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Water is central to life on Earth.  Energy is 

central to living on Earth. 

 

We are not running out of energy, we are 

running out of environment.1 

Energy 

Outline of Lectures 

 

Today’s state of global energy 

 oil, gas, coal 

Alternatives to fossil fuels 

 renewables, nuclear 

Society and Decisions 

 socio-politics of energy 

 

Laboratories 

Analyze energy data 

Discuss energy options 
1Population expert Paul Ehrlich  



Energy and Units 

 Work (Energy) = Force x Distance (= m.a x d)  
 = N.m = Joule 

 A British thermal unit (Btu) is the amount of heat 
 required to raise the temperature of 1lb of water 
 by one degree Fahrenheit.  Lighting a 100-watt 
 light bulb for one hour requires 342 Btu.  

 Amounts of petroleum are measured in barrels,  
where one barrel contains 42 US gallons.  
(1 barrel is ~0.14 metric ton) 

 Amounts of natural gas are measured in cubic  
feet; 1000 cubic feet of gas heats a typical home  
for one winter day.  In terms of Btu energy  
equivalents, 6,000ft3 of gas equals one barrel of oil.   

 

 

We’ll focus on change among (or relative) values, so that we can mix units. 



Total Energy Consumption 2002 

Red = v high 

Orange = high 

Yellow  = medium 

Green = low 

Blue = v low 

(1000 metric tons oil equivalent) 



Per Capita Energy Consumption 2002 

Red = v high 

Orange = high 

Yellow  = medium 

Green = low 

Blue = v low 

(1000 metric tons oil equivalent) 



Per-capita Energy Consumption by sector (2000) 

Developing World Developed World 

Per-capita energy consumption by sectoral use in (A) the 

developing world and (B) the developed world (in gigajoules) 

 
http://www.rff.org/rff/ 



Energy Use and Wealth/Poverty 

Near perfect proportionality 

between financial wealth and 

energy use. 

Source: Cunningham and Saigo, 1990 



Developed World: US Energy Flow (2007) 

(Quadrillion (1E15) Btu) 

1 quad = 1E15 British thermal units = 2.9E11 kWh 



First Law of Thermodynamics: Conservation of Energy 
 

 Energy cannot be created or destroyed. 
 
 Energy can only change from type to type. 

 
Second Law of Thermodynamics: Increasing Entropy 
 

 Changes always occur with less than 100% efficiency.  So, no 
machine can every be 100% efficient, because certain amount 
of energy will be lost as heat (efficiency). 

Energy Laws 

Primary 

Energy 



Everything that moves has KINETIC ENERGY.   The faster an 
object moves, and the more mass it has, the more kinetic energy it 
has. 
 
POTENTIAL ENERGY is associated with position.  Potential 
energy is stored whenever something moves in the opposite 
direction to a force acting on it.   
 

INTERNAL (HEAT) ENERGY is the kinetic energy of the countless 

moving atoms and molecules of matter.   The hotter something is, 

the faster its atoms and molecules move. 

   

RADIANT ENERGY is carried by electromagnetic radiation (light 

rays). 

 

… and today’s favorite: 

The energy contained within molecular bonds is called CHEMICAL 

ENERGY. 

Choices: Types of Energy 



Human Use of Energy 

 Before agriculture, an individual could only harness fire and own 
muscle power 
 For short periods a person can work at 800 Watts (~ 1 HP) 

 Average would be 0.3 HP over a few days 

 Great leap from domestication of horses, oxen, mules, camels, 
elephants 

 Egyptians used sailing boats around 3500 BC 

 The invention of the horseshoe around 400 BC permitted horses to 
plough stony fields without hurting them 

 In Middle Ages, energy from water mills and windmills harnessed. 

 In 1765, England close to running out of timber - James Watt invents 
the steam engine 

 late 19th C the use of heavy hydrocarbons for internal combustion 
engine, leading to 20th C transportation revolution 

 

 … does human innovation always save the day? 
 
… do we need a national/global energy policy? 



