d Disposal well
i Shale site
k  Transportation mode
m Power plant
n Number of hydraulic fracturing job
o Onsite treatment
p Processing plant
pi Pipeline capacity
pr Processing plant capacity
s Freshwater source
t Time period of shale gas supply chain network

(SGSCN)
tp Time period of shale gas production rate
u Underground reservoir

Parameters
acdwi Freshwater consumption for each hydraulic

fracturing job at shale site i [bbl/well] [1 bbl = 42
gallon = 158.97 liter]

capc
pipe
pi

Capital cost of the pipeline with capcity pi [$]

capc
pro
pr Capital cost of the processing plant with capac-

ity pr [$]
ccswi Correlation coefficient between the amounts

of wastewater generated and shale gas
produced at shale site i [bbl/mcf] [1
mcf  = 1000 ft3 = 28.32 m3]

CEPCIpipe Chemical engineering plant cost index (CEPCI)
for pipelines [−]

CEPCIpro CEPCI for processing plants [−]
disr Discount rate per each time period
dis1

s,i
Distance between freshwater source s and
shale site i [mile] [1 mile = 1.61 km]

dis2
i,c

Distance between shale site i and CWT  facility
c [mile]

dis3
i,d

Distance between shale site i and disposal well
d [mile]

dis4
i,p

Distance between shale site i and processing
plant p [mile]

dis5
p,m Distance between processing plant p and power

plant m [mile]
dis6

p,u Distance between processing plant p and
underground reservoir u [mile]

dis7
u,m Distance between underground reservoir u and

power plant m [mile]
pashaletp Amount of shale gas produced at shale sites

in time period tp under the model predic-
tive control (MPC)-based and Nolte’s pumping
schedules [mcf/period]

prielec Selling price of electricity [$/kWh]
rCEPCIpipe CEPCI for pipelines of the reference year [−]
rCEPCIpro CEPCI for processing plants of the reference

year [−]
rronsiteo Recovery ratio of wastewater treated by onsite

treatment o [−]
rrdrill
i

Recovery ratio of wastewater after completing
hydraulic fracturing jobs at shale site i [−]

uc
acqi
s,t Unit cost of freshwater acquired at freshwater

source s in time period t [$/bbl]

ucCWTc Unit cost of CWT  facility c for wastewater treat-
ment [$/bbl]

ucdisw
d

Unit cost of disposal well d for wastewater
injection [$/bbl]

ucdrill
i,t

Unit cost for hydraulic fracturing jobs at shale
site i in time period t [$/well]

ucNGL sto Unit cost of stored natural gas liquids (NGLs)
[$/mcf]

uconsiteo Unit cost of onsite treatment o for wastewater
treatment [$/bbl]

uc
power
m Unit cost of power plant m for electricity gener-

ation [$/mcf]
ucpro Unit processing cost of shale gas [$/mcf]
uc
shale prod
i,t

Unit cost for shale gas production at shale site
i in time period t [$/mcf]

ucunder−iu Unit cost for natural gas injection at under-
ground reservoir u [$/mcf]

ucunder−wu Unit cost for natural gas withdrawal at under-
ground reservoir u [$/mcf]

ucapc1
s,i,k

Unit transportation capital cost of freshwater
between source s and shale site i via transporta-
tion mode k [$/mile]

upNGLt Unit selling price of NGLs in time period t
[$/mcf]

utccCWT
i,c,k

Unit capital cost of transportation mode k for
wastewater supply between shale site i and
CWT  facility c [$/mile]

utccdisw
i,d,k

Unit capital cost of transportation mode k for
wastewater supply between shale site i and dis-
posal well d [$/mile]

uvct
fresh

k
Unit variable cost of transportation mode k for
freshwater [$/(bbl mile)]

uvctpi−n Unit variable cost of pipeline transportation for
natural gas [$/(mcf mile)]

uvctpi−s Unit variable cost of pipeline transportation for
shale gas [$/(mcf mile)]

uvctwaste
k

Unit variable cost of transportation mode k for
wastewater [$/(bbl mile)]

Continuous variables
CCWT−tra Transportation cost of CWT  facility [$]
CCWT−tre Treatment cost of CWT  facility [$]
Cdisw−inj Injection cost of disposal well [$]
Cdisw−tra Transportation cost of disposal well [$]
Cfre−ac Acquisition cost of freshwater from freshwater

sources [$]
Cfre−tr Transportation cost required delivering the

secured freshwater to shale sites [$]
Consite Treatment cost of onsite treatment facility [$]
Cpro−cap Capital cost required to construct of processing

plants [$]
Cpro−ip Transportation cost of shale gas between shale

sites and processing plants [$]
Cpro−ope Operating cost of processing plants [$]
Cpro−pm Natural gas transportation cost between pro-

cessing plants and power plants [$]
Cpro−pu Natural gas transportation cost between pro-

cessing plants and underground reservoirs [$]
Cpro−um Natural gas transportation cost between under-

ground reservoirs and power plants [$]
FWDi,t Amount of freshwater required at shale site i in

time period t [bbl/period]
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FWRs,i,k,t Amount of freshwater supplied between
freshwater source s and shale site i via trans-
portation mode k in time period t [bbl/period]

GEm,t Amount of electricity generated at power plant
m in time period t [kWh/period]

NTPMp,m,t Amount of natural gas transported between
processing plant p and power plant m in time
period t [mcf/period]

NTPUp,u,t Amount of natural gas transported between
processing plant p and underground reservoir
u in time period t [mcf/period]

NTUMu,m,t Amount of natural gas transported between
underground reservoir u and power plant m in
time period t [mcf/period]

Overallprofit Overall profit of the SGSCN [$]
Profit Profit of the SGSCN [$]
PSi,t Amount of shale gas produced at shale site i in

time period t [mcf/period]
PSLSp,t Amount of NGLs sold at processing plant p in

time period t [mcf/period]
SANGLp,t Amount of NGLs stored at processing plant p in

time period t [mcf/period]
SIelec Income by selling electricity at power plants [$]
SINGL Income by selling NGLs at processing plants [$]
STIPi,p,t Amount of shale gas transported between shale

site i and processing plant p in time period t
[mcf/period]

TAEG Total amount of generated electricity from
power plants [kWh]

TCfre Freshwater supply cost [$]
TCpow Power plant cost [$]
TCpro Shale gas processing cost [$]
TCpro−tra Natura gas transportation cost [$]
TCsha Shale gas production cost [$]
TCsto Natural gas and NGL storage cost [$]
TCwa Wastewater management cost [$]
TotalCost Total cost of the SGSCN [$]
WPdi,t Amount of wastewater generated after com-

pleting hydraulic fracturing jobs at shale site i
in time period t [bbl/period]

WPhi,t Amount of wastewater generated during shale
gas production at shale site i in time period t
[bbl/period]

WTICi,c,k,t Amount of wastewater transported between
shale site i and CWT  facility c via transportation
mode k in time period t [bbl/period]

WTIDi,d,k,t Amount of wastewater transported between
shale site i and disposal well d via transporta-
tion mode k in time period t [bbl/period]

WTIOi,o,t Amount of wastewater treated by onsite treat-
ment o at shale site i in time period t [bbl/period]

Binary variables
XT1

s,i,k
1 if transportation mode k is selected for
freshwater transportation between freshwater
source s and shale site i; otherwise it is 0

XT2
i,c,t

1 if transportation mode k is selected for
wastewater transportation between shale site
i and CWT  c; otherwise it is 0

XT3
i,d,k

1 if transportation mode k is selected for
wastewater transportation between shale site
i and disposal well d; otherwise it is 0

YPCpr,p 1 if processing plant p with capacity pr is
selected; otherwise it is 0

Y
pipe−TCP
pi,i,p

1 if pipeline capacity pi is selected for natu-
ral gas transportation between shale site i and
processing plant p; otherwise it is 0

Y
pipe−TCPM
pi,p,m

1 if pipeline capacity pi is selected for natural
gas transportation between processing plant p
and power plant m; otherwise it is 0

Y
pipe−TCPU
pi,p,u

1 if pipeline capacity pi is selected for natural
gas transportation between processing plant p
and underground reservoir u; otherwise it is 0

Y
pipe−TCUM
pi,u,m

1 if pipeline capacity pi is selected for nat-
ural gas transportation between underground
reservoir u and power plant m;  otherwise it is 0

