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The Challenge 

 

 

 

 

 

 

 

Protecting, Restoring, and 

Sustaining Global 

Biogeochemical Systems 

Component Challenges 

ÅWater supply 

ÅFood supply (strongly linked to water supply) 

ÅEnergy ï with constraints on CO2 emissions 

Meeting Needs 

ÅWorld population of 6.6 billion 

growing to ~9 billion. 2 billion 

people currently have no access 

to modern energy systems  

ÅImproving standard of living in 

growing economies of 

developing world 

ÅIncreasing demand for energy, 

food, land, and materials.  



The Population and 

Development Challenge 

This scenario assumes that fertility in less developed countries will  

decline smoothly to the low levels observed in todayôs more developed 

countries: about 1.8 children per woman. 
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Source:  UN Population Division, World Population Prospects: The 2008 Revision, medium variant (2009) 

Kaya Identity: 

Energy(ŷŷ) = population(ŷ) x (GDP/population)(ŷ) x (energy/GDP)  



Per Capita Energy Use vs Per Capita 

GDP (1980-2010) 

USA 

China 



Observations 

ÅEnergy is an essential component of modern 
societies, strongly linked to agriculture and food 
production, communications, transportation, é 

ÅEnergy is a primary way humans interact with 
global systems that we count on for countless 
services (air, water, food, climate é)  

ÅWe humans mostly take both the natural 
systems and their services as well as the 
availability of energy supplies completely for 
granted 

Å Itôs time to do better! 



CO2, CH4 and N2O Concentrations 
 
- CO2 up by a third, CH4 more than 
  doubled, N2O up by 25% 
 

- Rapid increase since 1750, CO2  

~390 ppm now 

  

Dissolution of CO2 in the ocean 

reduces pH, affects uptake of 

carbon and CaCO3 formation by 

phytoplankton (at the base of the 

food chain) 

Greenhouse gases, ocean pH 

Population growth, China, India, 

other fast-growing economies will 

add pressure to provide additional 

energy supplies 





Radiative Forcing 

Source:  IPCC, 2007 

ÅCO2, N2O, CH4, CHCs, 
O3, black carbon soot 
add to energy 
absorption in the 
atmosphere, reflective 
aerosols, clouds 
reduce capture. 

ÅThe net increase in 
heat transfer is a small 
fraction of total 
radiative heat flux (~1.6 
out of 342 W/m2 total, 
200 W/m2 at the 
surface). 



Temperature Proxies and Records 

Source:  
http://www.ucar.edu/news/releases/2005/ammann.shtml 

There has been controversy over the statistical analysis of 
Mann et al., subsequent analyses indicate that the conclusions 

were robust to variations in the statistical evaluation.  And 
other proxy records also show warming in the 20th century. 

Source:  Briffa & Osborn, Science 295, 2297, 2002. 



Simulation vs 

Observation 

ÅNet forcing this century was 
about constant until the last 45 
yrs 

ÅReflective aerosols (sulfur 
emissions) reduced effects of 
GHGs temporarily 

ÅVolcanoes periodically reduce 
forcing 

ÅSolar variability (sunspot cycle) 
is small compared to GHG 
contribution 

ÅSimulated temperature response 
agrees well with observations. 

Source:  Hansen et al., Science 308, 1432-1434, 

3 June 2005. 



Predicted Global Average Temperature 

 

Source:  IPCC, 2007 



Fossil Fuel Emissions: Actual vs. IPCC Scenarios 

Updated from Raupach et al. 2007, PNAS; Data: Gregg Marland, Thomas Boden-CDIAC 2010; International Monetary Fund 2010  
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The Oceans in a High CO2 World 

The oceans have taken 

up ~400 Gt of fossil fuel 

CO2.  Global surface 

oceans now remove 20-

25 Mt CO2/day. 

Decline in pH (0.1 since 

industrial revolution) 

affects bicarbonate, 

carbonate ion 

concentrations, rates of 

fixation of CaCO3 by 

assorted critters in the 

food chain, potential for 

feedbacks with 

temperature change.    

Source:  Oceanography Vol.17, 

No.3, Sept. 2004 

 



 

2009 
2009 

Significant ice thinning and decline in multi-year ice 

2010 2010 

Median 1979-

2000 

http://www.arctic.noaa.gov/reportcard/seaice.html 



Sea Level rise 

 

Source:  Synthesis Report, Climate Change, Copenhangen 2009 

Observation 

Range of 

IPCC 

Projections 



Source:  IPCC, ñClimate Change 2001: The Scientific Basis, Cambridge Univ. Press, UK (2001) 



Temperature Proxies and Records 

Source:  

http://www.ucar.edu/news/releases/2005/ammann.shtml 

There has been controversy over the statistical analysis of 

Mann et al., subsequent analyses indicate that the conclusions 

were robust to variations in the statistical evaluation.  And 

other proxy records also show warming in the 20th century. 