National Energy Policy, 2001 

http://www.whitehouse.gov/energy/ 



2006: Toward US Energy Independence? 

http://money.cnn.com/2006/02/08/news/companies/exxon_energy.reut/ 

In 2006 President Bush tells Congress that America is “addicted to oil” 

and needs to slash its Middle East crude purchases 75 percent by 2025 

by building vehicles that run on alternative fuels. 

The Bush government says we need to drill for oil and gas on America’s 

public lands, build 1,300 new power plants and increase our reliance on 

nuclear power. 

"Realistically, it is simply not feasible in any time period relevant to our 

discussion today," Exxon Mobil Senior Vice President Stuart McGill said, 

referring to what he called the "misperception" that the United States 

can achieve energy independence. 



Today’s Non-Renewable Energy Sources 

 

FOSSIL FUELS 

 Oil 

Refinery products include petrochemicals, jet fuel,  

gasoline, kerosene, stove oil, diesel oil, heating oil,  

greases, lubricating oils, paraffins, asphalt;  

versatile, safe, small volume 

 Coal 

Used directly as heat fuel or as fuel for the  

generation of electricity 

 Natural Gas 

Used directly as heat fuel or as fuel for the operation of appliances 
 

MORE THEN JUST OIL 

Petrochemical industry creates products all around us (e.g., plastics) 

Currently, oil may be the most important product on Earth 



Global Energy: Groupings and Consumption 

Acceleration in developing world 



Energy Predictions 

17 

Sources: 

Energy Information Administration (EIA); 

International Energy Agency (IEA) 

2% growth per year, or doubling in 35 years (shortcut: 70/%=doubling) 

Fossil fuel contribution >80% globally 

(Quadrillion (1E15) Btu) 

1 quad = 1E15 British thermal 

units = 2.9E11 kWh 



transport of  

low-energy wood vs. high-energy “oil” 

Why “non-renewables”? 



Reserves and Resources, 

and Supply and Demand Economics 

Terms are often confused: 

 

Reserves are the proven supplies that can be extracted and brought to 

market economically  

 Planning (and prices) are based on reserves!  

 

Resources represent the total quantity - found and yet to be discovered 

 Resource estimates continue to increase for many traditional energy 

resources. 

 

Today, short-term supply and demand economics dominate prices, until 

scarcity (long-term demand) economics takes over (beyond Hubbert’s 

peak).  Both limited short-term and long-term supply result in higher 

prices. 



role of coal ! 

world reserves: coal/gas/oil = 6/1.5/1 

World 

World’s Fossil Fuel Reserves (2006) 

BP Statistical Review of World Energy 2007 



Regional Energy Consumption (2005) 

 

BP Statistical Review of World Energy 2006 

Coal 

 

Hydro 

Nuclear 

 

Nat. Gas 

 

 

 

Oil 

N America       S&C America         Eurasia             Middle east            Africa              Asia Pacific 



US used ~7bbl/yr in 2000 

Proved Oil Reserves (billion barrels) 



 

Proved Oil Reserves (billion barrels) - Details 



Fuel use 

Territory size is proportional to the percentage 

of world fuel usage that occurs there. 

http://www.sasi.group.shef.ac.uk/worldmapper/index.html 



Oil Trade 



Hubbert’s 

Peak 
(oil production) 

Production 

(“Hubbert’s”) 

peak in US 

and world 

 

Supply-

demand 

economics 

NATURE, 445, 2007 

              Real 

Prediction 



Systems Modeling and Oil 

Forecasting 

US cumulative oil production, 

forecasted to year 2040.  Peak in graph 

occurs in 1970’s followed by leveling off 

and steep decline. Total N America is 

shown for comparison. 

 

 

 

World production, with 2000 scenario 

that indicates Hubbert’s Peak at ~2005 

This program is run annually with 

updated data to estimate world peak 

production as part of World Oil 

Forecasting Program. 

