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As the development of shale gas resources has to be accelerated to satisfy the increasing global natural gas
demand, many optimization approaches have been developed to handle the complexity associated with the shale
gas system and discern the optimal design and operation strategy. However, it is worth mentioning that the
essential hydraulic fracturing operation has not been considered as a dynamic process in the previous studies,
which may lead to suboptimal solutions. Motivated by this consideration, we first develop an integrated model to
simultaneously consider the scheduling and control of hydraulic fracturing operations to enhance the economic
performance of the shale gas system. In particular, a reduced-order model is developed and integrated with the
scheduling model to reduce the model complexity. To cope with the plant-model mismatch of the reduced-order
model, we propose an online integrated framework with two feedback loops. In the outer loop, the integrated
model is solved to determine the scheduling decisions and controller references. Then, an offset-free model
predictive control system is designed to track the references online in the inner loop. By utilizing the offset-free
model predictive control scheme, the tracking performance is enhanced and the plant-model mismatch is
compensated for, which helps avoid dramatic changes in the solutions obtained by re-solving the integrated
problem online. The effectiveness of the proposed online integrated framework is demonstrated by considering a
hypothetical case study based on Marcellus Shale Play. It shows that the undesirable performance degradation
induced by the plant-model mismatch can be decreased by the developed offset-free model predictive control
system, and the overall economic performance of the shale gas system is improved with the proposed approach.

after the well is completed, a certain amount of the injected fracturing
fluid is recovered in the first few weeks as wastewater; the wastewater
continues to be generated over the entire production stage due to the
formation brine coproduced with shale gas. Such wastewater is char-
acterized by high salinity and high concentration of various contami-

1. Introduction

The global increase in energy demand, paired with the resultant

growth of environmental pollution, has accelerated the development
and utilization of natural gas. In this regard, shale gas, which is natural
gas trapped within the porous sedimentary rock, is now promising and
expected to be an indispensable resource to meet the increasing global
energy demand [1]. Specifically, an essential step of shale gas extraction
is the hydraulic fracturing process, which creates high conductivity
pathways and enhances the permeability of stimulated volume to unlock
the gas trapped in the rock [2]. However, one big concern associated
with this operation is that it demands a huge amount of water to
formulate the fracturing fluid, which may overburn the local water
sources. To fracture a typical shale gas well, around 190 to 38,000 m® of
fracturing fluid is used, depending on shale gas formation [3]. Besides,

nants, which may pollute the streams when being discharged [3]. On top
of this, the opened wells release methane into the air, which is about 25
times more potent as a greenhouse gas (GHG) than carbon dioxide. Some
of the midstream (e.g., shale gas processing) and downstream operations
(e.g., power generation) involved in the shale gas production system
could also incur a large amount of GHG emissions [4]. Thus, one com-
mon challenge in the shale gas industry is to manage the operations of
shale gas production system in a unified and optimal manner while
simultaneously taking into account both the economic and environ-
mental criteria. Given the significant role that shale gas plays in the
energy industry, a considerable number of optimization studies have
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Cvithdrawal yinit withdrawal cost at underground reservoir r,$em~>

RE™! forecast of shale gas selling price in time period t inside the
one-year scheduling horizon,$em~3
R8%2 forecast of shale gas selling price outside the one-year

scheduling horizon,$+m3

Binary variables
Wit indicates if hydraulic fracturing operation at wellpad w
starts in time periodt
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Nomenclature ¥S; indicates if freshwater impoundment at wellpad i is
constructed
Sets YSUiy indicates if freshwater impoundment constructed at
I {i|l is a wellpad} wellpad i is used in time periodt
F {f|f is a freshwater source} ) )
R {r|r is a underground reservoir} Continuous Variables
T {t|t is a time period/point} fw! P freshwater demand at wellpad i in each week,m?
ST {st|st is a pumping stage} fwd; freshwater demand at wellpad i in time period t,m?
K {k|k is a time step} pumpy;, flowrate of freshwater from freshwater source f to wellpad
i in time period t,m®sweek ™!
Parameters torefw;, level of water in freshwater impoundment at wellpad i in
¢ proppant bank porosity StorejWi, ) ) 5 P P
Ped proppant particle density,kg/m? time ;?erlod t;m ) L,
P maximum close-packed proppant volume fraction viw; capacity of freshwater impoundment at wellpad i,m
heq equilibrium proppant bank height,m sgr?®® shale gas production forecast at wellpad i in time period
FracD;  operation time for hydraulic fracturing at wellpad i,week t,m3sweek !
D transition time for moving the fracturing crew between sgD; shale gas production at wellpad i in time period
on t?vo wellp'adcsl,weelli . o bl te t,m3sweek™!
i time required to obtain steady tlow of shale gas production  ¢oco1). ~ shale gas production at wellpad i that is directly sold to the
after the completion of hydraulic fracturing operation at L R 3 i
. market in time period t,m”sweek
wellpad i, week sginj, shale gas production at wellpad i that is temporaril
SCP™™*  allowed maximum capacity of freshwater §iire  SNAIE 84S P €ip hat Is temporarily
. 3 injected into underground reservoir r in time period
impoundment,m 3 -
avail;, ~ water availability in freshwater source f in time period L tm”ewee i i . .
rmd ! injection,, shale gas production that is temporarily injected into
,m° ewee! e . _
ax . . . 3 underground reservoir r in time period t,m°eweek !
RCP allowed maximum capacity of underground reservoir r,m . . .
max . X o ; storesg,, level of shale gas in underground reservoir r in time period
Demand;"™ maximum shale gas production demand in time period k o
3eweek ™! >1IL
Lm . vizee . L . withdrawal,, shale gas production that is withdrawn from
Demand{"™" minimum shale gas production demand in time period N . 3 .
5 . underground reservoir r in time period t,m”sweek
e sweek o ) ) o outputl, shale gas production that is directly sold to the market in
FW maximum f.lowrate of 13n]ei:lted hydraulic fracturing fluid in time period £,m?sweek !
) each pumping stage,m” s output2, shale gas production that is withdrawn from underground
FWQ™" minimum flowrate of injected hydraulic fracturing fluid in reservoir r and then sold to the market in time period
each pumping stage,m®+s! £,m® sweek !
PropC™ maxim.um prf)p;.)ant concentr?tion of injected hydraulic output, total shale gas production that is sold to the market in time
. fracturing fluid in each pumping stage period t,m® sweek !
min s . . .
PropC™" minimum proppant concentration of injected hydraulic Xistk hydraulic fracturing dynamic system state in pumping
fracturing fluid in each pumping stage stage st and at time step k at wellpadi
Fo freshwater demand for pad time,m’ Uit hydraulic fracturing dynamic system input in pumping
Titage time for each pumping stage,s stage st at wellpadi
N; number of fractures per stage at wellpadi Yistk hydraulic fracturing dynamic system output in pumping
R; completion rate at wellpad i,stages-week stage st at wellpadi
cdrit drilling cost for wellpad i,$ Qist flowrate of injected hydraulic fracturing fluid in pumping
crod unit shale gas production cost at wellpad i,$em~3 stage st at wellpad i,m? s~
C;ump water withdrawal cost,$em—> Cist proppant concentration of injected hydraulic fracturing
- fluid in pumping stage st at wellpadi
cpropac proppant acquisition cost,$ekg! wWos If) f:l 8 'dfh ; K p ) ¢+ and at fi "
. . : average fracture width in pumping stage st and at time ste
Cto-bwe  hage investment cost required to construct a freshwater stk 8 ) pumping stag P
impoundment, $ . k at wellpa.ld i, m . .
Csto-incre nit incremental investment cost for a freshwater wreere  fracture width at the wellbore in pumping stage st and at
impoundment,$em time step k at wellpad i, m
Cso-oper  unit operating cost for a freshwater Ligtk fracture length in pumping stage st and at time step k at
impoundment,$+week ! . wellpad i, m
T N roppe :
CMecton  unit injection cost at underground reservoir r,$em=> w? average propped fracture width at the end of closure at

wellpad i, m
propped fracture half-length at the end of closure at
wellpad i,m

propped
L i

fw[*tr  freshwater demand to simulate a single fracture at wellpad
i,m°

prop/ ™™™ proppant demand to simulate a single fracture at wellpad
ikg

wellpad

prop; total proppant demand to complete wellpad i,kg
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acture

cumsg; cumulative shale gas production of the first year from a
single fracture at wellpad i,m?

sg/“"  shale gas production forecast from a single fracture at
wellpad i in time period t,m?sweck !

adtotalsg'{"e@“d total shale gas production out of the scheduling
horizon at wellpad i,m*

yrel indicates whether wellpad i is fractured

Profit gross profit of the shale gas system,$
Revenue$® revenue from selling the shale gas production,$
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Revenues™ revenue from selling the shale gas production inside the
one-year scheduling horizon,$

RevenueS” revenue from selling the shale gas production outside the
one-year scheduling horizon,$

Cost™  drilling, completion, and production costs,$

Cost™  freshwater cost,$

Cost’™  proppant cost,$

Cost™™/  freshwater impoundment cost,$

Cost™™¢ underground reservoir cost,$

been carried out both in academia and industries to discern the optimal
design and operations of complex shale gas systems by considering the
various time-scales: (1) the optimal network structure and drilling
strategy are determined, while simultaneously considering shale gas
supply chain network design [5-7], integration of water management
and shale gas supply chain [8-11], life cycle analysis of shale gas
development [4,12]; (2) the optimal schedule for specific operation(s)
are computed, which includes the drilling and fracturing [13], turning in
line [14], shut-in [15,16], refracturing [17,18], and four sequential
operations [19]; and (3) the optimal well placement [20-22] or opera-
tion techniques [23,24] are obtained for maximized well performance.
From the optimization point of view, it is necessary to integrate these
divided decision layers while considering the process dynamics that
directly influence the fracture conductivity and shale gas production
rate. However, while the shale gas supply chain network is generally
constructed over more than a decade, the process control (i.e. flowrate
and proppant concentration of the injected hydraulic fracturing fluid)
which affects the proppant distribution inside the created fractures, is
generally considered in the period of seconds [2,25-27]. In this regard,
it is imperative to develop a framework where the scheduling and
control of hydraulic fracturing can be integrated appropriately, and the
information can be exchanged between them accurately and efficiently
for better economic benefits.

