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Abstract In recent decades, large-scale production of shale gas has been consid-
ered as a major issue in the U.S. energy industry. In accordance with its great
economic potential and environmental concerns, shale gas process and supply chain
optimization has become one of the most popular research areas. In this chapter, we
provide a comprehensive overview of the supply chain management and process
design problems in shale gas industry. We summarize four major research challenge
areas, namely the design and planning of shale gas supply chain, water management
in hydraulic fracturing, sustainability concerns in shale gas industry, and design and
optimization in shale gas processing system. We further provide review and dis-
cussions of the major publications corresponding to each of the aforementioned
topics. Potential opportunities in the shale gas system are presented as well to
illuminate the future research.

2.1 Introduction

Shale gas is known as unconventional natural gas extracted from shale rock layer
and has emerged as one of the most promising energy sources within the last few
decades. With the discovery of huge shale gas reserves all over the world, a “shale
revolution” starts in the U.S. and keeps spreading out in other countries. In 2005,
the U.S. barely produces any natural gas from shale formations. Nowadays, nearly
44 % of the total natural gas withdrawal is from shale gas wells (EIA 2011).
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According to the Annual Energy Outlook 2015 by the U.S. Energy Information
Administration (EIA 2015), natural gas production is expected to grow by an
average rate of 1.6 % per year from 2012 to 2040. As a result, the percentage of the
U.S. total natural gas production from shale gas is expected to increase to 53 % by
2040.

The remarkable development of large-scale shale gas production would not be
possible without the hydraulic fracturing and horizontal drilling technologies
(Gregory et al. 2011; Vengosh et al. 2013). Different from the conventional natural
gas, shale gas is embedded in the shale rocks that can be a few thousand feet
deep. Therefore, special techniques are required to withdraw this unconventional
resource. By using hydraulic fracturing, millions of gallons of fracturing fluid
(about 90 % water, 9.5 % sand, and 0.5 % chemical additives) is pumped under-
ground under high pressure (up to 70 Mpa), fracturing the rock layer and holding
fractures open, thus forcing the shale gas and/or oil to flow back to the surface. The
horizontal drilling, on the other hand, is a drilling process in which the well is
turned horizontally at depth. Compared with the vertical drilling, horizontal drilling
allows us to drill multiple wells at a single shale site/pad. As a result, a horizontal
well site is able to produce more energy with fewer wellbores, which significantly
reduces the capital investment and improves the efficiency for shale gas production
(Hughes 2013).

Shale gas production of a single well normally features a high initial production
rate followed by an astounding decline from 60 to 90 % after the first three years
(Hughes 2014). This characteristic is mainly caused by the pressure depletion and
inherently low permeability of the reservoir. Consequently, operators need to reg-
ularly drill new wells to maintain a stable production profile, which results in a
scheduling problem. Additionally, based on the composition, shale gas can be
classified as dry gas and wet gas, and the key difference is the content of natural gas
liquids (NGLs). The NGLs are defined as light hydrocarbons including ethane,
propane, butane and heavier components, which typically have substantially higher
market values than methane gas. Dry gas is almost pure methane with trace NGLs.
Although methane is still the dominant component in wet gas, the amount of NGLs
is significant enough to require further processing. Depending on the location, both
the estimated ultimate recovery (EUR) and shale gas composition of a shale well
may have significant variance. All of these issues render the optimal design and
operation in the shale gas industry a challenging topic.

Apart from the shale gas itself, the wide application of hydraulic fracturing has
resulted in another serious issue, known as the shale water management problem
(Nicot and Scanlon 2012; Mauter et al. 2013, 2014; Small et al. 2014; Yang et al.
2014; Mauter and Palmer 2014). The hydraulic fracturing operation during the
shale gas production process requires a massive amount of freshwater (Jiang et al.
2014). Till 2012, a total of 63,000 shale wells have been reported in the U.S., and
each well requires approximately 4–6 million gallons of water for fracturing and
production (EPA 2011; API 2010; Paper 2008; Nicot et al. 2014). Such a huge
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consumption of fresh water resource can cause severe consequences on local water
supply especially in water-scarce territories. Moreover, during hydraulic fracturing
process, a large portion of injected fluid flows back to the surface as highly con-
taminated wastewater, which contains high concentration of total dissolved solids
(TDS) as well as other toxic and radioactive dissolved constituents (Soeder and
Kappel 2009; Rahm and Riha 2012). Due to the increasing public concern on the
water related environmental issues, it is imperative to develop an effective approach
to address challenges in the shale water management problem.

The shale gas produced at shale site is generally considered as raw shale gas that
needs further processing. The processing service is typically provided by midstream
processors. Through the shale gas processing, impurities such as compounds and
gases, oil, and water mixed with the natural gas are removed. Two major products,
“pipeline-quality” sales gas and NGLs, are extracted and sold separately. The sales
gas is normally delivered to major intrastate and interstate pipeline transmission
systems and further sent to final customers. The NGLs, on the other hand, can be
used as feedstock for the production of value-added chemicals, such as olefins and
gasoline blending stocks. With the rapid development of shale gas industry,
excessive supply of NGLs requires more cost-effective shale gas processing designs
and conversion alternatives for a better use of this valuable byproduct (He and You
2014; Ehlinger et al. 2014).

