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Physics of Alternative Energy 
The energy unit is structured around alternative methods for generating electrical 
energy. Energy is presented as a model that can be used to compare the efficiency of 
these different electricity generating systems, much in the same way the concept of 
energy was originally developed to compare the efficiency of engines.  In the final 
project, you will research life cycle assessments to assess the benefits and drawbacks of 
different electricity generation technologies, and pitch their new technology to 
potential funders.   
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Reading: Introduction to Alternative Energy 
In order to meet the demands of a growing and developing world population, an 

increasing number of fossil fuels are being consumed to produce electric power for our homes 

and businesses. This is a major concern because the combustion of fossil fuels emits carbon 

dioxide into the atmosphere, contributing to global climate change. Many scientists and 

engineers are working to find alternative ways of generating electricity that do not require fossil 

fuels. This is referred to as alternative energy or renewable energy. (Let’s not forget that there 

is a limited amount of fossil fuels available in the earth’s crust). In this unit, we use the scientific 

model of energy as a framework to examine three such sources of alternative energy: wind 

power, hydropower, and nuclear power.  

You’ve probably heard the word energy used in the media, but what does energy mean in 

a scientific sense? Energy is an abstract quantity, a mathematical model developed by scientists 

to help track the changes in a system. For example, changes in motion (e.g. speed), changes in 

location, or changes in temperature. Each of these changes corresponds to a particular form of 

energy, such as kinetic energy, gravitational potential energy, or thermal energy. Each form of 

energy is a proxy for tracking some change in a characteristic of the system. 

This is particularly useful if we are trying understand complex systems or to compare 

changes in two systems that may on the surface appear to have little in common. Energy 

becomes the common language that we can use to compare these systems in a meaningful way. 

For example, you may be debating whether a wind turbine or a gas powered generator would be 

better to generate electricity for your farm. This decision depends on many factors, but one of 

them is how much electrical energy will be generated by each system. The systems have 

different inputs (kinetic energy and chemical energy, respectively), but the output is the same 

(electrical energy). Calculating the energy changes in the system allows us to calculate the 

efficiency of each system, and to make a quantitative comparison of the two systems possible.  

Forms of Energy 

Energy comes in many forms. Each of the forms of energy depends on a particular 

characteristic of the system and has been quantified in such a way so that the units are 

comparable. Generally speaking, these forms of energy fall into three categories: 

• Kinetic Energy is the energy associated with motion, specifically the speed or velocity 

of an object. If an object is moving, then it has kinetic energy. Sound energy and thermal 

energy are examples of forms of kinetic energy because they are associated with the 

movement of atoms and molecules. 

• Potential Energy is the energy associated with the position of an object relative to 

another object. A system has potential energy if there is a force (interaction) between two 

objects within the system.  Types of potential energy that we will use this semester are 

gravitational potential energy, electrical potential energy, and nuclear potential energy. 

(Fossil fuels contain chemical potential energy, which you may have discussed in your 

chemistry classes, but won’t be discussed here.) 
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• Radiative Energy is the energy in light (electromagnetic radiation), including solar 

energy, which is an important source of alternative energy. In the second semester of this 

course, we’ll talk more about how to calculate the energy associated with light.  

In this unit, we will learn to quantitatively calculate the forms that are most relevant for 

the discussion of electricity generation via wind (kinetic energy), hydro (gravitational potential 

energy), and nuclear power (nuclear potential energy).  Other types of energy we will use, but 

not calculate, are electrical potential energy and thermal energy. As you continue to study 

physics or other scientific disciplines, more forms of energy will be added to the list. 

Energy is measured using a variety of units. The SI unit for energy is Joules (J), named 

for one of the early pioneers in the field of thermodynamics. Energy can also be measured in 

calories, which is more commonly used in chemistry than physics. The conversion between 

Joules and calories is: 1 calorie = 4.196 Joules.  For nuclear physics, we will calculate energy in 

Mega electron-Volts (MeV), where 1MeV = 1.602 × 10−13 J. 

Energy Flow Diagrams 

One helpful way to represent energy transformations is by using an energy flow diagram. 

Figure 1 shows an energy flow diagram for a traditional coal-fired power plant. In this case, the 

source of energy is the chemical energy stored in the coal. The coal undergoes a combustion 

reaction, which releases thermal energy. The thermal energy is used to heat water. As the water 

boils, the kinetic energy of the steam is used to turn a turbine that generates electrical energy.  

 In Figure 1, we use squares to represent the various forms of energy and the arrows to 

represent the energy transformers (i.e. the object or process that transforms energy from one 

form to another). The dotted lines represent the boundaries of my system, which in this case 

would be the coal plant.  

 

Chemical Energy 

(coal) 

 

 

 

 

Combustion  

Reaction 

Thermal Energy  

(boiling water) 

  

  

  

Thermal Energy  

  

Vaporization 

Thermal Energy  

  

Kinetic Energy  

(steam) 

  

Generator 
Electrical Energy  

  

Thermal Energy  

  

Figure 1: Energy flow diagram for a traditional, coal-fired power plant. The energy input (source) is the 

chemical energy stored in the coal, and the usable energy output is the electrical energy. At each step in the 

process of generating electricity, heat is transferred to the environment. A typical coal-fired power plant is 35-

40% efficient. The dotted line shows the boundary of the power plant system. 
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Energy Conservation 

The Principle of Energy Conservation states that in a closed system energy cannot be 

created or destroyed. This means the total amount of energy in the system remains constant. Note 

that this applies only if we have a closed system, which means the system does not have any 

interactions with the external environment. In practice, there are very few completely closed 

systems, but there are many systems that only have minimal interactions with environment, 

which we can approximate reasonably well as closed systems. Remember that building models is 

a process of simplifying a complex system. This necessarily requires us to make approximations 

and define limits to the system. How these approximations and limits are defined depends on 

what we what to learn about a system.  

It is up to you, as the scientist, to decide how to define your system. If I want to know 

how much electricity is being generated at my local power plant, a logical choice of a system 

would be the power plant itself. If I want to know how the power plant is affecting the ecosystem 

in Lake Monona, then I will expand my system to include the power plant and its surrounding 

environment, including the lake. If I want to know how emissions from the power plant are 

affecting global climate change, then my system may get even larger. 

In order to get a complete picture of how energy represents the changes in the system, we 

need to use the Principle of Energy Conservation, alongside a few other key ideas. The first two 

describe how the energy can change within a system: 

• Energy transformation – Energy can be transformed from one form to another. For 

example, as a ball drops gravitational potential energy is transformed into kinetic energy. 

• Energy transfer – Energy can be transferred between components in a system; in a 

collision, one billiard ball transfers its kinetic energy to another. 

A system that exchanges energy with the surrounding environment is called an open system. In 

these cases, we can track the changes in energy between the system and the environment by 

calculating how much energy has been gained or lost over time.  

• Energy degradation – The total amount of useable energy in a system may decrease 

over time. This may take the form of energy dissipation (energy lost from an open 

system) or energy transformation within the system to a less useful form. For example, a 

cup of hot tea will eventually cool. The thermal energy from the tea has been ‘lost’ to the 

surrounding environment. It has not been destroyed, but is no longer a part of the cup and 

tea system.  

• Energy source – Energy can be added to a system. For example, in an ecosystem, an 

input of energy from the sun is needed to balance the loss of thermal energy from the 

ecosystem to the environment. 

Alternative energy systems (such as wind power) are all open systems. Some of the energy that 

enters the system is converted to electrical energy, but not all of it. This is referred to as the 

efficiency of the system.  
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Efficiency 

Energy in an open system can be exchanged with the environment. This means there may 

be a source of energy (also known as the energy input). For example, a wind turbine’s source of 

energy is the wind (kinetic energy). The energy is then transformed in a series of steps within the 

system to electrical energy, which is used to power our homes and businesses. But this process is 

not 100% efficient. Energy is “lost” along the way, primarily in the form of heat (thermal 

energy), but also mechanical energy and sound energy. This “lost” energy is given off to the 

surrounding environment, leaving the system and so no longer useful, but it is not destroyed.  

Efficiency is a way to measure how much of the energy put into a system is transformed 

into a usable form of energy. For the purpose of studying alternative energy, we will focus on 

how much of the energy put into a system (𝐸𝑖𝑛) is transformed into electrical energy (𝐸𝑜𝑢𝑡). 

Efficiency can be calculated using the following equation: 

𝑒 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
× 100% 

Where e represents the efficiency of the system, Ein represents the source of energy in the 

system, and Eout represents the usable energy produced (e.g. electrical energy).  

The process of generating electricity from coal described above is about 35-40% 

efficient. This means that of the total amount of energy from the source (coal), only about 35-

40% of it is transformed into electricity. The rest leaves the system, mostly in the form of heat 

transferred to the environment. 

A Possibly Irrelevant Note 

The Principle of Energy Conservation is one of the most important mathematical models 

in all of physics. Physicists trust this model to the extent that if it seems like energy is not 

conserved, then they invent new forms of energy to make the model work. For example, recent 

astronomical observations seem to show that the rate of expansion of the universe has been 

increasing. The energy conservation calculations related to the rate that the universe is expanding 

aren’t working the way physicists expect, so they invented a new form of energy to make the 

mathematical model work.  It is called dark energy, because we can’t see what it is. Now the 

search is underway to determine the nature of this elusive dark energy. 
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Tutorial: Energy & Systems 
The Principle of Energy Conservation states that the amount of energy in a closed system always 

remains the same. It can change forms or be transferred to other parts of the system, but the total 

amount of energy is constant. Technically, a closed system is one that has no interactions with 

the outside environment. This is unrealistic, but there are many systems that we can approximate 

as closed systems. In many systems, energy is exchanged with the environment. This is called an 

open system. Our understanding of energy depends on how the system is defined.  

Part 1: What does conserve mean? 

1. Your dad tells you to turn off the lights because we need to “conserve energy.” What does 

the word “conserve” mean in everyday usage, such as in the example above? 

 

  

2. What does “conserve” mean in a physics class? How is this meaning different from how you 

use the word in your everyday life? 

 

 

3. Drop the ball on the table and observe its motion.  

a. What will happen to the bouncing ball as time goes on? Will it bounce forever?  

 

 

b. How would the ball’s motion be different if you threw the ball down instead of dropping 

it?  

 

 

c. How would the ball’s motion be different if you dropped in from a different height?  

 

 

d. How would the ball’s motion be different if you dropped the ball on the carpet instead of 

the table? 

 

 

e. Is energy conserved in this system? Explain your reasoning.  
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Part 2: Defining the System  

Whether or not energy is conserved in a particular system depends on how we define the system. 

How we define the system depends on what we want to learn about the system. In the following 

examples, think carefully about the boundaries of the system and determine whether or not 

energy is conserved. 

Sally is building a terrarium in the biology classroom. She argues that the terrarium is an open 

system, one that can exchange energy with the surrounding environment. Bobby argues that the 

terrarium is a closed system, and is isolated from the surrounding environment.  

