
With a heat engine working between two heat reservoirs, we get out W and put in Qh, so the efficiency of the engine is

(4.2)e = W
Qh

= 1 − Qc
Qh

.

Here, we used Equation 4.1, W = Qh − Qc, in the final step of this expression for the efficiency.

Example 4.1

A Lawn Mower

A lawn mower is rated to have an efficiency of 25.0% and an average power of 3.00 kW. What are (a) the

average work and (b) the minimum heat discharge into the air by the lawn mower in one minute of use?

Strategy

From the average power—that is, the rate of work production—we can figure out the work done in the given
elapsed time. Then, from the efficiency given, we can figure out the minimum heat discharge Qc = Qh(1 − e)
with Qh = Qc + W.

Solution
a. The average work delivered by the lawn mower is

W = PΔt = 3.00 × 103 × 60 × 1.00 J = 180 kJ.
b. The minimum heat discharged into the air is given by

Qc = Qh(1 − e) = (Qc + W)(1 − e),

which leads to

Qc = W(1/e − 1) = 180 × (1/0.25 − 1) kJ = 540 kJ.

Significance

As the efficiency rises, the minimum heat discharged falls. This helps our environment and atmosphere by not
having as much waste heat expelled.

4.3 | Refrigerators and Heat Pumps

Learning Objectives

By the end of this section, you will be able to:

• Describe a refrigerator and a heat pump and list their differences

• Calculate the performance coefficients of simple refrigerators and heat pumps

The cycles we used to describe the engine in the preceding section are all reversible, so each sequence of steps can just as
easily be performed in the opposite direction. In this case, the engine is known as a refrigerator or a heat pump, depending
on what is the focus: the heat removed from the cold reservoir or the heat dumped to the hot reservoir. Either a refrigerator
or a heat pump is an engine running in reverse. For a refrigerator, the focus is on removing heat from a specific area. For
a heat pump, the focus is on dumping heat to a specific area.

We first consider a refrigerator (Figure 4.6). The purpose of this engine is to remove heat from the cold reservoir, which
is the space inside the refrigerator for an actual household refrigerator or the space inside a building for an air-conditioning
unit.
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Figure 4.6 A schematic representation of a refrigerator (or a
heat pump). The arrow next to work (W) indicates work being
put into the system.

A refrigerator (or heat pump) absorbs heat Qc from the cold reservoir at Kelvin temperature Tc and discards heat Qh

to the hot reservoir at Kelvin temperature Th, while work W is done on the engine’s working substance, as shown by

the arrow pointing toward the system in the figure. A household refrigerator removes heat from the food within it while
exhausting heat to the surrounding air. The required work, for which we pay in our electricity bill, is performed by the motor
that moves a coolant through the coils. A schematic sketch of a household refrigerator is given in Figure 4.7.
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Figure 4.7 A schematic diagram of a household refrigerator. A coolant with a
boiling temperature below the freezing point of water is sent through the cycle
(clockwise in this diagram). The coolant extracts heat from the refrigerator at the
evaporator, causing coolant to vaporize. It is then compressed and sent through the
condenser, where it exhausts heat to the outside.

The effectiveness or coefficient of performance KR of a refrigerator is measured by the heat removed from the cold

reservoir divided by the work done by the working substance cycle by cycle:

(4.3)KR = Qc
W = Qc

Qh − Qc
.

Note that we have used the condition of energy conservation, W = Qh − Qc, in the final step of this expression.

The effectiveness or coefficient of performance KP of a heat pump is measured by the heat dumped to the hot reservoir

divided by the work done to the engine on the working substance cycle by cycle:

(4.4)KP = Qh
W = Qh

Qh − Qc
.
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Once again, we use the energy conservation condition W = Qh − Qc to obtain the final step of this expression.

4.4 | Statements of the Second Law of Thermodynamics

Learning Objectives

By the end of this section, you will be able to:

• Contrast the second law of thermodynamics statements according to Kelvin and Clausius
formulations

• Interpret the second of thermodynamics via irreversibility

Earlier in this chapter, we introduced the Clausius statement of the second law of thermodynamics, which is based on
the irreversibility of spontaneous heat flow. As we remarked then, the second law of thermodynamics can be stated in
several different ways, and all of them can be shown to imply the others. In terms of heat engines, the second law of
thermodynamics may be stated as follows:

Second Law of Thermodynamics (Kelvin statement)

It is impossible to convert the heat from a single source into work without any other effect.

This is known as the Kelvin statement of the second law of thermodynamics. This statement describes an unattainable
“ perfect engine,” as represented schematically in Figure 4.8(a). Note that “without any other effect” is a very strong
restriction. For example, an engine can absorb heat and turn it all into work, but not if it completes a cycle. Without
completing a cycle, the substance in the engine is not in its original state and therefore an “other effect” has occurred.
Another example is a chamber of gas that can absorb heat from a heat reservoir and do work isothermally against a piston
as it expands. However, if the gas were returned to its initial state (that is, made to complete a cycle), it would have to be
compressed and heat would have to be extracted from it.

The Kelvin statement is a manifestation of a well-known engineering problem. Despite advancing technology, we are not
able to build a heat engine that is 100% efficient. The first law does not exclude the possibility of constructing a perfect

engine, but the second law forbids it.

Figure 4.8 (a) A “perfect heat engine” converts all input heat into work. (b) A “perfect
refrigerator” transports heat from a cold reservoir to a hot reservoir without work input. Neither
of these devices is achievable in reality.

We can show that the Kelvin statement is equivalent to the Clausius statement if we view the two objects in the Clausius
statement as a cold reservoir and a hot reservoir. Thus, the Clausius statement becomes: It is impossible to construct a
refrigerator that transfers heat from a cold reservoir to a hot reservoir without aid from an external source. The Clausius
statement is related to the everyday observation that heat never flows spontaneously from a cold object to a hot object. Heat
transfer in the direction of increasing temperature always requires some energy input. A “ perfect refrigerator,” shown in
Figure 4.8(b), which works without such external aid, is impossible to construct.
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