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Appendix A  
 
Hubbert’s Peak Explained  
 
The method most commonly used to address this question involves “peak production 
theory”, first suggested by Marion King Hubbert (1956).  This theory posits that for any 
given geographical area or the world as a whole, the rate of fossil fuel and uranium 
production tends to follow a bell-shaped curve.  After production reaches its peak it 
enters into a terminal decline.  According to this theory, peak production follows the 
peak period of exploration in which the most reserves are found.  The time between 
peak exploration and peak production depends mostly on the total extractable reserves in 
comparison to the rate of consumption.  Hubbert used his theory to accurately predict 
the peak of oil production in the United States which occurred in 1970 (his prediction in 
1956 was that oil in the US would peak between 1965 and 1970) 59. 
 
 
Estimations of Peak Production for Fossil Fuels and 
Uranium 
 
Estimations for the Year of Peak Oil   
 
Although peak oil theory has become more or less accepted by industry insiders, there is 
still a great deal of variation of opinion over the time frame for its peak.  This is because 
of differences of opinion concerning predictions of total future oil recovery (see Figure 
below) and demand.   
 
 
 
 
 
 
 
 
 

                                                 
59 A. J. Cavallo  “Hubbert’s Petroleum Production Model: An Evaluation and Implications for World Oil 
Production Forecasts”  (December 2004) 



Figure 18  Published Estimates of World Oil Ultimate Recovery 

 
Source:  EIA (2000) 
 
There are a few differing schools of thought on the issue.  Experts citing estimations of 
total oil other than the United States Geological Survey (USGS) numbers tend to predict 
peak oil production before 2020.  Matthew Simmon (2006), former energy advisor to 
George W. Bush, cites the recent peaks of the 2nd and 3rd largest oil producing fields (the 
Burgan field in Kuwait entered depletion in Novermber of 2005 as did the Cantarell field 
in Mexico in March, 2006) as evidence that the global peak may have already happened.  
He also claims that the world’s largest oil producing field, Ghawar in Saudi Arabia, has 
peaked.   
 
The prediction given by the United States Energy Information Administration (EIA) used 
the USGS mean estimate to predict peak oil occurring around 2037.  The USGS mean 
estimate is roughly 50% larger than previous estimates, but the EIA claims that it was the 
“most thorough and methodologically modern assessment” and therefore solely used this 
model60.  The EIA took into consideration different oil demand growth rates as well as 
statistical probability to give a wide range of possibilities for peak (see Figure below). 
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Figure 19  EIA World Conventional Oil Production Scenarios  

 
Source:  EIA (2000) 
 
Whether the timeframe is 10 or 30 years, the consequences of peak oil without proper 
preparation could be catastrophic to the world economy because of the high utilization of 
oil for transportation.  If electricity is used to supplement oil shortages (for example 
with plug-in-hybrid or completely electric cars) the demand for electricity could increase 
at a rate much higher than the prediction given by the EIA.   
 
 
Estimations for the Year of Peak Natural Gas 
 
Natural gas is the fastest growing utilized fossil fuel resource and is expected to overtake 
coal by 2010.  It is also expected to supply a quarter of the world’s energy needs by 
2030.  Although public concerns over depletion are generally focused on oil, natural gas 
should follow the same Hubbert model.  This passage found in “Plugging the Gap” 
written by Varela and Mayes (2006) describes the exploration situation for natural gas:  
 
Contrary to popular belief, natural gas is not a poorly explored resource. In fact, gas 
exists in the same formations as oil or in exclusive reservoirs as nonassociated gas and 
most reserves were found when exploring for oil. Moreover, gas resources are more 
concentrated than oil so they were discovered faster because a few massive fields make 
up for most of the reserves: the largest gas field in the world holds 15% of the URR, 
compared to 6% for oil. 
 
