
The most important organizing 
principle in all of science.

Energy and the 
Conservation 
of Energy

Energy can’t be created or destroyed.
It can only change from one form to another.

Anything that happens involves
 a change in energy from one form to another.



Energy comes in many different forms.
Mechanical energy:

Ug UsK

Thermal 
energy:

Eth

Other forms include:

Echem Enuclear



The Basic Energy Model
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FIGURE 10.2 reinforces the idea that energy transformations are changes of 
energy within the system from one form to another. (The U in this figure is a 
generic potential energy; it could be gravitational potential energy Ug, spring poten-
tial energy Us, or some other form of potential energy.) There are two types of 
arrows in the figure. The arrow between K and U is a two-way arrow; it’s easy to 
transform energy back and forth between these forms. When the springboard diver 
goes up in the air, his kinetic energy is transformed into gravitational potential 
energy; when he comes back down, this process is reversed. But the arrow between 
K and Eth is a one-way arrow pointing toward Eth. When the runner slides into the 
base, his kinetic energy is transformed into thermal energy. This process doesn’t 
spontaneously reverse, although this would certainly make baseball a more exciting 
game. In Chapter 11, we’ll see that it is possible to transform thermal energy into 
other forms, but it’s not easy, and there are real limitations.

Energy Transfers and Work
We’ve just seen that energy transformations occur between forms of energy within a 
system. But every physical system also interacts with the world around it—that is, 
with its environment. In the course of these interactions, the system can exchange 
energy with the environment. An exchange of energy between system and envi-
ronment is called an energy transfer. There are two primary energy-transfer pro-
cesses: work, the mechanical transfer of energy to or from a system by pushing or 
pulling on it, and heat, the nonmechanical transfer of energy from the environment 
to the system (or vice versa) because of a temperature difference between the two.

FIGURE 10.3, which we call the basic energy model, shows how our energy model 
is modified to include energy transfers into and out of the system as well as energy 
transformations within the system. In this chapter we’ll consider energy transfers by 
means of work; the concept of heat will be developed in Chapters 11 and 12.

“Work” is a common word in the English language, with many meanings. When 
you first think of work, you probably think of physical effort or the job you do to 
make a living. In physics, “work” is the process of transferring energy from the 
environment to a system, or from a system to the environment, by the application of 
mechanical forces—pushes and pulls—to the system. Once the energy has been 
transferred to the system, it can appear in many forms. Exactly what form it takes 
depends on the details of the system and how the forces are applied. The table below 
gives three examples of energy transfers due to work. We use W as the symbol 
for work.

Echem

Eth

E  =  K  +  U  +  Eth  +  Echem  +  c

K U

System

FIGURE 10.2 Energy transformations 
within the system.

Echem

Eth

K U

Work,
heat

System
Energy is transferred 
from the environment 
to the system.

Energy is transferred 
from the system to 
the environment.

Environment

The environment is everything
that is not part of the system.

FIGURE 10.3 Work and heat are energy 
transfers into and out of the system.

Energy transfers: work

Putting a shot

The system: The shot

The environment: The athlete
As the athlete pushes on the shot to get it 
moving, he is doing work on the system;  
that is, he is transferring energy from  
himself to the shot. The energy transferred  
to the system appears as kinetic energy.
The transfer: W S K

Striking a match

The system: The match and matchbox

The environment: The hand
As the hand quickly pulls the match across 
the box, the hand does work on the  system, 
increasing its thermal energy. The match  
head becomes hot enough to ignite.
The transfer: W S Eth

Firing a slingshot

The system: The slingshot

The environment: The boy
As the boy pulls back on the elastic 
bands, he does work on the system, 
increasing its elastic potential energy.
The transfer: W S Us

A video to support a section’s topic  
is embedded in the eText.

Video The Basic Energy Model
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Thermal Energy is Special.

Kinetic to thermal.

Kinetic to thermal.

Chemical to thermal.