For integrated scheduling and control, initial efforts have been made
following an intuitive method of including the dynamic model of the
process as an additional set of constraints in the scheduling model;
specifically, the simultaneous approach [28,29] and sequential
approach [30,31] are commonly used to solve the resulting integrated
model. However, this open-loop optimization disregards the possible
disturbances in both the scheduling (e.g., unit breakdown) and control
layers (e.g., fluctuation in input) which could immediately disrupt the
production system. Thus, online integration of scheduling and control
has been suggested to ensure the stability and performance of the pro-
cess out of the nominal operating condition by rejecting disturbances
during process operation, which consequently ensures the successful

( High-fideiity Model |

implementation of designed schedules. However, such online integra-
tion demands that the frequency of solving the integrated problem
should be comparable to the frequency of receiving feedback measure-
ments in the control system in order to provide closed-loop stability and
disturbance rejection [32]. In this regard, many approaches have been
proposed to reduce the computational requirement (e.g., Lagrangean
Decomposition [33], Bender’s Decomposition [34,35], bilevel decom-
position [36], back-off decomposition [37], multiparameteric MPC
[38,39], and fast MPC [40]). On the other hand, since the fracturing
process is regarded as a batch process that never reaches a steady-state, a
dynamic model has to be built for each task executed in a processing
unit, unlike in a continuous operation [35]. Owing to such fundamental
differences in the integrated problem formulations, the number of dy-
namic models in the integration problem for a batch process is generally
much higher than the one for a continuous process. Hence, the inte-
gration of scheduling and control for the batch systems has been less
discussed due to the model complexity [41]. Moreover, studies to handle
process disturbances while solving the integrated problem have been
very rarely discussed.

In order to address the aforementioned problems, several approaches
have been suggested. Zhuge and lerapetritou [42] proposed a closed-
loop strategy for integrated scheduling and control problem to ac-
count for the presence of disturbances in process. In their work, the
integrated problem was resolved once a deviation of the measured state
from the reference value is larger than a threshold, with which the ef-
fects of disturbances can be eliminated. The same authors improved
their work by using a fast MPC scheme [40]. A piecewise affine
approximation of the process dynamics was developed and integrated
with the scheduling level for computational efficiency. Further, a fast
MPC scheme was used to track the reference states generated from the
integrated model. In the online implementation, small disturbances
were efficiently handled by the fast MPC while the integrated problem
was reoptimized to cope with large disturbances. Furthermore, Chu and
You [43] proposed an online implementation strategy for sequential
batch processes, and similarly, the state reference determined by solving
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Fig. 1. Closed-loop integration of scheduling and control.
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Fig. 2. Batch representation of hydraulic fracturing operation.

the integrated problem was tracked using a MPC system. Re-solving the
integrated problem online is also considered necessary to handle the
control system disruption and the processing unit breakdown. However,
these studies have not considered how the controllers should be
designed to track the determined references. Specifically, few of them
considered that the negative impact caused by plant-model mismatch
and unknown disturbances on the reference tracking performance of the
controller could be alleviated or even completely eliminated through a
careful controller design. Therein, the changes in the solutions by re-
solving the integrated problem are less dramatic; or, it is even possible
that re-solving the integrated problem online becomes not necessary if
only minor disturbances occur, which helps facilitate the online imple-
mentation and assure rescheduling stability [43]. To handle plant-model
mismatch and unknown disturbances, offset-free MPC can be regarded
as one of the most representative and systematic approaches in the
control community. By augmenting the system state with disturbances
and estimating the disturbance-augmented system state based on mea-
surements, the effect from plant-model mismatch and unknown distur-
bances can be compensated for, and thus the zero-offset tracking
objective can be achieved [44,45].

Motivated by these considerations, we propose a generalized
framework for integrated scheduling and control (Fig. 1), which con-
tains two levels of feedback loops, and apply it to hydraulic fracturing.
At first, a reduced-order model (ROM) representing the original process
dynamics is developed based on high-fidelity simulation data and inte-
grated with the scheduling model to formulate the integrated problem.
In the outer loop, the integrated problem is solved to simultaneously
determine both the optimal schedule and the reference trajectories for
every task, the latter of which is then transferred to the inner loop for the
control problem. In the inner loop, for the task to be operated according
to the optimal schedule, a Kalman filter is utilized for state estimation,
and then an offset-free MPC system is designed to compute the exact
control solution online for enhanced tracking performance while
compensating for the plant-model mismatch and unknown disturbances.
After the control system is solved, the values of the obtained manipu-
lated input variables and output variables (i.e., which include all oper-
ational information necessary for the integrated problem) for the
completed task are sent back to the outer loop as feedback information;
then, the integrated problem is re-solved online, and the scheduling and
control decisions for the remaining unoperated tasks are updated
accordingly. Note that these two loops correspond to different models as
well as different time scales. Specifically, the integrated model in the
outer loop is event-based (i.e., it is re-solved when a task is completed)
and solved in the order of weeks; on the other hand, the control systems

in the inner loop are solved much more frequently than the integrated
model (e.g., in the order of seconds). This actually facilitates the online
implementation since there is no need to solve the integrated model at
every controller sampling time. Besides the integration structure, there
are some benefits of using the proposed framework: (1) the proposed
approach is applicable to a dynamic market environment (e.g., varying
product demand and price) since whenever the integrated problem is re-
solved online, the latest market information can be incorporated; (2) the
developed ROM is not required to be significantly precise since the
introduced offset-free MPC scheme has the ability to achieve zero-offset
tracking. In this sense, this could lead to a computationally efficient
integrated problem suitable for online implementation; and (3) with the
offset-free MPC, the tracking performance can be significantly
enhanced. In this sense, the dramatic change in the re-solving solution
could be avoided and the frequency of re-solving the integrated model
based on feedback information could be decreased.

The rest of the paper is organized as follows: The problem statement
is defined in Section 2. In Section 3, the mathematical representation of
the proposed integrated framework is described in detail. Section 4 ex-
plains the solution strategy. The results obtained from a hypothetical
case study based on Marcellus Shale Play and the corresponding analysis
are presented in Section 5. At the end, Section 6 summarizes the con-
clusions of the present work.

2. Problem statement

Hydraulic fracturing can be viewed as a fed-batch process: during the
operation of a fracturing stage, freshwater and proppant are mixed and
continuously injected into the wellbore. This treatment process is
repeated until all the fracturing stages along the horizontal well are
completed. After the whole process is completed, the production of shale
gas can start. Thus, the scheduling part of the integrated problem can be
formulated based on the State-Task Network (STN) representation for
batch scheduling. Note that the states correspond to the amount of water
fed into the wellpads or the amount of shale gas produced from the
wellpads; the processing tasks correspond to the hydraulic fracturing
operations at the wellpads [13]. As shown in Fig. 2, it can be presented
as a single-task fed-batch process.

The problem addressed in this article can be stated as follows. The
followings are given:

e The short-term scheduling horizon of interest;
e A set of identified candidate wellpads from which shale gas may or
may not be extracted;
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Fig. 3. Proposed integrated problem: (a) a superstructure of shale gas development; (b) decisions at the scheduling and control levels.

o The total number of fracturing stages and the number of fractures per
stage for each wellpad;

o The number of drilling rigs and fracturing crews available for the gas
extraction;

o The number of fracturing stages that can be completed per week (i.e.,
completion rate) by the fracturing crew for developing each wellpad;

e The transition time for transferring the fracturing crew from one
wellpad to another wellpad;

o The operational constraints for the pumping profile (i.e., regarding
the flowrate and proppant concentration of the injected hydraulic
fracturing fluid; total number of pumping stages) implemented for
hydraulic fracturing operations at each wellpad;

o A set of freshwater sources available to supply the water required to
formulate fracturing fluid and the associated water availability in
each time period;

o The cost of freshwater withdrawal in each time period;

e The maximum allowed capacity and number of freshwater im-
poundments, and the associated investment costs for construction

costs (i.e., including base investment cost, incremental investment
cost, and operating cost);

e The capacity and number of underground reservoirs available to
temporarily store the extracted gas, and the corresponding operating
costs (i.e., including injection cost and withdrawal cost);

e The sales price of natural gas in each time period;

e The cost of proppant (i.e., sand) acquisition in each time period;

e The drilling cost and unit shale gas production cost in each time
period at each wellpad;

e The maximum and minimum natural gas demand in each time
period.

The objective of the integrated problem is to schedule the hydraulic
fracturing at wellpads to maximize the gross profit while satisfying the
time-varying natural gas demand by accounting for the revenue of shale
gas production and the costs of well drilling and completion, shale gas
production, freshwater withdrawal and proppant acquisition, fresh-
water impoundment construction and use, and underground reservoir
use. The goal is to determine the short-term fracturing schedule of the
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Fig. 4. Online integration of scheduling and control for hydraulic fracturing: (a) information flow between components; and (b) an illustrative example.

wellpads, the pumping profiles for the hydraulic fracturing operations at
the wellpads, and the capacities of the freshwater impoundments to be
constructed. For this purpose, a superstructure for the short-term shale
gas development problem is proposed as shown in Fig. 3(a). Herein, the
system comprises a set of wellpads (I = {iJi = 1. 2, ---N;}), a set of
freshwater sources (F = {f|f = 1,2, ---Nf}), a set of underground res-
ervoirs (R = {rjr = 1,2,---N,}), and one drilling rig with one fracturing
crew.