However, in comparison with oil there are relatively few in-depth studies addressing the 
subject of total gas reserves and peak gas production.  In “Natural Gas Future Supply” 
Jean Laherrere (2004) shows a divergence between the “political” and “technical” 
estimations of production.  He suggests that the “technical” estimations tend to vary less 
than those coming from the realm of politics and are therefore more reliable.  This is 
significant because the “technical” estimates are much lower than the current “political” 
estimates.   Laherrere places the world’s peak production of natural gas in the year 2030.  
Moreover, because of the difficulties and expenses involved in the transportation of 
natural gas, global estimations of peak natural gas production are often not viewed as 
important as the peak estimations for individual continents.  Laherrere goes on to predict 



peak production in Europe in the year 2012 and states that peak production in the USA 
already occurred in 2002.    Distribution of the world's natural gas resources are shown 
in Figure 20 and peak discovery period in comparison to production is shown in Figure 
21. 
 
 
Figure 20  Distribution of Proved Reserves 

 
Source:  Varela and Mayes (2006) 
 
 
Figure 21  Peak Discovery vs. Demand 

 
Source:  Varela and Mayes (2006) 
 
 
Estimations for the Year of Peak Coal Production 
 
Estimations for the year of peak coal production have traditionally been measured in 
centuries.  However, in a frightening report produced recently by the Energy Watch 
Group (EWG 2007), the year of coal’s peak production is estimated to be in the year 
2025.   
 
“The first and foremost” conclusion from their investigation was that the data quality of 
coal reserves and resources is “poor, both on global and national levels.”  This is 
exemplified in the case of Germany’s hard coal reserves estimations which were 



downgraded by 99% in 2004.  Another example of poor data is the fact that China still 
uses the same figure for coal resources as it did in 1992, even though it has used up 20% 
of its resource since that time.  On a global scale, coal resource assessments have been 
downgraded continuously from 1980 to 2005 by an overall 50 percent.       
 
The report analyzes the two largest coal producing countries, the US and China.  China 
is the largest producer of coal in the world, producing double that of the US (the second 
largest producer), and depleting its resources at the current rate of 1.9% per annum.  The 
US, on the other hand is shown to have the largest supply of coal reserves by weight.  
However, according to the report, the quality of the remaining coal in the US is poor:  
 
“due to the lower energy content of subbituminous coal, US coal production in terms of 
energy has already peaked 5 years ago – it is unclear whether this trend can be reversed. 
Also specific productivity per miner is declining since about 2000.” 
 
The IEA showed two scenarios for coal production through 2030, an alternative policy 
scenario (aimed at preventing global warming) and a reference scenario.  The EWG 
states that the reference scenario is actually not possible because of peak production (see 
Figure 22 below).  
 
 
Figure 22  Worldwide Possible Coal Production 

 
Source:  Energy Watch Group (2007) 
 
 
 
 
 
 
 



Uranium Supply 
 
“The uranium market is abnormal in the sense that in most markets you don’t decide to 
mine far in excess of needs in one period and then use the excess inventories in the next, 
which is pretty much what has happened” 61 
 
This quote from the World Nuclear Association demonstrates the haphazard manner in 
which the uranium market has developed since 1947 (see Figure below).   
 
 
Figure 23  World Production vs. Requirement 1947-2003 

 
Source:  World Nuclear Association (2004) 
 
 
The overabundance of supply (due to nuclear weapon stockpiling) has resulted in the 
closing of many small and low-grade ore mines and a lack of exploration.  This has in 
turn resulted in the anticipation of a supply shortage which has caused the market price to 
rise.  Since January 2001, the spot price of uranium ore has skyrocketed by 1775 percent, 
from less than $7 to $120 US dollars per pound.  Moreover, in October 2006, the Cigar 
Lake uranium mine in Canada flooded.  This is significant because this mine was 
expected to supply 30% of the world’s uranium.  The project has been set back at least 
two years to 2010 and its feasibility has been called into question62.  These high uranium 
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prices and possible shortages may influence the opinions of the public and policymakers 
and prevent the future construction of nuclear reactors (i.e. a “nuclear renaissance”63).  
 
The long term supply of uranium is also controversial.  A publication of the Uranium 
Institute (2006) states, “It can be concluded that consideration of market dynamics 
suggests that there is plenty of uranium to fuel greatly expanded nuclear electricity 
generation throughout the next century and probably beyond.”  Varela and Mayes (2006) 
use current estimations of proven reserves to put the number at 60 years.   
 
