
This Week 

The Meaning of Life: How is life even 
possible??? 

This Week: 
The Meaning of Life 

There are three main concepts for 
today’s class: 

1. Energy. What ever happens, 
energy is involved. It’s always 
conserved, in all cases. It 
always stays the same. 

2. Entropy. It is, literally, a 
measure of disorder—a lack of 
order. And it always increases. 

3. Time. What’s the difference 
between the future and the 
past? 

So, what does all this have to do 
with life? We’ll talk.

Is Love Like Energy?
Or Is Love Like Entropy?

The Arrow of Time
The Meaning of Life
The End of the World

Fire and Ice
Some say the world will end in fire,

Some say in ice.
From what I’ve tasted of desire
I hold with those who favor fire.

But if it had to perish twice,
I think I know enough of hate

To know that for destruction ice
Is also great

And would suffice.

- Robert Frost

Viewing the World Through the Lens of Energy

Energy is conserved.
It cannot be created or destroyed.

It can only be converted from one form to another.

This is a law of nature that is universal: 
It applies in all places at all times, absolutely.

Types of Energy
Kinetic energy Energy of motion. If something is moving, it has kinetic energy. Moving 

faster means more kinetic energy.

Gravitational potential energy If something is up high, it has a lot; if something is down low, it doesn’t.

Elastic potential energy Stored in springs, or in springy materials. More stretch means more 
energy.

Radiant energy The energy of light and other waves, like microwaves.

Electric energy The energy of moving charges in circuits.

Chemical energy Energy stored in the form of chemical: Food, fuel and the like.

Nuclear energy Energy stored in the nuclei of atoms.

Thermal energy When something is hot, it has a lot; when it is cold, it has a little.

Energy Toys

Explain the operation in terms of forms of energy.



Thermal Energy
is

Kinetic Energy of Atoms and Molecules
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The fact that macroscopic systems evolve irreversibly toward equilibrium is a 
new law of physics, the second law of thermodynamics:

Second law of thermodynamics The entropy of an isolated system never 
decreases. The entropy either increases, until the system reaches equilibrium, 
or, if the system began in equilibrium, stays the same.

FIGURE 11.27 Kinetic energy and thermal 
energy compared.

The molecules in the baseball all 
move in the same direction at the 
same speed. This ordered motion 
is the ball’s kinetic energy.

The molecules in the gas move in 
different directions at different 
speeds. This random motion is 
the thermal energy of the gas.

Cold
baseball

Helium
balloon

▶ Typing Shakespeare Make a new document in your word processor. Close your 
eyes and type randomly for a while. Now open your eyes. Did you type any recogniz-
able words? There is a chance that you did, but you probably didn’t. One thousand 
chimps in a room, typing away randomly, could type the works of Shakespeare. 
Molecular collisions could transfer energy from a cold object to a hot object. But, 
the probability is so tiny that the outcome is never seen in the real world.

Entropy and Thermal Energy
Suppose we have a very cold, moving baseball, with essentially no thermal energy, 
and a stationary helium balloon at room temperature, as shown in FIGURE 11.27. The 
atoms in the baseball and the atoms in the balloon are all moving, but there is a  
big difference in their motions. The atoms in the baseball are all moving in the same 
direction at the same speed, but the atoms in the balloon are moving in random  
directions. The ordered, organized motion of the baseball has low entropy, while 
the disorganized, random motion of the gas atoms—what we have called thermal  
energy—has high entropy. You can see that a conversion of macroscopic kinetic  
energy into thermal energy means an increase in entropy. We saw, in Section 11.4, 
that the conversion of other forms of energy into thermal energy was irrevers-
ible. Now, we can explain why: When another form of energy is converted into  
thermal energy, there is an increase in entropy.

This is why converting thermal energy into other forms can’t be done with 100% 
efficiency. In the heat engine of FIGURE 11.28 on the next page, as heat QH enters the 
system it increases the system’s entropy. The work out doesn’t change the entropy 
because no heat flows along this path. Thus, if only heat QH entered the system, the 
system’s entropy—and its thermal energy and temperature—would increase indefi-
nitely. So, heat QC must flow to the cold reservoir to decrease the entropy, keeping 
the total entropy of the system constant.