The information flow of the proposed closed-loop integration
framework and an illustrative example is shown in Fig. 4. The outer loop

mainly uses the integrated scheduling and control model (i.e., the in-
tegrated problem) shown in Fig. 4(a). Specifically, the scheduling opti-
mization model is at first formulated through a discrete-time MILP
model, based on the STN representation for batch scheduling. Then, a
ROM approximating the original hydraulic fracturing process dynamics
is developed to represent the relationship between the pumping profile
and the fracture geometry. Moreover, a map is developed using Com-
puter Modeling Group (CMG) simulation data to forecast the corre-
sponding shale gas production based on the fracture geometry. By
incorporating the ROM and CMG map into the scheduling optimization
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(b)

Lpropped

Fig. 5. (a) Fracture geometry at the end of pumping with the PKN model; (b) proppant bank at the end of pumping (the cross-sectional area is highlighted as the grey

area); and (c) cube-approximation used in this work.

model as constraints, the integrated scheduling and control model can
be formulated. Herein, the obtained integrated model becomes an
MINLP model which simultaneously generates the optimal scheduling
decisions (i.e., the fracking schedule, w;;) and the controller output

reference trajectories (i.e., the designed average fracture width, Wl“;'f,:ef ).
Note that due to the inevitable disturbances in the real process, the in-
tegrated problem is used to determine the output references instead of
process inputs; subsequently, the controller in the inner loop is utilized
to compute the process inputs online that would track the output ref-
erences obtained from the outer loop.

In hydraulic fracturing, it is important to make sure the output
reference is tracked well (i.e., the designed average fracture width,

Wf:f,:ef ) to achieve the desired fracture geometry and thereby the
desired shale gas production rate, with which the future shale gas de-
mand can be satisfied and the gross profit of the shale gas system can be
maximized. Since the average fracture width is unmeasurable in the real
process, it should be estimated based on available real-time measure-
ments through a Kalman filter. For computational efficiency, the
developed ROM is used for the Kalman filter and MPC controller design
in the inner loop. In the presence of the plant-model mismatch and
unknown disturbances, the tracking performance of the online control
system could be deteriorated which would cause the actual shale gas
production to deviate largely from its target; it is another important
reason why the control inputs should be separately computed by the
inner loop. Specifically, the online control system is solved to generate
the optimal control actions (i.e., the pumping profile, q‘ifgrli"e and c{;‘}i"e).

Once the hydraulic fracturing operation is completed, the process
outputs (i.e., the actual fracture geometry, W nline - yyproppedontine o q
proreedonliney can be measured. With the actual fracture geometry, the
corresponding shale gas production (sgﬁ“vm’e'°"li"e) can be calculated,

which should be sent back to the integrated problem in the outer loop as

the feedback information. Furthermore, since a large amount of water
requirement is one of the biggest issues associated with hydraulic frac-

turing, the actual freshwater consumption (fw?’ellp“d“’"li"e) is also sent
back as feedback. Once the feedback information is received, the inte-
grated problem will be re-solved online to update the scheduling de-
cisions and controller output references accordingly.

Considering an illustrative generalization of the shale gas develop-
ment example, some assumptions are made particularly in this study for
simplification, which are follows:

e The fixed scheduling horizon is discretized into weeks as time
intervals;

Each wellpad contains multiple shale gas wells; however, they are
assumed aggregated so that they have to be all stimulated before the
fracturing crew is transferred to another wellpad;

e All the wellpads share the same geological characteristics;

e Each wellpad is connected to exactly one nearby freshwater
impoundment through piping;

The freshwater impoundments are constructed at the beginning of
the scheduling horizon with fixed capacity;

The set of freshwater sources are seasonal, interruptible sources and
their corresponding water availability is given based on historical
flowrate data;

Proppant is directly purchased from the market and thus no associ-
ated resource availability, storage, and transport problems are
considered;

Each pipeline segment has enough capacity to transport freshwater
and gas production in each time period;

The considered potential shale gas development area is small. Thus,
only one drilling rig and one fracturing crew is available to handle all
the wellpads; no transportation cost is considered in the objective
function;
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o The pumping profile designs for the hydraulic fracturing operations
at the same wellpad are the same;

Wastewater production and reuse are not considered;

Shale gas production from each wellpad starts after all the fracturing
stages in the wellpad are completed. In addition, one week is
required after the hydraulic fracturing operations of the entire
wellpad are completed and before the opened wells begin to produce
a steady flow of shale gas (i.e., it can be explained as a period of time
for turning in line operation [19]).

3. Mathematical model formulation

In this section, the detailed description of the mathematical model is
presented. As shown in Fig. 4, the online integrated framework can be
divided into three sections. First, the integrated problem that is solved in
the outer loop to obtain the fracturing schedule and output reference
trajectories is presented. Specifically, the models used to represent the
hydraulic fracturing process (i.e., development of ROM and CMG
simulation) are elucidated in Section 3.1, and Section 3.2 describes the
mathematical representation of the integrated scheduling and control
model for hydraulic fracturing. Then, the offset-free MPC system that is
solved online to track the output references is designed in Section 3.3.
Finally, the re-solving part based on the feedback information (i.e., the
actual pumping profile and shale gas production forecast for the last
completed wellpad) from the inner loop is shown in Section 3.4.

3.1. Hydraulic fracturing process model

A hydraulic fracturing process is characterized by three sub-
processes: fracture propagation, proppant transport, and proppant bank
formation. To develop the high-fidelity hydraulic fracturing process
model, the fracture propagation process is described using the Perkins,
Kern, and Nordgren (PKN) model. During the pumping process, the
fracture grows and thus its width at the wellbore (wwellborey and length
(L) increase over time. According to the assumptions for PKN model, the
resulting fracture at the end of pumping should have a rectangular
fracture shape and elliptical fracture cross-sectional area, which is pre-
sented in Fig. 5(a). On the other hand, since a low-viscosity fracturing
fluid is generally used for the operation of shale wells, most of the
injected proppant do not stay in suspension in the created fracture
during the pumping process; instead, they settle at the bottom of the
fracture quickly and form a proppant bank. As the fracture propagates,
the proppant bank also grows and thus its height increases over time.
Particularly, when its height reaches the equilibrium height (i.e., a state
when the rate of proppant washout on top of the proppant bank is equal
to the rate of bank formation via proppant settling [2]), the newly
injected proppant particles will directly flow over the portion of the
proppant bank with equilibrium height and settle at a location where the
proppant bank has not reached the equilibrium height yet. Thus, the
length of the proppant bank also increases over time. Fig. 5(b) presents a
cross-sectional area of the proppant bank formed at the end of pumping.
Note that h,, represents the equilibrium height of the proppant bank and
1propped represents the length of the proppant bank with the height as heq.
Please refer to Siddhamshetty et al. [2] for more details regarding the
assumptions and dynamic modeling work. After solving the process
model, we are able to obtain the evolution of fracture length and fracture
width, and the spatiotemporal profiles of proppant concentration and
proppant bank height during the hydraulic fracturing process.

However, due to the significant computational complexity of the
developed high-fidelity process model, a reduced-order model (ROM) is
necessary for the purpose of scheduling optimization, model predictive
control design, and state estimator. Thus, the high-fidelity process
model is viewed as a virtual hydraulic fracturing process to generate the
input/output data. Based on the obtained open-loop simulation data, the
multivariable output error state-space (MOESP) algorithm is used to
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develop a linear time-invariant state-space model of the hydraulic
fracturing process, as presented in Egs. (1) and (2).

X(ter1) = Ax(t) + Bu(ty) 1)

¥(t) = Cxn) @

where the A, B, and C are parameter matrices determined by the
MOESP algorithm, x(t) are the system states, and u(t;) and y(t) are a set
of the manipulated input variables and output variables at time point &,
respectively. Specifically, the input variables are the flowrate (q(t)) and
proppant concentration (c(t)) of injected fracturing fluid at the well-
bore. Additionally, the output variables are the average fracture width
over the optimal fracture half-length (W™%(t)), the fracture width at the
wellbore (W*e®re(t,)), and the fracture length (L(t)). Note that in
practice, the reliable real-time measurements are only the fracture width
at the wellbore and the fracture length. Thus, the unmeasurable average
fracture width needs to be estimated through a Kalman filter, which will
be discussed in Section 3.3 for the design of the control system.

After the pumping process is stopped, the fracturing fluid remained
in the created fracture will leak off to the formation and the proppant
will be trapped by the closing fracture walls, due to the natural stress in
the formation (i.e., which is called the closure process). It is assumed
that a uniform proppant distribution in the formulated proppant bank is
achieved; also, it is assumed that all the proppant will reach the close-
packed state after the closure process. Thus, at the end of the closure
process, the local proppant concentration will all reach the maximum
close-packed concentration which is taken as 0.65 in this study [46].
Based on the known average fracture width at the end of pumping (W*%)
the averaged propped fracture width at the end of closure (WP™P¢d) can
be calculated using Eq. (3).

( 1— ¢) WwWes — aW]}w])ppd (3)

where ¢ is the proppant bank porosity, and a is the maximum close-
packed proppant volume fraction. Note that when calculating the
average fracture width, the fracture shape is approximated as a cube to
simplify the fracture structure (i.e., the cube-approximation as illus-
trated in Fig. 5(c)). Specifically, only the fracture whose proppant bank
height is greater than or equal to the equilibrium height is considered as
effective for shale gas production (i.e., the effective fracture). Thus, the
propped fracture half-length of the resulting effective fracture (LPrred)
can be easily computed by Eq. (4), based on the fixed proppant amount
and obtained averaged propped fracture width.

Lpz'oppt'd =pr opfmm/re / (2 ey heq awprnpppd ) ( 4)

where p,, is the proppant particle density, prop™ is the proppant
amount for one fracture, and h,, is the equilibrium proppant bank
height.

After obtaining the propped fracture length and calculating the
average propped fracture width, we incorporated them into CMG, which
is a reservoir simulation software, to predict the corresponding shale gas
production over several years. The necessary parameters (e.g., reservoir
dimension, bottomhole pressure, etc.) are mainly taken from Mao et al.
[46]. After the model validation, a set of different propped fracture
geometries is used as the inputs to the CMG-GEM module (i.e., an
advanced compositional and unconventional simulator) to generate the
corresponding daily shale gas production rates. With the simulation
data, maps can be generated to represent the relationship between the
propped fracture geometry and shale gas production rate, which are
necessary to formulate the integrated scheduling and control model as
illustrated in Fig. 4(a).

