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1. Introduction  
 
Electricity consumption in the United States has increased in almost every year for at least the 
last 50 years (Figure 1).  Currently electricity generation is responsible for about 40% of the 
primary energy consumption in the United States.  Combustion of coal is responsible for the 
largest amount of electricity produced, contributing 49% of U.S. electricity in 2007 (Energy 
Information Administration, 2008a).  Natural gas is the second largest source of electricity 
generation.  Combustion of coal and natural gas emits carbon dioxide to the atmosphere.  Coal 
combustion is currently responsible for 36% of U.S. carbon dioxide emissions (Energy 
Information Administration, 2008a).  Concerns about global climate change are motivating 
governments and industries to reduce carbon emissions.   
 

 
Numerous options are available for carbon-free generation of electricity.  Of these, hydroelectric 
and nuclear are the only two that contribute appreciable amounts to United States electricity  
generation.  The component labeled “other renewable” in Figure 1 includes wind, solar, 
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Figure 1.  Sources of U.S. electricity.  Data are from the Energy Information Adminstration 
(www.eia.doe.gov). 
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geothermal, and renewably produced biomass.  Other technologies being explored for 
development include tidal and wave energy and ocean thermal energy conversion.  The term 
“carbon free” should be used with caution as the overall life cycles of these technologies most 
certainly involve carbon emissions.      
 
The following sections will examine electricity production from solar and wind energy 
resources.  The mass and energy conservation principles involved in each technology will be 
presented, and then an example will be presented for the production of 1000 megawatts (MW) of 
electricity in a specific location.  Before examining wind and solar energy, it will be valuable to 
review a few concepts from physics on energy and power.   
 
 
2. Power and Energy of Electricity 
 
Electricity is often expressed in terms of the energy contained in the electricity or the power 
delivered.  It is helpful to remember that power is the rate of useful energy delivered, and 
consequently power is energy divided by time (equation 1).   

 
Time

EnergyPower =         (1)  

The SI unit of energy is the Joule (J) and that of power is the Watt (W).  The two are related by 
the conversion that 1 W = 1 J/s.   
 
When referring to power plants, it is common to describe them based on their electric power 
production.  For example, a large coal-fired power plant can produce 1000 megawatts (MW) of 
electricity, which means that it is producing 1000 megajoules (MJ) of electricity every second.  It 
is important to note that power plants are rated based on the electric energy that they produce and 
not the input energy that they use.  This issue is revisited below when efficiency is discussed.   
 
The other commonly used unit for electricity is the kilowatt-hour (kWH), which is the amount of 
energy when 1 kilowatt (kW) of power is produced for 1 hour.  From equation 1, power 
multiplied by time is energy, which means that the kilowatt-hour is a unit of energy.  Equation 2 
illustrates the conversion of kilowatt-hours into Joules.   
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As noted before, the stated power of a power plant is the amount of electricity produced.  
Because of the second law of thermodynamics, which states that conversion of energy from one 
form into another will always involve losses, the input energy to the power plant will be greater 
than the electric energy that it produces.  The percentage of input energy converted into useful 
energy, which in this case is electricity, is the efficiency (equation 3). 

inenergy
outenergyEfficiency ==η         (3)   

For a coal-fired power plant, the production of electricity from coal involves multiple 
conversions.  The internal chemical energy of the coal is first converted to energy in the form of 
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heat, which is used to produce steam that drives a turbine that has kinetic energy.  This kinetic 
energy is finally converted into electric energy by a generator.  Each of these conversions 
involves losses of energy that can be characterized by an efficiency for that step.  The overall 
conversion of the chemical energy in the fuel into electricity is the overall efficiency for the 
power plant.  Excellent discussions and examples of electricity production from fossil fuel-based 
power plants are included in books on engineering and the environment (Masters and Ela, 2008; 
Rubin, 2001).   
 
Example 1:  Electricity produced by a coal-fired power plant. 
A 1000 MW coal-fired power plant has an efficiency of 33% and uses sub-bituminous coal with 
an energy content of 20,000 kJ/kg.  The carbon content of the coal is 48% by mass.  The 
electricity is used by a population that has a per capita electricity use of 36 kHW/d.   

a. If the coal-fired power plant operates at 100% capacity, how many people can it supply?  
For this problem, assume that there are no energy losses in transmission of the electricity. 

b. In one day, what mass of coal is used and how much carbon is emitted? 
 
