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Last time

• the Drude model of conduction

• semiconductors

• superconductors

• power



Overview

• power and high voltage transmission

• resistors in series and parallel

• electromotive force

• internal resistance of a battery (?)



Power

Power is the rate of energy transfer or the rate at which work is
done:

P =
dW

dt
=

dQ ∆V

dt
=

dQ

dt
(∆V )

where charge is moved through a potential difference ∆V at a rate
dQ
dt = I.

For an electrical circuit we can ask about the rate at which a
battery or other power supply transfers energy to a device.

This depends on the current and the potential difference:

P = I ∆V



Power “Dissipated” in Resistors

P = I ∆V

where, again, I is the current through the resistor and ∆V is the
potential difference across the resistor.

Using R = ∆V
I ,

Power dissipated as heat in a resistor:

P = I2R

or equivalently,

P =
(∆V )2

R



Example: Why High Voltage?



Example

A power station supplies current I = 5 A and potential difference
∆V = 1200 kV to a particular installation along the electric grid.
How much power is supplied to the installation?

P = I ∆V = (5 A)(1.2× 106 V) = 6 MW

Suppose the power station is 1000 km from the installation and
delivers the power over copper wires. Assume the resistivity of
copper is 1.69× 10−8 Ω m and the radius of the high tension wire
is 2 cm. What is the resistance of the wire delivering the electricty?

R =
ρL

A
= 13.4 Ω
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Example

How much power is dissipated as heat in the transmission lines to
the installation (current I = 5 A and potential difference
∆V = 1200 kV are supplied to the station)?

P = I2R = (5 A)2(13.4 Ω) = 336 W

How much power would be dissipated as heat in the transmission
lines to the installation if instead the station supplied 6 MW of
power with current I = 500 A and potential difference
∆V = 12 kV?

P = I2R = (500 A)2(13.4 Ω) = 3.36 MW

Much more loss!
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High Voltage Transmission

This is why power stations transmit power at a very high voltage.

The voltage is “stepped down” before being delivered to your
house.

Mains electricity in the US is distributed throughout a house at
120 V. (The “line voltage”.)



Circuits (Ch 28)

Circuits consist of a collection of electrical components connected
by conducting wires through which charge is driven by an energy
source.

Right now we focus on direct-current (DC) circuits.

In a direct-current circuit current flows in one direction only.

This is the only type of situation we have been considering so far.
However, in the coming labs you may look at some situations with
alternating-current (AC), in which the current flows forward,
then backward, through the circuit.



Resistors Series and Parallel

Series
When components are
connected one after the other
along a single path, they are
connected in series.

V

R1

R2

Parallel
When components are
connected side-by-side on
different paths, they are
connected in parallel.

R1 R2

V



Potential in a Circuit834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.
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Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

The potential drops across each resistor in the circuit as each
transforms electrical power to heat.

Equivalently, the potential energy of a charge q decreases as it
moves through a resistor.

We can assign a value of the electric potential to each point in a
circuit.



Resistors in Series

The current though resistors in series in a loop is the same.

Let the total potential difference across two resistors be ∆V , then

∆V = IR1 + IR2 = I(R1 + R2)

Then the effective equivalent resistance of both together is just the
sum

Req = R1 + R2

For n resistors in series:

Req = R1 + R2 + ... + Rn =

n∑
i=1

Ri



Resistors in Series Question
With the switch in the circuit closed, there is no current in R2

because the current has an alternate zero-resistance path through
the switch. There is current in R1, and this current is measured
with the ammeter at the bottom of the circuit. If the switch is
opened, there is current in R2.

 28.2 Resistors in Series and Parallel 837

where the equivalent resistance has the same effect on the circuit as the series com-
bination because it results in the same current I in the battery. Combining these 
equations for DV gives

 IR eq 5 I1R1 1 I2R 2    S    R eq 5 R1 1 R 2 (28.5)

where we have canceled the currents I, I1, and I2 because they are all the same. We 
see that we can replace the two resistors in series with a single equivalent resistance 
whose value is the sum of the individual resistances.
 The equivalent resistance of three or more resistors connected in series is

 R eq 5 R1 1 R 2 1 R 3 1  ? ? ? (28.6)

This relationship indicates that the equivalent resistance of a series combination 
of resistors is the numerical sum of the individual resistances and is always greater 
than any individual resistance.
 Looking back at Equation 28.3, we see that the denominator of the right-hand 
side is the simple algebraic sum of the external and internal resistances. That is 
consistent with the internal and external resistances being in series in Figure 28.1a.
 If the filament of one lightbulb in Figure 28.3 were to fail, the circuit would no 
longer be complete (resulting in an open-circuit condition) and the second light-
bulb would also go out. This fact is a general feature of a series circuit: if one device 
in the series creates an open circuit, all devices are inoperative.