3.2. Integrated scheduling and control model for hydraulic fracturing

The scheduling optimization model for hydraulic fracturing is
formulated as an MILP model, which involves the assignment
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constraints, logic constraints, material balances, and an objective func-
tion. As explained in Section 2, by incorporating the developed ROM and
CMG map into the scheduling optimization model as additional con-
straints, the integrated scheduling and control model can be formulated,
which is an MINLP problem. The main decision variables are the binary
variables that indicate the fracturing schedule of chosen wellpads and
the continuous variables that indicate the corresponding pumping pro-
files and fracture geometries for hydraulic fracturing operations.

3.2.1. Constraints at scheduling level

Assignment constraint

Eq. (5) specifies that, within the scheduling horizon, each wellpad i
can only be fractured once by the fracturing crew in a given time period
t

dowi <1 Vi 5)

where w;, is a binary variable that indicates the starting time point ¢
for a hydraulic fracturing job at wellpad i.

Eq. (6) is a backward aggregation constraint from the STN model that
ensures there is no overlap between different wellpad operations [46]; in
other words, the only fracturing crew considered in this work cannot
begin to fracture a new wellpad until he has finished fracturing the
previous one.

1
Wia <1Vt (6)

i tt=t—FracD;—TD+1

where FracD; represents the duration of the hydraulic fracturing
operation for wellpad i, and TD represents the transition time required
for moving the fracturing crew from wellpad i to the next one. Note that
in Section 2, it was assumed that the completion rate and fracturing
duration for each wellpad, and the transition time are given parameters.

Similarly, Eq. (7) ensures that if wellpad i is determined to be frac-
tured, it should be completed by the end of the considered scheduling
horizon (i.e., t = #"%); also, it is required that there should be at least
one time period of shale gas production from this wellpad i within the
scheduling horizon.

1

wi, =0
tt=t—FracD; — OD; +1

Vi, Vi = tﬂnul (7)

where OD; represents the time required before a steady flow of shale
gas can be produced, which is also assumed as a given parameter in
Section 2.

Freshwater
Impoundments

Since wastewater reuse is not considered in this study, the fracturing
fluid required for hydraulic fracturing operations at each wellpad can
only be supplied by water withdrawal from considered freshwater
sources. Thus, the demand of freshwater for all the operations at wellpad
iin each time period t is described in Eq. (8).

Demand and Mass Balances in Freshwater

1

def,/ = Z

tt=t—FracD;+1

Wi fw G (8)

where fw}"®?* is the total amount of freshwater required for wellpad i
in each week. Since the completion rate of the fracturing crew is
assumed as a constant, the freshwater requirements for the operations at
wellpad i during each week are actually the same.

Egs. (9)-(12) indicate that the freshwater must be pumped and stored
in the impoundment installed at each wellpad in advance so that the
water available at wellpad i in time period t is equal to the water demand
for hydraulic operations. Specifically, as presented in Eqs. (9) and (10),
the level of the impoundment in each time period (storefw; ;) depends on
the water stored in the previous time period (storefw;, ), the mass
flowrates of inlet streams belonging to impoundment at wellpad i
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(pumpy;,), and the mass flowrates of the outlet streams belonging to
impoundment at wellpad i (fwd;;_1). At the end of the scheduling hori-
zon, it is required that there should be no water left in impoundment, as
indicated by Eq. (11). In addition, Eq. (12) guarantees that the water
available in impoundment at each wellpad when the wells are going to
be fractured must be greater than or equal to the water demand. Note
that since there is at most one freshwater impoundment constructed at
each wellpad, it is simplified to be represented by the set i.

0+ E pumpy;, = storefw; Ni,Vt = 1 9
i
storefw;, | + E pumpy;, — fwd,; | = storefw,, Vi,V > 1 (10)
7
storefw;, =0 ViVt ={" 1n
storefw,, > fwd;,  Vi,Vi 12)

The impoundment capacity (vfw;) and the amount of water stored in
the impoundment (storefw;,) are bounded by the maximum (SCP™™)
capacity allowed, as indicated by Eqs. (13) and (14). The binary vari-
ables ys; and ysu;, indicate whether the freshwater impoundment is
constructed at wellpad i and whether the freshwater impoundment at
wellpad i is used in time period t, respectively. Egs. (15) and (16) ensure
that only the constructed impoundments can be used.

storefw;, < vfw; ViVt 13)
vfw; < SCP™ys, Vi a4
storefw;, < SCP"“ysu;, ViVt (15)
ysui, < ys; i, Vit (16)

Since it was assumed in Section 2 that all the freshwater sources
considered are interruptible, Eq. (17) is added to indicate that the water
withdrawal from the freshwater source should be limited by its water
availability.

E pumpy;, < availy,
i

where availy, is the water availability in freshwater source f in time
period t.

Shale Gas Production and Mass Balances in Underground Reservoirs

Similar to Eq. (8), Eq. (18) indicates the shale gas production rate at
wellpad i, which defines the shale gas production profile over the
scheduling horizon (sgp;,).

Vf Vit 17)

!

g =Y. DL wasglat Vi (18)

u=1 tmet—tt—FracD;

where s, ;f'f”"“d is the total shale gas production rate at wellpad i in

time period t.

As illustrated in Fig. 2, the extracted shale gas can be sold directly for
profit; or, it can also be temporarily injected into the underground
reservoir for the purpose of storage, which will undergo withdrawal and
be sold in the future, as described in Eq. (19).

sgpi, = sgsell,, + > _sginji,, ViVt 19)

where sgsell;, is the amount of gas production at wellpad ithat is
directly sold to the market in time period t, while sginj; .. is the amount of
gas production at wellpad i that is injected into underground reservoir r
in time period t.

Similar to the freshwater impoundments, the level of the under-
ground reservoir (storesg,,) is represented by Eqs. (20)-(24), which is
bounded by the maximum capacity (RCP]"*™) allowed. Note that it is also
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required that there should be no gas left in the underground reservoirs at
the end of the scheduling horizon, as indicated by Eq. (23).

injection,, = nginj,:r‘x Vr, vt (20)
0 + injection,, = storesg, , + withdrawal,, Vr,Vt=1 21)
storesg,,_, + injection,, = storesg, , + withdrawal,, Vr,Vt > 1 (22)
storesg,, =0 Vr,Vt = end (23)
storesg,; < RCP!™  VrVt @4

where injection,, represents the total amount of gas production
injected into underground reservoir r in time period ¢, and withdrawal, .
represents the total amount of gas production withdrawn from under-
ground reservoir r in time period t.

Thus, the total amount of shale gas production sold in time period ¢
(output,) is calculated, which consists of the total amount of gas pro-
duction directly sold in time period t (outputl,) and the total amount of
gas production withdrawn from the underground reservoirs in time
period t (output2,). It should be bounded by the minimum (Demand:”i”)
and maximum (Demand;"*™) (predicted) production demand.

outputl, = ngselll-y, vt (25)
output2, = Zwithdrawal,._, Vit (26)
output, = outputl, + output2, vt 27)
Demand}”i” < output, < Demand,"" Vit (28)

3.2.2. Constraints at control level

According to Section 3.1, a ROM is developed to represent the pro-
cess dynamics and integrated with the scheduling level. In this study, a
3rd-order linear time-invariant state-space model is used. Thus, the
following constraints are added as Eqgs. (29) and (30).

X A Ap Ap | |x
X2 = |Ay An An||x
X3 1 istkert Az Ap As ][],
B B "
+ | By B» ['] Vi, Vst, Vk (29)
By By | t"dix
» Ch Cn Ci||x
»2 =|Cy Cn Cn||x Vi, Vst,Vk (30)
Y3 ik G Cn Cu][x],

where x; ;. x represents the three system states (i.e., X7, X2, x3 with no
physical meanings) in pumping stage st and at time step k at wellpad i,
u;s represents the two inputs (i.e., the flowrate, g;, and proppant
concentration, c;, of the injected hydraulic fracturing fluid) in pumping
stage st at wellpad i, y; ;. x represents the three outputs (i.e., the average
fracture width, Wi.,, fracture width at the wellbore, Wyd°, and
fracture length, L; ;) in pumping stage st and at time step k at wellpad i.
Note that the total number of time steps in each pumping stage depends
on the duration of each pumping stage and the simulation step consid-
ered when generating the ROM. In this study, the duration of each
pumping stage is 500 s, and the simulation step is 0.3 s; thus, the total
number of time steps considered in this study is 1667. Hence, the initial
state of the current pumping stage (x;sx-1) should be equal to the final
state of the previous pumping stage (xis_1k-1667), as indicated in Eq.
(31).
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X X
X = |x Vi, Vst 31D
X3 X3

it k=1 is1—1,k=1667

In general, the proppant concentration of the injected hydraulic
fracturing fluid should be increased monotonically; in addition, a min-
imum increment of 0.002 is considered in this study, as shown in Eq.
(32). As described in Eqgs. (33) and (34), the flowrate and proppant
concentration of the injected hydraulic fracturing fluid should be within
the reasonable ranges for operability (i.e., FWQ™™ and FWQ™™ for
flowrate, and PropC™" and PropC™™ for proppant concentration).

Cisri1 = Cig +0.002 Vi, Vst (32)
FWQmin S qi.:r S FWQrer Vi7Vst (33)
PropC™" < ¢;,, < PropC"* Vi, Vst (34)

With the average fracture width at the end of pumping, the propped
fracture width at the end of the closure can be approximated as indicated
by Eq. (35). Then, Eq. (36) is used to calculate the propped fracture
length, as explained in Section 3.1.

(1= QWiiig o = W™ i (35)

Lli”"’l’[/"‘l = proﬁmfn”"’/ (zp.vdhﬂi (1 - ¢) W;‘.:‘fZQ,k: 1667 ) Vi (36)

where WP and IF"*! represent the average propped fracture
width and propped fracture length of the fracture at wellpad i, respec-
tively. prop/ ™™ is the amount of proppant required for the hydraulic

fracturing operation to stimulate a single fracture.

3.2.3. Constraints that link scheduling and control levels

The linking variables for the scheduling and control levels are the
freshwater requirement and shale gas production. Specifically, the
amount of freshwater required to stimulate a fracture at wellpad i
(fwf’ %"y can be calculated based on the designed pumping profile, as
indicated in Eq. (37) [2].