Solution:  To find the number of people that can be supplied, the energy produced by the 
power plant in one day must be found. 

 d
kWh

d
h

MW
kWdMWenergyelectric 7104224100011000 ⋅=⋅⋅⋅= .  

The population supplied can then be determined from the per capita use. 
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To find the amount of coal used in one day, the electric energy output will first be expressed 
in units of kJ, and then the input energy to the power plant can be calculated using the 
efficiency. 
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By converting the energy into units of kJ, the masses of coal and carbon can then be found. 
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The preceding example was based on several assumptions.  One important assumption was that 
the electric energy is produced and used at a constant rate.  In this case the power plant was 
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always producing 1000 MW of electricity and each person was always using 1.5 kW (1000 MW 
divided by 670000 people).  In reality, the demand for electric power is subject to daily and 
seasonal cycles, and electricity generators are constantly varying production in order to meet the 
demand without producing any more electricity than is needed.  Electricity demand and supply 
can be characterized as either base or peak.  Base demand or base load is electricity that is 
required continuously, and it is largely supplied by big power plants that have low costs and are 
not easy to start up or shut down.  In contrast, peak demand is electricity required beyond that of 
the base demand and can fluctuate rapidly.  Peak demand is met by electricity generating systems 
with outputs that can be rapidly varied to match the demand.  The concept of base versus peak 
electricity demand is an important factor in evaluating the potential for solar and wind electricity 
generating technologies to contribute to electricity supply.   
 
 
3. Electricity from Wind 
 
Wind energy is the fastest growing 
sector of renewable energy 
technologies, and in some regions 
its costs are competitive with those 
of combustion-based power plants.  
Unlike electricity generation from 
combustion-based power plants 
whose outputs are determined by 
their efficiencies and rate of fuel 
combustion, the generation of 
electricity from wind is highly 
dependent on location and season.   
 
In generating electricity from wind, 
the kinetic energy (KE) of the wind 
is first converted into the kinetic 
energy of a spinning turbine, which 
is then converted into electricity by 
a generator.  The kinetic energy 
contained in moving air (wind) depends upon the mass of air (m) and its velocity (v).   

22

2
1

2
1 mvvelocitymassKEenergykinetic =⋅⋅==     (4) 

A wind turbine (Figure 2) taps the kinetic energy of the wind, so it is helpful to determine the 
rate at which air passes through the swept area of the turbine.  The volumetric flow rate of air (Q) 
is equal to the swept area of the turbine (A) multipled by the velocity, and the mass flow rate of 
air is then determined by considering the density of air (ρ), which is approximately 1.2 kg/m3.    
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A = wind-swept area 
v = wind speed 

ρ = density of air 
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By substituting the rate of mass flowing through the turbine from equation 6 into equation 4, 
equation 7 becomes the rate of kinetic energy passing through the turbine, which is the same as 
the “power” of the wind (Pwind). 
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The electricity produced by the wind turbine is then determined by the overall efficiency of the 
turbine at converting the kinetic energy of the wind into electric energy (equation 8).   
 windelec PP ⋅= η         (8) 
There is a theoretical limit to the amount of kinetic energy of a moving fluid that can be captured 
by a turbine (consider what would happen to the wind speed behind a turbine if the efficiency 
approached 100%), and the component of efficiency associated with this conversion is much 
greater than that of converting the spinning turbine kinetic energy into electricity.  An overall 
efficiency of 25% is a reasonable value.     
 
Equation 7 indicates that the electricity produced by a wind turbine depends upon both the size 
of the turbine and the wind speed.  Because the power is proportional to the wind speed raised to 
the third power, the impact of wind speed is much greater than that of area.  Consequently, 
location selection is critical to having an effective wind turbine.  Maps of wind speeds are 
available from various sources, including online sources maintained by the National Renewable 
Energy Laboratory (http://rredc.nrel.gov/wind/pubs/atlas/maps.html and 
http://www.eere.energy.gov/windandhydro/windpoweringamerica/wind_maps.asp). 
 