Q uick Quiz 28.2  With the switch in the circuit of Figure 28.4a closed, there is no 
current in R2 because the current has an alternate zero-resistance path through 
the switch. There is current in R1, and this current is measured with the amme-
ter (a device for measuring current) at the bottom of the circuit. If the switch is 
opened (Fig. 28.4b), there is current in R2. What happens to the reading on the 
ammeter when the switch is opened? (a) The reading goes up. (b) The reading 
goes down. (c) The reading does not change.

�W  The equivalent resistance of a 
series combination of resistors
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A pictorial representation 
of two resistors connected 
in series to a battery

A circuit diagram showing 
the two resistors connected 
in series to a battery

A circuit diagram showing 
the equivalent resistance of 
the resistors in series

Figure 28.3 Two lightbulbs with resistances R1 and R2 connected in series. All three diagrams are equivalent.

Pitfall Prevention 28.2
Lightbulbs Don’t Burn We will 
describe the end of the life of an 
incandescent lightbulb by saying 
the filament fails rather than by say-
ing the lightbulb “burns out.” The 
word burn suggests a combustion 
process, which is not what occurs 
in a lightbulb. The failure of a 
lightbulb results from the slow 
sublimation of tungsten from the 
very hot filament over the life of 
the lightbulb. The filament even-
tually becomes very thin because 
of this process. The mechanical 
stress from a sudden temperature 
increase when the lightbulb is 
turned on causes the thin fila-
ment to break.

Pitfall Prevention 28.3
Local and Global Changes A local 
change in one part of a circuit 
may result in a global change 
throughout the circuit. For exam-
ple, if a single resistor is changed 
in a circuit containing several 
resistors and batteries, the cur-
rents in all resistors and batteries, 
the terminal voltages of all bat-
teries, and the voltages across all 
resistors may change as a result.
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Figure 28.4  (Quick 
Quiz 28.2) What hap-
pens when the switch is 
opened?

What happens to the reading on the ammeter when the switch is
opened?

(A) The reading goes up.

(B) The reading goes down.

(C) The reading does not change.



Resistors in Series Question
With the switch in the circuit closed, there is no current in R2

because the current has an alternate zero-resistance path through
the switch. There is current in R1, and this current is measured
with the ammeter at the bottom of the circuit. If the switch is
opened, there is current in R2.

 28.2 Resistors in Series and Parallel 837

where the equivalent resistance has the same effect on the circuit as the series com-
bination because it results in the same current I in the battery. Combining these 
equations for DV gives

 IR eq 5 I1R1 1 I2R 2    S    R eq 5 R1 1 R 2 (28.5)

where we have canceled the currents I, I1, and I2 because they are all the same. We 
see that we can replace the two resistors in series with a single equivalent resistance 
whose value is the sum of the individual resistances.
 The equivalent resistance of three or more resistors connected in series is

 R eq 5 R1 1 R 2 1 R 3 1  ? ? ? (28.6)

This relationship indicates that the equivalent resistance of a series combination 
of resistors is the numerical sum of the individual resistances and is always greater 
than any individual resistance.
 Looking back at Equation 28.3, we see that the denominator of the right-hand 
side is the simple algebraic sum of the external and internal resistances. That is 
consistent with the internal and external resistances being in series in Figure 28.1a.
 If the filament of one lightbulb in Figure 28.3 were to fail, the circuit would no 
longer be complete (resulting in an open-circuit condition) and the second light-
bulb would also go out. This fact is a general feature of a series circuit: if one device 
in the series creates an open circuit, all devices are inoperative.

Q uick Quiz 28.2  With the switch in the circuit of Figure 28.4a closed, there is no 
current in R2 because the current has an alternate zero-resistance path through 
the switch. There is current in R1, and this current is measured with the amme-
ter (a device for measuring current) at the bottom of the circuit. If the switch is 
opened (Fig. 28.4b), there is current in R2. What happens to the reading on the 
ammeter when the switch is opened? (a) The reading goes up. (b) The reading 
goes down. (c) The reading does not change.