NOTE ▶ The qualifier “isolated” is crucial. We can order the system by reaching 
in from the outside, perhaps using little tweezers to place atoms in a lattice. Simi-
larly, we can transfer heat from cold to hot by using a refrigerator. The second law 
is about what a system can or cannot do spontaneously, on its own, without out-
side intervention. ◀

The second law of thermodynamics tells us that an isolated system evolves such that:

■ Order turns into disorder and randomness.
■ Information is lost rather than gained.
■ The system “runs down” as other forms of energy are transformed into thermal energy.

An isolated system never spontaneously generates order out of randomness. It is not 
that the system “knows” about order or randomness, but rather that there are vast-
ly more states corresponding to randomness than there are corresponding to order. 
As collisions occur at the microscopic level, the laws of probability dictate that the  
system will, on average, move inexorably toward the most probable and thus most 
random macroscopic state.
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If you leave a ceiling fan 
running during the day, it will 

warm up the room it’s in.

Explain why, considering energy 
transfers and transformations.

The spinning blades of the 
ceiling fan increase the 
temperature of the air. 

They thus increase the speeds of 
the air molecules in the room.

Explain what is happening at a 
microscopic level. 

Nose to the grindstone?

It’s not working hard. It’s working mindfully.

…if everything was conserved,
nothing would ever change.

There would be no difference between 
the past and the future.

Entropy:
A measure 

of 
disorder.

But in a pretty 
specific 
manner.

Messy, but 
not high 
entropy.

Entropy
Ordered

There is a temperature 
difference, so you can 

distinguish between the 
two sides.

Low entropy

Disordered
The energy is spread out 

evenly, so you can’t 
distinguish between the 

two sides.
High entropy

Heat 
Flows 
From 

Hot to 
Cold



This 
means an 
increase in 
entropy.

You can tell 
the difference.

There is 
order.

You can’t tell 
the difference.

There is 
disorder.

As heat flows from hot to cold, the 
entropy of the universe increases.

Systems Always Evolve to the Most Probable State.

The 2nd Law of Thermodynamics:
The Entropy of the Universe Always Increases

Thermal 
energy has 
entropy. 
Other 
forms 
don’t.

Low
Entropy

High
Entropy

Now, back to the energy toys.

Explain the operation in terms of forms of entropy.

A traditional power plant converts thermal energy to other forms of energy.
But you can’t get rid of the entropy…. So some thermal energy must be 

deposited in the environment.

The 2nd Law Limits the 
Efficiency of a Power Plant

But...



Bathers relax in the Blue Lagoon in Iceland,
a cooling pond next to a geothermal power plant.

The plant exhausts great quantities of heat into the environment.

“Waste Heat”
A 560 MW coal-fired plant uses thermal energy from burning coal 
to heat steam to 370 °C to run a turbine. The plant is cooled by 
water in a nearby river at 10 °C. 

a. What is the minimum power that the plant must deposit 
energy in the river?

b. Keeping a modest-sized house comfortable in the cool seasons 
in a temperate climate takes an average of about 3000 W. How 
many homes could the “waste” heat supply?

Berlin Spandau Heat and 
Power Station

Stations that provide homes with 
both heat and electricity are 
becoming more common in Europe.

440 MW

140,000

See if you and your neighbors can come up with a definition.
What is time?

During the time it takes for a signal to travel from your retina to your brain, a 
fastball travels about 3 feet.

You don’t see the ball where it is. You see the ball where it was.

Entropy is not conserved.
It increases as time goes on.

This defines the arrow of time.

Until Thermal Energy Enters the 
Picture, Everything Is Reversible.

Entropy is higher in the future. This is the only basic law of nature that has a time direction.



If the entropy of the universe increases...
Why are things so orderly?

As time goes on, the 
entropy of your body 
increases.
You must reduce the 
entropy of your body 
to stay alive.
How do you do this?

Describe what is happening in terms of energy 
and in terms of entropy.
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The Conservation of Energy and  
Energy Conservation
We have all heard for many years that it is important to “conserve energy.” We are 
asked to turn off lights when we leave rooms, to drive our cars less, to turn down our 
thermostats. But this brings up an interesting question: If we have a law of conservation 
of energy, which states that energy can’t be created or destroyed, what do we really 
mean by “conserving energy”? If energy can’t be created or destroyed, how can there 
be an “energy crisis”?

We started this chapter looking at energy transformations. We saw that whenever 
energy is transformed, some of it is “lost.” And now we know what this means: The 
energy isn’t really lost, but it is converted into thermal energy. This change is irrevers-
ible; thermal energy can’t be efficiently converted back into other forms of energy.

