
 !

derek.elsworth@psu.edu g3.ems.psu.edu 8!

What are the Big Questions (for us)? 

“…. we can see how energy is the key 
to solving all of the rest of the problems –  

from water to population” 
                                     --Richard E. Smalley 

“After four decades of 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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Zero-Carbon Solution? - Enhanced Geothermal Systems 

Challenges 
•  Prospecting (characterization)  
•  Accessing (drilling) 
•  Creating reservoir 
•  Sustaining reservoir 
•  Environmental issues 
 
Observation 
•  Stress-sensitive reservoirs 
•  T H M C all influence via effective stress 
•  Effective stresses influence 

•  Permeability 
•  Reactive surface area 
•  Induced seismicity 

 
Understanding T H M C is key: 
•  Size of relative effects of THMC 
•  Timing of effects 
•  Migration within reservoir 
•  Using them to engineer the reservoir 

Permeability 
Reactive surface area 
Induced seismicity 

Resource 
•  Hydrothermal (US:104 EJ)  
•  EGS (US:107 EJ; 100 GW in 50y) 
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Zero Carbon Solution? – Nuclear Power 
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Zero-Carbon Solution?- Carbon Capture and Storage 
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Low-Carbon Fuel Solution? – Gas Shales 
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The Marcellus Shale Gas 
-  underlies 140,000 km2 of the Appalachian Basin 

-  average depth of 2 km 

-  thickness: average 30m, high ~ 75 m 

-  295 ~ 2,700 TCF (gas in place) 

-  annual US consumption (21 TCF/yr) 

-  porosity: 0.5 ~ 5% 

-  permeability: micro to nano Darcy range 
-  fracture porosity: 2 ~7 % 

Technological challenges 

& Potential solutions 

Low-Carbon Fuel Solution? – Gas Shales 

[Lee, Herman, Elsworth et al., 2011] 
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Industrialization of Rural Landscape 

Issues – Rural Industrialization 
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Induced Seismicity 

[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute] 

Observations of Events 
in Barnett Shale (TX) 
•  Small <-1.4 
•  Clustered close to 

fracs 
•  No obvious events 

distant from fracs 
•  Cease after the 

stimulation 
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Induced Seismicity 
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Gas and Groundwater Contamination 
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Water Usage – Quantity & Quality 

Typical water usage: 
~3,500,000 gals/frac for single horizontal well 
~86% of fluid recovered as flow-back  
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Groundwater 

[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute] 
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Groundwater Near-Wellbore 

[Osborne, Vengosh, Warner, Jackson, 2011, PNAS] 
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[Osborne, Vengosh, Warner, Jackson, 2011, PNAS] 

Groundwater Near-Wellbore 
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Life-Cycle Loadings 

[Howarth, Santoro, Ingraffea, 2011, Climatic Change] 

Principally direct m
ethane 

em
ission during flowback 