1. Which student do you agree with? Explain why. 

 

 

2. Under what circumstances could Bobby be correct? When does it make sense to treat the 

terrarium as an isolated (closed) system?  

 

 

3. Under what circumstances could Sally be correct? When does it make sense to treat the 

terrarium as an open system?  

 

 

4. If we consider the terrarium to be an open system, what are the energy inputs and energy 

losses? 

 

 

Kelly argues that although we can’t consider the terrarium to be a closed system, we can define 

the classroom to be a closed system. Peter says the classroom is an open system, but the Science 

Center is a closed system. 

5. Do you agree with Kelly or Peter (or neither)? Explain your answer.  

 

6. Under what circumstances would it make sense to treat the classroom as an open system? 

 

7. Under what circumstances would it make sense to treat the classroom as a closed system? 

 

8. If we consider the classroom to be an open system, what are the energy inputs and energy 

losses? 
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John thinks that any individual building is an open system, but if we make our system big 

enough then we include all of the energy lost to the environment, we can define a closed system. 

Erika agrees and argues that we can treat the whole Edgewood College campus as a closed 

system. Tom says that’s not big enough, we need to include all of the city of Madison. 

9. What do you think? How big does the system need to be considered closed (isolated)? 

 

 

10. If you defined your system as the college campus, what would it include? 

 

 

11. What are the energy inputs and outputs for the college campus? 

 

 

12. If you defined your system as the city limits, what would it include? 

 

 

13. What are the energy inputs and outputs for the city limits? 

 

 

Beth thinks we need to go bigger. If we want a truly closed system, we need to include the whole 

Earth.  

14. What do you think? Is the Earth a closed system?  

 

 

15. What are the energy inputs and outputs for the Earth? 

 

 

16. If the Earth is not a closed system, what is?? 
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Questions 

1. If you want to study the factors that influence climate change, how would you define your 

system? 

 

 

2. If you want to study the energy efficiency of the Science Center, how would you define your 

system? 

 

 

 

3. If you want to study the growth of plants in the terrarium, how would you define your 

system?  

 

 

4. Under what circumstances would we be able to consider these systems closed or isolated? 

 

 

 

5. Under what circumstances would we consider these systems open? In this case, how do you 

model the effect of the environment? 
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Tutorial: Energy Flow Diagrams 
We can define energy as a measure of the changes in a system. Within a system, energy can 

transform from one form to another. Or energy can be transferred between objects in a system. 

The total amount of energy in the universe cannot be created or destroyed. But, energy can be 

transferred into a system or transferred out of a system.  

We can track the energy in a system by drawing a diagram. The diagram below shows all of the 

energy in a wind-up toy.  If the system is just the toy, and does not include the person, I can draw 

a box around the energy in the toy. It’s a dotted line because energy can go in and out. 

 

1. Color the energy going into the toy BLUE. 

2. Color the energy leaving the toy RED. 

3. Color the energy being transformed inside the toy GREEN. 

Forms of energy: 

Kinetic (motion) 

Chemical potential 

Electrical potential 

Spring (elastic) potential  

Gravitational potential 

Light/Solar (radiant energy) 

Sound  

Thermal/heat 

Geothermal (heat in the earth) 

Pressure

 
chemical 
potential 

Kinetic 
energy 

sound heat 

spring 

potential 

 

heat 

 person toy 
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Draw and color code the energy in each of the systems shown below. Use the types of energy 

listed on the other side. 

1. A battery lighting a light bulb.  

 

 

 

 

 

 

2. A wind turbine. 

 

 

 

 

 

3. A person playing a musical instrument. 

 

 

 

 

 

 

4. A plant growing in the sunshine. 
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Tutorial: Analogies for Energy 
Energy is an abstract quantity that was invented by scientists to help understand changes in a 

system. Because energy is not a physical thing that we can hold in our hands, it is difficult to 

conceptualize and even more difficult to talk about. To help think about how energy moves 

through systems, students and scientists alike often rely on metaphors and analogies that talk 

about energy as a substance. That means that they talk about energy as if it were a physical 

substance that could be passed from object to object, even though they know that energy is not 

physical. These metaphors and analogies help to make this abstract concept more intelligible. 

Depending on the system that we are studying, one metaphor might be more useful than another 

because it highlights particular aspects of the energy concept.  

Part 1: Feynman’s Analogy 

Richard Feynman was a Nobel Prize winning physicist and a gifted speaker. The lectures he gave 

for his introductory physics classes explain complex physics concepts in novel ways. His 

analogy for energy is particularly illuminating. Read the passage below and answer the 

questions. 

 Imagine a child, perhaps “Dennis the Menace,” who has blocks which are absolutely 

indestructible, and cannot be divided into pieces. Each is the same as the other. Let us suppose 

that he has 28 blocks. His mother puts him with his 28 blocks into a room at the beginning of the 

day. At the end of the day, being curious, she counts the blocks very carefully, and discovers a 

phenomenal law – no matter what he does with the blocks, there are always 28 remaining! This 

continues for a number of days, until one day there are only 27 blocks, but a little investigating 

shows that there is one under the rug – she must look everywhere to be sure that the number of 

blocks has not changed. Once day, however, the number appears to change – there are only 26 

blocks. Careful investigation indicates that the window was open, and upon looking outside, the 

other two blocks are found. Another day, careful count indicates that there are 30 blocks! This 

causes considerable consternation, until it is realized that Bruce came to visit, bringing his blocks 

with him, and he left a few at Dennis’ house. (Feynman, Leighton, & Sands, 2006, p. 4-1) 

1. In the Feynman analogy, what represents energy? 

 

 

2. What has Feynman defined the system to be?  What is in the system, what is outside it? 

 

 

3. What is an example of how energy is lost from the system? 

 

 

4. What is an example of how energy is added to the system? 
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5. Is there anything in the analogy that shows energy being transferred from one part of the 

system to another? 

 

 

6. How can you mathematically represent the conservation law described in the story? 

 

 

Feynman then goes on to describe how this newly discovered conservation law can become a 

mathematical model: 

After she has disposed of the extra blocks, she closes the window, does not let Bruce in, and then 

everything is going along all right, until one time she counts and finds only 25 blocks. However 

there is a box in the room, a toy box, and the mother goes to open the toy box, but the boy says, 

“No, do not open my toy box,” and screams. Mother is not allowed to open the toy box. Being 

extremely curious, and somewhat ingenious, she invents a scheme! She knows that a block 

weighs three ounces, so she weighs the box at a time when she sees 28 blocks, and it weighs 16 

ounces. The next time she wishes to check, she weights the box again, subtracts sixteen ounces 

and dives by three. She discovers the following: 

(number of blocks seen) +
(weight of box) − 16 ounces

3 ounces
= constant 

Then there appear to be some deviations, but careful study indicates that the dirty water in the 

bathtub is changing its level. The child is throwing blocks into the water, and she cannot see them 

because it is so dirty, but she can find out how many blocks are in the water by adding another 

term to her formula. … In the gradual increase in the complexity of her world, she finds a whole 

series of terms representing ways of calculating how many blocks are in places where she is not 

allowed to look. As a result, she finds a complex formula, a quantity which has to be computed, 

which always stays the same in her situation. (Feynman, Leighton, & Sands, 2006, pp. 4-1 – 4-2) 

7. Is there anything in the analogy that shows energy being transformed from one form to 

another? Explain.  

 

 

8. How would you extend the above formula to include the blocks in the water? Assume the 

initial height of water in the tub was six inches. 

 

 

9. Is there one method that can be used to count all the blocks at once? What does this imply 

about measuring the energy in a real physical system? 
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Part 2: Analogies for Energy  

Analogies are designed to help you make sense of a complex set of ideas, but not all analogies 

work for all people. In this activity, you will have a chance to come up with your own analogy 

for energy. Keep in mind that no analogy is perfect. All analogies break down at some point, and 

recognizing where your analogy breaks down is just as important as making sure the analogy 

represents the concepts you want to represent accurately.  

1. Write your analogy. On a separate sheet of paper, write and/or draw an analogy of your own 

that describes energy in the context of generating electricity using renewable energy. Be 

creative! You will be assessed on the number and quality of relationships you make. There is 

no right or wrong answer for this activity. It’s more about how you think about the 

relationships. 

2. Now evaluate your analogy. What aspects of it are shared with the target concept? Which 

aspects are different? All analogies break down at some point; the trick is to figure out 

where. (You are allowed to modify your original analogy if necessary as you evaluate it.) 

 

 

 

 

3. Map Shared Characteristics of your analogy. What similarities are there between the old 

idea you are already familiar with, and the new concept you are trying to learn? In the table 

below, list both structural similarities (features that look the same) and functional similarities 

(features that function in the same way).  For example, in the planetary model of the atom the 

sun plays the role of the nucleus. Both are in the center of the system so this is a structural 

characteristic. 

Feature of Target 

Science Concept (Energy) 
Feature of Analogy Shared characteristic 
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4. Limits to your Analogy. What are the limits of your analogy? What does it not include? 

How well does it hold for this particular system? What differences are there between the 

analogy and the target science concept? In the example above, one obvious difference is that 

the sun is much, much larger than the nucleus of an atom. Also think about what aspects of 

energy (the target science concept) are not represented in your analogy. 

 

 

 

 

5. Switch analogies with a partner, and have them complete Steps 2, 3, & 4. After you complete 

this task, discuss and compare your answers.  

a. Did your partner see the analogy the same way you did?  

b. Does your partner have any ideas about how to make your analogy better? 

 

 

 

6. If you have time, read a few more analogies. Which analogies make the most sense to you? 

How can you use these analogies to help make sense of energy? 
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Reading: Kinetic & Gravitational Potential Energy 
Energy is a mathematical model that we use to track changes in a system. Building this 

mathematical model can be tricky because energy can take so many different forms. This is 

further complicated by the fact that energy can’t be measured directly. Every form of energy 

represents a different characteristic or parameter of the system we are studying. Then that 

parameter has to be adjusted so that the units are consistent with how we define energy so that 

the calculations work out.  

Kinetic energy is defined to be the energy of motion, but it took some time before 

scientists found a useful mathematical definition for kinetic energy.  A useful mathematical 

definition has to tell us something about how one characteristic of the system (the speed, for 

example) changes relative to another characteristic of the system (could be temperature or 

position). One of the simplest systems we can model is a dropped ball. It is relatively 

straightforward to measure the position and speed of the ball, as you did in the last unit using 

video analysis. These were the type of experiments that scientists like Galileo did to try and build 

mathematical models for motion. 

Significant work on the problem of defining kinetic energy was done by a young French 

woman named Emile du Chatelet in the 1730’s. This was about 50 years after Newton had 

published his famous treatise on motion, Principia. Based on Newton’s work, the scholar 

Voltaire proposed that kinetic energy should be proportional to mass times velocity: 

𝐾𝑉𝑜𝑙𝑡𝑎𝑖𝑟𝑒 ∝ 𝑚𝑣 

His model was based partially on mathematical reasoning, and partly on a strong belief in God. 