Integer variables
NHFi,t Number of hydraulic fracturing jobs at shale

site i in time period t [well/period]
NHF

sp
i,t,tp

Number of hydraulic fracturing jobs at shale
site i between time period t and tp [well/period]
oped to study the design and operation of SGSCN. Gao and You (2015b)

performed a life-cycle economic and environmental study of SGSCN

formulating a multi-objective nonconvex mixed-integer non-linear

programming (MINLP) problem based on the previous studies (Cafaro

and Grossmann, 2014; Gao and You, 2015a; Yang et al., 2014), and the

obtained Pareto-optimal frontier revealed the trade-off between the

economic and environmental objectives finding the optimal sched-

ule of hydraulic fracturing jobs, the wastewater treatment options,

the amounts of shale gas produced, and electricity generated. Guerra

et al. (2016) presented a comprehensive optimization framework for

SGSCN to maximize the net present value by determining the amount

of freshwater required, and the capacities of shale gas pipeline and

compressor for transporting shale gas. Chebeir et al. (2017) proposed a

two-stage stochastic programming model to consider uncertain mar-

ket conditions such as prices and demands of natural gas, while

determining an optimal SGSCN configuration as well as wastewater

treatment options and the capacities of different processing plants and

pipelines throughout SGSCN. Chen et al. (2018) presented an inexact

multi-criteria decision-making method for dealing with the life cycle

optimization of SGSCN under uncertainty in the price of natural gas.

In spite of these efforts, very few of them took into account the sig-

nificance of the final fracture geometry on the amounts of shale gas

produced and wastewater recovered. In hydraulic fracturing, for exam-

ple, 10% decrease in the desired fracture length can cause 50% decrease

in oil and gas production rates (Cipolla et al., 2009; Siddhamshetty et al.,

2018b). Furthermore, the amount of wastewater recovered depends on

the amount of freshwater injected to create fractures. Therefore, it is

important to consider the fracture geometry which impacts the pro-

duction rate and the amount of wastewater recovered from fractured

wells in determining optimal SGSCN configuration. In recent years,

various efforts have been made to achieve the desired fracture geome-

try in hydraulic fracturing by manipulating the pumping schedule via

model-based feedback control systems (Economides and Demarchos,

2008; Gu and Hoo, 2014; Yang et al., 2017; Narasingam and Kwon,

2017; Narasingam et al., 2017, 2018; Siddhamshetty et al., 2018a,b,c,

2019; Singh Sidhu et al., 2018). Using the developed pumping sched-

ule, Etoughe et al. (2018) integrated sustainability considerations of

post-fracturing processes with a model-based pumping schedule to

minimize the total annual cost of a fixed hydraulic fracturing super-

structure. However, they focused on wastewater treatment only and

the entire SGSCN along with scheduling of hydraulic fracturing jobs

was not considered.

Motivated by these considerations, we focus on the development
of a novel framework that integrates model predictive control (MPC)-

based pumping schedule of hydraulic fracturing and SGSCN; this
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ntegrated approach will allow us to achieve a sophisticated under-

tanding of the complex connections among hydraulic fracturing,

astewater generation and management, and shale gas production

nd management. Therefore, the computed operating strategy, whose

easibility is not constrained by the reliability and availability of data,

an be more generally applicable to broader operating conditions. The

losed-loop operation of hydraulic fracturing (i.e., MPC-based pumping

chedule applied to the high-fidelity simulation of hydraulic fractur-

ng) is used to compute a final fracture geometry and the amount of

reshwater used. From these well attributes, the amounts of shale gas

roduced and wastewater recovered from the well are calculated by

he reservoir simulation software called CMG and the empirical mod-

ls, respectively. This information is passed as inputs to the SGSCN

odel; there is no feedback from the SGSCN model to the closed-loop

peration of hydraulic fracturing.

Section 2 describes the problem statement for this study. Section 3

escribes the objective function and constraints considered within an

ptimization problem for SGSCN. Case studies are presented to demon-

trate the superiority of the proposed model in Section 4. The results of

he techno-economic analysis using the proposed model are presented

n Section 5. Finally, Section 6 presents conclusions.

.  Problem  statement

n optimization problem is formulated to determine the
ptimal configuration of links among sources (freshwater
nd shale gas supply) and sinks (treatment technologies for
astewater and power plants for electricity generation) in
GSCN. Several technologies used in this study are as follows:
ydraulic fracturing; shale gas processing; electricity genera-
ion; wastewater management; transportation; storage.

.1.  Technology  overview

.1.1.  Hydraulic  fracturing
ydraulic fracturing is performed to create fractures with a
ressurized liquid such as water with added chemicals and
roppant (Economides and Nolte, 1989). It begins with creating

nitial paths for fractures by generating perforations along the
ellbore using explosions. Then, the high-pressure fracturing
uid, called pad (mostly water), is injected into the wellbore
o break rock formations and to further propagate fractures.
ext, the fracturing slurry consisting of water, additives and
roppant is injected at a sufficiently high-pressure into the
ellbore. The suspended proppants travel along the fracture
t the fracturing fluid’s velocity, and the remaining proppants
orm a stable proppant bank because of gravity settling. Once
he pumping is stopped, the fractures in the formation will
e closed by the natural stress. The remaining fracturing fluid
ubsequently leaks into the formation, and the proppant is
rapped by the closing walls forming a propped fracture. The
ropped fracture plays a key role to promote the flow of hydro-
arbons from the reservoir to the wellbore, and the massive
eaking fracturing fluid stimulates the formation. As multi-
le wells and multiple fractures on each well are generated

n the shale site, a large volume of freshwater is required for
ydraulic fracturing.

.1.2.  Shale  gas  processing
hale gas contains higher-order hydrocarbons such as ethane,
ropane, butane, etc.; they are called natural gas liquids (NGLs)
hich can be sold in the market to produce valuable by-

roducts or they can be used to generate electricity at power
lants. Due to the high market values of NGLs compared to
that of natural gas, separation of NGLs from shale gas is nec-
essary.

2.1.3.  Electricity  generation
A gas turbine combined cycle power plant is considered that
produces electricity with a 50% efficiency based on the lower
heating value determined by subtracting the heat of vapor-
ization of the water from the higher heating value (Weber
and Clavin, 2012). Natural gas separated at processing plants
is consumed at power plants to generate electricity, which is
then sold in the market.

2.1.4.  Wastewater  management
Once hydraulic fracturing is completed, shale gas is produced
from the stimulated shale well. At the same time, a fraction
of the freshwater injected into the shale well flows  back to
the surface along with the produced shale gas (Lira-Barragán
et al., 2016; Yang et al., 2014). This wastewater contains
toxic chemical contaminants such as volatile organic com-
pounds, trimethylbenzenes, and xylenes (Annevelink et al.,
2016) which must be handled via proper wastewater manage-
ment technologies. In this work, three options are considered
for the wastewater management as follows: onsite treatment
(Bartholomew and Mauter, 2016; Horner et al., 2011; Lutz
et al., 2013; Olmstead et al., 2013; Slutz et al., 2012); central-
ized wastewater treatment (CWT) (Bartholomew and Mauter,
2016; Lutz et al., 2013; Olmstead et al., 2013; Slutz et al., 2012;
Wilson and VanBriesen, 2012); disposal well (Bartholomew and
Mauter, 2016; Horner et al., 2011; Slutz et al., 2012; Wilson and
VanBriesen, 2012). On-site treatment for wastewater can be
performed in various ways which includes multi-effect distil-
lation (MED), multi-stage flash (MSF), and reverse osmosis (RO)
(Jang et al., 2017; Van der Bruggen and Vandecasteele, 2002).
Wastewater treated by the onsite treatment facility can be
mixed with freshwater for hydraulic fracturing jobs at a nearby
shale site. CWT  can be used to treat wastewater without
reusing it, and the treated water will be discharged to surface
water. Also, wastewater can be transported and pumped down
to disposal wells without any further treatment.

2.1.5.  Transportation
Two transportation modes for SGSCN, truck and pipeline, are
considered (Gao and You, 2015b). Freshwater can be trans-
ported to a shale site via truck and/or pipeline. Trucks can
be used to supply small volume of water, because the water
demand for different shale sites varies over time, and the
trucks can respond flexibly to these changes (Ahn et al., 2015).
On the other hand, shale gas and NGLs can be delivered by
pipelines because of a large volume of gas to be transported.