The World Information Service on Energy (2005) sees things differently.  They say 
extracting electricity from uranium is an energy intensive process and identify five 
different activities by which energy is consumed during this process: (1) mining, refining 
and transport of the raw materials and fuels; (2) construction and maintenance of the 
power station; (3) conversion of fuel or uranium into electricity; (4) dismantlement of the 
power station at the end of its life span; (5) processing of the resulting waste.  They 
estimate that the amount of energy consumed by these processes account for 10 – 18 
years (10 years for high grade uranium and 18 for low grade uranium) of a nuclear 
reactor’s 30 year life.  Assuming that much of the energy consumed during these 
processes would come from fossil fuel sources, nuclear sourced electricity price could be 
affected by peak production of fossil fuels.  Moreover, if the energy involved in its 
production was self sourced, the peak would come much sooner. 
 
 
The Effect on World Economy 
 
It is difficult to predict the effects of an early shortage of one or more of the fossil fuels 
on the world economy.  Energy crises often have effects on the rest of the economy, with 
many recessions being caused by an energy crisis in some form.64  The causes for this 
include the production costs of electricity rising, which in turn raises manufacturing costs 
and the price of goods in general.  Transportation costs are also especially affected.   
 
The percentage of US gross domestic product expenditure on energy in 1973 was about 
8%.  In 2001 it was 7%.65  Since 2001 the price of oil has risen over 300% from an 
average of $23 in 2001 to a peak of $76 dollars per barrel, the price of uranium has risen 
1775%, natural gas prices have risen 56%,66 and coal has risen 32%.6768  At the same 
time the US GDP has only increased 30%.69  Recently, high energy costs have been 
given as the one of the main reasons for the US GDP sinking to low levels.70   
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Potential for Political Conflict 
 
According to top consultancy firm Wood MacKenzie (2007), which gave one of the more 
conservative estimates for oil’s global peak, in 2015 non-OPEC countries may reach peak 
oil production. This places a rapidly growing percentage of the world’s oil coming from 
OPEC countries, among which many are already experiencing political difficulties.  In 
fact, a study by the European Commission places the proportion of world oil reserves 
concentrated in OPEC countries at 95% by 2030 in comparison to 80% today.   
 
Moreover, the two largest oil consuming countries, China and the US have in recent years 
had policy conflicts.  While the US is imposing sanctions on Iran and Sudan, these two 
countries remain among China’s main suppliers of oil.  Moreover, China’s consumption 
of oil accounts for 40 percent of global growth.  Senator and former US vice presidential 
candidate Joe Lieberman addresses this issue and how it relates to renewable energy: 
 

“I want to discuss what I believe is one of the biggest sources of potential friction 
between the U.S. and the PRC, and that is our global competition for oil.  The U.S. and 
China are now the world’s number one and two consumers of oil respectively, with 
China’s need growing as rapidly as its economy is.  This could lead to Sino-American 
confrontations over oil that could in the years ahead threaten our national security and 
global security unless each of our nations…develop and employ new technologies that 
will reduce our dependence on oil.” 71 
 
 
Appendix B   
 
The Effects of Global Warming 
  
Current Effects 
 
The Intergovernmental Panel on Climate Change (IPCC) “Climate Change 2007” states 
that “observational evidence from all continents and most oceans shows that many 
natural systems are being affected by regional climate changes, particularly temperature 
increases.”  Some of the examples of this that were given are:  “enlargement and 
increased numbers of glacial lakes, increasing ground instability in permafrost regions, 
rock avalanches in mountain regions, changes in some Arctic and Antarctic ecosystems, 
including those in sea-ice biomes, and also predators high in the food chain.”   
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Future Effects of Global Warming 
 
Climate sensitivity is defined as the amount of global average surface warming following 
a doubling of carbon dioxide concentrations.  According to the IPCC this amount is 
likely to be in the range of 2 to 4.5° C, with a best estimate of about 3° C.  This figure 
was used in conjunction with known and projected carbon emissions to predict the 
amount of surface air warming that will occur in the 21st century.  There are two 
scenarios used for this: the “low scenario” and the “high scenario”.  The estimate for a 
“low scenario” is a 1.8° C increase with a likely range of 1.1 to 2.9° C.  The estimate for 
a “high scenario” is 4.0° C with a likely range of 2.4 to 6.4° C.  The future ramifications 
of temperature rise are shown in the Figure below.   
 