Newton argued that by God’s will the quantity 𝑚𝑣 must be conserved in a collision. He’s not 

wrong; this is what we called momentum conservation. But was Voltaire not right in equating 

this quantity with the new ideas about energy? 

On the other hand, the French mathematician Leibniz thought that kinetic energy was 

proportional to mass times velocity squared: 

𝐾𝐿𝑒𝑖𝑏𝑛𝑖𝑧 ∝ 𝑚𝑣2 

His model was based on observations of collisions. He observed that the faster objects could 

transfer more energy when they collide than slower objects. He was one of the first to propose 

that there might be another way to model collisions aside from using force and momentum. 

(Momentum and forces will be discussed in the next unit.) 

In the 1700’s using experimental data to test theories was a new idea that helped to mark 

the Scientific Revolution and the beginning of modern science. Emilie du Chatelet devised an 

experiment to test whether Voltaire’s or Leibniz’s model was correct. She dropped heavy balls 

from a given height into a soft clay. Based on how far they traveled into the clay before stopping, 

she was able to measure how quickly they were moving when they hit the clay. She discovered a 

mathematical relationship between the height that the balls were dropped and the speed at the 

bottom: 

height ∝ speed2 
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This work established that kinetic energy is proportional to the square of the velocity and helped 

to support du Chatelet’s theory that energy is conserved within a system. She proposed this as an 

addition to Newton’s mechanics, and even included it in her French translation of his Principia.  

Although first discovered by Leibniz and du Chatelet, the Principle of Energy 

Conservation was not fully accepted or utilized until the industrial revolution of the mid-1800’s. 

A key invention during the industrial revolution was the steam engine. As the technology 

developed, engineers needed a way to quantify which engine was more efficient; that is which 

engine could put out the most mechanical work for the amount of thermal energy that was put in. 

The original use of energy efficiency is very similar to how use it today – to compare systems 

that seem different on the surface, but have the goal of complete the same task (such as 

generating electricity). 

A Mathematical Model for Energy  

Let’s think about how du Chatelet’s experimental results fit with our models of motion as 

represented by the kinematics equations. There were three equations that we derived in the last 

unit that describe the motion of an object undergoing constant acceleration: 

Δ𝑦 = 𝑣𝑖𝑡 +
1

2
𝑎𝑦 𝑡2 

𝑣𝑓 = 𝑣𝑖 + 𝑎𝑦𝑡 

𝑣𝑓
2 = 𝑣𝑖

2 + 2𝑎𝑦Δ𝑦 

Where Δ𝑦 is the displacement of the object, 𝑣𝑖 is the initial velocity, 𝑣𝑓 is the final velocity, 𝑎 is 

the acceleration, and 𝑡 represents time. 

Imagine we are, like du Chatelet, dropping a ball and measuring the velocity before it hits 

the ground. We don’t know anything about time in this scenario because time was difficult to 

measure accurately back then. We also know that du Chatelet had velocity and height in her 

energy equation, so let’s choose the third equation to start building our model. Here it has been 

rewritten assuming the object is in free fall (𝑎𝑦 = −𝑔): 

𝑣𝑓
2 = 𝑣𝑖

2 − 2𝑔Δ𝑦   (1) 

Where 𝑣𝑓 is the velocity just before the ball hits the ground, 𝑣𝑖 is the initial velocity of the ball 

(which would be zero if the ball were dropped from rest), 𝑔 is the gravitational constant (𝑔 =
9.8 𝑚/𝑠2), and Δ𝑦 is the vertical displacement that the ball falls. 

Equation (1) can be rewritten so all of the initial parameters are on one side, and all the 

final parameters are on the other side: 

𝑣𝑓
2 = 𝑣𝑖

2 − 2𝑔(𝑦𝑓 − 𝑦𝑖) 

2𝑔𝑦𝑖 + 𝑣𝑖
2 = 2𝑔𝑦𝑓 + 𝑣𝑓

2 

This is significant because it tells us that there is some number that describes the initial state of 

the system that is equivalent to a number that describes the final state of the system. This is the 

essence of a conservation law – something stays the same in the system regardless of changes 

taking place. 
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It may seem arbitrary, but we can divide the whole expression above by two and then 

multiply by mass. This is equivalent to the above expression, but gives us the right units for 

energy (which will be discussed below):  

𝑚𝑔𝑦𝑖 +
1

2
𝑚𝑣𝑖

2 = 𝑚𝑔𝑦𝑓 +
1

2
𝑚𝑣𝑓

2  (2) 

As above, there is some constant number that represents both the initial state and the final state 

of the system. This is what we define to be the total energy in the system.  

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐸𝑓𝑖𝑛𝑎𝑙 = constant  (3) 

We can now declare each of the terms in equation (2) to be a different form of energy. The first 

term in equation (2) is defined as gravitational potential energy, which represents the location 

of the object relative to some origin.  

𝑈𝑔 = 𝑚𝑔𝑦  (4) 

Where 𝑈𝑔 represents the gravitational potential energy (U is the standard variable used to 

represent potential energy and the subscript indicates what kind of potential energy), m is the 

mass of the object, g is the gravitational constant, and y is the vertical position measured relative 

to some origin that you will need to define. (As we’ll see below, it is only the change in position 

that end up being important.) It is often convenient to choose either the starting or ending 

position to be zero because it simplifies the calculations.  

The second term in equation (2) is defined to be kinetic energy, which represents the 

energy of motion. 

𝐾 =
1

2
𝑚𝑣2  (5) 

Where K represents kinetic energy, m is mass, and v is the speed (or velocity) of the object. Note 

that because the speed is squared, all directional information is erased. Thus, the kinetic energy is 

a measure of how fast an object is moving, but tells us nothing about the direction of motion. 

Note that Leibnitz was right – kinetic energy is proportional to velocity squared!  

At this point, we could rewrite equation (2) as the sum of these different forms of energy: 

𝐾𝑖 + 𝑈𝑔,𝑖 = 𝐾𝑓 + 𝑈𝑔,𝑓 = constant   (6) 

If we were studying a more complicated system, then more forms of energy could be added to 

the equation, as shown below:  

𝐾𝑖 + 𝑈𝑔,𝑖 + thermal𝑖 + electrical𝑖 = 𝐾𝑓 + 𝑈𝑔,𝑓 + thermal𝑓 + electrical𝑓 = constant 

Another way to think about the system is in terms of changes in the amount of energy in the 

system. If energy is conserved, as it is in a closed system, then the change in total energy in the 

system is zero: 

Δ𝐸 = 0 

Δ𝐾 + Δ𝑈𝑔 = 0    (7) 

We can rewrite the above equation to show that the change in the gravitational potential energy 

in the system is equal to the change in kinetic energy in the system. 
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Δ𝑈𝑔 = −Δ𝐾 

Gravitational potential energy is due to the force of gravity that the earth applies to all 

nearby objects.  This force causes any object that is lifted off the surface to fall if it is let go.  

While it falls, it will speed up and gain kinetic energy.  We can now conceive of this as an 

energy transformation process, where gravitational potential energy is converted into kinetic 

energy.  We can see from the equation for Ug, that an object that is lifted higher will have more 

potential energy, which means more kinetic energy when it hits the ground.  This may make 

sense if you think about the fact that an object that falls from a higher initial position will be 

moving faster when it reaches the surface of the earth. 

Open Systems  

All of the above calculations assume that energy is conserved in the system. But what if 

we are dealing with an open system, where energy can be gained and lost? Let’s revisit our 

original assumption: 

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐸𝑓𝑖𝑛𝑎𝑙 = constant 

We can modify this original model to account for energy being gained or lost by the system: 

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ± 𝐸𝑒𝑥𝑡 = 𝐸𝑓𝑖𝑛𝑎𝑙 

𝐾𝑖 + 𝑈𝑔,𝑖 ± 𝐸𝑒𝑥𝑡 = 𝐾𝑓 + 𝑈𝑔,𝑓 

Where 𝐸𝑒𝑥𝑡 represents the external energy that goes in (+𝐸𝑒𝑥𝑡) or out of the system (−𝐸𝑒𝑥𝑡). 

Another way to conceptualize this energy gained or lost is to think about how it changes the 

energy of the system: 

Δ𝐸 = ±𝐸𝑒𝑥𝑡 

Δ𝑈𝑔 + Δ𝐾 = ±𝐸𝑒𝑥𝑡 

For example, a source of energy, such as the kinetic energy in the wind hitting a turbine 

would increase the total amount of energy in the system (+𝐸𝑒𝑥𝑡). Energy could be lost from a 

system in the form of heat or sound, which would decrease the total amount of energy in the 

system (−𝐸𝑒𝑥𝑡). 

 Closed System Open System 

Energy conservation 

equation 
𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝐸𝑓𝑖𝑛𝑎𝑙 

𝐾𝑖 + 𝑈𝑔,𝑖 = 𝐾𝑓 + 𝑈𝑔,𝑓 

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ± 𝐸𝑒𝑥𝑡 = 𝐸𝑓𝑖𝑛𝑎𝑙 

𝐾𝑖 + 𝑈𝑔,𝑖 ± 𝐸𝑒𝑥𝑡 = 𝐾𝑓 + 𝑈𝑔,𝑓 

Energy change 

equation 
Δ𝐸 = 0 

Δ𝑈𝑔 + Δ𝐾 = 0 

Δ𝐸 = ±𝐸𝑒𝑥𝑡 

Δ𝑈𝑔 + Δ𝐾 = ±𝐸𝑒𝑥𝑡 
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Dimensional Analysis 

One way we can confirm that formulas for energy are consistent is by comparing their 

units. This is called dimensional analysis and can be a useful tool to quickly check whether or 

not a formula makes sense. This is why we needed to add the mass into the equation above – to 

make sure that our definitions of kinetic and gravitational potential energy are consistent with 

other forms of energy that we will encounter (such as thermal or electrical energy). 

Kinetic energy: 𝐾 =
1

2
𝑚𝑣2 → kg × (

m

s
)

2

= kg ∙ m2/s2 

Gravitational potential energy: 𝑈𝑔 = 𝑚𝑔𝑦 → kg ×
m

s2 × m =  kg ∙ m2/s2 

We see that the units are equivalent, and this allows us to define a Joule as one kg ∙ m2/s2 

(1 J = 1 kg ∙
m2

s2 ). 
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Reading: Power 
When we talk about generating and using electricity, it is often useful to talk about the 

rate in which electrical energy is generated or used. This is called power, and is defined as the 

change in energy over the period of time it takes for the change to occur: 

𝑃 =
Δ𝐸

Δ𝑡
   (1) 

Where P represents power, Δ𝐸 is the change in energy, and Δ𝑡 is the period of time. Power is 

measured in units called Watts (W), where a Watt is one Joule per second (𝑊 = 𝐽/𝑠).  