Nuclear to thermal.



Potential 
to 

Kinetic

A child on a swing is motionless at 
the highest point of her arc.

As she swings back down to the 
lowest point, what energy 
transformation is taking place?

Kinetic 
to 

Potential

Kinetic 
to 

Thermal

Potential 
to 

Thermal



Potential 
to 

Kinetic

After a springbok leaves the ground, 
it rises to a height of over 2.0 
meters.

On the way up, what energy 
transformation is taking place?

Kinetic 
to 

Potential

Kinetic 
to 

Thermal

Potential 
to 

Thermal



Potential 
to 

Kinetic

A baseball player slides into home, 
coming to rest right on the plate.

What energy transformation is taking 
place?

Kinetic 
to 

Potential

Kinetic 
to 

Thermal

Potential 
to 

Thermal



Potential 
to 

Kinetic

A skier moves down a slope at a 
constant speed. 

What energy transformation is taking 
place?

Kinetic 
to 

Potential

Kinetic 
to 

Thermal

Potential 
to 

Thermal



Power

P =
ΔE
Δt

P =
W
Δt

Unit:
J/s = W

P = F ⋅ v

Transformation: Transfer:

Useful equation:



Power is a rate...
• Same mass...
• Both reach 60 mph...

Same final kinetic energy, but
different times mean 

different powers.



A 70 kg human sprinter 
can accelerate from rest 
to 10 m/s in 3.0 s.

What is the specific 
power—the power 
output divided by the 
mass in kg?



A 70 kg human sprinter 
can accelerate from rest 
to 10 m/s in 3.0 s.

What is the specific 
power—the power 
output divided by the 
mass in kg?

1. What energy changes?
2. What is the magnitude of the 

change?
3. What is the power?
4. What is the specific power?



Power Output for Jumpers

Animal Mass
(kg)

Jump 
Height

(m)

Jump 
Time

(s)

Power
(W)

Power/
mass

(W/kg)

Human 70 1 0.57 1200 17

Impala 40 2.4 0.73 940 24

Bushbaby 0.3 2.3 0.15 45 150

Flea 0.00075 1 0.0007 11 14,000



Energy Inputs

1.0 Calorie = 1000 calorie = 4200 J = 4.2 kJ

1.0 kJ = 1000 J = 240 calorie = 0.24 Calorie



How to solve?

Look up energy 
use in table.

Compute 
energy use.

Energy in 
the body

Problem 
Type #2

Energy in 
the body

Problem 
Type #1



125 
W

1150 
W
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The metabolic energy used in an activity depends on an individual’s size, level of 
fitness, and other variables. But we can make reasonable estimates for the power used 
in various activities for a typical individual. Some values are given in Table 11.4.

Efficiency of the Human Body
Suppose you climb a set of stairs at a constant speed, as in FIGURE 11.6. What is 
your body’s efficiency for this process? To find out, let’s apply the work-energy 
equation. We note first that no work is done on you: There is no external input 
of energy, as there would be if you took the elevator. Furthermore, if you climb 
at a constant speed, there’s no change in your kinetic energy. However, your 
gravitational potential energy clearly increases as you climb, as does the overall 
thermal energy of you and perhaps the surrounding air. This latter fact is some-
thing you know well: If you climb several sets of stairs, you certainly warm up 
in the process! And, finally, your body must use chemical energy to power your 
muscles for the climb.

For this case of climbing stairs, then, the work-energy equation reduces to

 ∆Echem + ∆Ug + ∆Eth = 0 (11.4)

Thermal energy and gravitational potential energy are increasing, so ∆Eth and ∆Ug 
are positive; chemical energy is being used, so ∆Echem is a negative number. We can 
get a better feeling about what is happening by rewriting Equation 11.4 as0 ∆Echem 0 = ∆Ug + ∆Eth

The magnitude of the change in the chemical energy is equal to the sum of the changes  
in the gravitational potential and thermal energies. Chemical energy from your body 
is converted into potential energy and thermal energy; in the final position, you are 
at a greater height and your body is slightly warmer.