Wind turbines are often described based on the maximum power that they can produce.  
However, such values should be interpreted cautiously because the actual power produced 
depends upon the real wind speed and not the maximum operating wind speed. 
 
Example 2.  Electricity generated by a “1 megawatt wind turbine.” 
A wind turbine has been rated at 1 MW based on a maximum operating windspeed of 12.5 m/s 
(about 28 miles per hour) and an overall efficiency of 25%.   

a. What is the diameter of the wind-swept area of the turbine blades? 
b. What is the electric power generated by this wind turbine when the wind speed is 7 m/s 

(the maximum wind speed classification in Missouri)?   
c. How many wind turbines would be needed at this location to provide 1000 MW of 

electricity? 
 

Solution:  In order to track the units involved in the calculations, the power will first be 
converted into units of kg, m, and s.  Working backwards from 1 W being equivalent to 1 J/s, 
recall that 1 J is 1 N·m and that 1 N is 1 kg accelerated at 1 m/s2.  Consequently 1 W = 1 
kg·m2/s3.  The value of Pwind is determined from Pelec and the efficiency. 
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Equation 7 with the wind speed set at 12.5 m/s is then solved for the wind-swept area of the 
turbine, and the diameter is then calculated. 
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To determine the power generated when the wind speed is only 7 m/s, equation 7 could be 
computed for the actual wind speed and the area just determined.  Alternatively, the power 
can be calculated by noting that the power is proportional to the wind speed to the third 
power. 
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The cubic dependence of power on wind speed consequently makes this “1 MW turbine” 
only generate 180 kW at optimal conditions in Missouri.   
 
With this 180 kW value, the number of “1 MW turbines” that should be built in Missouri to 
replace the electric power produced by the 1000 MW coal-fired power plant is determined.   

 turbines
turbine

MW
MWturbines 5600

180
1000

==
.

 

 
As noted earlier, site selection is critical to generating optimal wind power.  The cost of 
constructing a wind turbine will vary minimally from location to location (not considering the 
increasingly popular version of off-shore turbines), but the electric power produced will vary 
dramatically.  Consequently, the cost of electricity from wind will be location-specific.  The role 
of wind power in the overall mix of electricity generating sources must also consider base versus 
peak power.  Unlike fuel-based power plants, a wind turbine can not be turned off or on.  Wind 
power represents a form of base generating capacity that must be complemented by additional 
generating methods to provide peak power as well as base power during periods of low wind 
speed.   
 
 
4. Electricity from Solar Energy 
 
In a sense, nearly all of the major forms of electricity generation are solar powered.  The coal and 
natural gas that make up the majority of U.S. electricity generation are ultimately the products of 
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prehistoric plants that relied on the sun to drive photosynthesis.  Hydroelectric power generation 
relies on the hydrologic cycle, which is driven by the input of solar energy.  The pressure 
gradients that produce winds are the products of uneven heating of the earth by the sun.  
However, solar power is usually referred to as more direct conversions of solar energy into other 
useful forms.  This module only examines photoelectric solar energy, but there are also 
thermoelectric methods that convert the sun’s energy into heat to produce steam to spin a turbine 
and simpler solar hot water heating that directly converts the solar energy into hot water for use.   
 
For photoelectric solar energy, the radiant energy contained within the sun’s light is directly 
converted into electricity by semiconducting materials.  Currently the most widely used 
semiconductors for photovoltaic solar energy are based on multicrystalline silicon wafers.  A 
typical overall efficiency for these materials is 15%.  For specialized materials, efficiencies 
greater than 40% have been achieved (National Renewable Energy Laboratory, 2008).    
 
As with wind, the electricity generated by a photovoltaic system is highly dependent on the 
location of the installation and on daily and seasonal variation.  The electric power generated by 
a system is proportional to the density of incoming energy (Psun), the efficiency (η), and the area 
(A) of the photovoltaic array (equation 9). 
 sunelec PAP ⋅⋅= η         (9) 

Also similar to wind electricity, systems are often rated based on conditions that may not actually 
be reached in a specific setting.  Photovoltaic solar systems are generally rated based on the 
electricity produced when the system is irradiated in a controlled setting with light with an area-
based power density of 1000 W/m2; this roughly corresponds to the incoming solar energy on a 
tilted south-facing surface in the United States at the spring or autumn equinox.  Maps of 
available solar energy resources for different solar panel configurations are available from the 
National Renewable Energy Laboratory 
(http://rredc.nrel.gov/solar/old_data/nsrdb/redbook/atlas/).  
 