P = 2(Fo+ > (1= Ciat) Tuage) Vi 37)
st

where F, is the amount of freshwater consumed during pad time, and

Tiage is the duration of each pumping stage. Note that the pad time and

pumping stage duration are fixed parameters. Additionally, since the

number of fractures per stage (N;) and completion rate (R;) for wellpad i

are assumed as parameters in Section 2, the total amount of freshwater

required for wellpad i in each time period can be computed by Eq. (38).

fW;mll[)ad = 2(F0 + qu,(l — Ci,.vr)Tsmge>NiRL Vi (38)
st

Similarly, Egs. (39) and (40) describe the amount of proppant
required to stimulate a fracture at wellpad i (prop,ﬁ ) and the total

amount of proppant required to complete wellpad i (prop!™"™) as

follows.

prop/“"" =2 (Zpu,q..wc‘,,w T.we) vi 39
st

prOp;Wﬂpnd = 2 (me’ql,srcl.srT:mgr’>MRIFraCDz Vz (40)
st

On the other hand, based on the maps generated from CMG simu-
lations in Section 3.1 (i.e., represented using functions f and g, respec-
acture

)

tively), the cumulative shale gas production of one year (cumsg;
from one fracture, and the corresponding shale gas production profile
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(sg{’f"“‘”) from one fracture at wellpad i can be calculated based on

propped fracture geometry (IZ°P* W%y as shown in Egs (41) and
(42).

racture

cumsg; =2f (Lf’ ropped oy "d) Vi (41)

fracture
it

— Cumsg?mrrureg(l) Vi, Yt (42)

Also, the shale gas production profile from all the fractures at well-
pad i can be calculated as follows.

wellpad
S8is

= cumsg! """ g(t)N;R;FracD; Vi, Vit (43)
3.2.4. Objective

The objective function, which is to be maximized, comprises the
revenue (from selling the gas production) and the costs (from drilling
and production, freshwater and proppant acquisition, freshwater
impoundment construction and use, and underground reservoir use) as
described in Eq. (44). Note that transportation cost is not considered in

this study, as assumed in Section 2.

Profit = Revenue®™ — Cost™™ — Cost”™ — Cost”™ — Cost™“™ — Cost"”"*
44

Herein, the cost for drilling, completion, and production (Cost®™) is
defined by Eq. (45).

Cost™ =3~ Clwi, + Y3 " sgpy,
t i 1

i

(45)

where Gl is the drilling cost and C*™ is the unit shale gas pro-
duction cost.

Freshwater cost (Cost™) includes the pumping cost from the fresh-
water sources, while proppant cost (Cost#’™”) includes the acquisition
cost from the market, which are described in Eqgs. (46) and (47). Note
that y*°!! is required in Eq. (47), which represents whether the wellpad i
is fracked within the scheduling horizon. Since there is no binary vari-

able used to formulate the constraints for flowrate (g;s) and proppant

concentration (i), prop!®?*® should always be nonzero as computed by

Eq. (40). To assure that only the proppant costs from the fracked well-
pads are included in the objective function, Eq. (48) is added.

Cost™ = ZZZC‘;"”’” pumpy.;, (46)
/ i t
Cost’' — Z Cpropac pro, p?/f)//pzul y:_w// ( 47)
W= w Vi (48)
t

where C;""” is the water withdrawal cost and C*"** is the proppant
acquisition cost.

Impoundments should be constructed at the wellpad by the operator
if it is going to be fracked. Thus, the related cost for each impoundment
consists of the base investment cost, incremental cost based on the
designed capacity of the impoundment, and the operating cost for use, as
described in Eq. (49).

C()st:mn’fw — Z (C:m_bnseysi + C:ra_fvlcrcvﬁvl ) +ZZCH0_0[)”YSM,J (49)
i i t

where Cost™¥" is the total impoundment cost, C*-?*¢ is the base
investment cost required to construct an impoundment, C*°-"¢ is the
unit incremental investment cost for impoundment, and C*- is the
unit operating cost for impoundment.

The cost related to underground reservoir (Cost™%) includes the
injection cost and withdrawal cost, as shown in Eq. (50).
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Cost™*¢ = ZZCj”f"f”"”injeczion,./ + Cridravalyishdrawal, (50)
r t
where Ciecton and Cwithdraval gre the unit injection cost and unit
withdrawal cost at underground reservoir, respectively.
The revenues of shale-gas sales (Revenue‘ig‘”) within the scheduling
horizon can be represented by Eq. (51).

= ZRf““" output,

t

gas

Revenuef| (51D

where R¥! is the forecast of gas price in time period t. Considering
that the lifetime of a shale well is typically more than a decade, the
revenue of shale gas produced after the considered scheduling horizon is
also approximated and added to the objective function. Specifically,

based on Eq. (43), the shale gas production profile at wellpad i for a

T-year horizon (sg}s"*) can be computed in a similar manner. Thus, for

the first T years of production period of wellpad i, the total amount of

shale gas produced out of the scheduling horizon (adtotalsg"**) could
be obtained by Eq. (52).

adtotalsg P = 3 syl S s (52
T t

Thus, the revenues of shale-gas sales out of the scheduling horizon
can be roughly approximated by Eq. (53). Note that the gas price (R8%?)
is assumed as constant and slightly lower than the lowest R&*" within the
scheduling horizon.

Revenues™

= ZRg“‘zadtomlsg;"’”" ad (53)
With the revenues of shale gas production defined in Egs. (51) and
(53), the total revenue obtained from selling the gas production can be

represented by Eq. (54).

gas

Revenue®™ = Revenuef 3

+ Revenue; (54)

Consequently, combining the objective functions (Egs. (44)-(54)),
the constraints at both the scheduling level (Egs. (5)-(28)) and control
level (Egs. (29)-(36)), and the linking constraints (Egs. (37)-(43)), the
optimization model for the integrated problem in the outer loop of the
proposed framework can be obtained.

3.3. Offset-free MPC control system

According to the proposed online integrated framework, the output
reference trajectories are determined by solving the integrated sched-
uling and control model in the outer loop where the ROM is employed to
represent the process dynamics. The same ROM is also used in the MPC
control system in the inner loop whose objective is to track the output
references. However, since the ROM is mainly developed based on
limited simulation data, it cannot completely represent the complex
dynamics of the hydraulic fracturing process; in other words, the pre-
diction error may always exist due to the plant-model mismatch. In this
sense, the offset-free MPC scheme is necessary to remove the undesirable
performance degradation induced by the plant-model mismatch [44].
Hence, based on the developed ROM as shown in Egs. (1) and (2) in
Section 3.1, the nominal model is augmented with a disturbance model
as follows:

.Xf(tk_H) = A}C([k) +Blt(tk) +B,id(lk) (55)
¥(te) = Cx(te) + Cud(t) (56)
d(ti) = d(t) (57)

where d is the disturbance vector, and By and C; are disturbance
model matrices denoting the influence of disturbance on the evolution of
state and output, respectively.
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Here, it is free to choose how the integrated disturbance affects the
state and output variables through the choice of B; and C4, and the only
restriction is that the augmented system is detectable. To ensure the
observability of the augmented system in Egs. (55)-(57), (A, C) should be
observable, and the chosen B, and C4 should satisfy the constraints as
shown in Eq. (58):

I—-A -B,

c c, (58)

rank[ ] =n,+ny

where n, is the dimension of the state, and ny is the dimension of the
disturbance. Note that according to the offset-fee control theory, ng is
chosen to be 2 in this study, which is the number of measurements in the
hydraulic fracturing operation [44].

On the other hand, as mentioned in Section 3.1, the unmeasurable
average fracture width needs to be estimated through a Kalman filter.
Thus, a Kalman filter is developed based on the obtained ROM and the
available measurements as shown in Egs. (59)-(61):

F(ter) = AR (1) + Bu(te) + M (1) [y (1) — 3 (1)) (59)
M(n) = P(t)C" [R(1) + CP(s,)C"] ™' (60)
P(tiy1) = [I — M(1)CIP(&) (61)

where X () and y(t) are the estimates of the state and output vari-
ables, respectively, M(t;) is the Kalman filter gain, and P(t) is the
covariance of the state estimation error. The Kalman filter allows the
state estimates to be updated iteratively based on the available real-time
measurements.

Similarly, with the proper B; and C4 that satisfy Eq. (58), the
following state and disturbance estimators can be designed based on
Kalman filter. In detail, Kalman filter is a two-step process including
measurement update and prediction. Thus, the state and the disturbance
are estimated by Eqgs. (62) and (63) as follows:

o | = [y |+ (263 Gttt )
(62)
F(tlu) =[C C4] BEZ:Z)) } N

Subsequently, the prediction of the future augmented state is ob-
tained by Eq. (64).

i ]2 10 73 [+ L6

d(tee1 1) 0 I ]|d(ulu) 0™

where L, (tx) and Lq(ti) are the filter gain matrices for the state and

(64)

the disturbance, respectively, X is the estimated state, d is the estimated
disturbance, and y,, is the measurement from the process, including
wwellbore and L. Then, Eqgs. (62) and (64) can be integrated into one step as
shown in Eq. (65), which is similar to Eq. (59).

|:Z(lk+1|rk+l)
d(ts1[tei)

I B R S R e

where L; (t;) and L(t) are the predictor gain matrices for the state
and the disturbance, respectively, which satisfy Eq. (66).