Despite the great economic potential stimulated by the shale gas, one major
concern impeding the expansion of shale gas industry is its negative impact on the
climate change. Methane is about 25 times more potent greenhouse gas (GHG) than
carbon dioxide based on the 100-year global warming potential (GWP). A small
amount of methane leakage could lead to enormous greenhouse gas footprint
(Howarth 2014). Additionally, supply chain activities such as shale gas production,
processing, transportation, and gas-based power generation could incur large
amount of GHG emissions as well (Allen 2014a, b; Zavala-Araiza et al. 2015).
There have been extensive studies published evaluating the life cycle carbon
footprint of shale gas (Jiang et al. 2014; Harto 2013; Dale et al. 2013; Burnham
et al. 2011; Stephenson et al. 2011; DOE/NETL 2011; Laurenzi and Jersey 2013;
Alvarez et al. 2012; Brandt et al. 2014). However, the shortage of decision-support
tools and methodologies still exists, which requires the development of corre-
sponding optimization models for more sustainable design alternatives in the shale
gas industry.

This chapter reviews the most recent advances in application of mathematical
programming techniques for optimization of shale gas process and supply chain
designs. The remaining content of this chapter is organized as follows. We first
present a comprehensive review of recent literature on strategic design and planning
of shale gas supply chain. Next, we introduce the water management problem in the
shale gas system and explore the application of life cycle optimization approach in
the shale gas supply chain. After that, we focus on the shale gas processing and
conversion alternatives from a process design perspective. Finally, we present
challenges and opportunities for future shale gas development and conclude the
chapter.
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2.2 Design and Planning of Shale Gas Supply Chain
and Water Management

2.2.1 Shale Gas Supply Chain Network

The shale gas supply chain is a complex system involving shale gas suppliers in the
upstream, shale gas processors in the midstream, and distributors in the downstream
(Chima 2011; Seydor et al. 2012). In this section, we provide a comprehensive
overview of a typical shale gas supply chain structure and corresponding design
decisions. The major stages of a shale gas supply chain are summarized in the
following Fig. 2.1.

2.2.1.1 Shale Site Construction

First, potential shale wells are explored through geologic evaluation. Once a
potential shale site is identified, the well operator needs to reach a lease agreement
with the corresponding landowner and then obtain the drilling permits. It is the
operator’s responsibility to guarantee that all the following drilling and production
activities will be carried out in accordance with relevant regulations. After the
approval of the operator’s permit by local environmental regulation agencies, the
site construction and well drilling can start.

The shale site is typically constructed following these steps: the first step
involves the clearance of proposed area and the accommodation of equipment.
Meanwhile, a road way is constructed to provide access to the shale site. Subse-
quently, pits/impoundments are constructed to properly handle the fluids during
drilling and hydraulic fracturing. Next, pipelines associated with shale sites are
installed, including gathering lines, injection lines, and water supply lines. Other
infrastructures such as storage tanks are built as well.

2.2.1.2 Drilling, Fracturing, and Production

After the shale site construction, the drilling rig is moved on site and assembled.
A conductor hole is predrilled, and then conductor pipes are inserted to prevent soft
rocks from caving and conduct drilling mud from bottom to the surface during
drilling process. Depending on the number, depth, and length of horizontal wells to

Fig. 2.1 Overview of shale gas supply chain
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be drilled, the drilling stage can last for a few months, which requires a constant
supply of drilling fluid and proper handling of sediments and wastewater. Once the
drilling is completed, protective casing and cementing are used.

The following stage is the well completion, which mainly involves the hydraulic
fracturing operation. A mixture of water, sand, and chemical additives is injected
underground at a high pressure to break up shale-rock formations, such that frac-
tures are created and held open by proppant, and then shale gas and oil can be
extracted. Typically, the horizontal wells are stimulated by stages, depending the
specific fracturing schedule and technology applied, the hydraulic fracturing stage
could last for several months. Once fracturing is completed, a wellhead is con-
structed, and the local gathering pipelines are prepared for the controlled extraction
of natural gas.

2.2.1.3 Transport and Processing

The transportation of shale gas is mainly carried out by pipelines. The pipeline
system includes all the equipment such as pumps, valves, meters, and monitoring
devices. After shale gas is produced, water and condensate are typically removed at
or near wellhead. Then, gathering lines (6–20-in. diameter) are used to take the raw
shale gas to processing facilities, where sales gas that meets the pipeline specifi-
cations and valuable NGL products are obtained. Gathering lines are typically
considered as the demarcation between upstream production and midstream pro-
cessing and transmission to market.

The shale gas processing plant is a dedicated separation train that consists of a
series of processes, including gas sweetening, dehydration, NGL recovery, and N2

rejection. If economically feasible, NGLs may be further separated into ethane,
propane, butanes, and pentanes+streams in a NGLs fractionation train. Notably, for
dry gas that is almost pure methane, processing might be unnecessary (Cafaro and
Grossmann 2014). As a result of the rapid development of shale gas industry,
expansion of infrastructure including pipelines and processing plants is getting
necessary, and the high capital investment of these infrastructures requires an
optimal strategy for the corresponding design decisions.

2.2.1.4 Storage and Distribution

Like other commodities, the produced shale gas can either be directly transported to
interstate/intrastate pipeline system for distribution or transported to underground
reservoirs and stored for an indefinite period of time. There are three principle types
of underground storage sites in the U.S. today, including the depleted natural gas or
oil fields, aquifers, and salt caverns (EIA Underground Natural Gas Storage 2014).
The underground reservoirs can behave as a “buffer” in the shale gas supply chain
to accommodate fluctuations in natural gas demand and price.
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The distribution system is in charge of delivering the shale gas to end-use
customers. While large customers such as power plants may receive gas directly
from the interstate or intrastate pipelines, most individual customers buy gas from
distribution companies. The transmission cost could account for up to half of the
total distribution cost, in addition to the commodity cost. Depending on the specific
function, the transmission pipeline can be 6–48 in. in diameter. As a result, the
corresponding capital investment of these pipelines can be significantly different.
Thus, it is important to design proper capacity for the distribution pipeline system.

