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a  b  s  t  r  a  c  t

The  “shale  revolution”  has  been  a game  changer  in  the  global  energy  market  and  raised  the importance
of  optimal  design  and  operations  of  shale  gas  energy  systems.  This  article  highlights  key  challenges  and
identifies  potential  research  opportunities  in the  corresponding  area. A  brief  introduction  of  shale  gas
energy  systems  and  their  significant  impacts  are  first presented,  followed  by  a  comprehensive  overview
and  classification  of  relevant  publications.  Based  on the  literature  review,  we further  investigate  and
discuss  the  research  challenges  of  developing  integrated,  sustainable  shale  gas  energy  systems  under
the  guidance  of  “triple  bottom  line”  and  integrated  approaches  of  material  flow  analysis  and  life  cycle
optimization.  Leveraging  the large  amount  of  data  from  shale  gas  industry,  data-driven  optimization
methods  could  open  up new  research  opportunities  for hedging  against  uncertainty  in  design  and  oper-
ations  of shale  gas  energy  systems.  Moreover,  potential  opportunities  are  explored  by introducing  game
theory  into  modeling  and  optimization  of  decentralized  shale  gas  systems  with  multiple  stakeholders.
The  benefits  of  enabling  emerging  technologies/operations  are  discussed  as well.

©  2017  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Natural gas is recognized as a primal energy source that is
widely used for heating, electricity generation, transportation, and
chemical manufacturing. In recent decades, technological advance-
ments, including the development of hydraulic fracturing and
horizontal drilling, have led to a “shale revolution” that stimulated
tremendous production of shale gas in the U.S. (EIA, 2011). From
2005–2013, the dry natural gas production in the U.S. increased
by 35%, and the natural gas share of total U.S. energy consump-
tion rose from 23% to 28%. It is expected that the U.S. will become
a net exporter of natural gas by 2017 (EIA, 2015a). Moreover, this
unconventional energy source (i.e. shale gas) has drawn serious
attention from countries all over the world (Fig. 1). Based on the
recent estimation from the U.S. EIA, there are 35,782 Trillion cubic
feet (Tcf) risked shale gas in-place for 41 countries, of which 7299
Tcf shale gas is considered technically recoverable. Countries that
are known with the most recoverable shale gas reserves include the
China, Argentina, Algeria, U.S., Canada, and Mexico. These countries
in total possess more than two-thirds of the assessed, technically
recoverable shale gas resources of the world (EIA, 2015b). Although
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currently only the U.S. and Canada have significant shale gas pro-
duction, it is foreseeable that the global shale gas industry will
undergo a rapid expansion in the near future.

Under the current low price of natural gas as well as press-
ing environmental and social concerns on shale gas industry, it is
imperative to design and optimize shale gas energy systems that
are economically efficient (Cafaro and Grossmann, 2014; Drouven
and Grossmann, 2016), environmentally sustainable (Gao and You,
2015a; Bartholomew and Mauter, 2016), and socially responsi-
ble (Small et al., 2014; Vengosh et al., 2014). Towards this goal,
the main research challenge is to develop an integrated energy
systems modeling framework that can systematically identify the
optimal design and operational strategies and comprehensively
account for multiple sustainability criteria. Additionally, there are
other challenges impeding the design and optimization of shale
gas energy systems, including optimization under multiple types
of uncertainties, addressing conflict of interest among different
stakeholders, and modeling multi-scale decisions with emerging
technologies/operations in the shale gas energy systems. By prop-
erly tackling these challenges, the resulting modeling frameworks
for shale gas energy systems are expected to be robust against
uncertainty, reflect stakeholders’ rational behaviors, and capture
the multi-scale decisions as well as latest technological/operational
advances. Therefore, it is the objective of this paper to identify key
research challenges and opportunities in the design and optimiza-
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Fig. 1. Overview of global shale gas resource (Source: EIA).

tion of shale gas energy systems, and also to chart a path to address
these challenges.

In this article, we classify the existing contributions on design
and optimization of shale gas energy systems, enlighten the current
research challenges, and demonstrate the potential methodolo-

gies that can be used to tackle these challenges. We  first give
a brief introduction on shale gas and its important coprod-
ucts natural gas liquids (NGLs), followed by a comprehensive
overview of a general shale gas energy system, consisting of the
upstream, midstream, and downstream, as well as corresponding
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