Earlier in the chapter, we noted that the efficiency for stair climbing is about 25%. 
Let’s see where that number comes from.

 1. What you get. What you get is the change in potential energy: You have raised 
your body to the top of the stairs. If you climb a flight of stairs of vertical 
height ∆y, the increase in potential energy is ∆Ug = mg ∆y. Assuming a mass 
of 68 kg and a change in height of 2.7 m (about 9 ft, a reasonable value for a 
flight of stairs), we compute

∆Ug = (68 kg)(9.8 m/s2)(2.7 m) = 1800 J

 2. What you had to pay. The cost is the metabolic energy your body used in com-
pleting the task. As we’ve seen, physiologists can measure directly how much 
energy 0 ∆Echem 0  your body uses to perform a task. A typical value for climbing 
a flight of stairs is 0Echem 0 = 7200 J

Given the definition of efficiency in Equation 11.2, we can compute an efficiency 
for climbing the stairs:

e =
∆Ug0 ∆Echem 0 = 1800 J

7200 J
= 0.25 = 25%

For the types of activities we will consider in this chapter, such as running,  
walking, and cycling, the body’s efficiency is typically in the range of 20–30%. We 
will generally use a value of 25% for the body’s efficiency for our calculations. 
Efficiency varies from individual to individual and from activity to activity, but this 
rough approximation will be sufficient for our purposes in this chapter.

The metabolic power values given in Table 11.4 represent the energy used by the 
body while these activities are being performed. Given that we assume an efficiency 

FIGURE 11.5 The mask measures the 
oxygen used by the athlete.

TABLE 11.4 Metabolic power use during 
activities

 
Activity

Metabolic power (W)  
of 68 kg individual

Typing  125

Ballroom dancing  250

Walking at 5 km/h  380

Cycling at 15 km/h  480

Swimming at a fast  
 crawl

 800

Running at 15 km/h 1150

FIGURE 11.6 Climbing a set of stairs.

∆y

Final
position

Initial
position

System
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Justin (who happens to have a mass of 68 kg) 
walks 10 km at a pace of 5 km/hr.
How much energy does he use?

Energy in 
the body

Problem 
Type #1
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The metabolic energy used in an activity depends on an individual’s size, level of 
fitness, and other variables. But we can make reasonable estimates for the power used 
in various activities for a typical individual. Some values are given in Table 11.4.

Efficiency of the Human Body
Suppose you climb a set of stairs at a constant speed, as in FIGURE 11.6. What is 
your body’s efficiency for this process? To find out, let’s apply the work-energy 
equation. We note first that no work is done on you: There is no external input 
of energy, as there would be if you took the elevator. Furthermore, if you climb 
at a constant speed, there’s no change in your kinetic energy. However, your 
gravitational potential energy clearly increases as you climb, as does the overall 
thermal energy of you and perhaps the surrounding air. This latter fact is some-
thing you know well: If you climb several sets of stairs, you certainly warm up 
in the process! And, finally, your body must use chemical energy to power your 
muscles for the climb.

For this case of climbing stairs, then, the work-energy equation reduces to

 ∆Echem + ∆Ug + ∆Eth = 0 (11.4)

Thermal energy and gravitational potential energy are increasing, so ∆Eth and ∆Ug 
are positive; chemical energy is being used, so ∆Echem is a negative number. We can 
get a better feeling about what is happening by rewriting Equation 11.4 as0 ∆Echem 0 = ∆Ug + ∆Eth

The magnitude of the change in the chemical energy is equal to the sum of the changes  
in the gravitational potential and thermal energies. Chemical energy from your body 
is converted into potential energy and thermal energy; in the final position, you are 
at a greater height and your body is slightly warmer.