Model credits: R.C. Duncan and W.L. Youngquist 

US 

N America 

World 



Oil Prices 

Light crude oil 

$/barrel 
http://futures.tradingcharts.com 



Pump Price 

 

http://www.eia.doe.gov/oil_gas/petroleum/ 

data_publications/wrgp/mogas_home_page.html 



Proved Gas Reserves (trillion m3) 

BP Statistical Review of World Energy 2006 



 

Proved Gas Reserves (trillion m3) - Details 



Gas Trade 

BP Statistical Review of World Energy 2006 



Gas Price 

http://www.eia.doe.gov/neic/brochure/ 

oil_gas/natgas/Chapter1.htm 

 

$/mmBtu 

http://futures.tradingcharts.com 



World’s coal reserves are:  

(1) greater than oil and gas reserves 

(2) more evenly distributed than oil and gas reserves 

Proved Coal Reserves (billion tonnes) 

BP Statistical Review of World Energy 2006 



 

Proved Coal Reserves (billion tonnes) - Details 



Carbon Impact 

Natural gas produces 0.84 

pounds of carbon dioxide per 

kilowatt-hour, and coal 

produces more than twice as 

much, 1.9 pounds. 

http://www.nytimes.com/2007/11/07/ 



Geology is not “fair”:  energy resources are 

unevenly distributed.  

 The developed world: 

 25% of world’s population 

 67% of world’s fossil fuel  

resources 

 

Use is yet more uneven: 

The United States: 

 ~ 4% of world’s population (.28/6) 

 Uses ~24% of all energy produced 

India 

 ~ 16% of world’s population (.98/6) 

 Uses ~2% of all energy produced 

Socio-economics of Energy: Rich vs. Poor 

http://www.geotimes.org/nov02/feature_oil.html 



North America 

World 

Energy per capita 



US Energy Production, Consumption and Imports 

(1970-2000) 

Edwin L. Drake’s 

first oilwell, 1859 

Source: US DOE 



US Oil Imports (2007) 

Washington Post, 2008 



Arctic National Wildlife 

Refuge Drilling 

Cumulative Savings from Higher Fuel 

Economy vs. Cumulative Oil Production 

from the Arctic Refuge  

Source: NRDC, 2001 

ANWR oil up to 15bbls, ~2 years of today’s 

US needs or ~5% for 30 years. 

ANWR 

Projected US 

consumption 



 

Of the total of known energy reserves and potentially available 

resources in the U.S., 92% are from renewable sources: 

 

 Biomass/Biofuels  (firewood, dung,  

corn, cellulose) 

 Hydropower (rivers) 

 Solar (panels, cells) 

 Sea (waves, tides,  

currents, thermal) 

 Geothermal (Earth’s internal heat) 

 Wind (windmills) 

 Nuclear (uranium); fission, fusion 

 

 

 

 

Renewable Energy Sources 

http://www.nrel.gov 

http://www.nrel.gov/


 Ultimate source of energy is Sun (99%) 

 Humans add ~1% commercial and noncommercial energy 

 Commercial energy, sold in marketplace, mostly fossil fuels 

 Noncommercial energy, mostly firewood 

Renewable Energy: Earth’s Energy Budget 

Light is EM energy 

Wind is thermal energy 



Solar energy:  

105 terrawatts annually (human use is ~15 terrawatts) 

 

SF earthquake (M=7.8) or 1-megaton nuclear bomb:  

1017 joules, is one Sun second 

 

Annual human use:  

5x1020 joules, is one Sun hour 

 

All oil resources:  

1022 joules, is one Sun day 

 

Can solar energy supply the United States with all 

electricity using today’s modestly efficient (15%) 

commercial photo-voltaic modules? 

 

Solar Energy 



Photovoltaic Cells 

 Convert light energy into electricity  

 

 PV systems can be constructed to any size based on 

individual energy requirements and are low-maintenance 

 

 Ideal for supplying power far from utility power lines in 

remote areas where losses are relatively high  

(Image from US Nat. Renewable Energy Lab) 



Solar Cell Efficiency 

Solar cells based on single-crystal 

silicon are ~18% efficient (I). 

Theoretical limit of current 

technology is ~30%. 