 
Figure 24  Key Impacts as a Function of Increasing Global Average Temperature Change 
 (Impacts will vary by extent of adaption, rate of temperature change, and socio-economic pathway) 

  
Source:  Intergovernmental Panel on Climate Change (2007) 
 
By mid-century, “annual average river runoff and water availability are projected to 
increase by 10-40% at high latitudes and in some wet tropical areas, and decrease by 
10-30% over some dry regions at mid-latitudes and in the dry tropics, some of which are 
presently water stressed areas.”  The effects of this may not be limited to water shortages.  
The capacity for crop production is predicted to be negatively affected by droughts and 
floods.  Crop production capacity is expected to undergo major shifts, decreasing in 



lower latitudes and increasing in higher latitudes.  When considering the vital 
importance of this resource it is easy to understand how unresolved conflicts could 
escalate into violence.  Without water there is the risk of the citizens of a country dieing, 
which is the same risk that war poses.   
 
The 2007 IPCC report goes on to describe the effect of increased temperature on 
ecosystems. 
 
“The resilience of many ecosystems is likely to be exceeded this century by an 
unprecedented combination of climate change, associated disturbances (e.g., flooding, 
drought, wildfire, insects, ocean acidification), and other global change drivers (e.g., 
land use change, pollution, overexploitation of resources)...Approximately 20-30% of 
plant and animal species assessed so far are likely to be at increased risk of extinction if 
increases in global average temperature exceed 1.5-2.50 C.” 
 
Global Warming and the “Carbon Tax” 
 
In 2006, the “Stern Review”72 was published.  This report, written by Nicolas Stern, the 
vice president of the World Bank, predicted that the effects of global warming on the 
world economy could be very significant.  He stated that the investment of 1% of world 
GDP is necessary to lower the effects of global warming and predicted that if this is not 
done, that global GDP could be up to 20% lower than what it would otherwise be.  He 
recommended that a tax on carbon be implemented in order to incentivize alternative 
approaches to industry. 
 
Numerous studies on the cost of global warming in today’s dollars have been performed 
as this passage from Climate Change 2007 explains:   
 
Many estimates…(i.e., the social cost of carbon (SCC), expressed in terms of future net 
benefits and costs that are discounted to the present) are now available. Peer-reviewed 
estimates of the SCC for 2005 have an average value of US$43 per ton of carbon (tC) 
 
Thus, the amount of benefit from non-carbon dioxide emitting energy sources can be 
roughly quantified in today’s dollars.  However, as discussed earlier, this type of 
Pigouvian tax policy is very controversial, and as yet very few countries have adopted 
it.73 
 
Potential Political Conflicts 
 
On April 17, 2007 the UN Security Council hosted its first forum discussing the potential 
effects of global warming on global security.  A press release74 describes some of the 
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dialogue at the meeting.  Margaret Beckett who chaired the meeting said: 
 
“[Climate change is a security issue, but it is not a matter of narrow national security - it 
is about] our collective security in a fragile and increasingly interdependent world”.  
 
Security Council Secretary-General Ban Ki-moon went on: 
 
The Secretary-General outlined several “alarming, though not alarmist” scenarios, 
including limited or threatened access to energy increasing the risk of conflict, a scarcity 
of food and water transforming peaceful competition into violence and floods and 
droughts sparking massive human migrations, polarizing societies and weakening the 
ability of countries to resolve conflicts peacefully. 
 