 

Figure 1: Residential power bill. Note that the total energy used is 264 kW-hrs (circled in red). 

Above is an example of a residential power bill. The power company measures your total 

energy use over the entire month in units of kilowatt-hours (kW-hr). Note that this unit means 

kilowatts times hours, not kilowatts per hour. We can do a dimensional analysis to show that the 

unit of kilowatt-hours is an energy unit: 

1kWhr = 1000 W × 1 hour = 1000 
J

s
× 3600 s = 3.6 × 106 J 

One kilowatt-hour is a lot of Joules! The power company prefers this unit because it is better 

matched to your energy usage in a given month, which means they can use smaller numbers and 

avoid scientific notation on your power bills.  

Knowing the power alone does not allow you to calculate how much energy has been 

transformed. The difference between energy and power is similar to the difference between 

position and velocity. Power represents the rate that energy is changing over time, in the same 

way that velocity is the rate at which position is changing over time. If I drive down the highway 

at 60 mph, it means I am, on average, covering sixty miles each hour. It does not tell me the total 

distance that I have driven. If I know that I drive at this speed for three hours, then I can calculate 

that I have traveled 180 miles total.  

Let’s think about this unit relative to the above equation. If we rearrange the equation (1), 

we get a new definition for energy: 

Δ𝐸 = 𝑃Δ𝑡   (2) 

The total amount of energy used is the average power (the rate that we use energy) multiplied by 

the total time. Here’s an example: Your lightbulb’s rating of 15 Watts tells you that you are using 

15 Joules of energy each second. If you want to know the total amount of energy used, you also 

have to know how long the bulb was on. If the bulb is on for 100 seconds, then plug into 

equation (2) to find the energy: 

Δ𝐸 = 15W(100s) = 1500 J 
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If I wanted to do this calculation in units of kilowatt-hours, we would first convert the power to 

kilowatts (15 W = 0.015 kW) and time to hours (Δ𝑡 = 100s ×
1 hr

3600 s
= 0.28 hr): 

Δ𝐸 = 0.015 kW(0.28 hr) = 4.17 × 10−4 kWhr 

Whether you choose to use kilowatt-hours or Joules depends on the amount of energy involved. 

For a single light bulb, such as we looked at above, Joules is an easier unit to deal with. On your 

energy bill, which includes the total amount of energy you use in a month, kilowatt-hours is 

more appropriate. 
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Case Study: Wind Power 
Wind power has been getting attention recently as a clean source of energy. But where does the 

energy come from? In this tutorial, we’ll develop a model for predicting the power output of a 

wind turbine. We will also compare the model to some real data to test the model and to find the 

efficiency of the power output of a real turbine.  

Part 1: Examining Energy Transformations  

1. What kind of energy is generated by a wind turbine? Where does this energy come from? 

Complete the energy flow diagram below, including the forms of energy involved in this 

process and the mechanism of energy transformation.  

  

 

 

 

2. If the wind is blowing at 10 m/s, what else do we need to know to calculate the amount of 

kinetic energy in the wind? 

 

 

The mass of the air is difficult to measure. It’s a lot simpler in practice to use the density of the 

air. If the density of the air is given to be ρ = 1.2 kg/m3, then we just need to know what volume 

of air passes through the wind turbine, and then we can find the mass of the air. Think about a 

cylinder of air approaching a turbine. The volume of air (V) that passes through the turbine in a 

given amount of time is the cross-sectional area (A) times the length of the cylinder (l): 

𝑉 = 𝐴𝑙 

 

 

 

 

 

So the mass of the air moving towards the turbine is: 

𝜌 =
𝑚

𝑉
→ 𝑚 = 𝜌𝑉 = 𝜌(𝐴𝑙) 

3. Write the kinetic energy of the air in terms of density, cross-sectional area, length, and 

velocity of the air.  

 

 

Kinetic 
Energy in 

wind 

turbine 

A 

l 

Kinetic 
Energy in 

wind 

turbine 
Kinetic 

Energy in 
wind 
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4. Write l in terms of v and t. Use this to write an expression for kinetic energy that depends on 

𝜌, A, v, and t. 

 

 

5. If the air is moving through the turbine at a constant speed, what is the general formula for 

the rate of energy transfer (Δ𝐸/Δ𝑡) from the wind to the turbine? 

 

 

The rate of energy transfer is what we call power. If all of the energy is transferred from the wind 

to the turbine, then we would expect the turbine to generate this much electrical energy each 

second.  You should have derived a formula that looks like this: 

𝑃 =
1

2
𝜌𝐴𝑣3 

6. Explain in words what this equation represents. What is the difference between the power 

and energy generated by the wind turbine? 

 

 

7. What assumptions have we made in deriving this model? 

 

 

8. Given a turbine with blade diameter 80 m, what is the power at wind speeds of 5 m/s, 10 m/s, 

and 15 m/s? How much more power do you get at 15 m/s than at 5 m/s? 
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Part 2: Modeling the Power Output 

1. An Excel file has been made that shows the actual power curve for a Nordex N80 (diameter 

= 80 m) commercial wind turbine. In the Excel file, make a graph of wind speed vs. power 

using the formula you derived above. Plot it on the same axis as the data so that you can 

compare the two more easily. 

2. Compare the two graphs. How can you explain the discrepancy? Redraw the energy flow 

diagram to account for the energy loss from the system.  

 

 

3. The Betz limit claims that theoretically a maximally efficient wind turbine would have 59% 

efficiency. We can add this power coefficient into the model: 

𝑃 = 𝐶𝑝 (
1

2
𝜌𝐴𝑣3) 

Where Cp is the power coefficient (Cp = 0.59). Add this into your model. Does this account 

for the difference?  Explain. 

 

 

4. The beauty of making this model in Excel is that it is very easy to see how the efficiency 

affects our model. Adjust the efficiency value until the data best matches the model. What 

power coefficient gives you the best match between model and data? 

 

 

5. What are the limits of the model? At what wind speeds does the model still fail? What does 

this tell us about how the turbine is behaving in practice? 

 

 

6. Why do you think the wind turbine doesn’t generate any power at low wind speeds? 

 

 

7. Why does the power generated not continue to increase as wind speed increases? 

 

 

8. What other engineering challenges might we need to consider when building a wind farm?  
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Part 3: Changing Wind Speeds 

To calculate the actual power output for a turbine, we need to include the fact that wind speeds 

are changing over time. So we need data on how fast the wind is blowing, and how much time it 

spends at each speed. Consider the graph below. At this location, the wind blows at 5 m/s 30% of 

its time, at 10 m/s 50% of the time, and 15 m/s 20% of the time. To find the average wind speed, 

we take a weighted average: 

5
m

s
(0.30) + 10

m

s
(0.50) + 15

m

s
(0.20) = 9.5

m

s
 

 

To find the average power, we take it one step farther. We need to figure out how much power 

the turbine generates from the wind at each speed, and do a weighted average. We will use this 

analysis to decide which turbine is best suited to a particular location. 

Power curves for two turbines are shown on the next pages. These are both candidates to be 

installed at a location that has the following wind profile.  
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Use the wind speed graph on the previous page to fill out the table below. 

 

Wind Speed 

(m/s) 

Fraction of 

Time at 

Wind Speed 

V90 Power at  

Wind Speed (kW) 

 

Weighted Average = 

%time * Power 

5    

7    

9    

11    

13    

15    

17    

19    

Average Power (sum of last column)  
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Wind Speed 

(m/s) 

Fraction of  

Time at 

Wind Speed 

V 112 Power at  

Wind Speed (kW) 

 

Weighted Average = 

%time * Power 

5    

7    

9    

11    

13    

15    

17    

19    

Average Power (sum of last column)  

 

1. Use the results from your tables above to determine how many kW-hrs each turbine will 

generate in one year. What does the unit kW-hr represent?  
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2. Based on this data, which is the better choice for this location? Justify your choice. 

 

 

 

3. Why would anyone choose to use a turbine other than the V112 (note the number in each 

model name is the rotor diameter)? 

 

 

 

4. If the larger V112 cost $4.8 Million to build, and the smaller V90 $3.9 Million, how long 

would it take for the V112 to earn enough more than the V90 to earn back the difference in 

cost, with the low wind distribution.  Consider that the power can be sold for a profit of 7 

cents/kWh.  (Hint: Calculate the energy generated per year by each turbine, and then find the 

profit brought in by each per year.) 

 

 

 

 

5. What if the average wind speed was lower, as shown in the graph below? How would this 

affect your calculations? (You do not need to repeat the entire calculation, just think about it 

qualitatively.) 
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Reading: Wind Power 
Wind power has attracted a lot of attention as a clean source of electrical energy. Wind 

power farms are being installed across the US and the world at a rapid rate. In 2017, wind power 

made up over 6% of energy generated in the US, and as high as 26% in states such as South 

Dakota and Iowa. Worldwide, some countries are investing heavily in wind power. For example, 

Denmark produces almost 40% of its electrical energy from wind.  

Wind Energy & Energy Conservation 

A wind turbine is an open system, so we should consider what energy processes lead to 

inefficiencies in the system. A complete understanding of the energy concept comes from 

thinking about energy conservation in conjunction with the other characteristics of energy: 

transfer, transformation, degradation, and source. For the wind turbine, energy can be introduced 

into the system (i.e. there is a source of energy for the system) in the form of kinetic energy in 

the wind. On the other hand, energy can be lost from the system (there is a degradation or 

dissipation of the amount of useful or usable energy in the system). This primarily occurs in the 

form of heat dissipated to the environment though mechanical inefficiencies in the turbine. 

Within the wind turbine system, energy can be transferred from one component of the 

system to another or from one place to another.  The kinetic energy of the wind is transferred to 

the kinetic energy of the spinning blades of the turbine. Additionally, energy is transformed 

within the system, as a generator in the wind turbine converts the kinetic energy of the blades 

into electrical potential energy.  

Modeling Power Output 

We can mathematically model the output of a wind turbine using what we know about 

kinetic energy. If we know the speed of the wind, we should be able to calculate the kinetic 

energy of the wind: 

𝐾 =
1

2
𝑚𝑣2      (1) 

Where K is the kinetic energy, v is the wind speed, and m is the mass of the air. However, the 

mass of the air is difficult to measure. It’s a lot simpler in practice to use the density of the air. If 

we know the density and the volume of air passes through the wind turbine, then we can find the 

mass of the air.  

𝜌 =
𝑚

𝑉
→ 𝑚 = 𝜌𝑉  (2) 

Where 𝜌 represents the density, 𝑚 is the mass, and 𝑉 is the volume (not to be confused with 

lower case 𝑣 which is velocity). 

Let’s think about how to find the volume of a chunk of air that is about to pass through 

the turbine. The volume of air (V) that is moving toward the turbine has a cylindrical shape, so 

the volume is calculate as the cross-sectional area (A) times the length of the cylinder (l):        

𝑉 = 𝐴𝑙.  
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The mass of the air moving towards the turbine is then: 

𝑚 = 𝜌𝑉 = 𝜌(𝐴𝑙)   (3) 

We can plug equation (3) into equation (1) to find the kinetic energy of the cylinder of air in 

terms of density, cross-sectional area, length, and velocity of the air. 

