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Abstract

The combination of hydraulic fracturing and directional drilling has prompted a boom in
natural gas production from previously inaccessible shale formations, resulting in shale gas
representing a share of production equal to that of conventional gas. U.S. demand for the fuel is
projected to increase with overall energy demand and with retirement of coal capacity in the
industrial and electricity generation sectors. The Shale Gas Revolution, as this boom in production is
called, has prompted investment and stimulated economic activity in the regions that contain these
shale resources and has placed the U.S. on a path toward energy self-sufficiency. Shale gas
development brings its own environmental issues, namely potential groundwater contamination and
direct emission of methane into the atmosphere. There is also the larger issue of declaring natural gas
as the solution to energy issues when climate science dictates that a carbon-minimal, renewable
energy-powered future is the best way to avoid the worst impacts of climate change.

The literature discusses the sources of fugitive methane emissions and its impact on the
evaluation of the potential of shale gas from a climate change standpoint. Considering methane a
stronger greenhouse gas, Howarth et al. estimate several points of methane leakage that make shale
gas’ greenhouse gas footprint larger than coal. Measurements taken from production sites find a
much lower methane emissions rate, and its results are corroborated by the harmonized estimates of
eight studies. Allen proposes envisioning climate change using cumulative emissions, which removes
the weighting of certain gases in favor of a 1 trillion tonne carbon emissions budget for the entire
industrial and post-industrial periods. While the literature disagrees on the amount and the
importance of fugitive methane, it agrees that technology and infrastructure play a large role in

minimizing fugitive emissions and avoiding a future negatively impacted by climate change.

Introduction

Hydraulic fracturing, used in conjunction with horizontal drilling, has revolutionized the
energy landscape of the United States. As with any revolution, it has its proponents and opponents
— the former point to the potential U.S. energy independence and to its promise as a low-carbon

alternative to coal; the latter express concerns about the environmental impact of increased fossil-fuel
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use and methane leakage. Environmental concerns about increased natural gas production surround
the pollution of groundwater by drilling and production, and (as the global warming effect of
methane is being studied and updated) fugitive emissions of methane directly to the atmosphere.
This paper will first discuss modern day practice of hydraulic fracturing (usually called “fracking”),
summarizing the phases of production from well creation to delivery at end-use sites. Further
sections following will summarize the domestic and international economic effects of the recent
boom in U.S. production of natural gas and the myriad environmental issues and concerns. The
issue receiving the most attention will be fugitive methane emissions, with a discussion of the
sources, potential solutions, and effects of this phenomenon. Many of the topics discussed in this
paper are being studied intensively and our understanding is continuously informed by new
information. This paper will try to highlight the evolution of this understanding during the past few

years.

Section 1: The Process of Hydraulic Fracturing

Shale gas, along with tight gas and coalbed methane, is considered an unconventional fossil-
fuel resource. While the exact meaning of unconventional is subject to changing economic and
technological realities, the first two resources are commonly found in shale “plays”, a geographic area
containing organic-rich, fine-grained sedimentary rock. In order to be considered a viable
unconventional play, this rock must have the following characteristics:

1) Clay to silt size particles

2) A high percentage of silica and/or carbonates

3) Thermally mature

4) Hydrocarbon-filled pores

5) Distribution over a large area

6) Low permeability (<1 millidarcy (Wang et al. 2014)) that can be effectively increased by

fracture stimulation to reach economic production levels (Caputo 2011)
The combination of technology advancements in hydraulic fracturing and directional drilling has

dramatically increased the accessibility and production of natural gas, particularly in the United
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States. This boom in production and the growth of supporting industries is commonly known as the
Shale gas evolution, named for the main type of gas that has become increasingly accessible.