2.2.1.5 End Use

Natural gas is priced and traded as a commodity at different locations throughout
the country. These locations are known as market hubs that are normally located at
the intersection of major pipeline systems. The biggest market hub is Henry Hub
located in Louisiana, and the spot and future natural gas prices set at Henry Hub are
generally considered as the primary price set for the North American natural gas
market. Depending on the specific usage, the natural gas consumption can be
classified into three major partitions, including lease and plant fuel, pipeline and
distribution use, and volumes delivered to consumers. There are four types of
end-customers, namely power plants, industrial customers, commercial customers,
and residential customers (EIA Natural Gas Consumption by End Use 2015).

2.2.2 Optimization Models for Shale Gas Supply Chain

Conventional natural gas supply chain has been fully studied in the literature.
A variety of models have been proposed addressing the design and planning
problems in oil/gas supply chains (Duran and Grossmann 1986; Iyer et al. 1998;
van den Heever and Grossmann 2000; Gupta and Grossmann 2012). In recent
decades, with the rapid development of shale gas industry, many research studies
arise specifically focusing on the optimization of shale gas system. Knudsen and
Foss (2013) present a novel operational scheme for enhanced utilization of late-life
shale gas systems. In this work, a large number of geographically distributed wells
and pads are considered, which are producing at low erratic rates due to reservoir
pressure depletion and well liquid loading. By using a shale-gas well and reservoir
proxy model, a generalized disjunctive program (GDP) is formulated. The proposed
cyclic shut-in and production strategy is expected to avoid well liquid loading and
improve the overall production. Following this work, Knudsen et al. (2014) propose
a Lagrangian relaxation-based decomposition scheme for solving large field-wide
well scheduling problems in shale gas systems. Furthermore, they explore the
integration of shale gas supply with local natural-gas power generation.
A large-scale mixed-integer linear program (MILP) is proposed, and the results
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indicate a potential increase of profit for shale gas operators by improving well
scheduling (Knudsen et al. 2014).

The first mathematical model addressing the long-term strategic planning and
design of the shale gas supply chain is proposed by Cafaro and Grossmann (2014).
The authors propose a large-scale nonconvex mixed-integer nonlinear program
(MINLP) model to determine the optimal design of shale gas supply chain. Critical
decisions, including the drilling and fracturing plan, the location and sizing of
processing plants, the length and location of gas and liquid pipelines, and the power
of gas compressors, are simultaneously addressed. The overall objective is defined
as maximizing the net present value (NPV) of the project over a 10-year planning
horizon. Features such as decreasing production rate of shale wells, variant shale
gas composition, and concave cost functions for capital investment are captured.
A real-world case study based on Marcellus shale play is considered and solved by
a tailored branch-and-refine-optimization approach. From the results of this work,
the importance of NGLs to the economics of the project is identified especially
considering the low natural gas price. In addition, the optimal drilling and fracturing
scheduling could maximize the utilization of processing and transportation infras-
tructure, thus significantly improving the overall economics and energy/resource
efficiency.

In spite of the optimistic forecast of shale gas development, a recent report
unveils the fact that the actual profitability of a shale well can be significantly
affected by various uncertainties, especially uncertainty of EUR (Hughes 2014).
There are some studies evaluating the influence of uncertainty in shale gas supply
chain based on general analysis and numerical models (Gracceva and Zeniewski
2013; Jayakumar and Rai 2012; Chaudhri 2012; Harding 2008). However, few of
them provide a systematic approach to tackle the shale gas supply chain opti-
mization problem under uncertainty.

Identifying such a knowledge gap in the shale gas supply chain literature, Gao
and You (2015) present a comprehensive shale gas supply chain model that not
only considers design and planning decisions, but also properly addresses EUR
uncertainty of shale wells. In this work, a shale gas supply chain covering the
upstream producers to the downstream end-customers is considered, as shown in
Fig. 2.2. The EUR distribution is derived from real data reported in literature (EIA
2011; Swindell 2014). By reviewing the distribution of EUR, a distinct “long tail”
is observed. Thus, a scenario-based stochastic programming approach is adopted as
the suitable method accounting for EUR uncertainty. The resulting problem is
formulated as a two-stage stochastic mixed-integer linear fraction programming
(SMILFP) model. The objective is to minimize the expected levelized cost of
energy (LCOE) under all the realization of scenarios, which is normally regarded as
the cost at which energy must be generated to break-even over the life time of the
project. The stochastic program is known for its computationally challenging
property, because its problem size scales up exponentially as the number of sce-
narios increases. Therefore, a sample average approximation approach is applied to
generate scenarios based on real EUR distribution data. Additionally, a novel
algorithm integrating the parametric algorithm and the L-shaped method is
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developed to solve the resulting large-scale SMILFP problem. The proposed
modeling framework and solution method are demonstrated by a case study based
on the Marcellus shale play. By solving the corresponding optimization problem, an
LCOE of $0.0038/MJ is obtained. Moreover, by comparing the result with that of
the perfect information model (all the EUR data are known beforehand), the LCOE
is only 3 % less in the stochastic model. Meanwhile compared with the deter-
ministic model (using nominal EUR data to determine design decisions), the LCOE
obtained from the stochastic model is improved by 30 %. This result verifies the
great influence of EUR uncertainty on the shale gas supply chain optimization, and
the stochastic programming model is proven a superior choice for determining
optimal shale gas supply chain design under EUR uncertainty.