2.1.6.  Storage
Two storage options, underground reservoir and NGL storage
unit, are considered for SGSCN. Natural gas from shale gas pro-
cessing plants is transported to power plants and underground
reservoirs. Underground reservoirs are considered to handle
fluctuations in demand and price of electricity, both of which
significantly influence the overall profit of SGSCN (Slutz et al.,
2012). Separated natural gas can be stored in underground
reservoirs for an indefinite period of time before transported
to power plants (Gao and You, 2015c) and NGLs also can be

immediately sold in the market or stored in NGL storage units
and then sold in the market (Gao and You, 2015b).
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N su
Fig. 1 – SGSC

2.2.  MPC-based  pumping  schedule  of  hydraulic
fracturing

In hydraulic fracturing, it is very important to achieve a uni-
form proppant bank height and desired fracture geometry as
they will lead to the maximum gas production rate. To achieve
this objective, we  developed a MPC-based pumping sched-
ule design technique for hydraulic fracturing. Specifically, we
first constructed a reduced-order model (ROM) using the data
from a high-fidelity model of hydraulic fracturing. Then, we
developed a Kalman filter to estimate unmeasurable variables
using the available measurements such as fracture width at
the wellbore and fracture length. Then, we developed a MPC
formulation to compute an optimal pumping schedule that
will allow us to achieve the above-mentioned objectives.

2.3.  SGSCN  configuration

A SGSCN pathway represents a typical supply chain network.
The objective of this work is to determine the optimal net-
work configuration of SGSCN (Fig. 1) to maximize its economic
performance by optimizing the following strategic and oper-
ational decisions: (1) amount of freshwater required at each
shale site via transportation modes from freshwater sources to
shale sites; (2) amount of wastewater generated after hydraulic
fracturing jobs at each shale site and wastewater manage-
ment options; (3) transportation modes from shale sites to
CWT  facilities or disposal wells; (4) scheduling of multiple
hydraulic fracturing jobs and the amount of shale gas pro-
duced at each shale site; (5) numbers, capacities, and locations
of shale gas processing plants; (6) amount of natural gas stored
in each underground reservoir and the amount of NGLs stored
in each NGL storage unit; (7) numbers, capacities, and loca-
tions of power plants; (8) capacities of pipelines among shale
sites, shale gas processing plants, underground reservoirs, and
power plants.

SGSCN can be configured as source and sink nodes for the
water and shale gas networks. The water network consists
of nodes for freshwater sources, shale sites, onsite treatment
facilities, disposal wells, and CWT  facilities. Source and sink
systems of the shale gas network include nodes for the shale
sites, processing plants with NGL storage units, underground
reservoirs, and power plants. Shale gas produced at each shale
site is supplied to processing plants for separation into natural

gas and NGLs. The separated NGLs can be immediately sold
in the market or stored in NGL storage units and then sold
perstructure.

in the market. Also, the natural gas separated at processing
plants can be immediately supplied to power plants to produce
electricity, or it can be stored in underground reservoirs at the
moment and supplied to power plants later.

To our best knowledge, this is the first study that com-
putes the shale gas production rates and the amount of
wastewater recovered by utilizing a MPC-based pumping
schedule and a reservoir simulator, and applies these results
to SGSCN. Schematic representation of the proposed frame-
work is shown in Fig. 2. Specifically, within the proposed
MPC-based pumping schedule of hydraulic fracturing, seven
important decision variables are determined as follows (Fig. 2):
(1) fracture length at each well; (2) fracture width at each well;
(3) number of fractures at each well; (4) number of hydraulic
fracturing jobs at each shale site; (5) amount of freshwater
required at each well; (6) amount of wastewater generated at
each well during shale gas production; (7) amount of shale gas
produced from each well.

Remark 1. As schematically illustrated in Fig. 2, the values
for the output variables obtained by the closed-loop opera-
tion of hydraulic fracturing (i.e., MPC-based pumping schedule
applied to the high-fidelity model) are used as the inputs to
the SGSCN model. For example, the final propped fracture
geometry (e.g., fracture width, length and height) at the end
of pumping are utilized to predict the amounts of shale gas
produced, freshwater required, and wastewater recovered for
each well; this data will be considered along with the SGSCN
model to determine the optimal operating strategies in water
network (e.g., locations of freshwater sources and wastewater
treatment options after hydraulic fracturing jobs) and shale
gas network (e.g., schedule of hydraulic fracturing jobs and
capacities of process plants and power plants) that maximize
the overall profit of SGSCN.

3.  Model  formulation

3.1.  MPC-based  pumping  schedule  design  technique
for hydraulic  fracturing

3.1.1.  Optimal  fracture  and  well  configuration  in
unconventional  reservoirs
In hydraulic fracturing, the required optimal fracture geome-

try depends on the geological properties of the rock formation.
For example, in conventional reservoirs, a wide and short
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Fig. 2 – Simplified diagram of the propose

racture is preferred due to the high-permeability of rock
ormation, but in unconventional low-permeability shale for-

ations, a narrow and long fracture is preferred (Bhattacharya
t al., 2012). Recently, Liu and Valkó (2017) proposed a
ection-based optimization method, which is an offline
ptimization-based technique to find the number of wells,
nc, number of fractures per well, nr, and fracture half-length,

f , that maximize the shale gas production rate from uncon-
entional shale formations for given amounts of fracturing
esources such as the amount of freshwater and proppant
o be injected. In this work, the total amount of proppant to
e injected is Mprop = 2.38 × 107 kg, and the optimal decision
ariables for this proppant using the section-based optimiza-
ion method are nc = 6, nr = 55, and xf = 120 m.  Please refer to
Siddhamshetty et al., 2018a) for more  details regarding the
ection-based optimization method.

In unconventional reservoirs, due to the use of slickwa-
er (i.e., low-viscosity fracturing fluid) the proppant settles
uickly forming a proppant bank, which will eventually reach
n equilibrium height, heq. It is very important to achieve this
qulibirum height of proppant bank over the required frac-
ure half-length, xf , which can be translated into achieving
he following average fracture width at the end of pumping:

avg, target = Mprop,frac

2�pheqxf (1 − ∅)
. (1)

here the total injected proppant per fracture is Mprop,frac =
2,000 kg, the proppant particle density is �p = 2,650 kg/m3, the
orosity of proppant bank is ∅ = 0.61, the equilibrium height of
roppant bank for the considered flow conditions is heq = 54 m,
nd the calculated average fracture width at the end of pump-
ng is Wavg, target = 5.37 mm.

To achieve the uniform proppant bank height and optimal

racture geometry, it is important to develop a pumping sched-
le to inject fracturing fluid and proppant. One of the most
PC-based pumping schedule and SGSCN.

commonly used pumping schedules is developed by Nolte
(1986), which is formulated as follows:

C0 (tt) =

⎧⎪⎨
⎪⎩
Ctarget

(
tt − ttp

tte − ttp

)∈
fortt ≥ ttp

0 fortt < ttp

. (2)

where Ctarget denotes the target proppant concentration, ε is an
exponent calculated based on the fracturing fluid efficiency, tte
is the total pumping time, and ttp is the pad time during which
only clean fluid without proppant is injected. Nolte’s pumping
schedule has a few practical limitations as follows: (1) prop-
pant settling is not considered; (2) fracturing fluid flowrate is
constant and only proppant concentration is varied; (3) plant-
model mismatch due to the predefined form of the pumping
schedule and open-loop operation may lead to a short propped
fracture length.

Remark 2. One of the most commonly used approaches
for generating the pumping schedule is developed by Nolte.
This approach has been widely used because of its easy-to-
implement nature, and it is based on the conservation of fluid
volume, particularly estimating the amount of fluid that leaks
off during the hydraulic fracturing treatment. Although this
approach has some limitations, it is still one of the most widely
adopted pumping schedules by many  oil and gas companies.

3.1.2.  MPC  formulation  for  optimal  pumping  schedule
3.1.2.1.  Reduced  order  model.  The ROM used in the MPC  frame-
work is developed using the closed-loop simulation data of
hydraulic fracturing. First, a series of step inputs are applied to
the high-fidelity process model to generate input/output data.
Then, a linear time-invariant state-space model describing
hydraulic fracturing process is obtained using the multivari-
able output error state-space (MOESP) algorithm, which is
presented in the following form:
x (tk+1) = Ax (tk) + Bu (tk) (3)
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ˆ

y (tk) = Cx (tk) (4)

where u(ttk) = [Qx0(ttk), C0(ttk)]
T is the flow rate and proppant

concentration of the fracturing fluids at the wellbore (i.e., the
manipulated input variables) and the output variables are
y(ttk) = [Wavg(ttk), W0(ttk), L(ttk)]

T where Wavg(ttk) is the aver-
age fracture width, W0(ttk) is the fracture width at the wellbore,
and L(ttk) is the fracture length.