And that’s the problem. We aren’t, as a society or as a planet, running out of 
energy. We can’t! What we can run out of is high-quality sources of energy. Oil is a 
good example. A gallon of gasoline contains a great deal of chemical energy. It is a 
liquid, so is easily transported, and it is easily burned in a host of devices to generate 
heat, electricity, or motion. When you burn gasoline in your car, you don’t use up its 
energy—you simply convert its chemical energy into thermal energy. As you do this, 
you decrease the amount of high-quality chemical energy in the world and increase 
the supply of thermal energy. The amount of energy in the world is still the same; it’s 
just in a less useful form.

Perhaps the best way to “conserve energy” is to concentrate on efficiency, to 
reduce “what you had to pay.” More efficient lightbulbs, more efficient cars—all of 
these use less energy to produce the same final result.

Entropy and Life 

The second law of thermodynamics predicts that systems will “run down,” that  
ordered states will evolve toward disorder and randomness. But living organisms 
seem to violate this rule:

■ Plants grow from simple seeds to complex entities.
■ Single-celled fertilized eggs grow into complex adult organisms.
■ Over the last billion years or so, life has evolved from simple unicellular organ-

isms to very complex forms.

How can this be?
There is an important qualification in the second law of thermodynamics: It  

applies only to isolated systems, systems that do not exchange energy with their 
environment. The situation is entirely different if energy is transferred into or out of 
the system.

Your body is not an isolated system. Every day, you take in chemical energy in 
the food you eat. As you use this energy, most of it ends up as thermal energy that 
you exhaust as heat into the environment, thereby increasing the entropy of the envi-
ronment. An energy diagram of this situation is given in FIGURE 11.29. Each second, 
as you sit quietly and read this text, your body is using 100 J of chemical energy and 
exhausting 100 J of thermal energy to the environment. The entropy of your body is 
staying approximately constant, but the entropy of the environment is increasing due 
to the thermal energy from your body. To grow and develop, organisms must take in 
high-quality forms of energy and exhaust thermal energy. This continuous exchange 
of energy with the environment makes your life—and all life—possible without vio-
lating any laws of physics.

Sealed, but not isolated This glass 
container is a completely sealed system 
containing living organisms, shrimp and 
algae. But the organisms will live and grow 
for many years. The reason this is possible is 
that the glass sphere, though sealed, is not an 
isolated system. Energy can be transferred 
in and out as light and heat. If the container 
were placed in a darkened room, the organ-
isms would quickly perish.

FIGURE 11.29 Thermodynamic view of 
the body.

QoutEin

Energy leaves your body 
mostly as heat, meaning 
the entropy of the 
environment increases.

Chemical energy 
comes into your 
body in the food 
you eat.
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Energy, 
entropy 

& life

The “engine” that powers animal life on the planet is this:

Degrading high quality (low entropy) forms of energy into low 
quality (high entropy) forms of energy.

Plants do their part too:

Plants use differences in temperature and water concentration to 
drive flow. By doing so, they smooth out the differences—thus 

increasing entropy.

Which has a higher entropy?

Desert. Rainforest.

Remember: Entropy
Ordered

There is a temperature 
difference, so you can 

distinguish between the 
two sides.

Low entropy

Disordered
The energy is spread out 

evenly, so you can’t 
distinguish between the 

two sides.
High entropy
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 42. || A California geothermal power plant generates 4.3 MW 
by extracting 24 MW of heat from an underground source at 
108°C and then discharging waste heat into the 17°C air.
a. What is the actual efficiency of the plant?
b. What is the theoretical efficiency?

 43. ||| Each second, a nuclear power plant generates 2000 MJ of 
thermal energy from nuclear reactions in the reactor’s core. 
This energy is used to boil water and produce high-pressure 
steam at 300°C. The steam spins a turbine, which produces 
700 MJ of electric power, then the steam is condensed and the 
water is cooled to 30°C before starting the cycle again.
a. What is the maximum possible efficiency of the plant?
b. What is the plant’s actual efficiency?

 44. ||| A 32% efficient electric power plant produces 900 MJ of 
electric energy per second and discharges waste heat into 20°C 
ocean water. Suppose the waste heat could be used to heat 
homes during the winter instead of being discharged into the 
ocean. A typical American house requires an average 20 kW for 
heating. How many homes could be heated with the waste heat 
of this one power plant?