Recently, Drouven and Grossmann (2016) propose multi-period planning,
design and strategic models addressing the long-term quality-sensitive shale gas
development problem. As important extensions of the previous work by Cafaro and
Grossmann (2014), some new developments are presented. First, a novel super-
structure for shale gas development problem is proposed, which captures the dis-
tinctive “tree”-structure of typical shale gas gathering system. Different delivery
options including processing sales routes and direct delivery sales arcs are explicitly
distinguished. In addition, discrete sizes of pipeline diameters and compressors are
considered. Thus, the corresponding capacity constraints are captured by
mixed-integer linear constraints, and the economies of scale is taken into account

Fig. 2.2 Shale gas supply chain network from shale well to end-user (Gao and You 2015)
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without involving concave cost functions. Moreover, this work extends the scope of
shale gas development problem to include strategic decisions, such as the selection
of delivery nodes, arrangement of delivery agreements, and procurement of delivery
capacity. Most importantly, the spatial composition variations of shale gas are
explicitly addressed in this work. The quality of shale gas is required to satisfy the
delivery specifications at delivery nodes. Besides, depending on the price forecast,
the upstream operator will target different shale gas qualities. The resulting problem
is a large-scale, nonconvex, MINLP problem with an objective to maximize the
NPV over the planning horizon. Based on the results, the shale gas development is
proven to be quality sensitive. Additionally, the profitability of shale gas devel-
opment projects can be improved by a few million U.S. dollars through the opti-
mization of return-to-pad operations, equipment utilization, and strategic delivery
agreements.

2.3 Sustainable Design and Operations of Shale Gas
Supply Chain

Although the shale gas industry is well known for its great economic potential,
another aspect that needs at least equal attention is its overall sustainability per-
formance. There are two major topics focusing on the environmental impacts of
shale gas development, namely the water management issue and the life cycle
environmental impacts of shale gas. In this section, we provide a comprehensive
description of the related problems and give a selected review of the recent opti-
mization literature.

2.3.1 Water Management in Shale Gas System

Water use is associated with each step of drilling and shale gas production process.
It is known that the hydraulic fracturing operation requires millions of gallons of
freshwater (Jiang et al. 2014). In the Eagle Ford play of south Texas, for instance,
large consumption of water resources in hydraulic fracturing would make the
droughts even worse (Mauter et al. 2014). In other regions, such as Marcellus where
water scarcity is not a severe problem, spatial and seasonal variability in stream
flow rates still raises the risk that water withdrawals may negatively impact water
resources (Mauter and Palmer 2014). Furthermore, as fracturing fluid is injected
underground, a portion of water will flow back to the surface as highly contami-
nated water. The management of the flowback water and produced water is rec-
ognized as a greater challenge.
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2.3.1.1 Overview of Water Management Options

The wastewater generated in shale gas development typically contains the following
compositions: dissolved salts, minerals, residual fracturing fluid additives, heavy
metals, bacteria, suspended solids, naturally occurring radioactive material, volatile
organics, hydrocarbons, and ammonia (Karapataki 2012). In general, this water can
be classified by the amount of total dissolved solids (TDS) per liter. Based on the
operational definition, water produced during the well completion stage is defined
as flowback water. On the other hand, water is referred to as produced water when
the well is under production. Notably, the volumetric flow rate of flowback water is
significantly larger than that of produced water, and the produced water tends to
have higher concentration of TDS, likely because of its longer residence time
downhole as well as smaller flow rate. As a whole, we can observe the flow rate of
wastewater decreases along with time while the salinity of wastewater increases
with time (Slutz et al. 2012; Gaudlip and Paugh 2008). The wastewater can be
handled in multiple ways: direct injection into the Class II disposal wells, cen-
tralized wastewater treatment, and onsite treatment for reuse in hydraulic fracturing
operations (Slutz et al. 2012; Veil 2010). These options are briefly introduced in the
following sections.

Class II Disposal Wells
Disposal wells for injection of brine associated with oil and gas operations are

classified as Class II disposal wells. We use disposal wells for abbreviation in the
rest of this chapter. The wastewater from shale gas production can be directly sent
to disposal wells and pumped into deep impermeable rock layers. This option is
chosen when nearby disposal wells are available and permitted for underground
injection. For states where disposal wells are abundant, the underground injection is
a cost-effective option. If it is not the case, such as Marcellus in Pennsylvania where
only several disposal wells are reported with limited capacity, wastewater will have
to be transported to out-of-state locations, such as Ohio, for disposal, making this
option much less attractive due to high transportation cost. Additionally, the
underground injection option is criticized for the risks of causing water contami-
nation and inducing seismicity (EPA 2011; Vidic et al. 2013). Therefore, the
application of underground injection must be strictly subject to corresponding well
capacity and regulations in case of unexpected environmental issues.

Centralized Wastewater Treatment Facility
The wastewater from shale gas production can also be transported to centralized

wastewater treatment (CWT) facilities for treatment. The treated water is then
discharged to surface water or recycled to shale sites for reuse. The resulting
concentrated brine is sent to underground injection or taken down to zero liquid
discharge condition and disposed as solid waste (API 2010; Puder and Veil 2006).
CWT facilities involve a sequence of treatment processes. In general, the first step is
fine particle filtration where the wastewater is screened to remove large objects, and
then water is pumped into settling tanks to allow settling of heavy solids and
removal of free oil. The second step is softening, where feedstock goes through
agitation, aeration, pH adjustment, etc. to soften the water. The third step is
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ultrafiltration, where particulates and macromolecules are removed. This step is
followed by reverse osmosis/nanofiltration/thermal distillation, where most salts
and other effluent materials are removed. Finally, certain toxic elements such as
boron are removed to meet the specifications of surface discharge or reuse (Veil
2010). The advantages of CWT treatment option are its lower treatment cost
compared with onsite treatment option and the potential to reduce freshwater
consumption by recycling. However, the economic viability of this option depends
on the proximity of CWT facilities to shale sites as well.

