What are the Big Questions (for us)?

"... we can see how energy is the key
o solving all of the rest of the problems -

from water to population”
--Richard E. Smalley
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"After four studying these issues, I've concluded that

energy is the core of the environment problem, environment is the

core of the energy problem, and resolving the energy-economy-environment
dilema is the core of the problem of sustainable well-being for industrial
and developing countries alike.”

--John Holdren
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- Enhanced Geothermal Systems

Zero-Carbon Solution?
Resource
Challenges « Hydrothermal (US:10*EJ)
* Prospecting (characterization) * E6S (US:107 EJ: 100 6W in 50y)
P = Power generation

monitoring
>’_\ e

* Accessing (drilling)
* Creating reservoir

+ Sustaining reservoir
* Environmental issues
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« T H M C all influence via effective stress %
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Induced seismicity

* Migration within reservoir
* Using them to engineer the reservoir



Zero Carbon Solution? - Nuclear Power
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Overview of Geological Storage Options | | e— Droduced oil Of gas
1 Depleted oil and gas reservoirs sreseeseevesesee = injoctad CO;

2 Use of CO, in enhanced oil and gas recovery — Stored CO
3 Deep saline formations — (a) offshore (b) onshore 5
4 Use of CO, in enhanced coal bed methane recovery

Courtesy of CO2CRC, http.//www.co2crc.com.au/



Low-Carbon Fuel Solution? - Gas Shales




Low-Carbon Fuel Solution? - Gas Shales
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Water recovery tanks

Methane gas Polluted flowback water
capes during the may be injected into a deef
mining process. torage well, recycled or

nt to a treatment plant
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Water fracking
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Possible flow =
of methar
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? fracking fluid
Cement casing Holes in the well ‘ from the
casing allow fluid to : ‘ fracture zone is
exit and gas to enter. 'y highly unlikely.
Steel pipe ‘
High-pressure fracking = Gas flows
fluid opens networks | from the
Shale of fractures in the ‘ ‘ N 4 fractures
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Induced Seismicity
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[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute]

0

1

1

A. Side View of Wellbore

1000

Horizontal Distance (feet)
2000 3000 4000

1 | !

Marble Falls Limestone

1

g3.ems.psu.edu

LR
=]
by y . - T T ReeO——

* g "4 %
. wie » 7 .-:.

. WD O A - Barnett

& ‘ . 4 g r
{3 %ﬂn-}.-,_o 74 Shale
C *

Tive = %5

> 5

£

=

=

3

s

=

£

=2

o

Duffer Shale

B. View Along .
Hor-‘z’gﬁt'é?grs‘ia’\néﬂs(feet) Observations of Events
i i .
5000 )00 0 1000 N Barnett Shale (TX)
' 5120 ~+ Small<-1.4
« Clustered close to
5320 Marble Falls fr'C(CS
Limestone « No obvious events
5520 | putrer Shale distant from fracs
LRI stimulation
o
- "Barnett
s Shale
C. Distribu“t'i'on‘of Magnitudes of Microseismic Events
§ 10000
e 1000
5
E 100 -
£ 10
l 4
36 34 32 3 28 26 24 22 2 -18 -16 -l14

Magnitude (Richter Scale)

57 derek.elsworth@psu.edu



Induced Seismicity

I NEWSFOCUS

1436

SEISMOLOGY

Learning How to NOT Make
Your Own Earthquakes

As fluid injections into Earth’s crust trigger quakes across the United States, researchers
are scrambling to learn how to avoid making more

First off, fracking for shale gas is not touch-
ing off the carthquakes that have been shaking
previously calm regions from New Mexico to
Texas, Ohio, and Arkansas. But all manncr of
other gy-related fluid injecti i
ing deep disposal of fmckmg s

seismicity, they are beginning to sec a way
ahcad: leamn as you go. Thorough preinjec-
tion studies followed by close monitoring of
cautiously increasing injection offer to lower,
although never eliminate, the risk of trigger-
ing intolerab hauak

extraction of methane from coal beds, and
creation of geothermal energy reservoirs—is
in fact setting off disturbingly strong carth-
quakes. These quakes of magnitude 4 and §
are rattling the local populace, shutting down
clean energy projects, and prompting a flurry
of new regulations.