2] =[5 (6] «

} (ym(tk-H) -[c

12

Applied Energy 302 (2021) 117487

Thus, by manipulating the flowrate and proppant concentration of
the injected hydraulic fracturing fluid, an offset-free MPC control system
is formulated with the objective to minimize the squared deviation of
the actual fracture geometry (i.e., only the average fracture width is the
controlled variable) from its reference value (i.e., obtained from solving
the integrated problem as described in Section 3.2) during the entire
hydraulic fracturing process, which is presented in Egs. (67)-(75).

omin =3 (5) = () OcF ) i) ) + 0
Goerr- G

(67)
st X)) = x(); d(t) = d(t) (68)
X(te1) = Ax(tc) + Bu(t) + Byd(ti) (69)
(1) = Cx(tr) + Cud(t) (70)
Onin < Ostager < Omax 71)
Cuager11m < Cragesim — 0.002 (72)
m=1,-9—k >0 (73)

9

A <; 2Qqgeic (1 = Cm,gﬂ,k)> < fwfeenre / 2 749

9
prop[ / 2—e<A ( > 2Q5,age‘kc:,ag,_,‘k> < prop[“™ / 2+¢  (75)
k=1

where ry is the output reference obtained from the integrated prob-
lem, A is the sampling time, ¢ is the current time, Qsqgex and Cyqgex are
the flowrate and proppant concentration of injected hydraulic fracturing
fluid at k" pumping stage (i.e., [t, t + A)), which should be computed
online by solving the control problem. The objective function in Eq. (67)
describes the squared deviation of the output variables utilizing the
weight matrix Q. and the squared value of the slack variable utilizing the
weight matrix Q,. The aforementioned Kalman filter is included in this
control system to estimate the augmented state variable and the un-
measurable average fracture width. Note that the Kalman filter is
initialized at every sampling time ¢, as described in Eq. (68), utilizing the
available measurements of the fracture width at the wellbore and the
fracture length at the k™ sampling time (i.e.,W;(tx) and L(t)). The
augmented model is represented using Egs. (69) and (70). The opera-
tional constraint in Eq. (71) imposes the limits on the injection flowrate
while Eq. (72) implies that the proppant concentration will be increased
monotonically where a minimum gap of 0.002 is added in this study.
Egs. (74) and (75) are mainly used to calculate the amount of freshwater
and proppant consumption; the former is required to be equal to or less
than the designed freshwater requirement from the integrated problem,

C E(tmltk) (65)

(e |te)

)

and the latter is required to be exactly the same as the designed value. In
particular, a nonnegative slack variable ¢ is introduced to Eq. (75) to
assure the feasibility of the designed control system. Note that a control
system is designed for a specific wellpad; in other words, the number of
control systems should be equal to the number of wellpads to be fracked.
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3.4. Re-solving the integrated scheduling and control model online

According to the proposed online implementation strategy, re-
solving the integrated scheduling and control model based on feed-
back information is only for the wellpads that have not been fracked. In
this sense, the considered scheduling horizon can be essentially divided
into two sub-horizons: (1) the historical horizon, and (2) the future
horizon. Specifically, the integrated scheduling and control model
should be re-solved in the future horizon while all the variables in the
historical period should be fixed. To formulate the reduced integrated
problem, the following changes have been incorporated into the original
integrated model:

e The set of time periods should be reduced to only include the future
horizon;

o The set of candidate wellpads should exclude the ones that have been
completed;

o The freshwater impoundment storage levels at unfracked wellpads in
the first time period of the future horizon should be dependent on the
level in the last time period of the historical horizon;

e The underground reservoir storage level in the first time period of the
future horizon should be dependent on the level in the last time
period of the historical horizon;

e The actual shale gas production forecast from the completed well-
pads should be introduced to the integrated model as a new
parameter and added to the total shale gas production.

It is worthy to note that since the construction of an impoundment
generally requires a long time period in practice and its capacity is
difficult to be changed after the construction, they are determined only
at the design phase and then fixed as parameters according to the offline
solution, when the integrated scheduling and control problem is re-
solved online (i.e., the capacity of impoundments will not be updated
online unlike the scheduling decisions and output references).

4. Solution strategy

For the integrated problem explained in Section 3.2, the proposed
optimization model is an MINLP model. This model involves two types
of bilinear terms: (1) the product of two continuous variables in calcu-
lating the amount of freshwater and proppant required for the hydraulic
fracturing operations (e.g., Egs. (37) and (39)) and the propped fracture
geometry (e.g., Eq. (36)); and (2) the product of a binary and a
continuous variable in calculating the freshwater demand and shale gas
production over the scheduling horizon (e.g., Egs. (8) and (18)). Thus, to
solve the aforementioned MINLP problem, a solution strategy that uti-
lizes the following techniques is implemented in this study.

First, the bilinear term of hydraulic fracturing fluid injection flow-
rate multiplied by proppant concentration is relaxed using under and
over estimators (i.e., McCormick convex envelope [3]), which is thus
replaced using a single continuous variable M;y. To this end, the
following equations are added as additional constraints (Egs. (76)-(79)).

GisiCise = Miy > FWQ""¢; y + PropC™q;  — FWQ™ PropC™ (76)
GisiCise = My > FWQ"“¢; y + PropC"*q; y — FWQ" " PropC"* 77)
GisiCise = My < FWQ"%c; +Pr0pC”'i”q,_‘\v, — FWQ"* PropC™" (78)
GisiCise = My < FWQ""¢; 5 + PropC™ q; — FWQ"" PropC™™ (79)

On the other hand, the bilinear term of propped fracture length
multiplied by average propped fracture width is approximated using
another strategy. One particular reason for this consideration is that
there are no constraints specified for the propped fracture geometry. In
this case, we discretize propped fracture length and disaggregate the
average propped fracture width for approximation, as shown in Egs.
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(80)-(83).

L= Lengz; Vi (80)
1

>zu=1 Vi (81)

1
1— )W, _

Wid,, :(%&zu Vi, Vi (82)

W= "Widy, Vi (83)
i

where z;; is the binary variable selecting only one length value Leng
(i.e., parameter) to represent the variable LI"”, and Wid;; is the dis-
aggregated variable for W”'®. Note that in Eq. (82), Wise o _14c,%:1 is also
a bilinear term (i.e., the product of a binary and continuous variable),
which will be further linearized using the strategy explained below. In

this sense, the bilinear term can be linearized as indicated in Eq. (84).

WL = " Wid; Leng, Vi 84
1

Finally, the product of a binary and a continuous variable can be

linearized by using a Big-M formulation. Taking Eq. (8) as an example,

the bilinear term w; fw?"* is replaced by the intermediate continuous

variable Xfw;,, and Eqs. (86)—(88) are added as necessary constraints for

this linearization.

Wil = Xfw,, ViVt (85)
Xfwi, < fwl i v (86)
Xfw;, < w; BM Vi, Vt (87)
Xfwi, > )" — (1 —wi)BM ViVt (88)

where BM must be greater than or equal to fw}®", Generally, the

upper bound of fw?**** is used in the equation; BM can be used for the
case where the upper bound is unknown.

With the three techniques mentioned above, the original MINLP
problem can be relaxed, which leads to an MILP problem. Then, the
binary variables obtained by solving the relaxed MILP problem, which
represent the fracturing schedule, are fixed as parameters into the
original MINLP. Lastly, the resulting smaller MINLP problem is solved to
get the final optimal solution.

The mathematical model is implemented in GAMS 27.1. The relaxed
MILP problem is solved with CPLEX 12.9, and the MINLP problem with a
fixed fracturing schedule is solved with DICOPT 2 using CONOPT4 to
solve the NLP subproblems, and CPLEX 12.9 to solve the MIP sub-
problems. Note that DICOPT is a local solver, and thus, the global so-
lution cannot be guaranteed; however, the final solution is shown to be
better than the one obtained from solving the original MINLP problem
directly.

5. Results and discussion

In this section, the effectiveness of the proposed online integrated
framework has been demonstrated by applying it to a hypothetical case
study designed based on Marcellus Shale Play, where the development
of a set of wellpads in a relatively small area is considered. First, the
performances of the developed ROM and Kalman filter are presented.
Also, the shale gas production prediction based on the CMG-GEM soft-
ware and the maps necessary for designing the integrated model are
presented. Next, the details of the case study and the optimal solutions
obtained from solving the integrated problem offline (in the design
phase before the online implementation) are discussed. Then, the online
control solutions from the designed offset-free MPC system are given.
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Fig. 6. Comparison between the estimates of average fracture width using the ROM and the actual values from the high-fidelity model. (a) pumping profile 1, with
which the resulting propped fracture half-length is 120 m, (b) pumping profile 2, with which the resulting propped fracture half-length is 94.5 m, and (c) pumping

profile 3, with which the resulting propped fracture half-length is 153 m.

Finally, the complete results from the proposed closed-loop integrated
framework are provided and compared with the ones from the open-
loop optimization.

5.1. Hydraulic fracturing modeling and shale gas production simulation

By utilizing the dynamic model of the hydraulic fracturing process,
the input/output simulation data can be generated from the high-fidelity
model, which are subsequently used to identify a data-driven ROM. Note
that the training input data is designed to consider the necessary oper-
ational constraints. As described in Section 3.2, the developed ROM is in
the form of a 3rd-order linear time-invariant state-space model (Egs.
(29) and (30)), where the A, B, and C matrices obtained using MOESP
algorithm are given in Egs. (89)-(91).

0.9996 1.2434 x 10°*  —2.3447 x 10°*
A= 20100 x 107 0.9998 1.87187 x 107* (89)
| —6.0175 x 107* 2.8465 x 10~ 0.9996
[ 8.4973 x 10* —2.0869 x 10
B=|-72948 x 107*  3.1820 x 107> (90)
0.0011 3.6069 x 107
3447757  —89.6820 1.1178
C=| 5926783 42.6837 —0.4109 91)
| 1.2885 x 10° —549.1472 —1.7597 x 10°

14

To show the prediction capability of the ROM, different pumping
profiles are used for validation. Fig. 6 presents the comparison between
the average fracture width estimated by the developed ROM and the one
from the high-fidelity model.

As explained in Section 3.3, a Kalman filter is designed based on the
developed ROM for state and output estimation. Thus, the unmeasurable
average fracture width can be estimated through the Kalman filter using
the available measurements of the fracture width at the wellbore and the
fracture length. Fig. 7 shows that the estimated average fracture width
quickly converges to the actual value generated from the high-fidelity
model (i.e., training data is used). Note that t, = 800s is assumed for
the pad time. Since the designed Kalman filter and offset-free MPC
control system are initialized exactly at t, = 800s, operation during pad
time is fixed and not considered in the control system.

Once the fracture geometry at the end of pumping is obtained, the
corresponding propped fracture geometry can be approximated as
explained in Section 3.1. Then, the propped fracture geometry,
including the propped fracture length, width, and height, are used as
inputs to the reservoir simulator, CMG. The other parameters necessary
for shale gas production simulation are mainly taken from Mao et al.
[46], which are provided in Table Al in Appendix A. Note that the
reservoir thickness is modified based on the consideration in our high-
fidelity model (i.e., 60m) [2].