3.1.2.2.  MPC  formulation.  To deal with the limitations of
Nolte’s pumping schedule described in Remark 2, we  use the
MPC  formulation developed by Siddhamshetty et al. (2018a) to
achieve the desired average fracture width, Wavg, target, which
will lead to a uniform proppant bank height over the optimal
fracture half-length at the end of pumping. The MPC is formu-
lated in the following form, which will compute the optimal
pumping schedule (flowrate and proppant concentration of
fracturing fluid injected at the wellbore) by minimizing the
squared deviation of the average fracture width at the end of
pumping from its set-point value:

min
Cstage,j, . . .,  Cstage,9

Qstage,j, . . .,  Qstage,9

(̂
Wavg

(
ttf

)
− Wavg,target

)2
, (5)

s.t. ROM and Kalman filter, (6)

W0
(
ttj

)
= W0

(
ttj

)
, L̂

(
ttj

)
= L

(
ttj

)
, (7)

Cstage,j−1+m ≤ Cstage,j+m ≤ 2 PPGA, m = 1, . . .,  9 − j, (8)

Qmin ≤ Qstasge,j+m ≤ Qmax, m = 1, . . .,  9 − j, (9)

�

⎛
⎝ 9∑

j=1

2Qstage,jCstage,j

⎞
⎠ = Mprop,frac. (10)

where the ROM is developed in a manner described in
Siddhamshetty et al. (2018a) using the closed-loop simula-
tion data of hydraulic fracturing. In hydraulic fracturing, the
available real-time measurements are the fracture width at
the wellbore, W0

(
ttj

)
, and the fracture length, L

(
ttj

)
. These

measurements are then used in the Kalman filter to estimate
unmeasurable average fracture width, Ŵavg

(
ttj

)
, and initial

states of the system which will be used in the MPC formu-
lation to predict future state trajectories; the Kalman filter
plays a role as a soft sensor to estimate unmeasurable vari-
ables at each sampling time. The concentraion unit used in
this study is 1 pound of proppant added to one gallon of
fluid (PPGA). The pumping schedule, consisting of fracturing
fluid flow rate, Qstage,j, and proppant concentration Cstage,j, is
obtained by solving the above optimization problem in the
shrinking prediction horizon, Np = ttf − ttj, where ttf is the
total hydraualic fracturing operation time and ttj is the current
time. In this formulation, we considered the practical con-
straints on (1) maximum proppant concentration injected, (2)
minimum and maximum allowable limits on fracturing fluid
flow rate, and (3) the amount of proppant to be injected at the
end of pumping. For detailed explaination of the MPC-based

pumping schedule of hydraulic fracturing, the readers may
refer to Siddhamshetty et al. (2018a).
After we  obtain the pumping schedule, the total amount
of freshwater injected to each well is caluclated using the fol-
lowing equation:

Qfreshwater = nr�

9∑
j=1

2Qstage,j
(

1 − Cstage,j
)
. (11)

Remark 3. In this work, we  developed a linear time-invariant
state-space model using the closed-loop simulation data. This
linear state space model was then used in the Kalman filter
for state estimation. The training input was designed by tak-
ing into account the ranges of allowed input profile (i.e., the
minimum and maximum allowable flow rate and proppant
concentration). As a result, we implicitly considered the input
constraints used in the MPC formulation when developing the
ROM and thereby in the Kalman filter. Therefore, in this work,
advanced state estimation schemes like moving horizon esti-
mation were not needed because we  did not consider any state
constraints.

3.2.  Wastewater  model

In this subsection, we developed a dynamic model to predict
the flowrate of wastewater generated from each well during
shale gas production. The data used to develop this model
is taken from Hayes, 2009. Using this data and a regression
method, we developed the following equation to predict the
flowrate profile of wastewater generated from a well for a given
amount of freshwater injected:

Qf (tt) = Qfreshwater (a ln (tt) + b) . (12)

where a and b are the parameters determined by a regression
method, and Qfreshwater is the volume of injected freshwater per
each well. In this work, we considered three months as one
time period and the recovery ratio of wastewater is calculated
using the following equation:

rrdrilli =

90∑
tt=1

Qf (tt)dt

Qfreshwater
. (13)

Remark 4. With the developed dynamic input–output model
and the injected freshwater amount determined by pumping
schedule, the corresponding cumulative volume of recov-
ered wastewater can be readily available. However, since the
input–output model does not affect the hydraulic fracturing
process, even if Eq. (12) was considered within the MPC  for-
mulation, the obtained pumping schedule would not change.

3.3.  Shale  gas  production  model

In this work, we use the reservoir simulation software called
CMG, developed by Computer Modelling Group Ltd., to predict
a shale gas production profile using the final fracture geometry
at the end of pumping. Specifically, using the propped fracture
geometry as the input, the shale gas production profile per
each quarter, pashaletp , is obtained.

3.4.  SGSCN  model
In this study, the proposed network model is obtained by mod-
ifying the previous SGSCN; in particular, the models describing
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hale gas production rate and the capacities of pipelines and
hale gas processing plants have been changed (Gao and You,
015b). This approach allows determining different decision
ariables within one framework, which can be formulated
sing a mixed-integer linear programming (MILP) problem for
he strategic and operational design of SGSCN from freshwater
ources to electricity generation, simultaneously taking into
ccount technology, resource, and capacity constraints over

 multi-site and multi-period planning horizon. This model
nvolves numerous key parameters and variables. The models
or objective function and constraints are described below. The
eaders may refer to the electronic supplemental information
ESI) for additional details regarding the model.

.4.1.  Objective  function
n this study, the objective is to maximize the overall profit
Overallprofit) of the SGSCN which is obtained by subtracting
he total cost (TotalCost) from the profit (Profit) as follows:

aximize Overallprofit = Profit − TotalCost. (14)

In the SGSCN, there are two products, electricity and NGLs,
hat are sold externally. Profit can be determined by adding the
um of their sales values, given by:

rofit = SIelec + SINGL. (15)

here SIelec and SINGL denote sale incomes of electricity and
GLs, respectively, and SIelec can be calculated by the amount
f electricity generated at power plants, given by:

Ielec = prielec TAEG

here prielec denotes the selling price of electricity and TAEG

s the total amount of electricity generated from power plants,
iven by:

AEG =
∑
m

∑
t

GEm,t. (17)

here GEm,t denotes the amount of electricity generated at
ower plant m in time period t.

Another product produced in the SGSCN is NGLs, which is
eparated from natural gas at processing plants. SINGL can be
alculated by the amount of NGLs sold at processing plant p
PSLSp,t), given by:

INGL =
∑
p

∑
t

upNGLt PSLSp,t

(1 + disr)t
. (18)

here upNGLt denotes the unit selling price of NGLs in time
eriod t and disr is the discount rate per time period.
TotalCost, which is another component in the objective

unction, Eq. (14), includes several costs as follows: (1) fresh-
ater supply cost, TCfre; (2) shale gas production cost, TCsha; (3)
astewater management cost, TCwa; (4) shale gas processing
lant cost, TCpro; (5) natural gas transportation cost, TCpro−tra;

6) natural gas and NGL storage cost, TCsto; (7) power plant cost,
Cpow.

otalCost = TCfre + TCsha + TCwa + TCpro

+ TCpro−tra + TCsto + TCpow. (19)
3.4.1.1.  Freshwater  supply  cost.  A large amount of freshwa-
ter is needed to produce shale gas at each shale site. For
the freshwater supply, the acquisition cost of freshwater
from freshwater sources, Cfre−ac, and the transportation cost
required delivering the secured freshwater to shale sites,
Cfre−tr, have to be considered to account for the total cost, TCfre,
associated with fresh water supply, which is given below:

TCfre = Cfre−ac + Cfre−tr. (20)

To supply the amount of freshwater required from fresh-
water sources to shale sites, the acquisition of freshwater is
needed, and its cost is proportionally charged to the amount
of freshwater acquired.