𝐾 =
1

2
𝑚𝑣2 =

1

2
(𝜌𝐴𝑙)𝑣2  (4) 

This is a start, but we want to find the rate at which energy will enter the turbine system. 

To do this, we need to know how long it will take the cylinder to move though the turbine.  

Imagine a particle of air moves a distance that is equivalent to the length of the imaginary 

cylinder in some amount of time. The length of time will depend on the wind speed:  

𝑣 =
𝑙

Δ𝑡
 

Which means that the length of the cylinder is velocity times time: 

Δ𝑡 = 𝑙/𝑣    (5) 

We can now find the power: 

𝑃 =
Δ𝐸

Δ𝑡
=

1

2
(𝜌𝐴𝑙)𝑣2

𝑙/𝑣
=

1

2
𝜌𝐴𝑣3  (6) 

Where P is the power, 𝜌 is the density of the air, A is the cross-sectional area of the turbine, and v 

is the wind speed. If all of the wind turbine is perfectly efficient, then this would be the power 

output of the turbine.   

We can now compare our mathematical model to the real data on power output of wind 

turbines. An example of this data is shown in Figure 1, along with our theoretical model. Look at 

the figure. How does the theoretical model compare to the data? 

A 

l 
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Figure 1: Comparing the theoretical model for power output to the data from a real wind turbine. 

 Our theoretical model does not appear to match the data very well. A couple of key 

points to notice: 

• The real turbine has zero power generated from wind speeds of 0-4 m/s. This indicates 

there is a minimum amount of wind necessary to overcome friction and get the turbine 

spinning. 

• The real turbine has a maximum power output of 2500 kW, and does not increase for 

wind speeds above 14 m/s. Typically at wind speeds above a certain threshold, there is a 

braking system that keeps the rotation speed (and therefore the power generation) from 

increasing to protect the mechanical components of the wind turbine from damages that 

could be sustained from high speed use. This is can be done by changing the pitch of the 

of the rotor blades, steering the turbine away from the wind, or with a brake in the 

turbine.   

• In between 4 m/s and 14 m/s, the turbine is generating much less power than what our 

model predicts, although the shape of the curve looks roughly correct.  

Let’s think about this last point. Why is the turbine not generating as much power as we expect? 

The mathematical model we derived above assumed that all of the kinetic energy of the wind 

was being transferred to the kinetic energy of the spinning turbine blades. However, in real life, 

not all of the wind’s energy is transferred to the turbine. Why not?  Think about what would 

happen to the motion of the air if it lost all its kinetic energy?  The air would stop right behind 

the turbine, blocking the air behind it from getting through.  To avoid this turbulence, some 

kinetic energy needs to be left in the air so it flows out of the back side of the turbine. 

Sophisticated calculations of fluid flow dynamics suggest that the most efficient operation is 
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obtained by removing 59% of the energy from the air. This is called the Betz limit. Accounting 

for this inefficiency (and other possible inefficiencies) gives us a new equation for power: 

𝐶𝑝 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑃𝑤𝑖𝑛𝑑
 

𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 = 𝐶𝑝𝑃𝑤𝑖𝑛𝑑 

𝑃𝑚𝑎𝑥 = 𝐶𝑝 [
1

2
𝜌𝐴𝑣3] 

Where Cp is the power coefficient for a particular wind turbine. The power coefficient is a fancy 

way of saying the efficiency of the system. The maximum value for Cp is 0.59 (the Betz limit). In 

reality, the power coefficient is even less than that due to mechanical inefficiencies (see Figure 

2). The yellow line on the graph shows the best fit to the middle part of the curve. This would be 

called a semi-empirical model. A semi-empirical model means that the model was based partly 

on theory and partly on data. This semi-empirical model can be used to determine the efficiency 

of the system to be about 35%. 

 

Figure 2: Comparison of the theoretical and semi-empirical models for power output with the data from the actual 

wind turbine. 

Social, Economic, & Environmental Issues 

 Given that the energy input (wind) is free, the efficiency of the turbine may not be the 

primary concern in choosing a turbine for a particular location. The economic and environmental 

costs will also need to be considered. Many people do not like the visual appearance of wind 

turbines, and so do not want them in their towns. On the other hand, landowners benefit 
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financially from allowing wind turbines to be built on their land, such as at the edge of a farm 

field.  

Wind energy is generally considered to be a clean source of electricity. There are no 

carbon emissions associated with the use of the wind turbine itself, although there would be 

some emissions associated with the production and transportation of the turbine. One 

environmental concern is how the turbine impacts the local ecosystem. Early wind farms ran into 

trouble because they were placed in the middle of bird migration routes. Now that this problem 

has been widely recognized, and modern wind farms take ecological concerns such as this into 

account when choosing a location.   

 To determine whether or not to build a wind turbine (and which model to build), the 

average power output has to be calculated to determine whether it would be profitable. The wind 

speed is not constant, as we assumed above, but varies from day to day and hour to hour. A site 

study would need to be done to determine the range of wind speeds at a particular location. This 

analysis can result in data, like that shown in Figure 3. Wind speed data will need to be matched 

with the turbine’s power output profile (such as those shown in Figures 1 and 2) to maximize 

total power output over the course of a year. The average power output can be determined using 

a weighted average: 

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = ∑(% time at wind speed) × (Power at that wind speed) 

 

Figure 3: Example of a wind speed profile that shows the fraction of time the wind is blowing at each speed. 

 A bigger wind turbine (i.e. larger blades) will be more expensive, but will also generate 

more electricity. For each turbine the average power output could be used to project profits. 

Comparing that to the cost of the wind turbine would allow you to calculate the number of years 

it would take to pay off the investment. 

Payoff time =
Installation cost

Income generated/year
 

All of these factors must be considered when determining which turbine to build a particular 

location.  
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Case Study: Hoover Dam 
Hydroelectric power has long been the most extensively utilized source of renewable energy in 

the United States. But where does the energy come from? In this tutorial, we’ll develop a model 

for predicting the power output of a hydroelectric dam. 

What kind of energy is generated by a hydroelectric dam? Where does this energy come from? 

Complete the energy flow diagram below, including the forms of energy involved in this process 

and the mechanism for transforming the energy.  

 

 

  

 

1. What do you think we need to know about the water that goes through a hydroelectric dam to 

predict the dam’s power output? 

 

 

Let’s start by making some predictions for Hoover Dam, and then think about generalizing to 

build a mathematical model that will work for any dam.  Some relevant facts about Hoover Dam:  

The head (height difference between intake and outtake) ranges from 129 m to 180 m, with a 

typical value of 160 m. 

The reservoir (Lake Mead) has a volume of 35 km3 and an annual inflow of 1.22 x 1010 m3 per 

year. We’ll begin by estimating the annual average power output of the dam.   

2. Write down an expression for the total potential energy of all the water that flows through the 

dam in terms of the total volume of water V, the height at which it enters the penstock h, the 

density of water ρ, and g.   

 

 

 

3. Calculate the amount of energy in the water that flows through the Hoover Dam in a year. 

The density of water is 1000 kg/m3. (Hint: What is the volume of water that goes through the 

dam in an average year?) 

 

 

4. How long (in seconds) does it take for that water to go through the dam? (i.e. How many 

seconds are in a year?) 
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5. What is the year-long average power in MW? 

 

 

Let’s try another approach, similar to what we tried with the wind power model.  Think about a 

small cube of water, of volume V, at the intake of the dam.  We’ll calculate the instantaneous 

power generated. 

6. Write an expression for the gravitational potential energy of the cube in terms of the cube’s 

volume V, the height at which it enters the penstock h, the density of water ρ, and g? 

 

 

 

7. Now consider that water is flowing through the turbine at a flow rate 𝑓 =  𝑉𝑜𝑙𝑢𝑚𝑒/𝑡𝑖𝑚𝑒 

(for instance 10 m3/s).  Write an expression for the time it takes a volume of water V to flow 

through the dam in terms of f and V. 

 

 

 

8. Now, write an expression for the power of a dam in terms of f, g, h, and ρ. 

 

 

 

9. Back to the Hoover Dam, let’s compare this result to the previous estimate.  What is the year 

average flow rate in m3/s? 

 

 

 

 

10.  Use that rate, with the expression from above to calculate the power at that rate (which will 

be the average rate for the year). Do the two powers agree? 
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11. The real annual average power generation over the lifetime of Hoover Dam is 480 MW.  

How does that compare to your model’s prediction?  What might be missing from or 

incorrect in your model? 

 

 

 

 

12. Based on your model, estimate the efficiency of the dam if it runs at 480 MW.  The Bureau 

of Reclamation made upgrades to the Hoover Dam control system in 2010 that raised the 

dam’s efficiency from 80% to 84.5%.   How does this agree with your estimate?  What might 

be sources of inefficiency? 

 

 

 

 

13. The Hoover dam was built with turbines whose maximum output is 2,080 MW.  How does 

this compare to the annual average?  How is this possible?   Why might it be desirable to 

have a maximum output that is much higher than the average? 
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Reading: IPCC Report on Hydropower 1 
Hydropower offers significant potential for carbon emissions reductions. The installed 

capacity of hydropower by the end of 2008 contributed 16% of worldwide electricity supply, and 

hydropower remains the largest source of renewable energy in the electricity sector. … 

Hydropower is technically mature, is often economically competitive with current market energy 

prices and is already being deployed at a rapid pace. Situated at the crossroads of two major 

issues for development, water and energy, hydro reservoirs can often deliver services beyond 

electricity supply. The significant increase in hydropower capacity over the last 10 years is 

anticipated in many scenarios to continue in the near term (2020) and medium term (2030), with 

various environmental and social concerns representing perhaps the largest challenges to 

continued deployment if not carefully managed. 

Hydropower is a renewable energy source where power is derived from the energy 

of water moving from higher to lower elevations. It is a proven, mature, predictable and 

typically price-competitive technology. Hydropower has among the best conversion efficiencies 

of all known energy sources (about 90% efficiency, water to wire). It requires relatively high 

initial investment, but has a long lifespan with very low operation and maintenance costs. The 

levelized cost of electricity for hydropower projects spans a wide range but, under good 

conditions, can be as low as 3 to 5 US cents (2005) per kWh. A broad range of hydropower 

systems, classified by project type, system, head or purpose, can be designed to suit particular 

needs and site-specific conditions.  

The total worldwide technical potential for hydropower generation is 14,576 

TWh/yr (TerraWatt-hours per year) with a corresponding installed capacity of 3,721 GW 

(GigaWatts = 109 Watts), roughly four times the current installed capacity. Worldwide total 

installed hydropower capacity in 2009 was 926 GW, producing annual generation of 3,551 

TWh/y, and representing a global average capacity factor of 44%. Of the total technical potential 

for hydropower, undeveloped capacity ranges from about 47% in Europe and North America to 

92% in Africa, which indicates large opportunities for continued hydropower development 

worldwide, with the largest growth potential in Africa, Asia and Latin America.  