Researchers have known for
decades that deep, high-pressure
fluid injection can trigger sizable
carthquakes. But after a decades-
long lull in triggered quake stud-
ies, rescarchers are playing
catch-up with the latest round of
temblors. When triggered quakes
surprise drillers, “we're often in
the position of ambulance chas-
ers without the necessary science
done ahead of time,” says seis-

An injection too deep

“I'm told it feels like a car running into the
house,” says Stephen Horton, speaking of the
magnitude-4 triggered quakes he saw com-
ing a couple of years ago in north-central

e

[
mologist William Ellsworthofthe |20

U.S. Geological Survey (USGS)
in Menlo Park, California.

Quake masters. USGS geophysicists Barry Raleigh (leff) and Jack

As rescarchers link cause and  Healy are poised to open a valve and pressurize deep rock to turn

effect in recent cases of triggered

23 MARCH 2012 VOL 335 SCIENCE

on earthquakes. They could also turn them off in this 1970s study.

Fublished by AAAS
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Honnn and Aushmaks casz a ncrv.nrk of seis- z
mometers around two new wells that would 3
start injecting in July and in August 2010.On |
October of that year, Horton wamed the direc-
tor of the Arkansas Oil and Gas Commission,
the state agency that regulates deep injection,
to “watch out™ for more carthquakes. Ten days
later,a i 4.0 struck about a kil
northeast of the deeper of the two new wells.
On 20 November, a magnitude 3.9 struck 2
kilometers farther to the northeast toward
Guy. Then, in February 2011, magnitude-4.1
and 4.7 quakes struck to the southwest of the 2
deeper well, toward Greenbrier.

By spring, nearly 1000 recorded quakes =
had struck the area since the wells had started
up. “People were feeling a lot of carthquakes.”
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Water Use in Hydraulic
Fracturing Operations

Water Acquisition

Chemical Mixing

Well Injection

Flowback and
Produced Water

Wastewater Treatment
and Waste Disposal

US EPA, Draft to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water, February 2011, p 14

Potential Drinking Water Issues

» Water availability
* Impact of water withdrawal on water quality

* Release to surface and ground water
* (e.g., on-site spills and/or leaks)
¢ Chemical transportation

* Accidental release to ground water (e.g., well malfunction)
* Fracturing fluid migration into drinking water aquifers
* Formation fluid displacement into aquifers
* Mobilization of subsurface formation materials into aquifers

* Release to surface and ground water
* Leakage from on-site storage into drinking water resources
sImproper pit construction, maintenance, and/or closure

* Surface and/or subsurface discharge into surface and ground water

* Incomplete treatment of wastewater and solid residuals
» Wastewater transportation accidents




Water Usage - Quantity & Quality

Typical water usage:
~3,500,000 gals/frac for single horizontal well

~86% of fluid recovered as flow-back

Scale pH Adjusting

Fracture Fluid for Marcellus Shale Gelling Inhibitor Agent
Percent by Weight Agent~ 0.04% 0.01%
(With Proppant) KCL _ 0.05%
0.05% Breaker
Sand 0.009%
8.95%
Surfactant Crosslinker
0.08% 0.006%

/___Tron Control
0.004%

Corrosion
Inhibitor
0.001%
Reducer Biocide
0.08% Acid | 0.001%
0.11%

g3.ems.psu.edu 60 derek.elsworth@psu.edu



Groundwater
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[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute]
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Groundwater Near-Wellbore
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Methane Concentration (mg CH, /L)

Groundwater Near-Wellbore

Dissolved Gas Analyses
(This Study)
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Life-Cycle Loadings

A DAUNTING CLIMATE FOOTPRINT

Over 20 years, shale gas is likely to have a greater greenhouse
effect than conventional gas or other fossil fuels.
Bl Methane M Indirect CO, [l Direct CO,
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[Howarth, Santoro, Ingraffea, 2011, Climatic Change]
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