Section 11.6 Heat Pumps

 45. || A refrigerator takes in 20 J of work and exhausts 50 J of heat. 
What is the refrigerator’s coefficient of performance?

 46. || Air conditioners are rated by their coefficient of performance 
at 80°F inside temperature and 95°F outside temperature. An 
efficient but realistic air conditioner has a coefficient of per-
formance of 3.2. What is the maximum possible coefficient of 
performance?

 47. || 50 J of work are done on a refrigerator with a coefficient of 
performance of 4.0. How much heat is (a) extracted from the 
cold reservoir and (b) exhausted to the hot reservoir?

 48. || A NATO base in northern Norway is warmed with a heat 
pump that uses 7.0°C ocean water as the cold reservoir. Heat 
extracted from the ocean water warms fluid to 80°C; this 
warmed fluid is used to heat the building. When the system is 
working at full capacity, 2000 kW of heat are delivered to the 
building at the cost of 600 kW of electric energy.
a. What is the actual coefficient of performance of the system?
b. What is the theoretical maximum coefficient of performance 

of the system?
 49. || Find the maximum possible coefficient of performance for a 

heat pump used to heat a house in a northerly climate in winter. 
The inside is kept at 20°C while the outside is -20°C.

 50. | The inside of your refrigerator is approximately 0°C. Heat 
from the inside of your refrigerator is deposited into the air in 
your kitchen, which has a temperature of approximately 20°C. 
At these operating temperatures, what is the maximum possible 
coefficient of performance of your refrigerator?

 51. ||| 250 students sit in an auditorium listening to a physics lec-
ture. Because they are thinking hard, each is using 125 W of 
metabolic power, slightly more than they would use at rest. 
An air conditioner with a COP of 5.0 is being used to keep the 
room at a constant temperature. What minimum electric power 
must be used to operate the air conditioner?

Section 11.7 Entropy and the Second Law of Thermodynamics

Section 11.8 Systems, Energy, and Entropy

 52. | Which, if any, of the heat engines in Figure P11.52 below 
violate (a) the first law of thermodynamics or (b) the second 
law of thermodynamics? Explain.

Heat
engine

20 J

50 J

30 J

Hot reservoir TH  =  600 K

TC  =  300 KCold reservoir

(a)

 

Heat
engine

7 J

10 J

4 J

Hot reservoir TH  =  600 K

TC  =  300 KCold reservoir

(b)

Heat
engine

20 J

30 J

10 J

Hot reservoir TH  =  600 K

TC  =  300 KCold reservoir

(c)

FIGURE P11.52

 54. || Entropy can be used as a measure of the overall health of 
an ecosystem—higher entropy correlates with better health. 
A thermal image of a landscape, where color indicates 
 temperature, can be used for a quick assessment. What would 
be the thermal signature of a healthy ecosystem?

 53. | Which, if any, of the refrigerators in Figure P11.53 below 
violate (a) the first law of thermodynamics or (b) the second 
law of thermodynamics? Explain.

Refrigerator

40 J

60 J

20 J

Hot reservoir TH  =  400 K

TC  =  300 KCold reservoir

(a)

 

Refrigerator

40 J

50 J

10 J

Hot reservoir TH  =  400 K

TC  =  300 KCold reservoir

(b)

Refrigerator

30 J

40 J

20 J

Hot reservoir TH  =  400 K

TC  =  300 KCold reservoir

(c)

FIGURE P11.53

Watch Video Solution  Problems 11.47 and 11.51
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The more diverse the ecosystem, 
the higher the entropy. Life is about 

entropy.

You are an agent of 
entropy increase.

So is all life.

Ecosystems too.

Living systems have 
much more entropy 
than those that don’t 
support life.

Mars has much larger differences in 
temperature between day and night 
than Earth—meaning less entropy. 
Why? Because Earth has life.

CO2 frost

Living creatures are pockets of order in a disorderly world.

But we serve the cause of disorder.

Brian and Carol,
Agents of Entropy.

All forms of energy go to thermal energy.

But we can use differences in temperature to 
convert thermal energy to other forms of 

energy—we can make things happen as long 
as there are hot and cold places.

The sun is hotter than the earth. The difference in temperature causes the 
exchange of radiant energy that permits 

life to exist on our planet.

A Warm Planet in a Cold Universe

It is differences, literally, that make life possible.

Not Fire. Not Ice.

The sun is hot.
Space is cold.

It’s the difference that’s important.