Utilizing the CMG reservoir simulator, the daily shale gas production
rates from a half-fracture are forecasted for a period of five years.
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Fig. 7. Comparison between the estimates of (a) average fracture width, (b) fracture width at the wellbore, and (c) fracture length using the Kalman filter and the
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Fig. 8. Shale gas production rate (ft®/day) for a half-fracture (propped fracture
width: 0.0024m; and propped fracture half-length: 60m).

Typical production simulation results are shown in Fig. 8, which
correspond to a half-fracture with its propped fracture width as 0.0024m
and its propped fracture half-length as 60m.

To formulate the integrated scheduling and control model, the
relationship between the propped fracture geometry and shale gas daily

15

production rate is necessary. In this study, it is assumed that the reser-
voir parameters and the operating conditions are constant; thus, the
shale gas production rate is mainly a function of the propped fracture
geometry. Considering that the propped fracture height is assumed fixed
as the equilibrium height of the formulated proppant bank, only the
propped fracture width and half-length are the controlled variables.
Thus, a set of widths and half-lengths are applied to the CMG software to
generate the input/output simulation data. To establish the desired
relationship, two maps are generated using the curve fitting function in
MATLAB with the R-square values larger than 99%, which are presented
in Fig. 9.

Specifically, with the first map (i.e., Fig. 9(a)), the cumulative shale
gas production of one year can be approximated based on the propped
fracture width and half-length; thereafter, with the second map (i.e.,
Fig. 9(b)), the weekly shale gas production rate can be approximated
based on the corresponding cumulative shale gas production. The two
maps can be described using Egs. (92)-(93), respectively.

f (mepped , mep/wd) = 34320 + 2191000 W/;mp/wd + 119700 mep/wd

+ 4003000W[)m[)p1)d mep[)M —0.02102 mepppd mepped (92)

(1) = 0.0301 / (1 +0.0841(1 — 1)‘“'5"7) 93)

These two equations are incorporated into the integrated problem
through Egs. (41)-(42). Here, although Eq. (92) is a nonlinear equation,
it can be linearized using the technique shown in Eq. (80)-(84).
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Fig. 9. Two maps generated using the CMG simulator: (a) representing the relationship between cumulative shale gas production of one year and propped fracture
geometry; (b) representing the relationship between the ratio of weekly shale gas production to one-year cumulative production.
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Fig. 10. Optimal fracturing schedule for the wellpads (the lengths of the colored boxes represents the operation times; the numbers within the colored boxes
represent the wellpad indices).
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Table 1
Detailed designs of hydraulic fracturing operations at the wellpads.
Description Padl Pad2 Pad3 Pad4 Pad5 Pad6
Freshwater 207.07 250.42 252.26 210.00 208.33 252.95
requirement
(m*)
Proppant 34254 46753 47023 26493 30917 47119
requirement
(kg)
Propped fracture 27.32 35.90 36.11 28.48 27.81 36.18
width (10*m)
Propped fracture 134.8 140 140 100 119.5 140
half-length (m)
Cumulative 17.65 18.81 18.82 13.15 15.68 18.83
production
(MMm?®)
Table 2
A detailed description of revenues and costs in the case study.
Description Value
Gross profit ($) 6.1818 x 108
Drilling and completion cost ($) 9.1800 x 10°
Shale gas production cost ($) 1.0387 x 107
Freshwater withdrawal cost ($) 2.3935 x 10°
Freshwater impoundment cost ($) 6.8475 x 10°
Underground reservoir cost ($) 3.9673 x 10*
Proppant acquisition cost ($) 4.9363 x 10°
Natural gas revenue within the scheduling horizon ($) 8.8173 x 107
Natural gas revenue outside the scheduling horizon ($) 5.6379 x 108

5.2. Integrated scheduling and control of hydraulic fracturing operations

To illustrate the performance of the integrated scheduling and con-
trol model, a hypothetical case study based on Marcellus Shale Play and
the developed superstructure (Fig. 3(a)) is considered. Herein, the case
study consists of one interruptible freshwater source, six candidate
wellpads, one underground reservoir, and one drilling rig and fracturing
crew. The considered scheduling horizon is one year which is discretized
into one week time periods. The necessary data for the integrated
scheduling and control model are mainly taken from and modified based
on the data from Yang et al. [47], Gao and You [4], and Carrero-Parreno
et al. [3], which are provided in Table B1 in Appendix B. Note that the
major differences among the wellpads lie in the total number of frac-
turing stages, and completion rate at which the fracturing crew is

40,000
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capable of performing the fracking, and most importantly, the hydraulic
fracturing process. Among them, only the hydraulic fracturing operation
recipe is considered variable, which includes the pumping profile and
(propped) fracture geometry. In addition, within the scheduling hori-
zon, the freshwater availability, natural gas price, and natural gas de-
mand are time-varying and assumed known, which induces the different
hydraulic fracturing operation recipes in different wellpads.

For the integrated problem that is solved offline (i.e., in the design
phase), the relaxed MILP problem has 1,116 binary variables, 562,412
continuous variables, and 836,459 constraints. In the reduced MINLP
problem, binary variables decrease to 318 since those binary variables
representing the schedule of wellpads are fixed based on the solution of
the relaxed MILP problem; also, it has 784,636 continuous variables and
544,352 constraints. The relaxed MILP problem is solved using CPLEX
12.9 to a 3% optimality gap in approximately 13,000 s; the reduced
MINLP problem is solved using DICOPT 2 with CONOPT 4 and CPLEX
12.9 to a 0% gap in approximately 90 s.

As a result of the case study, the optimal fracturing schedule and the
corresponding pumping profiles are presented in Figs. 10 and 11,
respectively. The detailed hydraulic fracturing operation designs for the
wellpads (i.e., including the freshwater and proppant requirement for a
half-fracture, propped fracture width and half-length at the end of
pumping, and one-year cumulative shale gas production from a half-
fracture) are provided in Table 1. The detailed revenues and costs are
provided in Table 2.

Following the obtained fracturing schedule, a gross profit of
$618.18MM was obtained, with $88.17MM in the revenue of gas pro-
duction within the one-year scheduling horizon. The underlying logic
for this schedule should be three-fold: freshwater availability, natural
gas price and natural gas demand. Note that at the end of the one-year
horizon, the total revenue (i.e., $88.17MM) was greater than the asso-
ciated total costs (i.e., $33.78MM), which is not common in the industry
since it usually takes several years of gas production before the wells can
become economically feasible. One possible reason here is that the
generally high investment costs for transport system (i.e., pipeline sys-
tem) and transportation costs (i.e., for freshwater and shale gas) are not
considered in this optimization problem.

For the freshwater availability, Fig. 12 illustrates the amount of
freshwater pumped and transported to the freshwater impoundments at
each wellpad in each week.

As shown in Fig. 12, it can be seen that all the available freshwater
except the one in the last two weeks is used for developing the six
wellpads. For many of the wellpads, the required freshwater is obtained
right before the starting point of their hydraulic fracturing operation to
decrease the impoundment operation cost. However, for wellpad 3, the
freshwater is pumped and transported to its impoundment starting from
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Fig. 12. Freshwater withdrawal for the wellpads over the scheduling horizon.
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Fig. 13. Cumulative shale gas production and output over the scheduling horizon.

t; (i.e., the purple bar in Fig. 12). This is mainly due to the limited
freshwater availability (i.e., only from the interruptible freshwater
source). Even though wellpad 3 can be successfully completed with this
action, it requires an abnormally large freshwater impoundment in the
well site, resulting in the extremely high investment and operating costs.
Specifically, its associated impoundment cost accounts for around 32%
of the total impoundment cost.

On the other hand, all of the six wellpads are designed to be hy-
draulic fractured since they are necessary to achieve maximized gross
profit while satisfying the natural gas demand. Fig. 13 presents the cu-
mulative shale gas production from the six wellpads and illustrates how
the amount of shale gas production sold in each week changes with the
varying natural gas demand and price. Here, it is assumed that the time-
varying maximum and minimum gas production demands are given to
the time period from t;3 to tso.

At first, to satisfy the production demand in the early stage, wellpad
1 is drilled to allow the shale gas production to start before t;3. As shown
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in Fig. 13, its production starts in t;;; with the designed pumping profile
and fracture geometry, it assures that the maximum demand between
t13 t;5 can be achieved. However, since all the shale gas is produced from
wellpad 1 before the completion of wellpad 4 in t;7, it can be seen that
the maximum demand between t;¢ t;s cannot always be satisfied due to
the decreasing production rate over time. A strategy here is to store most
of the shale gas produced in t;; temporarily except the part used to
satisfy the minimum demand, and then sold them in ;5 when the natural
gas price gets higher. For the same reason, all the stored shale gas pro-
duction is sold in tso. It should be noted that since the maximum gas
demands before t4o are relatively low, the hydraulic fracturing opera-
tions designed for the wellpads fractured in this period (i.e., t; ts) are
negatively affected from the economic point of view. Specifically, as
shown in Table 1, for wellpads 1, 4, and 5, their designed average
propped fracture width and propped fracture half-length are less than
the ones designed for wellpads 2, 3, and 6; thus, their resulting shale gas
production is lower. The capacity of the underground reservoir also
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Fig. 14. Closed-loop control of hydraulic fracturing operation at wellpad 1: (a) performance of tracking the output references using a nominal MPC system; and (b)

spatial height profile of the resulting proppant bank.
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Fig. 15. Closed-loop control of hydraulic fracturing operation at wellpad: 1 (a) performance of tracking the output references using the designed offset-free MPC

system; and (b) spatial height profile of the resulting proppant bank.

limits the maximum shale gas production rate at the three wellpads since
the maximum capacity is reached in many time periods before t4o;
however, the associated operating cost is much less compared to the
other costs and thus it may not affect the operation design significantly.
As for the three wellpads drilled at last (i.e., wellpad 2, 3, and 6), the
objective is mainly to achieve higher revenue of gas production, and
thus more water and proppant are required for their hydraulic fracturing
operations, as shown in Table 1. Since in this period, the maximum
demand is extremely large and thus difficult to be achieved with the
limited freshwater availability and underground reservoir capacity, the
amount of shale gas sold changes with the natural gas price, as illus-
trated by the large output in tu3, tsq,tss, and tae.