Solar cells based on cheaper dye 

sensitization of oxide 

semiconductors are <10% efficient, 

and those based on even cheaper 

organic materials are 2–5% 

efficient.  

 

Green plants convert sunlight into 

biomass with a typical yearly 

averaged efficiency of less than 

0.3%.  
I Silicon wafers 

II Thin films (Si) 

III Experimental designs with different 

materials and physics 

Physics Today, 2007 



Solar energy for US electrical demand? 

The solar energy in a 100-mile-

square area of Nevada could 

supply the United States with all 

electricity using modestly 

efficient (15%) commercial 

photo-voltaic modules. 

 

6 hours sun with 15% efficiency, 

a 1 m2 PV gives 1kWh/day 

US energy production is 24 x 

109 kWh/day, so 160km2 

(100mi2) area 



Try it ! 

  

  

http://www.roofray.com/ 



Wind 

• Convert wind (from thermal 

gradients) into energy 

• Wind in the United States 

could produce 25% of US 

energy needs (2001).  



 

 Electricity generation practical at average wind speeds of ~25 km/hour (6.9m/s) 

 Enough to produce >70 terrawatts of electricity annually 

 Just 30% would satisfy the world's energy needs 
 

Archer C. & Jacobson M. J. Geophys. Res. 110 (2005). 

Global Potential of Wind Energy 



Wind energy in 

Michigan? 

(50m elevation) 



Hydropower 

 Use kinetic energy of falling water to generate 

electricity.  

 

 A turbine and a generator convert energy from 

water to mechanical and then electrical energy.  

 

 Most "green" energy is from dams. 

Hydropower accounts for about 10% of 

generated electricity in US.  

 

 Dams do not contribute to global warming, but 

have harmful effects on rivers (including 

alteration of flow regime, killing fish and 

altering vegetation). Some companies are now 

offering a new category of energy: “salmon-

friendly.” 



Geothermal Power 

 Harvest Earth’s subsurface 

temperature. 

 Geothermal resources range from 

shallow to deep (several miles) 

below Earth's surface.  

 Three types: geothermal heat 

pumps, direct-use applications, and 

power plants.  

 Natural steam from production wells 

powers a turbine generator, 

producing plumes of water vapor.  

Estimated subterranean temperatures 

at a depth of 6 kilometers. 



Biomass/Biofuels 

 Biomass is organic material that 

stems from plants, trees and crops 

(e.g., corn, soybean).  

 Largest contribution to energy 

consumption in developing 

countries, traditionally as firewood 

for cooking and heating.  

 Modern uses include combustion to 

produce energy in form of 

electricity, steam and especially 

biofuels (ethanol, biodiesel).  

 Cost of biofuel 

Production (crops, water) 

Pollution (fertilizer, energy)  

Government Subsidies  

• Food-to-fuel transformation, 

leading to food shortages. 

• Second-generation (cellulose) 

biofuel prospect (plant waste). (Image from US Nat. Renewable Energy Lab) 

“waste” is future 



Renewables - potential 

Developing most of untapped renewable energy resources could 

meet 50-80% of projected US energy needs by 2030. 



Interactive Maps: http://www.nrel.gov/gis/maps.html 

 



http://www.iaea.org/Publications/Reports/gponi_report2005.pdf 



Nuclear Energy Revival? 

 No new nuclear reactors 

ordered in the United States 

since partial core meltdown 

at Three Mile Island in 1979 

 ~10 proposed 

 

WWI - Vital Signs 2003 



Nuclear Power (Fission) 

 Typical pellet of uranium weighs ~7 grams 
(0.24 ounces). Generate as much energy as 
3.5 barrels of oil, 17,000 cubic feet of natural 
gas, or 1,780 pounds of coal 

 New designs such as breeder reactors may 
be more efficient, rod alternatives may be 
safer and pebble bed reactors may limit arms 
proliferation risk, but still have same problems 
of radiation risk and waste disposal  

 After 20 years and >$4 billion, Yucca 
Mountain has been recommended (2002) by 
the Dept. of Energy for long-term storage of 
US nuclear waste (open in 2025?).  Note: 
Obama administration opposes Yucca Mtn 
repository. 