Onsite Treatment for Reuse
The last option is onsite treatment for reuse, where some mobile water treatment
units are installed at shale site to treat the wastewater. There are three levels of onsite
treatment, each of which corresponds to different technologies and treatment results
(Veil 2010; Acharya et al. 2011). The primary treatment is all about clarification,
where suspended matter, free oil and grease (FOG), iron, and microbiological
contaminants are removed. Technologies for primary treatment include coagulation,
flocculation and disinfection, electro-coagulation microfiltration/ultrafiltration,
adsorption, ozonation, etc. The secondary treatment involves softening, where
harness ions are removed. The corresponding technologies include lime softening,
ion exchange, activated carbon, and so on. The tertiary treatment focuses on
desalination to reduce the TDS. Major technologies for tertiary treatment include
membrane separation, electrically driven membrane separation, thermal distillation,
and zero liquid discharge. Since the primary and secondary treatments only partially
treat the wastewater, a certain amount of make-up water is required for blending to
satisfy the reuse specification for TDS concentration. For tertiary treatment, blending
with freshwater is considered as a way of pretreatment to reduce the TDS concen-
tration, so that the feed water can be treated more effectively.

2.3.1.2 Optimization Models for Water Management

Most existing publications addressing water management problem focus on evalu-
ating the environmental impacts of hydraulic fracturing and providing
techno-economic analysis of specific water management options (Slutz et al. 2012;
Vidic et al. 2013; Goldstein 2014;McHugh et al. 2014; Horner et al. 2011). However,
considering the shale water supply chain as a complex system that involves numerous
technology alternatives, it is important to develop an integrated approach to address all
the challenges and opportunities of the water-energy system simultaneously.

Yang et al. (2014) first propose an optimization model for shale gas water
management. Key aspects for water use in hydraulic fracturing, including source
water acquisition, wastewater production, reuse and recycle, subsequent trans-
portation, storage, and disposal are considered. A discrete-time two-stage stochastic
MILP model is proposed to address the uncertainty of water availability. In this
work, two specific problems are considered. The first problem mainly focuses on
the water acquisition stage, and the goal is to find the optimal water acquisition
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strategy regarding different water sources. The uninterruptible sources are available
throughout the year but require expensive truck transportation. The interruptible
sources can be transported by pipeline with lower cost but are affected by seasonal
availability. Storage option is also taken into account to coordinate water acquisi-
tion and demand. The objective is defined as minimizing the expected trucking and
pumping cost of the water required to complete all the well sites. According to the
optimization results of an example case, the total expected cost is reduced by $2.4
million compared against a heuristic schedule. The second problem addresses a
more comprehensive model, where the handling of wastewater and revenue from
gas production are taken into account. The goal is to determine the optimal frac-
turing schedule, as well as logistics for water acquisition, flowback reuse, and
treatment. The objective is maximizing the expected profit from shale gas pro-
duction after considering the operating cost for water management. Through this
optimization, the expected profit is increased by 37 % from $156.41 million to
$214.15 million, and the total cost is reduced from $25.02 million to $23.41 million
compared to the heuristic schedule. Notably, this work is later extended by Yang
et al. (2015) to optimize the long-term investment decisions using a deterministic
MILP model. Multiple design decisions including capacity of water impoundments,
pipeline options, treatment technologies and facility locations, as well as the frac-
turing schedule are addressed.

In order to explore more sustainable solutions for the shale water management.
Gao and You (2015) develop a novel modeling framework for integrated design
and operations of a water supply chain network for shale gas production. In this
work, both the strategic design decisions (selection of freshwater sources, selection
of transportation modes and capacities, installation of onsite treatment facilities,
etc.), and operational decisions (water acquisition, water treatment, storage and
transportation, etc.), are considered. Tradeoff between cost effectiveness and
freshwater conservancy is captured with explicit consideration of multiple water
management options and corresponding technologies. A novel fractional objective
function is considered, which reflects the profit associated with unit net con-
sumption of freshwater. The resulting problem is formulated as an MILFP and
further solved by some tailored solution algorithms. To demonstrate the advantage
of the proposed MILFP model, an MILP model targeting for maximizing the total
profit is considered for comparison. By solving a large-scale case study based on
Marcellus shale play, the results show that: (1) By consuming the same amount of
freshwater resource, the MILFP model generates 14 % more profit and saves 12 %
net water consumption than the MILP model. (2) Although the CWT is more cost
effective in terms of water treatment, the onsite treatment option generates more
balanced solution with better water efficiency, and the resulting reduction in water
consumption can be significant. (3) The optimal water management strategy can be
variant depending on the specific shale play and corresponding regulations (e.g. see
Fig. 2.3 for the results obtained from the MILFP model).

Recently, Lira-Barragán et al. (2016) present a mathematical programming
formulation for synthesizing water networks associated with shale gas hydraulic
fracturing operations while accounting for uncertainties. The uncertainties
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correspond to the water requirements to fracture each well and the portion of this
water that returns as flowback water. A two-stage stochastic programming model is
developed and solved to minimize the total expected annual cost. The goal of the
introduced approach is to provide guidance for decision makers in managing water
resources and in acquiring properly sizes for water management systems. Mean-
while, Lira-Barragán et al. (2016) propose a similar model formulation to include
the water consumption in the optimization. The economic objective function con-
sists of the minimization of the total annualized cost, and the environmental goal
aims at minimizing the total fresh water requirements.

2.3.2 Life Cycle Optimization of Shale Gas Supply Chains

The life cycle carbon footprint of shale gas is another popular topic that has been
extensively addressed by using life cycle assessment approaches (Weber and Clavin
2012; Heath et al. 2014). Nevertheless, a research need of decision-support tools
and methodologies dedicated to the sustainable design and operations of a shale gas
supply chain system can be identified. To fill the knowledge gap in this research
area, Gao and You (2015) develop a functional-unit-based life cycle optimization
model for the optimal design and operations of shale gas supply chains. Such a
shale gas supply chain covers the “well-to-wire” life cycle of shale gas, in which
decisions regarding network design, drilling scheduling, water management, tech-
nology selection, facility location and sizing, natural gas storage, and transportation
are fully captured. The levelized cost of electricity generated from shale gas is
chosen as the economic indicator, and the environmental indicator is defined as
GHG emissions per unit amount of electricity generation. A general superstructure
of this shale gas supply chain is shown in Fig. 2.4.