 
Appendix C   
 
Carbon Repayment of Foundation 
 
For each ton of cement that is manufactured, about 0.9 tons of carbon dioxide is 
released.75  A publication of Pacific Hydro states that each of their 1.5 MW turbines at 
an Australian windfarm had 150 ton foundations.76  Assuming the weight of the cement 
in the foundation to be 10% of the total weight, the total amount of cement is 15 tons, 
resulting in the release of 13.5 tons of CO2 into the atmosphere.  Pacific Hydro also 
calculate that each of their 1.5MW turbines prevent the release of 5000 tons of CO2 per 
year in their replacement of fossil fuel generating plants.  This means that the amount of 
CO2 released in the creation of the foundation will be “paid back” in between one and 
two days of operation77. 

 

 

Appendix D 

Calculating Wind Availability   

Although wind is an intermittent source of energy, firms estimate the average wind a 
location will produce in a year.  Wind turbines are given capacity ratings (for example 1 
megawatt).  This is the amount of power a turbine will produce if the wind is optimal.  
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75 R. McCaffrey  “The Cement Industry's Role in Climate Change”  (2002) 
76 Pacific Hydro Website FAQ’s Page  (visited 7/25/07) 
77 D. Clarke  “Wind power and Wind Farms in South Australia”  Independent website  (visited 7/25/07) 



Locations are given “wind availability” ratings to help people predict how much wind 
will be available for the year.  For example if a site has a wind rating of 30%, then a 
turbine will produce the equivalent of turbines producing at full capacity for 30% of the 
year (30% of the hours in a year).  To know how much electricity a wind farm will 
produce in a given amount of time use the equation:  Time x Capacity x Availability.  
Multiply the number of hours in a period of time by the capacity, then multiply that figure 
by the wind availability (i.e. 27%).  
 
 
Appendix E   
 
Windfarm Basics78 
 
When observing many modern windfarm sites, there are two things that often strike 
people:  the enormous size of the turbines and the number of turbines grouped together.  
The reasons for these characteristics are economic and are discussed below. 
 
 
Wind turbines 
 
Wind turbines have traditionally gotten larger over the years.  This has to do with the 
fact that the amount of energy produced by a wind turbine is the square of the length of 
the diameter.  This is expressed by the equation:  
  

e = d2 
 
where energy = e, and the diameter of the rotor blade = d  
  
Thus, if a wind turbine has a diameter of 1 it will produce 1 unit of energy.  If it has a 
length of 2 it will produce 4 units of electricity. 
 
However, there is a limit to the size of the turbine that is economically efficient.  This is 
due to the fact that while the area of the diameter of the wind surface is increasing in two 
dimensions, the overall size of the turbine is increasing in three dimensions.  This results 
in the volume of materials used increasing by the cube of the diameter of the turbine 
blades.  This is expressed by the equation:  
 

m = d3 
 
where m = material cost, and d = the diameter of the rotor blade 
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This will mean that the material cost will eventually limit the size of the turbines.  In the 
past this limitation has been worked around by more efficient engineering.  It is 
currently unclear whether turbines have reached the point where size is the limiting factor. 
 
 
Windfarm Size 
 

Wind turbines are often grouped together in areas of high wind.  These groups of wind 
turbines are called windfarms.  There are two reasons for this phenomenon.  The first 
is the impact of wind speed on the amount of electricity a wind turbine can produce.  
The energy produced is approximately the cube of the wind speed.  A simplified version 
of this equation follows: 
 

e = w3 

 
where e = energy and w = wind speed 
 
This means that (all other things being equal) the energy output at a site with an average 
wind speed of 7 meters per second will be about 63% higher than at a site with an 
average wind speed of 6 meters per second.  This not only shows the importance of site 
location, but also underscores the importance of accurate wind speed measurements when 
selecting a site. 
 
The second factor which causes wind turbines to be grouped together involves economies 
of scale.  This excerpt from an American Wind Energy Association publication (2005) 
describes this phenomenon (the listed prices for both are very low, this is because the 
California tax credit was included in the estimation): 
 
Assuming the same average wind speed of 18 mph and identical wind turbine sizes, a 
3–MW wind project delivers electricity at a cost of $0.059 per kWh and a 51-MW project 
delivers electricity at $0.036 per kWh—a drop in costs of $0.023, or nearly 40%. Any 
project has transaction costs that can be spread over more kilowatt-hours with a larger 
project. Similarly, a larger project has lower O&M (operations and maintenance) costs 
per kilowatt-hour because of the efficiencies of managing a larger wind farm. 
 