 Even while state and x-country transportation 
issues remain, the storage is already full by 
~2010 (70,000 metric ton limit) 

 

 Finite resource (100+ years; more with 
breeder reactors) 



Uranium Resources (ca. 2000) 

Known conventional resources would last 

about 75 years at the 2000 demand rate, 

but 200+ years likely. 

OECD share of known uranium resources is 

roughly 40%, about the same as its share of 

coal reserves, but much higher than its 

share of oil reserves (about 7%) and natural 

gas reserves (roughly 12%).  

http://www.nea.fr/html/pub/newsletter/2002/ 

20-2-Nuclear_fuel_resources.pdf 



Nuclear 

Power 

Plants in 

the US 

http://www.eia.doe.gov/fuelnuclear.html 

As of October 31, 2005, there are 104 licensed commercial 

nuclear generating units in the United States. 69 are categorized 

a pressurized water reactors (PWRs) totaling 65,100 net 

megawatts (electric) and 35 are boiling water reactors (BWR) 

totaling 32,300 net megawatts (electric). The United States has 

the most nuclear capacity of any nation (~100 million kW), but 

no new commercial reactor has come on line since May 1996.  

http://eia.doe.gov/cneaf/nuclear/page/nuc_reactors/pwr.html
http://eia.doe.gov/cneaf/nuclear/page/nuc_reactors/bwr.html


Chemical  Fission  Fusion  

Sample Reaction C + O2 -> CO2 
n + U-235 ->  

     Ba-143 + Kr-91 + 2 n 

H-2 + H-3 ->  

        He-4 + n 

Typical Inputs (to Power Plant) Bituminous Coal 
UO2  

(3% U-235 + 97% U-238) 
Deuterium & Lithium 

Typical Reaction Temperature (K) 700 1000 108 

Energy Released per kg (J/kg) 3.3 x 107 2.1 x 1012 3.4 x 1014 

Fusion is the 

Energy source of 

the future.  

… and always 

will be? 



H(ydrogen) Economy - Fuel Cell 

 A fuel cell system includes a "fuel reformer“, utilizing hydrogen from any 

hydrocarbon fuel (natural gas to methanol and gasoline).  No free H source.  

 Since fuel cell relies on chemistry and not combustion, emissions less than 

emissions from cleanest fuel combustion processes. 

 But not emission-free process 



H power – Challenges and Opportunities 

 H from fossil fuels (methane)  

produces CO2.  H from electrolysis  

of water does not produce CO2,  

but requires high temperature.   

Might require fusion/fission plants  

to be economical. 

 Water vapor production is much  

less than naturally produced by  

evaporation 

 In absence of oxydants (water,  

oxygen), C produced can be  

converted to non-polluting  

compounds (pure C). 



Socio-economics of Energy  

Approaches and Social Issues 

New Approaches/Alternatives 

• invest in alternatives 

• increase efficiency 

• regulation/taxation (fuel standards, C tax) 

 

Social Issues 

• wealth 

• health (fertility, infant mortality, life expectancy: demographic 
transition) 

• urbanization 

• education (illiteracy) 

 

Sustainability  

• scenarios and models 



Investing in Energy: Relative cost (c/kWh)  

and the “Learning Curve” 



Renewable Sources 

 Renewable sources of energy have 

undergone significant technological 

development, with costs lowered 

 Nuclear fission remains unfulfilled 

promise, stifled by problems with waste, 

cost and arms 

 Wind systems are capital intensive, but 

easy to operate  

 Equatorial countries have excellent 

potential for solar systems 
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Compare with ~3 cents per kWh 

for conventional power stations 



Efficiency ? 

Using wasted energy, Richard Box was able 

to get over a thousand fluorescent tubes 

powered by low overhead power lines. 