Fig. 2.3 Optimal water management strategy for MILFP model (Gao and You 2015)
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The resulting problem is a multi-objective, multi-period MINLP problem, which
is further solved by applying a tailored global optimization method integrating both
the parametric algorithm and branch-and-refine approach. The proposed modeling
framework and solution algorithm are demonstrated by a specific case study based
on the Marcellus shale play in southwest PA. By solving this life cycle optimization
problem, a Pareto-optimal curve consisting of 10 Pareto optimal solutions is
obtained. The corresponding figure is presented in Fig. 2.5, which shows the
trade-offs between the levelized cost of electricity and unit GHG emissions.

As can be seen in Fig. 2.5, point A has the lowest GHG emissions per unit
electricity generation of 443 kg CO2e/MWh, and it has the highest levelized cost of

Fig. 2.4 Superstructure of the “well-to-wire” shale gas supply chain (Gao and You 2015)

Fig. 2.5 Pareto-optimal curve of the shale gas supply chain (Gao and You 2015)
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electricity of $69/MWh. Point B has the lowest levelized cost of electricity of
$69/MWh and the highest GHG emissions per unit electricity generated of 499 kg
CO2e/MWh. Point C is considered as the “best choice” solution, whose levelized
cost of electricity is $69/MWh and unit GHG emissions us 450 kg CO2e/MWh. By
reviewing the cost and emission breakdowns, we identify the power generation as
the primary source of GHG emissions, and the shale gas production and processing
contribute to the largest portion of total cost. The optimal shale gas supply chain
strategies for the “Best Choice” (point C) are given in Fig. 2.6.

The optimal strategies can be summarized by the following points: (1) Trucks
are more flexible and cost-effective option for freshwater transportation considering
the life cycle performance. (2) More pipeline links can potentially improve the
overall economic performance of shale gas supply chain in the long term. (3) A
relatively “evenly-distributed” shale well drilling schedule is the key to maintain a
stable shale gas production profile, and thus benefiting the overall supply chain
performance. (4) Managing wastewater with reverse osmosis (RO) technology
onsite is identified as the most sustainable wastewater treatment strategy.
(5) Underground reservoirs are important “buffers” coordinating the drilling
activities and market demand for a better economic performance.

2.4 Shale Gas Processing and Conversion

The previous sections mainly discuss the supply chain optimization problems in
shale gas industry. In this section, we focus on the shale gas processing opti-
mization from a process design perspective. Potential opportunities regarding
co-production of various chemicals from shale gas feedstock are discussed.

Fig. 2.6 Optimal shale gas supply chain strategies for “Best Choice” solution (Gao and You
2015)
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2.4.1 Shale Gas Processing Plant

A general design for the conventional shale gas processing plant is presented in
Fig. 2.7. As shown below, first the raw shale gas pipelined from wellheads goes
through a gas sweetening section, where the acid impurities, such as H2S and CO2,
are removed. Considering the mutable characteristic of shale gas composition, three
alternative schemes are employed to efficiently neutralize the raw gas as follows:
(1) when the gas is only slightly sour, fixed-bed type scavenger process would be a
cost-effective approach to H2S removal; (2) chemical absorption-based acid gas
removal (AGR) process followed by a scavenger process, works well for raw gas
with moderate to high content of CO2 and small content of H2S; and (3) for
moderate amounts of H2S, the sulfur must be captured by a sulfur recovery unit
when its amount exceeds a limit specified by the environmental regulations (Parks
et al. 2010). The shale gas input after the gas sweetening is considered as sweet gas,
which will pass through a dehydration section to remove the water vapor typically
using the regenerable adsorption in liquid triethylene glycol. Next, a NGL recovery
section uses a turbo-expansion configuration combined with an external refrigerant
designed to recover about 80 % of the ethane from the dry gas. As seen in this
figure, the remaining gas (mainly methane) is finally compressed as pipeline gas or
sent to an N2 rejection section depending on the N2 concentration; otherwise, high
N2 content (>4 mol%) would make the heating value of the pipeline gas lower than
specified (Natural Gas Processing 2006). The nitrogen rejection process employs a
cryogenic distillation unit integrated with a heat pump system. Besides, marketable
NGL products including ethane, propane, butanes, and pentanes, etc. are sequen-
tially extracted by passing through a fractionation train consisting of a deethanizer,
a depropanizer, and a debutanizer. Likewise, some strict specifications on NGL
products should be considered like Y-grade (Y-Grade Product Specifications 2012).

Fig. 2.7 Conventional shale gas processing plant
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2.4.2 Shale Gas Conversion Scheme

Shale gas boom significantly increased interest in C1, C2, and C3 chemistry to
convert methane, ethane, and propane to value-added products, respectively, as
shown in Fig. 2.8. In chemical industries, one-carbon-molecule compounds (like
methanol, formaldehyde, formic acid, methylene chloride, etc.) tend to be derived
from C1 methane or carbon monoxide (itself derived from methane), two-carbon
compounds (ethylene, acetaldehyde, ethanol, acetic acid, ketene, ethylene glycol,
etc.) from C2 ethane, three-carbon compounds (propylene, acetone, isopropyl
alcohol, acrylic acid, etc.) from C3 propane, and so on (Siirola 2014; Mitchell and
Shantz 2015). In addition, chemicals with larger molecules could be formed
through reactive functional groups including ether, esters, amides, etc. In particular,
it is well-known that methane is always the dominant but less valuable ingredient in
shale gas. The current industrial practice of steam reforming (SMR) produces
syngas, which can be further used as an intermediate to produce other chemical
commodities. Besides, methane and ethane are recognized as two major chemicals
that potentially lead to integration opportunities with other chemical systems (He
and You 2014; Ehlinger et al. 2014; Martín and Grossmann 2013). These oppor-
tunities include: (1) producing liquid fuels from methane, (2) producing methanol
from methane, and (3) producing ethylene from ethane. This section focuses on
relevant novel process designs and integrations and review of corresponding
literature.