A corresponding graph is below. 
 
 
 
 
 
 
 
 
 



 
Figure 25 Cost of Energy - Large Windfarm vs. Small 

 
Source:  AWEA  (2005) 
 
 
Windfarm Area 
 
When there are obstacles in the wind’s path, turbulence increases and wind speed slows.  
This decreases the energy output from wind turbines placed downstream.  For this 
reason, it is uneconomical to group wind turbines too close together.  The suggested 
distances between turbines placed parallel to prevailing wind is between 5 and 9 rotor 
diameters apart.  For turbines perpendicular to the prevailing wind, the distance is 
between 3 and 5 diameters apart.79  A common rotor diameter for a 2 MW modern 
turbine might be 80 meters.  Thus, the space needed for a large scale windfarm becomes 
quite large.  For example, the 51 MW project described above might require 20 or 30 
wind turbines.  With a 10 x 2 configuration three rotors apart, the front of the windfarm 
would be nearly 3 kilometers across.  Thus, finding tracts of land becomes increasingly 
difficult with the increasing size of the farm.  The lack of land available for windfarms 
plays an important role in the situation of Taiwan described later. 
 
At this point it should be said that although large tracts are needed for wind farm 
construction, the actual footprint of a wind turbine is only between 0.25 and 0.5 acres.80  
All off the land in between the turbines can still usually be used for its original purpose.  
However, there are other factors which can limit windfarm placement discussed below. 
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Appendix F   
 
China’s Sustainability and Environment 
 
In the future China will have to deal with several issues which concern energy:  damage 
to the environment by pollution, global warming, and energy supply.  Although these 
are global issues and were previously discussed, they have a particular relevance to China 
because of its rapid growth in energy consumption. 
 
Recently, the Chief Economist of the International Energy Agency said China's economic 
growth had been so fast in 2006 and 2007 that the historic global shift of 
climate-changing emissions from west to east which was previously predicted for 2009 or 
2010 could now happen by November 2007.  At current rates it would be emitting twice 
as much CO2 as the world's 26 richest countries together within 25 years.  He went on 
to state:  
 
“Without having China on board, no international climate change policy has any chance 
of success at all. Without China playing a significant role, all the efforts of every other 
country will make little sense. It is terribly important.”81 
 
According to the World Bank (2004) Chinese cities make up 16 of the world's 20 most 
polluted. This is in large part due to China’s reliance on coal to supply its primary energy 
needs.   
 
China’s primary energy demand is expected to nearly triple its 1996 levels by 2020, 
coming close to the projected US levels of consumption.  Much of this growth 
(especially natural gas and oil) is expected to be accounted for by importation.  It has 
been suggested that the consequence of this growth will be decreased energy security. 
 
A potential solution to these problems in the long term is the promotion of wind or other 
renewable energies.  
 
 
Appendix G   
 
The Green Electricity Price System 
 
The green electricity price system is not government mandated, but rather was created on 
the open market from consumer demand for electricity generated by renewable energy 
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technologies.  The electricity is sold at a premium to those customers who sign up for it.  
An example of this is the Netherlands where 30% of customers bought some green 
electricity in 2004.  In order for this system to work, there must be large public support 
for renewable energy. 

Green electricity strategy differs from the others in that it is not created by 
government policy, but rather by the consumer demand.  Green electricity cannot 
compete with other electricity on price and therefore must compete based on a preference 
for this type of electricity.  Because there is not actually a difference in the quality of 
green electricity and regular electricity, customers must be convinced to purchase it based 
on concepts and company image.  The strategic focus of the green electricity company 
should be based on marketing.  However, a windfarm developer may only sell electricity 
to a green electricity company.  The nuances of this relationship are outside of the scope 
of this thesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