Because powerlines are typically 400,000 

volts, and Earth is zero volts, pylons create 

electric fields between the cables they carry 

and the ground. 

http://www.richardbox.com/ 



Energy Flow and Efficiency 

More than half of the energy produced is wasted.  Current equipment 

well below efficiency level. 

Science 315, 2/9/07, p 797 



Energy Efficiency s.l. 

 reduce energy use (conservation) 

 optimize energy use (efficiency) 

 Anecdotes: heating efficiency and electricity generation 

   car mileage and traffic congestion 

uranium 

100% 
95% 54% 17% 14% 

uranium 

mining 

uranium 

processing 

and transportation 

Power  

plant 
Transmission 

Sunlight 

100% 90% 

window transmission 

14% 

Resistance 

heating 

Waste  

84% 

10% 

Comparison: heating by electricity from nuclear power 

plant and by passive solar heating 



Example of efficiency 

Consider ordinary (incandescent) light bulb that costs $0.70, 

needs replacing after 750 hours, and uses 75 watts.  

Compare with a compact fluorescent bulb that costs $7 lasts 

8,000 hours, and uses 18 watts.  

 

If electricity costs 8 cents per kilowatt-hour, total cost to buy and 

operate ordinary bulbs for 8,000 hours (5hrs/day/4 years) is 

~$55 ($48+10 bulbs).   

Cost to buy and operate an efficient bulb over same period will 

be ~$19 ($11+1 bulb).  A savings of ~$9/year ! 

 

The more efficient bulb also saves more than half a ton of 

carbon dioxide from electricity produced by coal.  

 

Next: consider LEDs (bright, efficient; 

new traffic  lights, billboards) 



Efficiency Today 

 Energy efficiencies lead to unavoidable waste energy 

 fuel cell 60% 

 steam turbine 45% 

 internal combustion 10% 

 fluorescent light 22% 

 incandescent light 5% 

 Human body 20-25% 

 Avoidable energy loss is large (~40%); e.g., through design 

0 10 20 30 40 50

useful energy

petrochemicals

unavoidable loss

avoidable loss

0 20 40 60 80 100

fossil fuels

nuclear

hydro-geo-solar

biomass

Energy Input            Energy Output 
       (100%)  (100%) 



Energy Predictions 

73 

Sources: 

Energy Information Administration (EIA); 

International Energy Agency (IEA) 

2% growth per year, or doubling in 35 years (shortcut: 70/%=doubling) 

Fossil fuel contribution >80% globally 

(Quadrillion (1E15) Btu) 

1 quad = 1E15 British thermal 

units = 2.9E11 kWh 



Drivers for Change:  

Commercial Energy and Development Indicators 

Source: World Bank, 1997 (In UNDP World Energy Assessment) 

infant mortality illiteracy 

life expectancy 

fertility 



How much is enough? 

Human Well-being and Electricity Use 

Human Development Index, measure of basic human well-being 

used by United Nations, reaches plateau at ~4000 kilowatt hours 

of annual electricity per capita.  

Sixty nations analyzed, representing 90% of Earth's population.  

Physics Today, 2002 



A Sustainable Energy Future? 

 

 Energy continuing along current path of energy system is not compatible 
with sustainable objectives. 

 Realizing sustainable futures requires greater reliance on some combination 
of higher energy efficiencies, renewable resources and advanced energy 
technologies. 

 Prerequisite for achieving sustainable energy future is finding ways to 
accelerate progress for new technologies along energy innovation chain, 
from research and development to demonstration and application. 

 Providing energy services to rural areas poses particular challenges, but 
also offers considerable opportunity for improving lives of billions of people 
in relatively short time.  Approaches include decentralized solutions, 
appropriate technologies, innovative credit arrangements and local 
involvement in decision-making.  

 
(modified from Perspective of the World Energy Assessment; UN Report, 2000) 

 



Decision Time: Choices and Tradeoffs 

WRI  http://www.wri.org/climate/pubs_description.cfm?pid=4322 

Bubble size 

corresponds to energy 

in 2025 with respect to 

"business as usual" mix 

at center. 

Purple: power sector 

Green: transportation 

sector 