Fig. 2.8 Typical C1, C2, and C3 production schemes (Siirola 2014)
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To address the utilization of shale-derived natural gas, Martín and Grossmann
(2013) present a superstructure optimization approach for the simultaneous pro-
duction of liquid fuels and hydrogen from switchgrass and shale gas. This process is
based on Fischer-Tropsch (FT) technology, in which shale gas is reformed with
steam, while the switchgrass is gasified and reformed. After the raw gas is cleaned
up and its composition is adjusted, the sour gases are removed. Finally, the liquid
fuels, namely fuel gas, gasoline, and diesel, are produced using an FT reactor. By
implementing a superstructure optimization approach, this integrated production
system is able to achieve a production cost lower than $1/gal if biomass price is
below $100/t and shale gas price is below $11.5/MMBTU.

In addition to producing liquid fuels from natural gas. Ehlinger et al. (2014)
present a shale gas processing design that aims to produce methanol with shale gas
feedstock. The raw shale gas has to undergo a set of preprocessing steps, including
acid gas removal, dehydration, and nitrogen removal. Then the “pipeline quality”
gas can be sent to a methanol plant as feedstock. In order to produce methanol, the
first step is to produce syngas, which can be achieved via partial oxidation, stream
reforming, or autothermal reforming. In another work by Noureldin et al. (2014), an
optimization-based model is proposed targeting on modeling and selection of
reforming approaches for syngas generation from natural/shale gas. In this work,
the partial oxidation is selected as the reforming technology. After going through
the partial oxidation reactor, vapor-liquid equilibrium separator (VLE-SEP),
water-gas shift reactor (WGS), another VLE-SEP, and a CO2 separator, the syngas
is obtained and ready for the methanol production. The methanol synthesis occurs
as a combination of two reactions in the syngas mixture in the MeOH reactor under
low temperatures (503–533 K) and high pressures (50–100 atm).

COðgÞ +H2OðgÞ ↔H2ðgÞ +CO2ðgÞ ΔH298 = − 41 kJ m̸ol ð1Þ

CO2ðgÞ +3H2ðgÞ ↔CH3OHðlÞ +H2OðgÞ ΔH298 = − 50 kJ m̸ol ð2Þ

By conducting a techno-economic analysis based on the gas-to-methanol pro-
cess, production of methanol from shale gas is proven to be profitable for a broad
range of methanol selling price and shale gas costs. A desirable 31 % ROI can be
achieved in the case study. Following this work, an extensive economic and
environmental analysis for the production of methanol from shale gas is presented
(Julián-Durán et al. 2014), in which four types of reforming technologies, namely
partial oxidation, steam methane reforming, autothermal reforming, and combined
reforming are considered. The partial oxidation and autothermal reforming are
identified with better economic performances, while the combined reforming out-
performs other alternatives with the best environmental performance.

Apart from methane, ethane is an important feedstock for ethylene production.
Therefore, integration between shale gas processing and ethylene production is
another popular research direction. He and You (2014) propose three novel process
designs for integrating shale gas processing with ethylene production. These novel
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process designs include shale gas sequential processing (SSP), ethane cracking gas
(a processable mixture including C2H4, H2, C2H6, CH4, etc.) recycling to NGL
recovery (CRN), and cracking gas recycling to dehydration (CRD) designs.
A unique feature of the proposed process designs is the co-processing strategy of
shale gas and cracking gas. The SSP design has an identical processing structure as
that of a conventional shale gas processing plant, but the ethane extracted from
NGLs is pipelined to a local ethylene plant as feedstock. In the ethylene plant,
ethane is converted into cracking gas using thermal steam cracking technology. The
cracking gas then passes through the dehydration area, followed by a cracking gas
separation area where ethylene and other products are produced and unconverted
ethane is recycled. The CRN design adopts a modified NGL recovery section and
fractionation train section. As a result, the cracking gas from ethylene plant can be
co-processed by the modified area with dry gas after the dehydration area. More-
over, the cracking gas separation area can be eliminated from this design. The CRD
design considers another recycling strategy, in which the produced cracking gas
together with sweet gas are introduced to a centralized dehydration area for further
purification and separation. Compared with the CRN design, the dehydration area
in the ethylene plant is removed. Based on the proposed shale gas processing
designs, the authors develop detailed thermo-economic models and energy analysis
for the process designs. The economic analysis reveals that the estimated NPVs in
the proposed SSP, CRN, and CRD designs are 1.7–2.4 times greater than that of
conventional processing design. Furthermore, the NGL-richer shale gas generally
produces 3.17–5.12 times estimated NPV than NGL-leaner shale gas.