Example 3:  Electricity generated by photovoltaic system 
Photovoltaic cells with an efficiency of 15% are to be installed in Missouri in a configuration of 
a tilted flat plate.  For this configuration, the average annual incoming solar radiation is 210 
W/m2 in Missouri.  Note that this average includes nighttime, when no electricity will be 
produced, as well as daytime. 

a. What will be the average electric power output of a “10 kW photovoltaic system” at this 
location? 

b. How large of an area must be covered with solar cells to equal the average electric power 
output of the 1000 MW coal-fired power plant? 

 
Solution:  The first step will be to determine the area of the “10 kW photovoltaic system” 
using equation 9.  The rating is based on an incident irradiation of 1000 W/m2. 
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When irradiated with the average Missouri solar radiation of 210 W/m2, the power is 
calculated for this area.   

 kWWm
WmPAP sunelec 12210021067150 2

2 .. ==⋅⋅=⋅⋅= η  

On average this “10 kW” system will only produce 2.1 kW of electricity; however, during 
periods of peak solar intensity such as midday during the summer, the system will produce 
much more than this average value.   
 
A similar calculation is done to calculate the area required to generate electric power at an 
annual average of 1000 MW. 
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This area is equivalent to about 12 square miles. 
 
The location of a solar installation dramatically affects the electric power produced as well as the 
cost of producing the associated electricity because the capital cost of a photovoltaic system is 
essentially independent of location.  Although photovoltaic solar electricity can not be turned off 
and on to meet fluctuations in peak power demand, it does have the advantage of maximum 
production during the periods of the day when electricity demand is highest.   

   
 
5. Overview of Course Project – Reducing Carbon Dioxide Emissions Associated with 

Electricity Production for U.S. Universities.   
 

To continue exploring options for solar and wind generation of electricity, a course project 
description is included in the appendix.  The objective of the project is to propose a strategy for 
reducing by 20% the carbon dioxide emissions associated with a university’s electricity 
consumption.  Available options are photovoltaic solar, wind, and conservation.  The first step in 
the project is estimating the current carbon emissions associated with electricity use by the 
university.  To make this estimate, several assumptions are usually made.  One is to provide a per 
student electricity use value.  Another is to assume that electricity used by the university comes 
from a variety of sources with the same proportion as for the generation of electricity in the state.  
Detailed records of state electricity generation by source are available from the Energy 
Information Administration (Energy Information Administration, 2008b).   
 
An element of the project not addressed in the module is that of costs.  The project includes 
typical costs for electricity production from coal, natural gas, and nuclear on the basis of $/kWh.  
In contrast, the costs associated with wind and solar are given in $/m2 for capital costs and 
$/kWH for operating costs.  The capital costs are given on an annual levelized basis that 
accounts for the anticipated useful life of the installation.  For courses that include engineering 
economics, the calculation of annual levelized capital costs could be included as part of the 
project.   
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Appendix – Course Project on Reducing Carbon Emissions from University Electricity Use 
 
 
Objective:  To propose a strategy for reducing by 20% the carbon dioxide emissions associated with a 
university’s electricity consumption.   
 
Groups:  Groups of 4-5 students are assigned.  Groups will select one of the following universities in 
class. 
 
Universities:   
Arizona State University, Drake University, Emory University, Harvard University, University of Hawaii  
 
Deliverable:  Written Report.   

Due Date and Time:  At the beginning of class on due date. 

Elements of a Successful Report 

1. Executive Summary.  In a one page summary, communicate all of your key points to a busy 
reader who may only read this page of your entire report.   

2. Body of the Report.  Include the information described in more detail on page 2.   
a. Introduction to University, Current Electricity Use, and Associated Carbon Emissions 
b. Potential Strategies for Reducing Carbon Emissions 
c. Method for Determining Recommended Strategy 
d. Summary and Conclusions 

3. Appendices.  Provide supporting information and data that may be of interest to your reader, but 
that do not need to part of the main body of the report.  Possible items for the appendices include 
any calculations performed as part of the work and tables of data used in the body of the report.  