Source:  Briffa & Osborn, Science 295, 2297, 2002. 



Climate change:  What do we know? 

ÅCO2, CH4, NO2 concentrations have risen quite 

significantly during the last 200 years ï no debate on this 

ÅHuman activities (energy use, clearing forests) are the 

largest contributor to this rise ï no debate on this, either 

ÅIncreasing those gas concentrations causes the 

atmosphere to absorb more heat ï no doubt about this 

ÅComplicated computer models are used to calculate 

quantitatively the future impact of these changes ï basic 

models verified, debate about subgrid mechanisms, 

representation of feedbacks ï the question is timing of 

changes, not whether é 

ÅIt is the future impacts that matter ï what has happened 

so far is much debated by some, but is less important 



Impacts if we do nothing? 

ÅHigher temperatures, particularly in the high Arctic 

ÅLower ice and snow cover (reduced reflection of 

sunlight) 

ÅShifts in regional rainfall and snowfall patterns (a big 

concern for us in California) 

ÅSea level rise 

ÅChanges in large storm frequency and intensity 

ÅFundamental changes in population distributions at the 

base of the food chain in the ocean 

ÅSignificant negative economic impacts accumulating 

over time 

ÅBottom line:  it is time to start transforming the worldôs 

energy systems 



So how do we do that? 

ÅLook for energy efficiency at every turn ï there is plenty 

of room for efficiency improvement with technologies we 

have today, especially in the US (lots of near-term 

opportunities in buildings, lighting, vehicles, etc). 

ÅWork to mitigate and adapt to built-in impacts 

ÅSet a price on GHG emissions 

ÅEngage in a vigorous research effort to lay foundations 

and bring down costs for future energy technologies. 

ÅWork on the full spectrum of energy resources, energy 

conversions, time scales for application 

ÅUse a portfolio approach:  guessing now the winners and 

losers in the energy mix and markets 30-50 years in the 

future is doomed to failure. 



Å All energy systems start with some primary energy resource and 
convert it to some  more useful energy service 

Å All energy conversions are less than 100% efficient:  well engineered 

systems exceed 50% of theoretical max 

Å Example ï IC automobiles:  primary resource is petroleum Ÿ gasoline 

(~85%) Ÿ internal combustion engine Ÿ mechanical work (16-32%) 

Ÿ waste heat ï well to wheel efficiency14-27% 

Å Systems with fewer conversions can be more efficient 

Nuclear ï 30% Coal ï 30-40% Solar ï 15% Natural Gas ï 40-60% Wind ï 50% 

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

Average Conversion Efficiencies 

Energy Conversions 



 

What resources can we use? 

Exergy flow of planet Earth (TW) 

Exergy is energy that can be converted to another 

useful form:  electricity, mechanical work, or heat. 

Current Global Exergy Usage 

Rate ~ 15 TW (0.5 ZJ per year) 



Options for Reducing GHG Emissions 

ÅStop wasting energy (turn stuff off when not in use!) 

ÅIncrease the efficiency of energy conversions 

ÅSwitch to primary energy resources that have no or 

lower carbon emissions: 

ïWind, solar, nuclear, geothermal 

ïBiomass (with minimal fertilizer, water pumping, é) 

ïCH4 instead of coal (~60% CO2 per unit energy in the fuel, and 

higher efficiency in the power plant) 

ÅReduce the number of energy conversions (fuel to heat 

to electricity to heat; sunlight to sugars, to ethanol, to 

mechanical work in a vehicle) ï each conversion has an 

efficiency, typically much less than 100% 

ÅCapture some of the CO2 and store it somewhere other 

than the atmosphere 
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Savery, Newcomen (<0.5%)

Watt/Boulton Steam Engines

Post-Watt Steam Engines

Lenoir, Hugon Coal-Gas Engines

Otto/Langen Coal-Gas Engines

Atkinson, Tangye Coal-Gas Engines

Banki Spirits Engine

Priestman's Oil Engine

Diesel's Oil Engines

Automotive SI Engines

Truck Diesel Engines

Large Bore DI Diesels

Steam Turbines

Gas Turbine/Steam Turbine

Polymer Electrolyte Membrane FC

Phosphoric Acid Fuel Cells

SOFC/Gas Turbine

Conversion Efficiency of ñEnginesò 

50% 

Source:  C. Edwards, GCEP 



Renewable Global Exergy Flows 
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Exergy sources scaled to average consumption in 2004 (15 TW) 
From Hermann, 2006: Quantifying Global Exergy Resources, Energy 31 (2006) 1349ï1366 

 

Human 

Use of  

Energy 

(15 TW) 


