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Technology Requirements for our Global 
Energy System 



Global Climate and Energy Project  Goals 

•  Discovering new scientific concepts for 
energy supply and conversions 

•  Developing breakthrough energy 
technologies 

•  Educating future energy thought leaders 
and research workforce 

 ….to enable affordable, safe, secure and 
clean energy for everyone 

9 billion people = 2 times current global energy supply 



Strategy 
•  Develop a deep understanding of our energy system 

… energy resources 
… energy use 
… energy system tradeoffs and co-benefits 

•  Identify areas of research with the greatest potential for 
providing affordable, safe, secure, and clean energy 

•  Support use-directed fundamental scientific and 
engineering research 

•  Share ideas and results with the global energy community 
•  Foster follow-on and scale-up research to commercialize 

successful inventions 



Exegetic Analysis of the Global Energy System 
a.  Global Exergy Accumulation, Flow, and Destruction 

b.  The Natural and Anthropogenic Carbon Cycle 



Energy System Insights 

•  Renewable energy resources from the sun and wind are large 
compared to human energy use… biomass is a very distant 3rd 

•  Fossil fuels won’t run out any time soon…but have large CO2 
emissions …and energy security concerns …will be more expensive 

•  Nuclear energy resources are large… but challenges are significant 

Energy Resources 



Energy Systems Insights 

Energy Conversions 
•  Human energy use requires transformations from one form to another 
•  All energy conversions are inefficient but can be improved 

… electricity, transportation, buildings 
•  Simpler energy systems are more efficient 

…fewer conversions = greater efficiency 

Expected Trends 

End Use Energy 
Efficiency 

Energy Conversion 
Technology Efficiency 

(e.g. improved engines)  

Lower resource 
extraction efficiency 

(e.g. oil sands)  



It Costs Energy to Generate Energy 

Lakeview 
Gusher: 
EROI ~ 
40,000 

PB ~ 3 mins 

Wind Farm: 
EROI ~ 20-30 
PB ~ 0.6-1.5y 

PV Panels: 
EROI ~ 5-15 
PB ~ 3-8 y 

Biofuels: 
EROI ~ 1-5 

Coal: 
EROI ~ 20-300 
PB ~ 0.5-5 y 

Nuclear: 
EROI ~ 10-20 

PB ~ 2-4 y 

Hydro: 
EROI ~ 20-200 

PB ~ 1-3 y 

Geothermal: 
EROI ~ 5-20 
PB ~ 2-5 y € 

Energy Payback Time =
Embodied Energy

Annual Energy Generation

Energy Re turn on Investment =
Lifetime Energy Generation

Embodied Energy
Energy Return on Investment     



It costs energy to generate energy 

Wafer- based (c-Si) 
Thin-films (CIGS, CdTe) 

“Third Generation” Concepts 
Net Energy Yields for PV 

No net energy 
production from 
first generation 
cells until after 

2040 

Gen 1: 60 MJ/MW 
Gen 2: 17 MJ/MW 
Gen 3:   6 MJ/MW 

Embodied Energy PV capacity growth rate of 30% per year 
from Year 2000 stabilizing at 1000 EJ/yr by 
2100 



Capacity Factors and Conversion Efficiency For 
New Energy Technologies Tends to be Low 

Nuclear 
•  Capacity Factor = 80 % 
•  Avg. Conv. Efficiency = 30 % 

Coal 
•  Capacity Factor = 70 % 
•  Avg. Conv. Efficiency = 30 % 

Solar 
•  Capacity Factor = 20 % 
•  Avg. Conv. Efficiency =  15 % 

Natural Gas 
•  Capacity Factor = 11 % 
•  Avg. Conv. Efficiency = 40 % 

Wind 
•  Capacity Factor = 35 % 
•  Avg. Conv. Efficiency = 50% 

Hydro 
•  Capacity Factor = 40 % 
•  Avg. Conv. Efficiency = 90% 

Source: US EIA, http://www.eia.doe.gov/cneaf/electricity/epa/epata6.html 
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Energy Systems Insights 

•  Scale is enormous, therefore 
…portfolio of energy supply and conversions 
…rely on earth abundant and non-toxic materials 
…maximize conversion efficiencies 
…minimize water use 
…short energy payback times 
... large energy return on investment, durable energy technologies 
... maximize capacity factor 
… large scale storage will be needed for a renewable-dominated 

energy system 

Energy Technology Requirements 



GCEP Research Portfolio, April, 2011 
- Cumulative since Beginning of Project 

Over $106M 
Allocated to 

Research 



GCEP Research Projects in Solar Energy 

Artificial Photosynthesis - Lewis 
Carbon Nanotube Electrodes - Bao 

Hot Carriers - Conibeer Advanced Electron Transport Materials –  
McGehee and Sellinger 

Self-sorting networks for high  
performance solar cells 

Tailor-made molecules for enhanced light-
capture in organic photovoltaics 

Capturing electrons before they “hit ground” 
for increased solar cell efficiency 

Direct Hydrogen Production from Solar Energy 



Costs of Solar PV Are Decreasing Quickly: Prospects 
Are Excellent 











GCEP Research in Carbon-Based Energy Systems 
Advanced Combustion through Exergy Management - Edwards 

GCEP 
Efficiency 

   Enable single-cycle efficiency > 60% 



Commercialization of New Energy Technologies 

Transition to Commercial Sector, e.g.: 
•  C3 Nano 

  Revolutionary new transparent electrode material for 
applications including flexible displays, touch screens, solar 
cells and smart windows. 

  $3M in funding 
•  Amprius 

  Lithium batteries and materials that enable dramatic 
improvements in energy density. 

  $25M in funding 
•  EtaGen 

  High-efficiency engines for distributed generation applications 
  Funded by Khosla Ventures 



 Future Energy Thought Leaders and  
Research Workforce 

Graduate and Post-Doc 
Students 
•  Close to 500 graduate and post-

doctoral students have been 
funded by GCEP 

•  Many alumni now work throughout 
the field 

GCEP Alumni 



Concluding Remarks 
•  Energy transition is rife with challenges and opportunities 
•  Energy resources are abundant 
•  Cascade of emerging and innovative technologies are 

needed to meet growing energy needs while protecting 
human health and the environment 

•  Critical R&D needs 
  Improve efficiency of everything 
 Sustained improvements in solar and wind power 
 Decarbonization of fossil fuels 
 Safe nuclear power 
 Large scale energy storage, including synthetic fuels 

•  Coming soon: Efficient energy systems integration 
 Full systems EROI, energy payback times 
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