Additionally, possible renovation, modernization and upgrading of old power stations are 

often less costly than developing a new power plant, have relatively smaller environment and 

social impacts, and require less time for implementation. Significant potential also exists to 

rework existing infrastructure that currently lacks generating units (e.g., existing barrages, weirs, 

dams, canal fall structures, water supply schemes) by adding new hydropower facilities. Only 

25% of the existing 45,000 large dams are used for hydropower, while the other 75% are used 

exclusively for other purposes (e.g., irrigation, flood control, navigation and urban water supply 

schemes). Climate change is expected to increase overall average precipitation and runoff, but 

regional patterns will vary: the impacts on hydropower generation are likely to be small on a 

global basis, but significant regional changes in river flow volumes and timing may pose 

challenges for planning. 

                                                           
1 Edited from Kumar, A., et al (2011). Hydropower. In IPCC Special Report on Renewable Energy Sources and 

Climate Change Mitigation [O. Edenhofer, et al (eds)], Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA. 
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In the past, hydropower has acted as a catalyst for economic and social development 

by providing both energy and water management services, and it can continue to do so in 

the future. Hydro storage capacity can mitigate freshwater scarcity by providing security during 

lean flows and drought for drinking water supply, irrigation, flood control and navigation 

services. Multipurpose hydropower projects may have an enabling role beyond the electricity 

sector as a financing instrument for reservoirs that help to secure freshwater availability. 

According to the World Bank, large hydropower projects can have important multiplier effects, 

creating an additional USD2005 0.4 to 1.0 of indirect benefits for every dollar of value 

generated. Hydropower can serve both in large, centralized and small, isolated grids, and small-

scale hydropower is an option for rural electrification. Chapter 5 

Environmental and social issues will continue to affect hydropower deployment 

opportunities. The local social and environmental impacts of hydropower projects vary 

depending on the project’s type, size and local conditions and are often controversial. Some of 

the more prominent impacts include changes in flow regimes and water quality, barriers to fish 

migration, loss of biological diversity, and population displacement. Impoundments and 

reservoirs stand out as the source of the most severe concerns but can also provide multiple 

beneficial services beyond energy supply.  

While life cycle assessments indicate very low carbon emissions, there is currently no 

consensus on the issue of land use change-related net emissions from reservoirs. Experience 

gained during past decades in combination with continually advancing sustainability guidelines 

and criteria, innovative planning based on stakeholder consultations and scientific know-how can 

support high sustainability performance in future projects. Transboundary water management, 

including the management of hydropower projects, establishes an arena for international 

cooperation that may contribute to promoting sustainable economic growth and water security. 

Technological innovation and material research can further improve environmental 

performance and reduce operational costs. Though hydropower technologies are mature, 

ongoing research into variable-speed generation technology, efficient tunnelling techniques, 

integrated river basin management, hydrokinetics, silt erosion resistive materials and 

environmental issues (e.g., fish-friendly turbines) may ensure continuous improvement of future 

projects. 

Hydropower can provide important services to electric power systems. Storage 

hydropower plants can often be operated flexibly, and therefore are valuable to electric power 

systems. Specifically, with its rapid response load-following and balancing capabilities, peaking 

capacity and power quality attributes, hydropower can play an important role in ensuring reliable 

electricity service. In an integrated system, reservoir and pumped storage hydropower can be 

used to reduce the frequency of start-ups and shutdowns of thermal plants; to maintain a balance 

between supply and demand under changing demand or supply patterns and thereby reduce the 

load-following burden of thermal plants; and to increase the amount of time that thermal units 

are operated at their maximum thermal efficiency, thereby reducing carbon emissions. In 

addition, storage and pumped storage hydropower can help reduce the challenges of integrating 

variable renewable resources such as wind, solar photovoltaics, and wave power. 

Hydropower offers significant potential for carbon emissions reductions. Baseline 

projections of the global supply of hydropower rise from 12.8 EJ (ExaJoules = 1018 Joules) in 

2009 to 13 EJ in 2020, 15 EJ in 2030 and 18 EJ in 2050 in the median case. Steady growth in the 
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supply of hydropower is therefore projected to occur even in the absence of greenhouse gas 

(GHG) mitigation policies, though demand growth is anticipated to be even higher, resulting in a 

shrinking percentage share of hydropower in global electricity supply. Evidence suggests that 

relatively high levels of deployment over the next 20 years are feasible, and hydropower should 

remain an attractive renewable energy source within the context of global GHG mitigation 

scenarios. That hydropower can provide energy and water management services and also help to 

manage variable renewable energy supply may further support its continued deployment, but 

environmental and social impacts will need to be carefully managed. 
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Reading: Modeling Hydropower Output 
The case for use hydropower is compelling, but how can we predict how much power can 

be generated by a dam? We’ll use a process similar to how we modeled the power output of the 

wind turbine. The difference is that our energy source is now gravitational potential energy 

stored in the reservoir, rather than the kinetic energy in the wind. 

Gravitational potential energy is defined as: 

𝑈𝑔 = 𝑚𝑔𝑦   (1) 

Where 𝑈𝑔represent the gravitational potential energy, 𝑚 is the mass, 𝑔 is the gravitational 

constant (𝑔 = 9.8 m/s2), and 𝑦 is the height above the reference point. The mass of water is 

difficult to measure in a hydroplant; it is easier to think about a volume of water passing over the 

dam in a given amount of time. We can use the density of the water (𝜌 = 𝑚/𝑉) to rewrite the 

potential energy in terms of volume: 

𝑈𝑔 = 𝜌𝑉𝑔ℎ   (2) 

Where I have also substituted in ℎ to represent the height of the reservoir above the place where 

the water enters the turbine at the base of the dam. This height is referred to as the dam head. 

For our hydropower plant, the mass will be the mass of the water flowing through the 

dam in a given amount of time. For this reason, it may be easier to think of the rate that the 

gravitational potential energy is converted to electrical energy, also known as the power output: 

𝑃 =
Δ𝐸

Δ𝑡
=

𝜌𝑉𝑔ℎ

𝑡
  (3) 

The volume that passes through the dam in a given amount of time is called the flow rate (f): 

𝑓 =
𝑉

𝑡
    (4) 

We can plug equation (4) into equation (3), and get the following expression for power generated 

by a hydroplant: 

𝑃 = 𝜌 (
𝑉

𝑡
) 𝑔ℎ = 𝜌𝑓𝑔ℎ   (5) 

Hydropower plants are more efficient than wind turbines or traditional power plants, but 

still not 100% efficient. We can compare the actual power generated by a hydroplant and 

compare to the ideal power given by expression (5) to find the efficiency of the system: 

𝑒 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
   (6) 

Where 𝑃𝑜𝑢𝑡 is the electrical output of the generator at the dam and 𝑃𝑖𝑛 determined based on the 

stored energy in the dam. If the efficiency is known then the power output becomes 

𝑃𝑜𝑢𝑡 = 𝑒𝜌𝑓𝑔ℎ    (7) 

This equation could be used to calculate the instantaneous power output for a given flow rate, or 

if the average flow rate is known it will calculate the average power output.  

 For example, the Robert Moses Power Plant can divert 109,000 cubic feet per second 

(3087 m3/s) of water from Niagara Falls. The average dam head is 305 ft (93 m), and we can 
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look up the density of water (𝜌 = 1000 kg m3⁄ ). From this information we can calculate the 

maximum power output of the falls using equation (5): 

𝑃 = (1000
kg

m3
) (3087

m3

s
) (9.8

m

s2
) (91 m) = 2.81 × 109 W 

The Robert Moses Power Plant reports a maximum capacity of 2.675 GW. Comparing this to the 

above allows us to calculate the efficiency of the system: 

𝑒 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

2.675 × 109 W

2.81 × 109 W
= 0.95 = 95% 
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Case Study: Belo Monte Dam 
 The Belo Monte Dam is a hydroelectric dam complex currently under construction on the 

Xingu River in the state of Pará, Brazil. The planned installed capacity of the dam complex 

would be 11,233 megawatts (MW), which would make it the second largest hydroelectric dam 

complex in Brazil and fourth largest in the world by installed capacity. Considering the 

oscillations of flow river, guaranteed minimum capacity generation from the Belo Monte Dam 

would measure 4,571 MW, 39% of its maximum capacity. 

Brazil's rapid economic growth over the last decade has 

provoked a huge demand for new and stable sources of energy, 

especially to supply its growing industries. In Brazil, 46% of the 

energy consumed comes from renewable energy sources, and 

hydroelectric power plants produce 84% of the electrical energy 

(see Figure 1). The Brazilian Government has decided to 

construct new hydroelectric dams to guarantee national energy 

security. However, there is opposition both within Brazil and 

among the international community to the project's potential 

construction regarding its economic viability, the generation 

efficiency of the dams and in particular its impacts on the 

region's people and environment. In addition, critics worry that 

construction of the Belo Monte Dam could make the construction 

of other dams upstream- which could have greater environmental 

impacts- more viable. 

Plans for the dam began in 1975 but were soon shelved 

due to controversy; they were later revitalized in the late 1990s. 

In the 2000s, the dam was redesigned, but faced renewed 

controversy and controversial impact assessments were carried out. In August 2010, a contract 

was signed with Norte Energia to construct the dam once the Brazilian Institute of Environment 

and Renewable Natural Resources (IBAMA) had issued an installation license. The licensing 

process and the dam's construction have been mired in federal court battles; the current ruling is 

that construction is allowed, because the license is based on five different environmental 

technical reports and in accordance with the RIMA (Environmental Impact Report, EIA-RIMA) 

study for Belo Monte. The first turbines went online on 5 May 2016.The power station is 

planned to be completed by 2019.  

 

 

 

 

 

 

 

Adapted from: https://en.wikipedia.org/wiki/Belo_Monte_Dam   

Figure 1: Electricity production in Brazil 

(2010). Image credit: 

http://www.powermag.com/brazil-latin-

americas-beacon/  

https://en.wikipedia.org/wiki/Belo_Monte_Dam
https://en.wikipedia.org/wiki/Belo_Monte_Dam
http://www.powermag.com/brazil-latin-americas-beacon/
http://www.powermag.com/brazil-latin-americas-beacon/
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Phase 1 

The goal of this part of the assignment is for you to take a role and write a position statement on 

whether or not you support the construction of dam. You will then present your arguments to the 

class.  

A role will be assigned to each group: 

• A representative for an international environmental NGO. 

• Indigenous people of Brazil 

• Brazil’s Economic Minister, representing the Brazilian government 

Phase 2 

You will present your position statement to the class. As you present the statement, keep in 

character and defend your arguments, answering any questions asked by the class. As you listen 

to the other groups, take notes on their arguments. 

After the presentations, reflect on the following questions: 

• What argument did you find persuasive and why?   