Cfre−ac =
∑
s

∑
i

∑
k

∑
t

uc
acqi
s,t FWRs,i,k,t

(1 + disr)t
. (21)

where uc
acqi
s,t denotes the unit acquisition cost of freshwater

at freshwater source s in time period t and FWRs,i,k,t is the
amount of freshwater supplied between freshwater source s
and shale site i via transportation mode k in time period t.

Cfre−tr is the freshwater transportation cost, which includes
the capital and variable costs of the transportation modes,
given by:

Cfre−tr =
∑
s

∑
i

∑
k

∑
t

(
ucapc1s,i,k dis

1
s,i XT

1
s,i,k

+
uvct

fresh

k
dis1

s,i
FWRs,i,k,t

(1 + disr)t

)
. (22)

where ucapc1
s,i,k

is the unit transportation capital cost of
freshwater between freshwater source s and shale site i via
transportation mode k, dis1

s,i
is the distance between freshwa-

ter source s and shale site i, XT1
s,i,k

is 1 if transportation mode k
is selected for freshwater transportation between freshwater
source s and shale site i, and uvct

fresh

k
is the unit variable cost

of transportation mode k for freshwater transportation.

3.4.1.2.  Shale  gas  production  cost.  The shale gas production
cost is related to the number of hydraulic fracturing jobs at
shale sites and the amount of shale gas produced. TCsha is
the total production cost of shale gas, which includes the
hydraulic fracturing cost and shale gas production cost from
all shale sites, given by:

TCsha =
∑
i

∑
t

ucdrill
i,t

NHFi,t

(1 + disr)t
+

∑
i

∑
t

uc
shale prod
i,t

PSi,t

(1 + disr)t
. (23)

where ucdrill
i,t

and uc
shale prod
i,t

denote the unit cost for hydraulic
fracturing jobs and for shale gas production at shale site i in
time period t, respectively, NHFi,t is the number of hydraulic
fracturing jobs at shale site i in time period t, and PSi,t is the
amount of shale gas produced at shale site i in time period t.

3.4.1.3.  Wastewater  management  cost.  Once hydraulic frac-
turing is completed, wastewater is recovered along with shale
gas production. The total cost of wastewater management,

TCwa, is calculated by considering the followings: (1) trans-
portation cost of CWT  facility, CCWT−tra; (2) treatment cost of
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∑∑∑ ( )
CWT  facility, CCWT−tre; (3) transportation cost of disposal well,
Cdisw−tra; (4) injection cost of disposal well, Cdisw−inj; (5) total
cost of onsite treatment facility, TConsite.

TCwa = CCWT−tra + CCWT−tre + Cdisw−tra + Cdisw−inj + Consite. (24)

where CCWT−tra is the transportation cost of CWT  facility,
which includes the capital and variable costs of the trans-
portation modes selected for CWT  as follows:

CCWT−tra =
∑
i

∑
c

∑
k

∑
t

(
utccCWTi,c,k dis

2
i,c XT

2
i,c,k

+
uvctwaste

k
dis2

i,c
WTICi,c,k,t

(1 + disr)t

)
. (25)

where utccCWT
i,c,k

denotes the unit capital cost of transporta-
tion mode k for the wastewater supply between shale site i
and CWT  facility c, dis2

i,c
is the distance between shale site

i and CWT  facility c, XT2
i,c,t

is 1 if transportation mode k is
selected for wastewater transportation between shale site i
and CWT  facility c, uvctwaste

k
is the unit variable cost of trans-

portation mode k, and WTICi,c,k,t is the amount of wastewater
transported between shale site i and CWT  facility c via trans-
portation mode k in time period t. The wastewater treated by
CWT  facility is discharged to the surface water.

CCWT−tre is the treatment cost of CWT  facility which
includes the operating cost considering the amount of trans-
ported wastewater:

CCWT−tre =
∑
i

∑
c

∑
k

∑
t

ucCWTc WTICi,c,k,t

(1 + disr)t
. (26)

where ucCWTc denotes the unit cost of CWT  facility c for wastew-
ater treatment.

Another way to handle wastewater is to use the disposal
well without any treatment. This disposal well is in gen-
eral located farther than CWT  facilities, so the corresponding
transportation cost affects the decision of whether to use this
disposal well or not.

Cdisw−tra is the transportation cost of disposal wells, which
includes the capital and variable costs associated with trans-
portation modes for disposal wells, given by:

Cdisw−tra =
∑
i

∑
d

∑
k

∑
t

(
utccdiswi,d,k dis

3
i,d XT

3
i,d,k

+
uvctwaste

k
dis3

i,d
WTIDi,d,k,t

(1 + disr)t

)
(27)

where utccdisw
i,d,k

denotes the unit capital cost of transportation
mode k for wastewater supply between shale site i and dis-
posal well d, dis3

i,d
is the distance between shale site i and

disposal well d, XT3
i,d,t

is 1 if transportation mode k is selected
for wastewater transportation between shale site i and dis-
posal well d, and WTIDi,d,k,t is the amount of wastewater

transported between shale site i and disposal well d via trans-
portation mode k in time period t,
Cdisw−inj is the wastewater injection cost over the entire
disposal wells, which is given by:

Cdisw−inj =
∑
i

∑
d

∑
k

∑
t

ucdisw
d

WTIDi,d,k,t

(1 + disr)t
. (28)

where ucdisw
d

denotes the unit cost of disposal well d for
wastewater injection.

Onsite treatment reuses wastewater by mixing with fresh-
water for another hydraulic fracturing job. The distance
between shale site and onsite treatment facility is neglected
by assuming that onsite treatment facilities are located nearby
the shale sites where hydraulic fracturing jobs take place, and
Consite is the onsite treatment cost to reuse wastewater, which
is given by:

Consite =
∑
i

∑
o

∑
t

uconsiteo WTIOi,o,t

(1 + disr)t
. (29)

where uconsiteo denotes the unit cost of onsite treatment o for
wastewater treatment and WTIOi,o,t is the amount of wastew-
ater treated by onsite treatment o at shale site i in time period
t.

3.4.1.4.  Shale  gas  processing  cost.  A processing plant is needed
for separation of shale gas into natural gas and NGLs. The total
cost of processing plant, TCpro, is calculated by considering the
followings: capital cost of processing plant, Cpro−cap; operating
cost of processing plant, Cpro−ope; transportation cost of shale
gas between shale sites and processing plants, Cpro−ip:

TCpro = Cpro−cap + Cpro−ope + Cpro−ip. (30)

where Cpro−cap depends on the capacities of processing plants
as follows:

Cpro−cap =
∑
pr

∑
p

capc
pro
pr Y

PC
pr,p

(
CEPCIpro

rCEPCIpro

)
. (31)

where capc
pro
pr denotes the capital cost of the processing plant

with capacity pr,  YPCpr,p is 1 if processing plant p with capacity pr
is selected, and CEPCIpro and rCEPCIpro are the chemical engi-
neering plant cost index (CEPCI) for processing plants and the
CEPCI for processing plants of the reference year, respectively.

Cpro−ope is the total operating cost of processing plants,
which is given by:

Cpro−ope =
∑
i

∑
p

∑
t

ucpro STIPi,p,t

(1 + disr)t
. (32)

where ucpro denotes the unit processing cost for shale gas and
STIPi,p,t denotes the amount of shale gas transported between
shale site i and processing plant p in time period t.

Cpro−ip is the transportation cost of shale gas via trans-
portation modes between shale sites and processing plants,
which includes the capital and operating costs of pipelines, as
follows:
Cpro−ip =
pi i p

capc
pipe
pi

Y
pipe−TCP
pi,i,p

CEPCIpipe

rCEPCIpipe
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+
∑
i

∑
p

∑
t

uvctpi−s dis4
i,p
STIPi,p,t

(1 + disr)t
. (33)

here capc
pipe
pi

denotes the capital cost of pipeline with capac-

ty pi, Y
pipe−TCP
pi,i,p

is 1 if pipeline capacity pi is selected for natural
as transportation between shale site i and processing plant
, uvctpi−s is the unit variable cost of pipeline transportation
or shale gas, dis4

i,p
is the distance between shale site i and

rocessing plant p, and CEPCIpipe and rCEPCIpipe are the CEPCI
or pipelines and the CEPCI for pipelines of the reference year,
espectively.