The boom in natural gas production has come about through a combination of two
technologies. The first is high-volume, slick-water hydraulic fracturing — the process of creating
fractures in shale to allow methane gas trapped in its pores to flow into a well. Hydraulic fracturing
has been used to enhance the productivity of permeable conventional oil and gas reservoirs since the
1940 (Montgomery and Smith 2010), but the high-volume techniques characteristic of its use today
in unconventional reservoirs — impermeable shale formations — have been used extensively only in
the last ten years (Howarth, Ingraffea, and Engelder 2011) to access previously unrecoverable stores
of natural gas. Directional drilling allows a well to penetrate and follow an individual layer of shale
for long distances — many kilometers — maximizing the exposure of the well to the shale layer,
enabling effective exploitation of shale layers that are thin but widespread. The fracking process
opens, in the shale layer, artificial fractures that tap into natural fractures to provide channels
through which the methane in the rock’s pore space can flow toward the wellbore and up to the
surface.

To produce unconventional shale reservoirs, a well is first drilled directly downward into the
Earth to reach a shale layer that is usually several kilometers deep. For example, the Marcellus Shale
in northern Pennsylvania can occur at depths from 0.6 to 3 kilometers beneath the surface.! After
the drill clears the near-surface freshwater zone, the drill string is removed and steel well casing is
inserted in order to separate the wellbore from the surrounding earth (to ensure that the well does
not collapse) and to isolate it from groundwater (so as to not contaminate the surrounding water).
The well is cemented in place with a thin layer of cement that is injected into the annulus between
the outer wall of the casing and the rock formation. After the shallow zone is cased, the drill string is
reinserted to continue drilling. Frequently, the section of the well that intersects the near-surface
freshwater is double-cased and double-cemented to minimize the chance that produced gas will leak

into the surrounding drinking water.

! Marcellus Center for Outreach and Research. Pennsylvania State University.
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As the well approaches the target shale, the drill begins to turn horizontally, forming a gentle
curve that enters the shale layer at a near horizontal angle. The drill can continue to bore
horizontally for several kilometers, after which the drill is removed from the well and the entire
length of the well is cased and cemented. After cementing, the casing is perforated along the lateral
(the horizontal section of the well) using shaped charges conveyed on a device called a perforating
gun. Fracking fluid, primarily composed of water and sand, is pumped into the well at high
pressures; the pressurized water enters the shale formation through the perforations in the casing and
opens artificial fractures that connect with natural fractures in the shale. The network of connected
fractures is held open by the sand and other particles in the fluid called “proppants”. This phase if
the operation (perforation and fracking) is usually conducted in stages on different sections of a
given lateral, each about 100 to 200 meters in length. The methane in the pore space of the shale
layer is able to flow into these propped open fractures and back up the well, expelling the fracking
fluid, and entraining in the reverse flow some of the natural pore water in the rock, and its dissolved
minerals. This combination of water and fracking fluid, called flow-back water, contains sand,
chemicals, dissolved gas and minerals and must be kept in chemical tanks or surface ponds. A single
region of a shale layer may be penetrated by several wells drilled from the same wellpad, which allows
for a relatively small surface footprint relatively to the area of the underlying shale that is being
drained. A typical pattern has six wells extending in opposite directions from the well pad and space
several hundred meters apart.

While this technique is most famously used to exact natural gas from shale, fracking is
applicable in essentially any “tight” formation — those that are characterized by rocks of very low
permeability. The process of fracking shale can also produce oil from liquid-rich shale formations
and be used as secondary recovery methods in existing oil and gas wells. An important example has
been the production of tight oil, particularly in the Eagle Ford Formation (Texas), the Permian
Region in southern Texas, and in the Williston Basin in North Dakota and Canada. The advent of
this source of oil has pushed the amount of imported oil processed at Gulf Coast refineries to

historical lows? and has significantly boosted U.S. production in recent years, reversing a long-term

* This Week in Petroleum: Crude Oil Imports Continue to Decline
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decline in U.S. oil production that started in the 1970s. The U.S. produces about ~4 million -

of oil produced from oil

Figurel. Diagram of a pad with a single vertical and lateral. Scientific American