Following this work, the authors extend the scope and further develop a novel
process design for making chemicals from shale gas and bioethanol (He and You
2015). Such a process design consists of four major process areas: gas treatment,
gas to chemicals, methane-to-ethylene, and bioethanol-to-ethylene. As always, the
gas treatment aims to purify the raw shale gas, where acid gas and water vapor are
either removed or recovered, and dry gas is ready to enter the next process area,
namely the gas to chemicals area. In this area, heavy NGLs (butanes and natural
gasoline) and low-boiling gases (methane, H2, etc.) are successively taken from the
dry gas using an NGL cutting unit. The C2 and C3 hydrocarbons in the remaining
steam are then sent to an olefin separation unit followed by an olefin production
unit. Meanwhile, the H2-rich gas goes through a pressure swing adsorption
(PSA) unit for hydrogen recovery. Next, methane from the NGL cutting unit is sent
to the methane-to-ethylene area and then partially oxidized via the oxidative cou-
pling of methane (OCM) reaction in an O2-rich environment. The OCM product
includes ethylene, ethane, hydrogen, carbon dioxide, carbon monoxide, and
unconverted methane. Finally, in the bioethanol-to-ethylene area, bioethanol is used
as a renewable feedstock for producing ethylene with tail gas from PSA as the
dehydration fuel. Such a shale gas process design is further optimized by using a
simulation-optimization method based on the NSGA-II algorithm. In the “good
choice” optimal design, the minimum ethylene selling price can be reduced to
$877.2/ton, and the unit GWP of ethylene is 0.360 kg CO2-eq/kg in the high carbon
shale gas scenario. In the low carbon scenario, the results are $655.1/ton and
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0.030 kg CO2-eq/kg, respectively. The results reveal that shale gas can be con-
verted to more cost-effective and greener chemicals with proper process design,
integration, and optimization.

Most recently, in order to decipher the true production costs and environmental
impacts of shale gas-to-olefin (STO) projects, He and You (2016) develop a
mega-scale shale gas supply chain olefin production network model with explicit
consideration of process designs, integration methods, and alternative technologies.
A techno-economic-environmental life cycle analysis is conducted for systemati-
cally evaluating the energy-water-carbon nexus. Four major shale regions of the U.
S., including Appalachian, Gulf Coast, Mid-Continent, and Rocky Mountain
regions are considered. A total of 594,922 shale wells are involved. In the proposed
STO process, the petrochemical plant is co-located with shale plays and gas pro-
cessing facilities. The raw shale gas is processed in multisite distributed processing
facilities, and the recovered NGLs are moved to a centralized steam cracking plant,
where the NGLs are fractionated and pyrolyzed. The results obtained from this
work indicates that the STO located at the Mid-Continent region has relatively low
environmental impacts. Besides, shale gas is still a low-carbon feedstock though its
GHG emissions are 15 % higher than NG-ethane on average. Based on the sensi-
tivity analysis, the well lifetime is identified as the critical factor in evaluating the
overall environmental footprints.

In addition to the aforementioned processes and integrations, there are multiple
alternatives that remain to be further expanded. For instance, Wang et al. (2013)
propose a highly efficient cold energy integrating scheme by integrating NGL
recovery from shale gas and LNG regasification at receiving terminals. The goal of
this study is to recycle the cold energy from LNG regasification process to assist the
NGL recovery process for economic improvement and energy saving. A general
methodology framework is proposed and further decomposed into four steps: the
first step is to develop the process superstructure and prepare corresponding data;
then, a simulation-assisted MILP model is developed and solved for the optimal
process synthesis; next, heat exchange network design and analysis are performed
based on the pinch technology to accomplish the maximum energy saving target;
finally, rigorous plant-wide simulations are conducted to validate the feasibility and
capability of the entire process design coupling of separation and heat integration.
By comparing the optimal integrated design proposed in this work with indepen-
dent LNG regasification and NGL recovery processes, the authors observe a 61.8 %
reduction in hot utility and 100 % reduction of cold utility.

2.5 Future Directions

Although the shale gas industry has been developed for decades, there are many
research challenges on applying mathematical programming tools for shale gas
process and supply chain optimization problems. These challenges include, but are
not limited to: optimization of shale gas system under uncertainty, modeling and
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optimization of shale gas supply chain from a non-cooperative perspective, and
multi-scale optimization integrating shale gas supply chain and processing system.

First, uncertainty is ubiquitous in shale gas supply chains. Multiple uncertainties
have been identified with significant influence on the overall performance of shale
gas system, such as freshwater availability, EUR of shale wells, composition of
shale gas, and price of natural gas. Despite the great importance of hedging against
uncertainty, most of the existing literature either fail to capture such a key issue or
only consider some types of uncertainties that are easy to address. With the recent
development of optimization techniques, such as multi-stage robust optimization
and data-driven stochastic programming, we expect more modeling frameworks
and applications to be proposed in the optimization of shale gas system under
various uncertainties.

Besides, a shale gas supply chain could consist of multiple stakeholders, such as
the upstream shale producers, midstream processors, and downstream distributors
and customers. In general, each of them pursues its own objective and makes
decisions independently. Nevertheless, almost all of the existing studies rely on the
cooperative shale gas supply chain model, in which a single decision maker is
assumed to have full control of the entire system. Consequently, the optimal
strategy obtained from a centralized model can be practically infeasible. In order to
better capture the performance of a shale gas supply chain, it is necessary to
properly address the non-cooperative relationship between multiple stakeholders in
shale gas supply chain optimization problems.

Last, shale gas process design and supply chain optimization are both important
problems with different spatial scales. Research addressing each of the systems has
unveiled great economic and environmental benefits. However, there is no mod-
eling framework addressing shale gas process design and supply chain management
simultaneously for better economic and environmental performances. By devel-
oping a holistic systematic approach to integrate these two systems, it will lead to
better overall performance and more potential design alternatives that can facilitate
the development of shale gas industry.

2.6 Conclusion

This chapter provides a comprehensive introduction on the shale gas supply chain
and processing system. Major research areas including the optimal design and
operations of shale gas supply chain, water management and emission mitigation in
shale gas development, and novel shale gas processing designs and integrations are
identified. Corresponding literature is reviewed and discussed in details. Further-
more, potential research opportunities are summarized, including optimization
under various uncertainties, modeling and optimization of non-cooperative supply
chain, and simultaneous optimization of shale gas supply chain and process
systems.
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