.4.1.5.  Natural  gas  transportation  cost.  Natural gas separated
t processing plants is transported to power plants for elec-
ricity generation. The total cost of natural gas transportation
mong processing plants, power plants, and underground
eservoirs, TCpro−tra, is calculated by considering the follow-
ngs: distance from processing plants to power plants, Cpro−pm;
istance from processing plants to underground reservoirs
pro−pu; distance from underground reservoirs to power plants,
pro−um, as follows:

Cpro−tra = Cpro−pm + Cpro−pu + Cpro−um. (34)

here Cpro−pm, Cpro−pu, and Cpro−um are the natural gas trans-
ortation costs between processing plants and power plants,
etween processing plants and underground reservoirs, and
etween underground reservoirs to power plants, respectively.

pro−pm =
∑
pi

∑
p

∑
m

(
capc

pipe
pi

Y
pipe−TCPM
pi,p,m

(
CEPCIpipe

rCEPCIpipe

)
dis5

p,m

)

+
∑
p

∑
m

∑
t

uvctpi−n dis5
p,m NTPMp,m,t

(1 + disr)t
, (35)

pro−pu =
∑
pi

∑
p

∑
u

(
capc

pipe
pi

Y
pipe−TCPU
pi,p,u

(
CEPCIpipe

rCEPCIpipe

)
dis6

p,u

)

+
∑
p

∑
m

∑
t

uvctpi−n dis6
p,u NTPUp,u,t

(1 + disr)t
, (36)

pro−um =
∑
pi

∑
u

∑
m

(
capc

pipe
pi

Y
pipe−TCUM
pi,u,m

(
CEPCIpipe

rCEPCIpipe

)
dis7

u,m

)

+
∑
u

∑
m

∑
t

uvctpi−ndis7
u,m NTUMu,m,t

(1 + disr)t
. (37)

here capc
pipe
pi

denotes the capital cost of pipeline with capac-

ty pi,  dis5
p,m, dis6

p,u, and dis7
u,m are the distances between

rocessing plant p and power plant m, between processing
lant p and underground reservoir u, and between under-
round reservoir u and power plant m,  respectively, Y

pipe−TCPM
pi,p,m

,
pipe−TCPU
pi,p,u

, and Y
pipe−TCUM
pi,u,m

are 1 if the pipeline is selected
or natural gas transportation between processing plant p
nd power plant m,  between processing plant p and under-

round reservoir u, and between underground reservoir u
nd power plant m,  respectively, uvctpi−n is the unit variable
cost of pipeline transportation for natural gas, and NTPMp,m,t,
NTPUp,m,t, and NTUMu,m,t are the amounts of natural gas
transported between processing plant p and power plant m,
between processing plant p and underground reservoir u, and
between underground reservoir u and power plant m,  in time
period t, respectively.

3.4.1.6.  Natural  gas  and  NGL  storage  cost.  In this study, two
storage options for natural gas and NGLs are considered.
Underground reservoirs store natural gas before transporting
it to power plants, and storage units are used to store NGLs
before selling them in the market. TCsto denotes the total stor-
age cost at underground reservoirs and NGL storage units,
which is given below:

TCsto =

∑
u

∑
t

⎛
⎜⎜⎜⎜⎜⎝

(∑
p

ucunder−iu NTPUp,u,t +
∑
m

ucunder−wu NTUMu,m,t

)

(1 + disr)t

⎞
⎟⎟⎟⎟⎟⎠

+
∑
p

∑
t

ucNGL sto SANGLp,t

(1 + disr)t
. (38)

where ucunder−iu and ucunder−wu denote the unit costs for wastew-
ater injection and withdrawal at underground reservoir u,
respectively, ucNGL sto is the unit cost of stored NGLs, and SANGLp,t

is the amount of NGLs stored at processing plant p in time
period t.

3.4.1.7.  Electricity  generation  cost.  Finally, electricity is gen-
erated by natural gas supplied from processing plants and
underground reservoirs. TCpow is the total cost of electricity
generation at power plants using natural gas, which is given
by:

TCpow=
∑
m

∑
t

((∑
p

NTPMp,m,t+
∑
u

NTUMu,m,t

)
uc
power
m

(1+disr)t

)
.

(39)

where uc
power
m denotes the unit cost of power plant m for elec-

tricity generation.

3.4.2.  Constraints
This section presents constraints on the amount of freshwater
required, wastewater generated, and shale gas produced.

3.4.2.1.  Freshwater  supply.  A huge amount of freshwater is
required to make fractures for shale gas production. The
amount of freshwater required at shale site i in time period
t, FWDi,t, is related to the number of hydraulic fracturing jobs
at shale site i, as follows:

FWDi,t = acdwiNHFi,t, ∀i, t. (40)

where NHFi,t denotes the number of hydraulic fracturing jobs
at shale site i in time period t, and acdwi denotes the freshwa-
ter consumption for each hydraulic fracturing job at shale site

i, which is determined by the proposed MPC-based pumping
schedule of hydraulic fracturing (Qfreshwater in Eqs. (11)–(13)).
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Table 1 – Design parameters used in the case studies for SGSCN.

The available number of freshwater sources (Yang et al., 2014) 3
The available number of shale sites (Ladlee and Jacquet, 2011) 3
The available numbers of hydraulic fracturing jobs (Siddhamshetty et al., 2018a) 6
The available number of CWT facilities (Al-Nory et al., 2014; Raluy et al., 2006) 3
Onsite treatment technologies (Al-Nory et al., 2014; Raluy et al., 2006) MSF, MED, and RO
The available number of processing plants (He and You, 2014) 2
The available number of power plants (Cost, 2014; Weber and Clavin, 2012) 2
The available number of underground reservoirs (Kumar et al., 2017) 2
Transportation modes (Gao and You, 2015b) Truck and pipeline

Total planning horizon (Cafaro and Grossmann, 2014) 

Furthermore, FWDi,t can be supplied by freshwater sources
and reused water from onsite treatment facilities.

∑
o

rronsiteo WTIOi,o,t +
∑
s

∑
k

FWRs,i,k,t = FWDi,t, ∀i, t. (41)

where rronsiteo denotes the recovery ratio of wastewater treated
by onsite treatment o, WTIOi,o,t is the amount of wastewater
treated by onsite treatment o at shale site i in time period t,
and FWRs,i,k,t is the amount of freshwater supplied between
freshwater source s and shale site i via transportation mode k
in time period t.

3.4.2.2.  Wastewater  generation.  The amount of wastewater
generated after completing hydraulic fracturing jobs, WPdi,t, is
related to the number of hydraulic fracturing jobs as follows:

WPdi,t = acdwi rr
drill
i NHFi,t, ∀i, t. (42)

where rrdrill
i

denotes the recovery ratio of wastewater after
completing hydraulic fracturing jobs at shale site i, determined
by the proposed MPC-based pumping schedule of hydraulic
fracturing (Eq. (13)).

Also, the amount of wastewater generated during shale gas
production, WPh

i,t
, is proportional to the total amount of shale

gas produced as follows:

WPhi,t = ccswiPSi,t, ∀i, t. (43)

where ccswi denotes the correlation coefficient between the
amounts of wastewater generated and shale gas produced at
shale site i, and PSi,t is the amount of shale gas produced at
shale site i in time period t.

The total amount of wastewater generated (WPdi,t + WPhi,t)
should equal to the total amount of wastewater handled by the
three wastewater management options (CWT, disposal well,
and onsite treatment), which is described by:

WPdi,t + WPhi,t =
∑
o

∑
k

WTIOi,o,t +
∑
c

∑
k

WTICi,c,k,t

+
∑
d

∑
k

WTIDi,d,k,t, ∀i, t. (44)

where WTICi,c,k,t and WTIDi,d,k,t denote the amount of wastew-
ater transported between shale site i and CWT  facility c and
between shale site i and disposal well d, respectively, via trans-
portation mode k in time period t.
3.4.2.3.  Shale  gas  production.  The total amount of shale gas
produced from shale sites can be obtained by the production
10 years

rate of shale gas and the number of hydraulic fracturing jobs
at each shale site as follows:

∑
tp

NHFSPi,t,tp pa
shale
tp = PSi,t, ∀i, t. (45)

where NHFSP
i,t,tp

is the number of hydraulic fracturing jobs at

shale site i between time period t and tp,  and pashaletp is the
amount of shale gas produced at shale sites in time period tp
under the proposed MPC-based and Nolte’s pumping sched-
ules. Details of other constrains for SGSCN are described in
ESI.