Earlier in the chapter, we noted that the efficiency for stair climbing is about 25%. 
Let’s see where that number comes from.

 1. What you get. What you get is the change in potential energy: You have raised 
your body to the top of the stairs. If you climb a flight of stairs of vertical 
height ∆y, the increase in potential energy is ∆Ug = mg ∆y. Assuming a mass 
of 68 kg and a change in height of 2.7 m (about 9 ft, a reasonable value for a 
flight of stairs), we compute

∆Ug = (68 kg)(9.8 m/s2)(2.7 m) = 1800 J

 2. What you had to pay. The cost is the metabolic energy your body used in com-
pleting the task. As we’ve seen, physiologists can measure directly how much 
energy 0 ∆Echem 0  your body uses to perform a task. A typical value for climbing 
a flight of stairs is 0Echem 0 = 7200 J

Given the definition of efficiency in Equation 11.2, we can compute an efficiency 
for climbing the stairs:

e =
∆Ug0 ∆Echem 0 = 1800 J

7200 J
= 0.25 = 25%

For the types of activities we will consider in this chapter, such as running,  
walking, and cycling, the body’s efficiency is typically in the range of 20–30%. We 
will generally use a value of 25% for the body’s efficiency for our calculations. 
Efficiency varies from individual to individual and from activity to activity, but this 
rough approximation will be sufficient for our purposes in this chapter.

The metabolic power values given in Table 11.4 represent the energy used by the 
body while these activities are being performed. Given that we assume an efficiency 

FIGURE 11.5 The mask measures the 
oxygen used by the athlete.

TABLE 11.4 Metabolic power use during 
activities
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Metabolic power (W)  
of 68 kg individual

Typing  125

Ballroom dancing  250

Walking at 5 km/h  380
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Swimming at a fast  
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How far could you walk 
on the energy in a pack of 
M&Ms?



Sarah (mass 68 kg) walks up a flight of stairs of height 2.7 m. 
What is the change in her potential energy? How much energy 
does her body use to complete the climb?

Energy in 
the body

Problem 
Type #2



A 75 kg person climbs the 
248 steps to the top of the 
Cape Hatteras lighthouse, a 
total climb of 59 m.

How many Little Juan bean 
and cheese burritos will 
this task require?

1.0 J = 0.24 calorie
1.0 kJ = 0.24 Calorie
1.0 Calorie = 4.2 kJ

1.0 LJB = 240 Calorie =1000 kJ



How high could you climb 
on the energy in one pack 
of fun size M&Ms?



Energy use at rest.



Energy use of the body

 11.2 Energy in the Body 323

The first item on the nutrition label on packaged foods is Calories—a measure of 
the chemical energy in the food. (In Europe, where SI units are standard, you will 
find the energy contents listed in kJ.) The energy contents of some common foods 
are given in Table 11.2.

Counting calories Most dry foods  
burn quite well, as this photo of corn chips  
illustrates. You could set food on fire to  
measure its energy content, but this isn’t  
really necessary. The chemical energies of  
the basic components of food (carbohydrates, 
proteins, fats) have been carefully measured— 
by burning—in a device called a calorimeter. 
Foods are analyzed to determine their  
composition, and their chemical energy can 
then be calculated.TABLE 11.2 Energy content of foods

 
 
Food

Energy  
content  
in Cal

Energy  
content  

in kJ

 
 
Food

Energy 
content  
in Cal

Energy  
content  

in kJ

Carrot (large)  30  125 Slice of pizza  300 1260

Fried egg 100  420 Frozen burrito  350 1470

Apple (large) 125  525 Apple pie slice  400 1680

Beer (can) 150  630 Fast-food meal:    

BBQ chicken wing 180  750  burger, fries,    

Latte (whole milk) 260 1090  drink (large) 1350 5660

TABLE 11.3 Energy use at rest

 
Organ

Resting power (W)  
of 68 kg individual

Liver  26

Brain  19

Heart   7

Kidneys  11

Skeletal muscle  18

Remainder of body  19

Total 100

A 12 oz can of soda contains approximately 40 g (or a bit less than 1/4 cup) of sugar, a 
simple carbohydrate. What is the chemical energy in joules? How many Calories is this?