Length and Format.  Use 11 point font, double spacing, and 1” margins.  The total length (including 
tables, figures, and the executive summary; not including references and appendices) should be 7-12 
pages.  Include page numbers in your proposal.  Tables and figures such as maps and charts can be 
useful elements of the report.  Tables should be single spaced.   

 

Project Grading and Evaluation.   

Grading Criteria: Inclusion of required information  30% 
   Quality of estimations and calculations  30% 

Clarity of presentation    20% 
   Length and quality of writing   20% 

Peer Evaluation: After turning in the written report, each group member will have an opportunity 
to evaluate the other members of the group.  Details of the peer evaluation process are given on page 
5.  The final project score will be adjusted for each group member by multiplying the group score by 
an individual’s average peer evaluation rating divided by 10.  Individual scores will be capped at 100.   
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INFORMATION TO INCLUDE IN REPORT 

 

1. Introduction to University, Current Electricity Use, and Associated Carbon Emissions (1-2 
pages)   

a. University Information.  Location and estimated full-time student population.   

b. Current Electricity Use.  Estimate electricity consumption based on an approximate value of 
10,500 kW-h per full-time student per year.  This does not mean that each student individually 
uses this amount, but rather that the entire university is using this amount of electricity for all 
activities (e.g., residence halls, classrooms, administrative offices, research facilities, etc.).   

c. Associated Carbon Emissions.  Assume that the university currently gets electricity from coal, 
natural gas, nuclear, and hydropower.  The proportion from each source is the same as the relative 
proportions used for electricity generation in the state where the university is located. See the 
Energy Information Administration data on electricity (http://www.eia.doe.gov/fuelelectric.html).  
Also use the information on electricity generating methods in the attached sheets. 

 

2. Potential Strategies for Reducing Carbon Emissions (2-4 pages) 

Available options in this project for reducing carbon emissions are to use electricity from solar or 
wind generation and to decrease electricity usage by implementing conservation methods.   

a. Descriptions of Strategies.   

i. Develop a strategy based on increased use of wind power.  This strategy may be done either 
with or without the simultaneous implementation of conservation methods.  Identify the 
location, number, and size of the wind turbines used.  Wind turbines must be located within 
250 miles of the university.  Off-shore sites are permissible within 20 miles of the coast.   

ii. Develop a strategy based on increased use of photovoltaic solar power.  As with wind, this 
may be done with or without the simultaneous implementation of conservation methods.  
Identify the location and size of the solar facility.  Solar panels must be located within 250 
miles of the university.  Off-shore locations are not permissible, but roof-mounted systems 
are allowed.    

 

3. Method for Determining Recommended Strategy (2-3 pages) 

a. Identify and describe the criteria that you will use to determine the best strategy. 

b. Evaluate your two strategies according to these criteria.   

 

4. Summary and Conclusions (1-2 pages) 

a. Identify your recommended strategy and summarize why it is your selection. 

b. Identify any other strategies that you would recommend the university consider as possible 
methods for reducing their carbon emissions.   
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INFORMATION ABOUT ELECTRICITY GENERATION FROM DIFFERENT SOURCES 
 
Definitions 

total levelized cost – total cost per unit of electricity production (includes fuel, operating and 
maintenance, and capital costs distributed over expected the life of a facility). 

annual levelized capital cost – capital costs (e.g., construction and installation) distributed over the 
expected the life of a facility.    

Coal 
• Efficiency is 33%.   
• Use composition and energy contents on next page.   
• Total levelized cost is $0.045/kW-hr. 

Natural Gas 
• Efficiency is 35%. 
• Use composition and energy contents on next page.   
• Total levelized cost is $0.055/kW-hr. 

Nuclear 
• Total levelized cost is $0.09/kW-hr.   

Photovoltaic Solar 
• Use solar maps from the Solar Radiation Data Manual for Flat-Plate and Concentrating Collectors 

(http://rredc.nrel.gov/solar/old_data/nsrdb/redbook/atlas/).   
• Use the instrument orientation “Two Axis Tracking Flat Plate” 
• Efficiency is 15% (solar radiation to electricity). 
• Annual levelized capital cost = $48/m2-y.   
• Operating and maintenance cost = $0.015/kW-hr. 