• If you were an average Brazilian citizen, how would you vote on the dam project? How 

would you vote as yourself? 

• What information would you want to make a better decision? 

Resources 

• Run of the River Hydroelectricity. Wikipedia.  

http://en.wikipedia.org/wiki/Run-of-the-river_hydroelectricity 

• Belo Monte Dam. Wikipedia. (see also the references at the end of the article) 

https://en.wikipedia.org/wiki/Belo_Monte_Dam  

• Fearnside, P. & Puevo, S. (2012). Greenhouse-gas emissions from tropical dams. Nature 

Climate Change. 

http://www.nature.com/nclimate/journal/v2/n6/pdf/nclimate1540.pdf?WT.ec_id=NCLIM

ATE-201206  

• Watts, A. (2011). Dam emissions, not so bad after all. Watts Up With That? 

http://wattsupwiththat.com/2011/08/02/dam-emissions-not-so-bad-after-all/ 

• Kayapo, C.B.K., Kayapo, C.R., & Juruna, Y. (2010). Indigenous Declaration After the 

Belo Monte Dam Auction. Valor Economica. 

http://www.internationalrivers.org/resources/indigenous-declaration-after-the-belo-

monte-dam-auction-4297  

• 'Airmageddon': China smog raises modernisation doubts 

http://www.bbc.co.uk/news/world-asia-china-21272328 

http://www.theatlantic.com/infocus/2013/01/chinas-toxic-sky/100449/  

http://en.wikipedia.org/wiki/Run-of-the-river_hydroelectricity
https://en.wikipedia.org/wiki/Belo_Monte_Dam
http://www.nature.com/nclimate/journal/v2/n6/pdf/nclimate1540.pdf?WT.ec_id=NCLIMATE-201206
http://www.nature.com/nclimate/journal/v2/n6/pdf/nclimate1540.pdf?WT.ec_id=NCLIMATE-201206
http://wattsupwiththat.com/2011/08/02/dam-emissions-not-so-bad-after-all/
http://www.internationalrivers.org/resources/indigenous-declaration-after-the-belo-monte-dam-auction-4297
http://www.internationalrivers.org/resources/indigenous-declaration-after-the-belo-monte-dam-auction-4297
http://www.bbc.co.uk/news/world-asia-china-21272328
http://www.theatlantic.com/infocus/2013/01/chinas-toxic-sky/100449/
http://www.theatlantic.com/infocus/2013/01/chinas-toxic-sky/100449/
http://www.theatlantic.com/infocus/2013/01/chinas-toxic-sky/100449/
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Team: Environmental NGO 

Taking on the role of a representative for an international environmental NGO, write a statement 

of your position about the construction of the Belo Monte dam.  Consider the following: 

• Potential local and global environmental impact of the dam 

• Impacts of alternative fuel sources the Brazilian energy sector would pursue to replace 

the projected contribution from the dam 

• What changes to or assurances about the dam project would make you more comfortable 

with its continuation? 

• Use the report on the long-term impact of the Grand Coulee Dam to support your 

arguments. 

Construct your argument using the Claim-Evidence-Reasoning framework. Make a claim about 

whether or not you support the construction of the dam. Support your claim with evidence. You 

can use the resources listed on the first page, or find other online resources. Be sure to cite your 

sources. Finally, explain your reasoning of how each piece of evidence supports your claim. 

You will likely use multiple lines of evidence to support your claim. 

Be prepared to share your arguments with the class and defend your position.  

Claim (argument): 

 

 

Evidence (include citation): 

 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

 

Reasoning: 
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Team: Indigenous People 

Taking on the role of a representative of indigenous peoples in the area impacted by the dam, 

write a statement of your position about the construction of the Belo Monte dam.  List your 

primary arguments (consider economic, environmental, social, and national interests) citing at 

evidence from the readings.   Some things to consider: 

• How might the history of indigenous relations with the government affect your position?  

• Use the report on the long term impact of the Grand Coulee Dam to support one of your 

arguments.  

• Consider the government’s position.  What merit do their arguments have?  What action 

might they take to lessen your opposition? 

Construct your argument using the Claim-Evidence-Reasoning framework. Make a claim about 

whether or not you support the construction of the dam. Support your claim with evidence. You 

can use the resources listed on the first page, or find other online resources. Be sure to cite your 

sources. Finally, explain your reasoning of how each piece of evidence supports your claim. 

You will likely use multiple lines of evidence to support your claim. 

Be prepared to share your arguments with the class and defend your position.  

Claim (argument): 

 

 

Evidence (include citation): 

 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

 

Reasoning: 
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Team: Economic Minister 

Taking on the role of Brazilian economic minister, write a statement of your position about the 

construction of the Belo Monte dam.  List your primary arguments (consider economic, 

environmental, social, and national interests) citing evidence from the readings 

Consider the following: 

• Potential economic impact of the dam 

• Impacts of alternative fuel sources the Brazilian energy sector would pursue to replace 

the projected contribution from the dam 

• How would you address concerns of those opposed to the project? 

• Use the report on the long term impact of the Grand Coulee Dam to support your 

arguments. 

Construct your argument using the Claim-Evidence-Reasoning framework. Make a claim about 

whether or not you support the construction of the dam. Support your claim with evidence. You 

can use the resources listed on the first page, or find other online resources. Be sure to cite your 

sources. Finally, explain your reasoning of how each piece of evidence supports your claim. 

You will likely use multiple lines of evidence to support your claim. 

Be prepared to share your arguments with the class and defend your position.  

Claim (argument): 

 

 

Evidence (include citation): 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

Reasoning: 

 

Evidence (include citation): 

 

 

 

 

 

Reasoning: 
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Reading: Nuclear Power 
 The final form of energy that we will introduce in this unit is nuclear potential energy. 

This is energy that is stored in the nucleus of an atom. The nucleus of an atom is made up of 

protons and neutrons. The protons are positively charged, and thus repel each other 

electrostatically. Fortunately, there is another force acting in the nucleus called the strong force. 

If the strong force overcomes the electrostatic repulsion, then the nucleus is stable.  

However, the strong force is only strong over a very short range, about the size of a 

medium-sized nucleus. Nuclei that are too large or have the wrong ratio of protons to neutrons 

are unstable. This is because that the strong force is not acting between all the protons and 

neutrons to hold the nucleus together.  In some nuclei, the strong force is not large enough to 

overcome the electrostatic repulsion, and sometimes the nucleus can split into two (or more) 

parts. This can take the form of radioactive decay (where the nucleus spits out a small piece and 

becomes a little bit smaller) or nuclear fission (where it splits into two big pieces). The smaller 

nuclei created in this process are called daughter nuclei.  

As an example, let’s look at Uranium because it is the fuel commonly used in nuclear 

power plants. An element is defined by how many protons are in the nucleus. But there are also 

neutrons in the nucleus, and many elements have variations with different numbers of neutrons 

in the nucleus (called isotopes). Uranium has two isotopes; Uranium-238 has 92 protons and 146 

neutrons, Uranium-235 has 92 protons and 143 neutrons. A common way to write this is shown 

below. The upper number is the atomic mass (the total number of neutrons and protons) and the 

bottom number is the number of protons in the nucleus. The letter represents the chemical 

symbol for a particular element.  

Uranium-238: U92
238  

Uranium-235: U92
235  

Uranium-238 makes up 99% of the Uranium found on the Earth. Because it has more 

neutrons in the nucleus, it is bigger and provides more space for the protons to spread out, which 

makes the nucleus more stable. On the other hand, in the smaller Uranium-235 the protons are 

closer to each other on average and there is more electrostatic repulsion within the nucleus. As a 

consequence, it is less stable and can break into two smaller nuclei through the process of 

nuclear fission.  

Even so, the U-235 nucleus is relatively stable until it is hit by a stray neutron. This extra 

energy triggers a fission reaction. There are several possible nuclear fission reactions that U-235 

can undergo. A common one is shown below:  

U92
235 + n0

1 → Ba56
141 + Kr36

92 + 3 n0
1  

This equation tells us that the U-235 combines with the incoming neutron and then decays into 

two smaller nuclei, Barium-141 and Krypton-92. There are also three neutrons released in this 

process. This is important because those extra neutrons can then bump into other U-235 nuclei 

and trigger more fission reactions. This is how a chain reaction happens.  

 If you’ve taken chemistry, you’ve probably heard about mass conservation. The table 

below shows the masses for some particles involved in our fission reaction. A convenient unit for 

mass is the atomic mass unit (abbreviated as u or amu). One amu is equivalent to 
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1.66 × 10−27 kg. A proton and a neutron are both approximately one amu, but we need to be 

more precise to determine whether or not mass is conserved. This is a time when you want to 

keep all the decimal places for your calculations. 

Particle Mass (in u) 

p (proton) 1.007276 

n (neutron) 1.008664 

e (electron) 0.0005485799 
235U 235.0439299 
141Ba 140.914411009 
92Kr 91.9261528 

 

Mass of original particles (U-235 + n) =  

235.0439299 u + 1.008664 u = 236.0525939 u 

Mass of product particles (Ba-141 + Kr-92 + 3n) =  

140.914411009 u + 91.9261528 u + 3(1.008664 u) = 235.866555809 u 

Comparing these two values, you see that we end up with less mass than we started with! This 

was quite puzzling to the scientists that first discovered nuclear fission, Lise Meitner and Otto 

Hahn. Meitner finally solved the mystery by determining that the missing mass was being 

released in the form of energy. In particular, the mass was being converted into kinetic energy, 

which meant the daughter nuclei would leave the fission reaction with a great speed. 

 Meitner’s discovery confirmed a theory proposed by Albert Einstein that mass is a form 

of energy, which can be mathematically represented using the famous formula: 

𝐸 = 𝑚𝑐2   (1) 

Where 𝐸 is the energy, 𝑚 is the mass, and 𝑐 is the speed of light (𝑐 = 3.0 × 108 m/s). This was 

a significant discovery because Einstein’s equation came out of his theory of special relativity, 

which is a study of how objects behave when they are moving close to the speed of light. The 

fact that his result also was able to explain nuclear fission was surprising, and one of the first 

pieces of concrete evidence for his theory. 

 If we apply Einstein’s formula to nuclear fission, we can calculate the energy released 

from the mass that goes missing during the reaction. In the above example, the final products 

have 0.186038091 u (or 3.089 x 10-28 kg) less mass than the original particles. Substituting this 

into equation (1), we get the total amount of energy released: 

𝐸 = (3.089 x 10−28 kg) (3.0 × 108
m

s
)

2

= 2.780 × 10−11𝐽 

This may not seem like a lot of energy, but this is just for one fission reaction. One gram of U-

235 contains 2.56 × 1021 atoms. If that entire gram of U-235 underwent nuclear fission, we 

would have a total energy released of: 

𝐸𝑡𝑜𝑡𝑎𝑙 =
𝐸

reaction
× # reactions = 2.780 × 10−11𝐽 ∗ 2.56 × 1021 = 7.12 × 1010𝐽 
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That’s a lot of energy released from one gram of fuel! For comparison, the Hoover Dam 

generates this much energy from 4.55 × 106 kg of water going over the dam in two minutes2.  