Consequently, it is worth mentioning that the formulated integration
problem is very general, and thus its application should not be limited to
any region (i.e., applicable to a different shale gas play with different
resource availability and different product demand and price forecast)
and any shale gas network (e.g., considering multiple heterogeneous
shale gas wells at each wellpad, multiple rigs and fracturing crews,
variable completion rates and number of stages, water management).
However, complicating the shale gas network may result in an intrac-
table optimization model, especially when complex connections be-
tween the wells/wellpads are taken into consideration (e.g., wastewater
reuse/recycling). Further, the online implementation of such a problem
becomes computationally inefficient. In this regard, the focuses of our
future works would be the application of the proposed framework to
large-scale shale gas supply chain networks and the reduction of
computation burden.

5.3. Offset-free MPC system

To demonstrate the efficiency of the designed offset-free MPC system
for enhanced tracking performance, the closed-loop simulation of hy-
draulic fracturing operation is performed. First, the dynamic model of
the hydraulic fracturing process described in Section 3.1 is utilized as a
virtual process. The detailed parameters used for the simulation can be
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found in Siddhamshetty et al. [2] In the simulation, the pad time (&) is
fixed as 800 s as mentioned in Section 5.1. The Kalman filter and control
system are initialized at t = t,. In the closed-loop simulation of the
hydraulic fracturing operation, the considered sampling time A is 500 s.
The entire pumping profile is divided into nine pumping stages, and the
duration of each stage is exactly equal to the sampling time. Thus, the
real-time measurements are available at the beginning of each pumping
stage, with which the unmeasurable average fracture width and
augmented state of the system can be estimated and then transferred to
the control problem to compute the optimal pumping profile online.

Based on the optimal solution from the integrated scheduling and
control model which is solved offline as explained in Section 5.2, well-
pad 1 should be fracked first, and the desired fracture geometry is known
(i.e., output references). Using it as the reference trajectory, a nominal
MPC control system without integrating disturbance variables is initially
applied, where the controlled variable is only the average fracture
width. Herein, two major constraints are considered in the control sys-
tem: one is that the total amount of the proppant injected should be
equal to the designed value from the integrated model; another one is
the total amount of the freshwater injected should be equal to or less
than the designed value from the integrated model (i.e., the designed
amount of proppant and freshwater can be computed using the designed
pumping profile determined by the integrated model). Ideally, if the
profile of the average fracture width is tracked well with the two con-
straints satisfied, we are expected to get a fracture with the desired ge-
ometry which implies the desired shale gas production profile. Fig. 14
presents the closed-loop results of the nominal MPC for the average
fracture width over the hydraulic fracturing operation (i.e., Fig. 14(a))
and the height profile of the proppant bank at the end of pumping (i.e.,
Fig. 14(b)).

It is observed that the tracking shows poor performance; further-
more, the length of the effective fracture (i.e., the part of the fracture
with the proppant bank height around the equilibrium height) is 118.5
m, which is less than the designed value of 134.8 m (as provided in
Table 1). One reason for this deviation can be attributed to the
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Table 3
Comparison of shale gas production between offline design and online design.
Pad 1 Pad 4 Pad 5
One-year cumulative gas production from a half-fracture (under the offline pumping profile) (MM(®) 15.65 11.49 13.86
One-year cumulative gas production from a half-fracture (under the proposed offset-free MPC system) (MMft®) 15.84 12.47 14.46
One-year cumulative gas production from the entire wellpad (under the designed pumping profile) (MMm?) 212.7 182.2 235.5
One-year cumulative gas production from the entire wellpad (under the offset-free MPC system) (MMm?) 215.4 197.8 245.6
Increase in shale gas production (%) 1.252 8.589 4.281

unavoidable plant-model mismatch from the ROM. Hence, a similar
deviation would always exist and reduce the tracking performance.
Motivated by this, the designed offset-free MPC is also applied for the
regulation of the average fracture width to track the reference trajec-
tory. The obtained results are presented in Fig. 15.

By comparison, with the integrated disturbance variables and chosen
B4 and C4 matrices, the tracking performance is improved and thus the
effective fracture length can be increased from 118.5 to 120 m. Since the
length of the effective fracture is still less than the designed value, the
actual shale gas production from wellpad 1 is less than the designed one
accordingly. Thus, it should be used as the feedback information for
resolving the integrated problem online. This procedure will be
explained in Section 5.4 in detail.

Remark 1.. In the offset-free MPC scheme, since the disturbance variables
are linearly added to the nominal system, and they are assumed to be con-
stant over the entire control horizon within each iteration of the control loop,
the plant-model mismatch in a fed-batch process like hydraulic fracturing,
which does not reach steady states, may negatively impact the control/
scheduling performance. As a result, it would be challenging to remove the
offset of fed-batch processes entirely. Another reason could be the developed
linear ROM. Since the controller output references are determined by solving
the integrated scheduling and control model in the outer loop where the ROM
is used to approximate the original process dynamics for computational ef-
ficiency, it is possible that the output reference cannot be perfectly achieved
due to the plant-model mismatch.

5.4. Closed-loop implementation with feedback information

To predict the shale gas production rate from a specific wellpad, the
CMG-GEM software is used. Herein, the required inputs are the propped
fracture length, propped fracture width, and the propped fracture
height. According to the optimal solution of the offline integrated
problem (Section 5.2), wellpad 1 is hydraulic fractured first. By directly
implementing the optimal pumping profile shown in Fig. 11(a) to the
process (i.e., high-fidelity model is used as a virtual process), the
spatiotemporal evolution of fracture width and proppant bank height
can be obtained, with which the actual average propped fracture width
and propped fracture length are computed as 0.004999 m and 118.5 m,
respectively. As a result, the forecasted one-year cumulative shale gas
production from a half-fracture at wellpad 1 is estimated to be 15.65
MMft. However, even with the same amount of freshwater and prop-
pant consumption, the cumulative production can be enhanced up to
15.84MMft® by utilizing the designed offset-free MPC system (Fig. 15
(a)). Additionally, as shown in Table 3, the one-year cumulative shale
gas production from both a half-fracture and the entire wellpad has
increased when implementing the designed offset-free MPC system
(online) compared to the offline implementation of pumping profiles.

In other words, the proposed online integrated framework in this
study enhanced the shale gas production. This is because the online
implementation considers feedback information, which allows the
scheduling and controller output references to be updated timely during
the shale gas production to cope with the deviation between the
designed and the actual case. Hence, a potential loss in the total gas
production revenue can be avoided.
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6. Conclusions

In this study, a closed-loop framework for the integration of sched-
uling and control, which has been implemented in the hydraulic frac-
turing process, is developed. The goal is to obtain a better assessment of
shale gas resources by considering the pumping profile design when
determining the optimal fracturing schedule for shale gas development.
For this, a ROM is constructed based on the simulation data from a high-
fidelity hydraulic fracturing model, which is further integrated with the
scheduling model. Herein, the linking variables are the amounts of
freshwater and proppant requirement, and shale gas production. By
utilizing the ROM, the computation complexity of the integrated
scheduling and control problem is significantly alleviated, hence, the
scheduling and control decisions are determined simultaneously and
efficiently. However, the existing plant-model mismatch results in a
large economic loss when implementing the offline decisions online.
Thus, the integrated scheduling and control model is solved to deter-
mine the controller output references instead of process inputs; subse-
quently, the offset-free MPC is employed online to track the reference
trajectory from the integrated model. Furthermore, by incorporating the
disturbances into the control system, the influences of plant-model
mismatch can be alleviated while the online control solutions still
satisfy the operational constraints. Consequently, the designed offset-
free MPC system allows the reference trajectory to be better tracked in
comparison to the nominal MPC system; with the proposed online in-
tegrated framework, the economic loss in the shale gas system caused by
the plant-model mismatch can be largely prevented. Furthermore, future
prospects are able to provide the application of the proposed approach
to a large-scale and complex shale gas system, and the extension of the
framework to include planning decisions.
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Appendix A. Input parameters for shale gas production
simulation

See Table Al

Table A1
Necessary shale gas reservoir parameters used for the shale gas production
simulation [46].

Parameter Value

Model dimension (x x y x z, ft) 200 x 2,000 x 196.8504

Initial reservoir pressure (psi) 4,300
Bottomhole pressure (psi) 1,000
Reservoir temperature (°F) 130
Reservoir permeability (md) 0.00005
Reservoir porosity (%) 10
Residual water saturation (%) 10

Total compressibility (psi™) 3x107°
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Appendix B. Input parameters for the case study
See Table B1

Table B1
Necessary parameters and cost coefficients used for the case study [3,4,471.

Parameter Value

Total number of fracturing
stages (-)

Completion rate (stages/
week)

Number of fractures per 2
stage (-)

Drilling and completion
cost ($)

Shale gas production cost
($/m®)

Freshwater withdrawal cost
($/m®)

Proppant acquisition cost 30
($/ton)

Freshwater availability
(m3/week)

Base investment cost for
impoundment ($)

Incremental investment
cost for impoundment
($/m*)

Operating cost for
impoundment ($/week)

Working gas capacity of
underground reservoir
(m3/week)

Unit injection cost at
underground reservoir
($/mcf)

Unit withdrawal cost at
underground reservoir
($/mcf)

Natural gas price within the
scheduling horizon
($/m*)

Natural gas price outside
the scheduling horizon
($/m*)

Natural gas demand
(m3/week)

iy : 20; iy : 40; i3 : 30; is : 20; is : 30; ip : 40

1,080,000 ~ 2,520,000

0.014

2.5

2,000 ~ 36,500

360,000

7.4

10,500

5,000,000

0.02

0.01

0.106 ~ 0.146

0.1

100,000 ~ 45,000,000

iy : 120; i : 120; i3 : 210; is : 140; is : 150; i : 280
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