Wind 
• Use wind maps from the Wind Energy Resource Atlas of the United States 

(http://rredc.nrel.gov/wind/pubs/atlas/maps.html) 
• Efficiency is 25% (wind energy to electricity).     
• Annual levelized capital cost = $30/m2-y (where m2 is the cross-sectional area through-which the 

wind turbine spins).  Increase this value by 50% for off-shore facilities. 
• Operating and maintenance cost = $0.01/kW-hr.  Increase by 50% for off-shore facilities. 
• Required area for wind facilities is 30 hectares/4000 m2 turbine areak, but the turbine structures 

themselves only occupy 5% of the total land area.   

Conservation 
These are capital improvements that cost a certain amount of money per full-time student per year.  The 
cost depends upon the percentage reduction of electricity consumption.  The cost (C) in units of $/student-
year for a k% reduction in per capita electricity use is C = 15(e0.183k – 1) (example:  a 10% reduction in 
per capita electricity consumption costs $78.51/student-year).    

Costs of Carbon Emissions 
• Currently there are no regulations on carbon emissions. 
• Potential future costs of carbon emissions (either from a carbon tax or from a trading system) may 

be in the range of $15-$75 per metric ton of carbon emitted.   

http://rredc.nrel.gov/solar/pubs/redbook�
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USEFUL SOURCES OF INFORMATION 
 
Fuel Property Coal (Bituminous) Natural Gas 
Lower Heating Value (kJ/kg)  25,600 51,700 
Composition (wt%)   

Carbon 67.0 74.1 
Hydrogen 5.0 23.9 

Sulfur 1.5 0.0 
Nitrogen 1.5 1.7 
Oxygen 8.7 0.3 

Ash 9.8  
Moisture 6.7  

 
Washington University Libraries.  In the digital age it is important to remember that there is a lot of 
very useful information still in hardcopy form in libraries.   
 
Course Notes and Readings.   
 
Links Available from the Course Website  
 
 
 
SUGGESTIONS FOR SUCCESSFUL GROUP WORK 

 
Distribute Workload.  Identify sections of the project that individual members can complete, and then 
distribute tasks among the members. 
 
Assign or Nominate Members for Group Roles.  Groups often function best when individuals are 
playing distinct roles.  It may be useful to elect a group leader who will coordinate meeting times and the 
distribution of the workload.  Other useful roles are a designated note taker and a primary author for the 
report.   
 
Set Internal Deadlines.  Sometimes groups put the final pieces of a project together the night before it is 
due, which often results in a poorly organized, redundant, or inaccurate project.  By setting internal 
deadlines, your group assures itself that continuous progress is made on the project.   
 
Review all Work.  One of the great advantages of working in a group is that there are more people to 
review and check the final work.  All calculations should be checked by at least one group member other 
than the one who performed them.  Likewise, all written work should be reviewed and edited by multiple 
group members.  Avoid simply cutting and pasting.   
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PEER EVALUATION FORM 
 

Name           Group       
 
Please assign scores that reflect how you really feel about the extent to which the other members of your 
group contributed to your learning and/or your group’s performance.  This will be your only opportunity 
to reward members of your group who actually worked hard on your behalf.   
 
Instructions:  In the space below, please rate each of the other members in your group.  To complete the 
evaluation, you should: 
 

1. List the name of each of the members of your group in alphabetical order. 
2. Assign an average of ten points to the other members of your group. 

If your group has 4 people in it, you will assign 30 points. 
If your group has 5 people in it, you will assign 40 points. 

3. The lowest score can be 8 points and the highest 12 points. 
 
Group Member    Score 

1. 

2. 

3. 

4. 

 
Additional Feedback: 

In the space below, would you also briefly describe your reasons for your highest and lowest ratings.  
These comments, but not information about who provided them, will be used to provide feedback to 
students who would like to receive it. 

 
1. Reason(s) for your highest rating(s): 

 
 
 
 

2. Reason(s) for your lowest rating(s): 
 
 
 
 

3. If you were to assign points to yourself on this scale, what do you feel you would deserve?  Why? 
 

 
 
 
 
 