SOLVE From Table 11.1, 1 g of sugar contains 17 kJ of energy, so 40 g contains

40 g * 17 * 103 J
1 g

= 68 * 104 J = 680 kJ

Converting to Calories, we get

 680 kJ = 6.8 * 105 J = (6.8 * 105 J) 
1.00 cal
4.19 J

 = 1.6 * 105 cal = 160 Cal

ASSESS 160 Calories is a typical value for the energy content of a 12 oz can of soda 
(check the nutrition label on one to see), so this result seems reasonable.

EXAMPLE 11.2 Energy in food

Using Energy in the Body: Energy Outputs
Your body uses energy in many ways. Even at rest, your body uses energy for tasks 
such as building and repairing tissue, digesting food, and keeping warm. The num-
bers of joules used per second (that is, the power in watts) by different tissues in the 
resting body are listed in Table 11.3.

Your body uses energy at the rate of approximately 100 W when at rest. This 
energy, from chemical energy in your body’s stores, is ultimately converted entirely 
to thermal energy, which is then transferred as heat to the environment. A hundred 
people in a lecture hall add thermal energy to the room at a rate of 10,000 W, and the 
air conditioning must be designed to take account of this.

Once you engage in an activity, such as climbing stairs or riding a bike, your cells 
must continuously metabolize carbohydrates, which requires oxygen, as we saw in Equa-
tion 11.3. Using a respiratory apparatus, as seen in FIGURE 11.5 on the next page, physiolo-
gists can precisely measure the body’s energy use by measuring how much oxygen the 
body is taking up. The device determines the body’s total metabolic energy use—all of 
the energy used by the body while performing an activity. This total will include all of 
the body’s basic processes such as breathing plus whatever additional energy is needed to 
perform the activity. This corresponds to measuring “what you had to pay.”
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About 
1.5

W/kg



Red kangaroo, 

hopping

Human, 

running



Runner A and Runner B
(who have the same mass)
complete a 5.0 km course.

Runner A takes 20 minutes.
Runner B takes 40 minutes.

Who uses more energy?

Runner A Runner B Same



Kangaroo A and 
Kangaroo B (who 
have the same 
mass) complete a 
5.0 km course.
Kangaroo A takes 
20 minutes.
Kangaroo B takes 40 
minutes.
Which uses more 
energy?

Kangaroo A Kangaroo B Same



The Rainbow and Beyond



Shortcut for computing photon energies:

E  (in eV) = 1240
λ  (in nm)



Atomic Energies



The Electromagnetic Spectrum

Wave Wavelength Frequency Photon energy

FM Radio 3.0 m 100 MHz 0.41 µeV
Microwave 16 cm 1.9 GHz 7.9 µeV

Far IR 10,000 nm 3.0x1013 0.12 eV
Near IR 1,000 nm 3.0x1014 1.2 eV

Red 700 nm 4.3x1014 1.8 eV
Visible (typical) 500 nm 6.0x1014 2.5 eV

Blue 400 nm 7.5x1014 3.1 eV
Ultraviolet 290 nm 1.0x1015 3.4 eV



Particle-y

Wave-ish

Depends

The 
Electromagnetic 
Spectrum



Atomic Radiation

Wavelength 
varies with 

temperature.



Emitting EM Waves Means Emitting Energy

Seal thermal window

Pit viper

From 
Chapter 

12





You Look Positively Radiant
A typical human has a surface area of about 1.8 m2. All 
skin, regardless of color, has an emissivity of about e=0.97.

How much power does a person’s body radiate at normal 
skin temperature? (About 33 °C, or 306 K)

What is the peak wavelength of the emission?

870 W
9500 nm