4.  Case  study

To illustrate the performance of the proposed model, two case
studies were adopted from Gao and You (2015b), which was
based on Marcellus shale play. The design parameters used
for several facilities of the SGSCN are taken from the literature
and are shown in Table 1.

Specifically, Nolte’s pumping schedule (Nolte, 1986) and
the proposed MPC-based pumping schedule (Siddhamshetty
et al., 2018a) are considered in this study. Operation data
determined by the proposed MPC-based and Nolte’s pumping
schedules are shown in Tables S1 and S2 and Fig. S1 in ESI, and
they are used in the SGSCN to compare the optimal designs
between the two cases based on the following assumption:

1 Produced shale gas is assumed to be a mixture of an ideal
gas.

2 Compositions of shale gas and wastewater are assumed to
be constant, so they are not considered in this study.

3 Three months are set as one time period, and this model
considers for ten years (forty time periods).

4 Hydraulic fracturing operations are completed within one
time period.

5 The available number of hydraulic fracturing jobs at each
shale site is known beforehand.

6 Shale gas can be extracted once fractures are created via
hydraulic fracturing.

7 The amount of shale gas produced in each well decreases
with time as represented in Table S1 and Fig. S1 in the ESI.

8 Wastewater is generated during shale gas production and
its amount is related to the amount of shale gas produced
in each shale site.

9 The capacities of pipelines for resource transportation and
processing plants for shale gas separation have to be deter-
mined.
10 Electricity produced at power plants and NGLs separated
from shale gas in processing plants are sold in the market.
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Fig. 3 – Optimal pumping schedule computed by the
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Fig. 4 – Average fracture width profile under the proposed
roposed MPC-based pumping schedule.

.  Results  and  discussion

his section explains how to optimize the SGSCN by taking
nto account the variables computed by the proposed MPC-
ased pumping schedule, such as the final fracture geometry
t the end of pumping and the amount of freshwater supplied.

.1.  MPC-based  pumping  schedule  of  hydraulic
racturing

n this section, we  apply the proposed MPC-based pumping
chedule to regulate the average fracture width at the end
f pumping to a desired value, which will lead to a uniform
roppant bank height and optimal fracture geometry.

In the closed-loop simulations, the pad time was fixed to
e 800 s to avoid premature termination of hydraulic fractur-

ng process, and � and ttf were chosen to be 500 s and 5,300 s,
espectively. We  divided the pumping schedule into 9 pumping
tages with a duration of 500 s for each pumping stage, which
as  equal to the sampling time, �. At the beginning of each
umping stage, the real-time measurements of fracture width
t the wellbore, W0, and the fracture length, L, were utilized
s the initial conditions to the ROM. Applying constant flow
ate and proppant concentration input values obtained from
he proposed MPC  framework over a prediction horizon length
f Np = ttf − ttj, in a sample-and-hold fashion over the entire
umping stage, the ROM is solved with a fixed integration time
tep of 0.1 s to predict the state and output values. The for-
ulated optimization problem is a linear quadratic problem,

nd we  used a constrained optimized algorithm (fmincon) in
ATLAB to solve this optimization problem. The computation

ime to solve the optimization problem at each sampling time
s given in Table S5 in the ESI. Please note all the calculations
ere performed using MATLAB on a Dell workstation, pow-

red by Intel(R) Core(TM) i7-4790 CPU@3.60 GHz, running the
indows 8 operating system.
The desired average fracture width at the end of pumping

s Wavg, target = 5.37 mm.  The generated pumping schedule is
resented in Fig. 3, and it is observed from Fig. 4 that the aver-
ge fracture width at the end pumping is close to Wavg, target.

Fig. 5a shows that the proppant bank height is uniform over
he required fractures length (i.e., 120 m)  compared to Nolte’s
umping schedule (Fig. 5b) where the proppant bank height is
niform only until 106.5 m.
According to the proposed MPC-based optimal pump-
ng schedule, the volume of the freshwater required for
MPC-based pumping schedule.

each fractured well is Vfreshwater = 23867.8 m3, while it was
Vfreshwater = 26331.8  m3 under Nolte’s pumping schedule. By

applying these values to the developed dynamic input–output
model, the total amounts of the wastewater for ten years are
Vwastewater = 13323.9 m3 and Vwastewater = 14699.4 m3 with the
proposed MPC-based and Nolte’s pumping schedules, respec-
tively. Meanwhile, using the reservoir simulator, CMG,  the
shale gas production profiles for the two  cases were gener-
ated based on the corresponding fracture geometry. It can
be observed from Table S1 and Fig. S1 in ESI that the total
shale gas production using the proposed MPC-based pump-
ing schedule is higher than Nolte’s pumping schedule because
the former was able to achieve the optimal fracture geometry.
The results determined by the proposed MPC-based pumping
schedule, such as the amount of freshwater required, wastew-
ater generated, and shale gas produced in each well, are shown
in Fig. S1 and Tables S1 and S2.

5.2.  SGSCN  model

The proposed model for the SGSCN was solved using Gen-
eral Algebraic Modeling System (GAMS 24.3.1; CPLEX 12.6) with
Intel

®
CoreTM i7-4770 CPU@3.40 GHz and 16 GB RAM, running

Windows 10 Enterprise 64bit. The formulated optimization
problems include 15,464 continuous variables, 1,138 discrete
variables, and 16,739 constraints. A low optimality gap (0.1)
was achieved in this model, and two case studies were per-
formed.

5.2.1.  Optimal  costs
The overall profit of the SGSCN (Fig. 6) is determined by com-
paring two profits (i.e., incomes from selling electricity and
NGLs) and seven costs (i.e., freshwater transportation cost,
shale gas production cost, wastewater treatment cost, shale
gas processing cost, shale gas transportation cost, gas storage
cost, and electricity generation cost).

When considering the shale gas production for 10 years,
the overall profit of the former (264 × 106 US$), which utilized
the proposed MPC-based pumping schedule, was 4.49% higher
than that of the latter (252 × 106 US$), which was designed
on Nolte’s pumping schedule. In both cases, the profits gener-
ated by selling electricity whose market price is US$ 0.1215 per
kWh Administration (2019), dominate the other part. Another
major profit can be achieved by selling NGLs separated from
shale gas in the market. The total costs were 198.84 × 106
and 233.85 × 106 US$ for Nolte’s and the proposed MPC-based
pumping schedules, respectively. Specifically, the processing
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Fig. 5 – Proppant bank height profile obtained at the end of pumping using (a) the proposed MPC-based pumping schedule
and (b) Nolte’s pumping schedule.

 SGS
Fig. 6 – Comparison of optimal costs of the

plant costs (151 × 106 and 166 × 106 US$) in both cases were
higher than the other costs because the formers included
the construction costs of processing plants and the operating
costs.

The next highest costs were the power plant costs; 22 × 106

and 24 × 106 US$ for Nolte’s and the proposed MPC-based
pumping schedules, respectively. These costs include the
transportation costs to power plants and the production costs
using natural gas. On the other hand, the wastewater cost is
significantly different between the two cases. The wastewater
treatment cost in the proposed MPC-based pumping sched-
ule (11 × 106 US$) was 57.14% higher than that of Nolte’s
pumping schedule (7 × 106 US$). This means that different
wastewater management options were selected between the
two cases. This result is also observed in the optimal SGSCN
configurations computed under the two different pumping
schedules.

5.2.2.  Optimal  network  configurations
With Nolte’s pumping schedule, the optimal SGSCN config-
uration was determined as follows (Fig. 7): two freshwater
sources; two shale sites with eleven hydraulic fracturing jobs;
two CWT  facilities; two shale gas processing plants with two
NGL storage units; one underground reservoir; two power
plants.
The amounts of freshwater required in the two shale sites
were satisfied from freshwater sources by two trucks and one
CN based on different pumping schedules.

pipeline. The amounts of freshwater transported to shale site
1 is supplied from freshwater sources 1 (810,000 bbl) and 2
(514,979 bbl) by trucks. On the other hand, the freshwater
to shale site 2 was supplied (1,104,149 bbl) from freshwater
source 2 by a pipeline. To handle the wastewater generated
during shale gas production at shale sites, two  CWT  facilities
were selected, and the generated wastewater was transported
by trucks. The wastewater from shale site 1 was treated at
CWT  facility 1 and then discharged to surface water (1,208,132
bbl) and the wastewater from shale site 2 was treated at both
CWT  facilities 1 (726,577 bbl) and 2 (21,017 bbl). Total eleven
hydraulic fracturing jobs were completed over three years in
shale sites 1 (six wells) and 2 (five wells). To handle the shale
gas produced from the two shale sites, two shale gas process-
ing plants (1,200,000 msf  per time period in processing plant
1 and 300,000 msf  per time period in processing plant 2) were
constructed with two NGL storage units. The produced shale
gas was transported to processing plants by pipelines, and the
separated natural gas was supplied via pipelines to the two
power plants for electricity generation; in particular, the total
amount of 1,918,424,456 MW h and 1,552,209,794 MW h were
generated from power plants 1 and 2, respectively. The details
of the optimal network design in the case of using Nolte’s
pumping schedule are shown in Table 2.