There are various types of nuclear power plants that use this nuclear potential energy to 

generated electrical energy. Although the details differ, generally in a nuclear power plant, the 

kinetic energy of the product particles is used to heat water into steam. The steam then turns a 

turbine, similar to the turbine in a hydroelectric plant or traditional coal-fired power plant. The 

turbine is attached to an electrical generator, which produces electricity.  

  

                                                           
2 Assuming an energy generation of 1.91 × 1016 𝐽 per year. 
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Tutorial: Nuclear Reactor 
The Point Beach Nuclear site in Wisconsin has two pressurized water reactors (PWR).  Our goal 

is to figure out the efficiency with which nuclear potential energy is being converted into 

electrical potential energy in the power plant.  To do this, we will use mathematical models of 

energy to calculate some properties of the plant operation, starting with how much energy is 

released as the Uranium undergoes fission. 

Table 1: Some useful information 

Particle Mass (in u) 

p (proton) 1.007276 

n (neutron) 1.008664 

e (electron) 0.0005485799 
235U 235.0439299 
94Sr 93.915362 
140Xe 139.92164 

Other useful information  

1 u corresponds to 931 MeV of energy 

1 MeV equals 1.6 x 10-13 J 

2.5 x 1021 Uranium atoms per 1 gram 

1 Joule  2.78 x 10-7 kWh 

1 tonne 1 x 106 grams 

 

Figure 1: Schematic for a pressurized water fission reactor (Image credit: Wikipedia)  

 

 

https://en.wikipedia.org/wiki/Pressurized_water_reactor
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1. Consider the fission reaction below. How much energy is released in the reaction? Report 

your answer in MeV and Joules. 

235U + n  → 140Xe + 94Sr + 2n 

 

 

 

2. Each one uses 90 grams of Uranium-235 per hour when running.  How many uranium atoms 

are in 90 grams? 

 

 

3. How much energy per hour is being released, if all of those atoms undergo fission (in 

Joules)? 

 

 

4. If that energy is released in an hour, what is the rate (power) at which it is released (in 

Watts)? In MW? 

 

 

The reactor converts this thermal energy into the kinetic energy of steam.   The primary turbine 

uses high pressure steam that has a density ρ = 35 kg/m3, moving through a turbine with a cross-

sectional area of 25 m2.  Unlike a wind turbine, virtually all of the steam’s kinetic energy is 

transferred to the generator’s turbine. This means we can use the model for power derived 

previously for the wind turbine without worrying about the efficiency of the energy transfer:  

𝑃 =
1

2
𝜌𝐴𝑣3 

5. If all the nuclear potential energy is converted in to the steam’s kinetic energy, what would 

be the velocity of the steam?  

 

 

 

6. The plant runs at an electrical power output of 620 MW.  What is the plant’s overall 

efficiency?  Where is energy being lost from the system?  (You might want to reference the 

diagram.)    
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7. The plant is loaded with 45 metric tons (tonnes) of Uranium fuel.   Naturally occurring 

Uranium contains 0.7% 235U, the fissionable isotope.  It is enriched to have 3.5% 235U in the 

fuel rods.  How much energy is stored in the 235U (in kWh and Joules)?    

 

 

 

8. If energy is converted at the rate calculated in #4, how long would it take to use all the 235U 

in the fuel (in hours, days, and months)?   

 

 

 

9. The fuel rods are replaced every 18 months.  Estimate how much 235U is left in the fuel rods. 

Why might they remove the fuel before it is all used?  (Hint: A chain reaction necessary for 

the reactor to run.) 

 

 

 

 

 

 

 

 

 

  



56  Alternative Energy: Student Reader

  

Unit Project: Alternative Energy Investment Pitch 
The project for this unit is to research a new technology in the field of alternative energy, 

and make a pitch to convince an investor that they should contribute to the development of this 

new technology (think Shark Tank).   

To make this case, you will need to learn how to make quantitative estimates for the 

various forms of energy in a system. The energy efficiency is just one factor to consider when 

choosing which alternative energy system you would install in a particular area. Other factors 

include availability and location of resources, installation costs, maintenance costs, and 

emissions. These environmental and economic factors will also be included in the argument you 

build in the project. 

This type of analysis is called a Life Cycle Assessment. A good place to start looking for 

data for your life cycle assessment is the National Renewable Energy Laboratory 

(https://www.nrel.gov/analysis/life-cycle-assessment.html).  

Because many forms of alternative energy depend on geographic location, you will be 

assigned a particular geographic location. You can then choose a new energy technology to 

report on that you think will be well-suited for that particular location. The purpose of this 

presentation is for you to make an argument as to why we would want to spend time and energy 

developing this particular form of energy generation. To make that argument, you will need to 

make a Claim, back up your claim with Evidence, and justify your position with Reasoning. 

You will work in a team of 2-3 students, and give a ten minute presentation to the class. 

As part of your presentation, you will need to convince the investors to fund your new 

technology. Each member of the class will have a budget to invest in new technologies. After the 

presentations, the class will then evaluate your pitch and decide if they will invest in your new 

technology. 

Questions to research: 

1. Where does the useable energy come from? What types of energy transformations are 

involved? Draw an energy flow diagram of what kind of energy is going in vs. what is going 

out. 

2. Include a detailed description of how the electrical power is generated. How does this 

particular generator work?  

3. What is the maximum power output of the system? Is this enough to power an entire 

community? Or a city or a local business?  

4. How efficient is the energy source? How much energy do we get out for the energy we put 

in? Where is energy lost along the way? 

5. How is the electricity transmitted to the consumer? Can it be stored? How efficient is the 

transmission process?  

6. Research the Life Cycle Assessment for your energy source. (See the link above.) What 

factors do we need to consider aside from the efficiency of the system?  If possible, find the 

carbon emissions in gram CO2-eq/kWh. 

https://www.nrel.gov/analysis/life-cycle-assessment.html
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7. Assess the project from a business perspective. If possible, do a cost-benefit analysis. How 

much will it cost to build this energy system? How much money will be saved? What are the 

other benefits to this particular source of energy? How much does it cost the consumer? The 

manufacturer? 

8. What are the benefits? Why would you choose this source of energy over another? What are 

the drawbacks? What keeps us from using this source of energy? 

9. Is your source of power readily available? Is this a viable source of energy? Try to find at 

least one website that is pro-your energy source and at least on that is against it. You’ll have 

to make a decision about which group makes the better argument. 

10. Where is this energy source used in this country? In other countries? If it’s not in use, is it a 

viable option for the future? 

 

Guidelines for Oral Presentation 

• Choose the most important points and the most compelling arguments.  

• If your topic is controversial, report on the arguments on both sides of the controversy.  

• The presentation should be no more than 10 minutes.  

• Visual aids are expected (power point, or another of your choosing).  Activities or 

demonstrations are a plus. Videos must be under 2 minutes, and you cannot use more 

than one.  

• After the presentation, we will have 5 minutes for Q&A. Be prepared to answer questions 

from your investors.  

• You may work with a partner or two on your presentation. No more than 3 people per 

group.  

• Each group will do a different topic and/or location. 

 

References 

Be sure to cite all sources using APA or other standard style. You must use at least 5 sources. 

You may use internet sources if they are reliable.  

What to submit: 

1. A copy of the presentation (submitted via Blackboard) 

2. A list of references 

3. Investment report (due after the class presentations) 
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Alternative Energy Project - Grading Rubric 

 

Group members: ____________________________________________________________   

 

Topic: _______________________  Location: _______________________________ 

 

Criteria Points 

Received 

Possible 

Points 

Content  20 

• Explain how electrical energy is generated, and any 

inefficiencies in the system. 

  

• Benefits of this energy source at your assigned 

location. 

 

• Drawbacks of this energy source at your assigned 

location. 

 

• Life Cycle Assessment  

• Social and environmental factors relevant to making 

your argument. 

 

• Cost-benefit analysis.  How much will it cost to fund 

your project? 

 

• Include any diagrams, pictures, or graphs that are 

relevant. 

 

Oral Presentation  10 

• Visual Aids/Activity   

• Appropriate Content  

• Appropriate length  

References  10 

• At least 5 sources used    

• Reliable sources  

• Bibliography included  

Peer Review (Investment Report)  10 

TOTAL  50 
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Investment Report 

This is your opportunity to evaluate the new technologies being proposed by your peers. 

Complete the report for each presentation and then decide on which project you will fund. You 

cannot fund your own project. 

Project #1: _____________________________________ 

Investment Report Points 

Received 

Points 

Available 

• Claims were well supported by evidence.  5 

• More than one line of evidence was used to support the claim.  5 

• Social and economic factors were given consideration.  5 

• Pros and cons of the new technology were clearly presented.  5 

• A convincing argument was made that this technology is well-

suited to the assigned location. 

 5 

TOTAL  25 

 Comments: 

 

 

 

Project #2: _____________________________________ 

Investment Report Points 

Received 

Points 

Available 

• Claims were well supported by evidence.  5 

• More than one line of evidence was used to support the claim.  5 

• Social and economic factors were given consideration.  5 

• Pros and cons of the new technology were clearly presented.  5 

• A convincing argument was made that this technology is well-

suited to the assigned location. 

 5 

TOTAL  25 

 Comments: 

 

 

Project #3: _____________________________________ 

Investment Report Points 

Received 

Points 

Available 

• Claims were well supported by evidence.  5 

• More than one line of evidence was used to support the claim.  5 

• Social and economic factors were given consideration.  5 

• Pros and cons of the new technology were clearly presented.  5 

• A convincing argument was made that this technology is well-

suited to the assigned location. 

 5 

TOTAL  25 

 Comments: 
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Project #4: _____________________________________ 

Investment Report Points 

Received 

Points 

Available 

• Claims were well supported by evidence.  5 

• More than one line of evidence was used to support the claim.  5 

• Social and economic factors were given consideration.  5 

• Pros and cons of the new technology were clearly presented.  5 

• A convincing argument was made that this technology is well-

suited to the assigned location. 

 5 

TOTAL  25 

 Comments: 

 

 

 

Project #5: _____________________________________ 

Investment Report Points 

Received 

Points 

Available 

• Claims were well supported by evidence.  5 

• More than one line of evidence was used to support the claim.  5 

• Social and economic factors were given consideration.  5 

• Pros and cons of the new technology were clearly presented.  5 

• A convincing argument was made that this technology is well-

suited to the assigned location. 

 5 

TOTAL  25 

 Comments: 

 

Final Evaluation 

After all of the presentation, you will need to decide how to spend your money. Which project 

would you support? Why do you think this is the best new technology to invest in? Explain your 

reasoning. Write a clear statement (one full paragraph) referencing your classmate’s presentation 

to support your decision.  


