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Some Key Issues in Energy Supply
Needs
Constraints 
Solutions

Low Carbon Fuel Solutions
Gas Shales
Coalbed Methane (CBM/Coalseam gas)
Methane Hydrates

Carbon Management Solutions 
CO2 sequestration

Zero Carbon Solutions 
EGS Geothermal
Nuclear power
Hydropower/Pumped Storage/CAES
Wind
Solar PV and Thermal

New Zealand Energy Picture

THE ENERGY NEW DEAL
RELATED TO SUBSURFACE ENERGY OPTIONS

Derek Elsworth (Pennsylvania State University)
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Sustainable Energy in New Zealand
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Energy-Environment-Economy Nexus

“…. 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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Energy & Environment: Complementary Drivers?

[Hans Rosling http://www.gapminder.org/]

http://www.gapminder.org/
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Close-Out Editorial on 2008-2016 US Administration

Observations:
GHG dropped/flat on 4 occasions:
1980s, 1992, 2009 (recessions)
2014 (growth)

Electricity from Gas:
21% 2008
33% 2015

Employment:
~2.2M Energy efficiency jobs
~1.1M Fossil fuel for electricity

GapMinder Linkage:
US Energy use 2.5% less in 
2015 vs 2008 but economy 
10% larger

[Obama, Science, 2017]
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US Energy Consumption 2015 – Key R&D Strategies 
~100 Quads = 100 EJ = 100 tcf CH4 (~20% of World)
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[After Pat Dehmer, US DOE, Office of Science, 2009; Sankey Diagram from LLNL]
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Global Carbon Cycle

[Sarmiento and Gruber, Physics Today, 2002.]

Anthropogenic
Natural

5.4 PgC = 5.4 GtC
5.4 GtC = 20.1 Gt CO2
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Climate Change – Equivocal –versus- Unequivocal

CO2 versus historic time – IPCC Global Mean TemperaturesParsing Filter
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Science is Parsed through a Legislative Filter
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Science is Parsed through a Legislative Filter
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Capacity Needs – Socolow Wedges

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf]



derek.elsworth@psu.edug3.ems.psu.edu 15

Capacity Needs – Socolow Wedges

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf]
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Capacity Needs – Stabilization Wedges

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf]

2 billion cars at 60 mpg 
instead of 30 mpg

Low carbon: 1600 GW
(~80 tcf/yr)

Zero carbon: 800 GW
(~40 tcf/yr)

Zero carbon: 700 GW
(~40 tcf/yr)

Zero carbon: 800 GW
(~40 tcf/yr)

Zero carbon: 800 GW
(~40 tcf/yr)

Baseload 
Geothermal

Global Energy Budget
~10-15TW
~500 Quads/yr
~500 EJ/yr
~500 tcf/yr

~300GT/1.5C

~2024
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Sub-Surface Energy/Engineering Solutions

Low-Carbon Fuel Solutions? 
Unconventional Hydrocarbons
• Gas shales
• Coalbed methane
• Methane hydrates

Carbon Management Solutions?
• Carbon Capture and Sequestration

Zero-Carbon Solutions?
• EGS Geothermal – The new landscape
• Nuclear power
• Hydropower/Pumped storage/CAES
• Wind 
• Solar PV and thermal
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Low-Carbon Fuel Solution? – Gas Shales
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Implications for Energy Independence, Energy Security and 
for Climate Change?
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US Shale Plays
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Projected Growth and Opportunities

Natural Gas Utilization

[Science, Oct 18, 2012]

Downstream

Upstream

[Nature, 2011]

17Tcf
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Microbially-Enhanced CBM (MECBM)
Methods of production

[Nuccio, 2000][Science, Oct 18, 2012]

MECBM Scheduling

Geographic Distribution

Projected US Gas Production
Principal Issues 
Environmental Effects
Rate Limits on Production

Dewatering
Desorption - Capacity
Advection – Perm Evolution
Sequestration

[~100 Tcf recoverable]



Low-Carbon Fuel Solution? – Methane Hydrates

Projected Clathrate Reserve/Resource: - / 105-106 Tscf
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Capacity Needs – Socolow Wedges
Replace Coal Fired Plants with Gas-Fired 

Generation

Effort needed by 2054 for 1 
wedge:

1600 GW of coal-fired 
generating capacity 

CO2coal/CO2gas ratio is ~1.78 for 
equivalent thermal energy 

Pulrose Gas Power Station, Isle of Man, UK

~80 Tcf/yr Natural gas
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Zero-Carbon Solution?- Carbon Capture and Storage
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Capacity Needs – Socolow Wedges

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf]

~40 Tcf/yr Natural gas
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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(B)
• 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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Hydrothermal v Engineered Geothermal Reservoirs
SedHeat Initiative

http://geothermal.tcu.edu
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Can EGS ever be Viable?

Economic viability – 100 kg/s/well
 
!H = !M fΔTf cf
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Capacity Needs – Socolow Wedges
Retire Coal Fired Plants and Replace with EGS

Effort needed by 2054 for 1 
wedge:

800 GW of EGS capacity 
~40 Tcf/yr Natural gas
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Zero Carbon Solution? – Nuclear Power
Connected Cycles [Ewing, 2007] Waste Disposal and Politics

Intense Process Feedbacks

Carbon 
Cycle

Fuel 
Cycle

Wea
pons

Radion
uclide 
Cycle
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Zero Carbon Solution? – Nuclear Power
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URLs Worldwide
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Yucca Mountain in the News
Off-Again?
[NYT, January 29, 2009]
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Yucca Mountain in the News

Or On-Again?
[NYT, June 29, 2010]
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The New US Plan

[http://www.forbes.com/]

One Wedge: 700 GW in 50y
40 Tcf/y
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Sub-Surface Energy/Engineering Solutions

Low-Carbon Fuel Solutions? 
Unconventional Hydrocarbons
• Gas shales
• Coalbed methane
• Methane hydrates

Carbon Management Solutions?
• Carbon Capture and Sequestration

Zero-Carbon Solutions?
• EGS Geothermal – The new landscape
• Nuclear power
• Hydropower/Pumped storage/CAES
• Wind 
• Solar PV and thermal
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The Green New Deal
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Sustainable Energy in New Zealand
Annual Consumption – 1 EJ (NZ)

100 EJ (USA)

NZ Energy consumption 1 EJ/yr ~ 30 GW 

Typically 50/50 Electricity/Transportation

Thermal – 1400 MW (Huntly)
Gas (360 MW)
Coal (4 x 250 MW)

Wind – 2000 MW (Capacity??)
Hydropower – 2000 MW (Capacity??)
Geothermal – 1040 MW
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Sankey Chart for NZ Energy Consumption 

1 
EJ

/y
~3

0 
GW

USA 100 EJ/y~3000 GW (3 TW)
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Renewable Energy in NZ 
(1000 PJ total)

0.35 EJ of 1 EJ total NZ 
Consumption
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Concluding Remarks
Our current predicament is carbon-energy constrained…..
Low-carbon, carbon-neutral and carbon-negative solutions offer a 

potential path forward that:
May mitigate climate change issues 
Are an orderly – non-Malthusian solution

For low(er)-carbon fuels (Natural gas)
Avoids the policy-based “tragedy of the commons” 
Industry driven with an appropriate profit motive?

For others (CCS/EGS/Nuclear/Intermittency Solving)
Significant investment needed (sub-economic)
Government-sponsored R&D/legislated/subisdy-abating
Fascinating science-based problems to solve (IS..)

Your choice for which are Good, Bad or Ugly…. but
………..  any selection is ultimately subject to policy choices 

..…(hopefully) based on sound scientific input…..