On the other hand, when the proposed MPC-based pump-
ing schedule is used, the optimal SGSCN configuration was

determined as follows (Fig. 8): two freshwater sources; two
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Fig. 7 – Optimal SGSCN configuration when Nolte’s pumping schedule is used.

Table 2 – Optimal design results when Nolte’s and the proposed MPC-based pumping schedules are used.

Nolte’s MPC-based

Total amount of freshwater 2,429,128 2,196,484 bbl
Source 1 Truck 810,000 810,000

Pipeline – –
Source 2 Truck 514,979 390,992

Pipeline 1,104,149 995,492
Source 3 Truck – –

Pipeline – –

Total amount of wastewater 1,955,726 1,993,658 bbl
Site 1 WTC  (truck) 1,208,132 –

WTD (pipeline) – 1,261,561
WTO – –

Site 2 WTC  (truck) 747,594 709,835
WTD – –
WTO – 22,262

Site 3 WTC  (truck) – –
WTD – –
WTO – –

Total amount of shale gas production 30,066,662 32,471,196 mcf
Site 1 16,202,547 17,860,939
Site 2 13,864,116 14,610,258
Site 3 – –

Total amount of natural gas and NGLs 29,164,663 31,597,061 mcf
Processing plant 1 Natural gas 24,939,047 26,905,113

NGL 3,476,510 3,776,788
Processing plant 2 Natural gas 636,739 733,644

NGL 112,366 181,516

Total amount of natural gas transportation 25,575,787 27,638,757 mcf
Processing plant Power plant 15,929,394 17,114,373

Reservoir 9,646,392 10,524,384
Underground reservoir Power plant 9,646,392 10,524,384

Total electricity generation 3,470,634,250 3,750,579,323 MWh
Power plant 1 1,918,424,456 2,033,137,345

s
c
r
C

Power plant 2 

hale sites with eleven hydraulic fracturing jobs; two  pro-
essing plants with two NGL storage units; one underground

eservoir; two power plants; one onsite treatment facility; one
WT facility; one disposal well.
1,552,209,794 1,717,441,978

The amounts of freshwater required in the two shale sites
were satisfied from the freshwater sources by trucks. The

amount of freshwater transported to shale site 1 is supplied
from both freshwater sources 1 (810,000 bbl) and 2 (390,992
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e pro
Fig. 8 – Optimal SGSCN configuration when th

bbl) by trucks, and the freshwater to shale site 2 was sup-
plied (995,492 bbl) from freshwater source 2 by a truck. When
compared with the Nolte’s pumping schedule case, a differ-
ence was shown in the wastewater treatment option. One MSF
facility as onsite treatment facility, one CWT  facility, and one
disposal well were selected to handle the wastewater in the
proposed MPC-based pumping schedule case. In shale site 1,
the wastewater was transported (1,261,561 bbl) to the disposal
well, and it was disposed in deep well without treatment.
But, in shale site 2, some of the generated wastewater was
reused in a nearby shale site by MSF  facility (22,262 bbl), and
the remaining wastewater (709,835 bbl) was transported to the
CWT  facility by a truck.

Like the Nolte’s pumping schedule case, the eleven
hydraulic fracturing jobs were completed to produce shale
gas over three years from shale sites 1 (six wells) and 2
(five wells) with different pumping schedules. Two shale gas
processing plants (1,500,000 msf  per time period in process-
ing plant 1 and 300,000 msf  per time period in processing
plant 2) were constructed with two NGL storage units. The
amounts of electricity generated from power plants 1 and 2
are 2,033,137,345 MW h and 1,717,441,978 MW h, respectively.
The details of the optimal SGSCN design when the proposed
MPC-based pumping schedule is used are shown in Table 2.

5.2.3.  Optimal  productions  and  storages  of  shale  gas
Although the total numbers of completed hydraulic fractur-
ing jobs between the two cases were identical (eleven wells),
the total amount of shale gas produced in the proposed
MPC-based pumping schedule case (32.47 × 109 ft3; Fig. 9b)
is 7.98% higher than that of Nolte’s pumping schedule case
(30.07 × 109 ft3; Fig. 9a); this is due to the fact that the final
fracture geometry at the end of pumping, which significantly
affects shale gas production, depends on the type of pumping

schedules applied. A large amount of shale gas is produced
right after a hydraulic fracturing job is completed, and the
posed MPC-based pumping schedule is used.

shale gas production rate decreases over time (shown in Fig.
S1 and Table S1 in the ESI).

Appropriate hydraulic fracturing schedules have been
determined to maximize the overall profit from the SGSCN
(Fig. 9). After hydraulic fracturing is completed, most shale
gas was produced in the early time period, and the production
rate decreases rapidly over time. A rapid increase in the pro-
duction rate at the 12th time period was due to the constraint
that hydraulic fracturing jobs should be completed within 3
years.

For selling NGLs separated from natural gas at processing
plants, NGLs can be stored in NGL storage units. Total stor-
age amount of NGLs in the proposed MPC-based pumping
schedule case (3.86 × 106 ft3) was 7.52% higher than that of the
Nolte’s pumping schedule case (3.59 × 106 ft3) (Fig. 10).

The NGL storage levels in both of the cases followed their
shale gas production profiles (Fig. 9) because the amounts of
separated NGLs are proportional to the shale gas produced
from shale sites. Also, natural gas separated at processing
plants can be stored in underground reservoirs before being
sent to power plants to generate electricity, and the storage
profiles of natural gas for both of the cases are shown in Fig.
S2 in ESI.

Remark 5. We  focus on the development of a novel framework
that integrates the SGSCN model and the closed-loop opera-
tion of hydraulic fracturing. Once a final fracture geometry is
achieved, shale gas production rate and the amounts of fresh-
water required and wastewater recovered in each shale were
also calculated by CMG software and the empirical models,
respectively. Compared to Nolte’s pumping schedule which
did not consider the fracture geometry, the amounts of fresh-
water required and wastewater recovered at each shale well
were decreased in the closed-loop operation of hydraulic frac-
turing. Therefore, one of the key findings from this study

is that the consideration of fracture geometry in hydraulic
fracturing affects desired SGSCN configuration and operating
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Fig. 9 – Optimal shale gas production profiles of the SGSCN when (a) Nolte’s and (b) the proposed MPC-based pumping
schedules are used.

Fig. 10 – Optimal NGL storage profiles.
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strategy, and applying the MPC-based pumping schedule of
hydraulic fracturing was proven to be more  profitable than
Nolte’s pumping schedule.

6.  Conclusions

In this study, we  focus on the development of a novel
framework that integrates a MPC-based pumping schedule,
proposed in our earlier work, and a SGSCN model. This
framework allowed us to determine the optimal configura-
tion that maximizes the overall profit of the SGSCN by taking
into account the information available from the MPC-based
pumping schedule, which includes the amounts of freshwa-
ter required, wastewater generated, and shale gas produced
from the fractured wells. The proposed SGSCN design frame-
work has been compared to the case when the mathematical
model of SGSCN was integrated with a suboptimal pumping
schedule like Nolte’s pumping schedule. The overall profit of
the former, which utilized the MPC-based pumping sched-
ule, was 4.49% higher than that of the latter, which was
designed on Nolte’s pumping schedule. In this study, the total
profit would be improved by integrating SGSCN model and
the MPC-based pumping schedule of hydraulic fracturing as
they achieve an optimal propped fracture geometry leading
to a maximum shale gas production rate; however, there are
some weaknesses such as no consideration of CO2 emission
and uncertain selling price of electricity. In the future, CO2

emission and uncertainty in electricity selling price should
be considered to evaluate the environmental impact and to
handle the unexpected market conditions.
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