�W  The equivalent resistance of a 
series combination of resistors

! "

#V1

I1 I2

#V2

#V1 #V2

#V

! " ! "

a b c

!$

R1 R2

V

I
I I

R1 R2

I

a b c ca

Req R1 R2 

V# #

A pictorial representation 
of two resistors connected 
in series to a battery

A circuit diagram showing 
the two resistors connected 
in series to a battery

A circuit diagram showing 
the equivalent resistance of 
the resistors in series

Figure 28.3 Two lightbulbs with resistances R1 and R2 connected in series. All three diagrams are equivalent.

Pitfall Prevention 28.2
Lightbulbs Don’t Burn We will 
describe the end of the life of an 
incandescent lightbulb by saying 
the filament fails rather than by say-
ing the lightbulb “burns out.” The 
word burn suggests a combustion 
process, which is not what occurs 
in a lightbulb. The failure of a 
lightbulb results from the slow 
sublimation of tungsten from the 
very hot filament over the life of 
the lightbulb. The filament even-
tually becomes very thin because 
of this process. The mechanical 
stress from a sudden temperature 
increase when the lightbulb is 
turned on causes the thin fila-
ment to break.

Pitfall Prevention 28.3
Local and Global Changes A local 
change in one part of a circuit 
may result in a global change 
throughout the circuit. For exam-
ple, if a single resistor is changed 
in a circuit containing several 
resistors and batteries, the cur-
rents in all resistors and batteries, 
the terminal voltages of all bat-
teries, and the voltages across all 
resistors may change as a result.

a

R1

R2

A

"

!

b

R1

R2

A

"

!
Figure 28.4  (Quick 
Quiz 28.2) What hap-
pens when the switch is 
opened?

What happens to the reading on the ammeter when the switch is
opened?

(A) The reading goes up.

(B) The reading goes down. ←
(C) The reading does not change.



Resistors in Parallel
The potential difference across two resistors in parallel is the same.

Let I be the total current that flows through both resistors:
I = I1 + I2. (Junction rule.)

I =
∆V

Req
=

∆V

R1
+

∆V

R2

Dividing the equation by ∆V :

1

Req
=

1

R1
+

1

R2

For n of resistors in parallel:

1

Req
=

1

R1
+

1

R2
+ ... +

1

Rn
=

n∑
i=1

1

Ri



Resistors in Parallel Question

Initially the switch in the circuit shown is open.

840 Chapter 28 Direct-Current Circuits

the total resistance of the string is reduced and consequently the current in each 
remaining lightbulb increases. Each lightbulb operates at a slightly higher tempera-
ture than before. As more lightbulbs fail, the current keeps rising, the filament 
of each remaining lightbulb operates at a higher temperature, and the lifetime of 
the lightbulb is reduced. For this reason, you should check for failed (nonglow-
ing) lightbulbs in such a series-wired string and replace them as soon as possible, 
thereby maximizing the lifetimes of all the lightbulbs.

Q uick Quiz 28.3  With the switch in the circuit of Figure 28.8a open, there is 
no current in R2. There is current in R1, however, and it is measured with the 
ammeter at the right side of the circuit. If the switch is closed (Fig. 28.8b), there 
is current in R2. What happens to the reading on the ammeter when the switch 
is closed? (a) The reading increases. (b) The reading decreases. (c) The reading 
does not change.

Q uick Quiz 28.4  Consider the following choices: (a) increases, (b) decreases,  
(c) remains the same. From these choices, choose the best answer for the fol-
lowing situations. (i) In Figure 28.3, a third resistor is added in series with the 
first two. What happens to the current in the battery? (ii) What happens to the 
terminal voltage of the battery? (iii) In Figure 28.5, a third resistor is added in 
parallel with the first two. What happens to the current in the battery? (iv) What 
happens to the terminal voltage of the battery?
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connection.

I

When the 
filament is 
intact, charges 
flow in the 
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Figure 28.7  (a) Schematic dia-
gram of a modern “miniature” 
incandescent holiday lightbulb, 
with a jumper connection to pro-
vide a current path if the filament 
breaks. (b) A holiday lightbulb 
with a broken filament. (c) A 
 Christmas-tree lightbulb.
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Figure 28.8  (Quick Quiz 28.3) 
What happens when the switch is 
closed?

Conceptual Example 28.3   Landscape Lights

A homeowner wishes to install low-voltage landscape lighting in his back yard. To save money, he purchases inexpen-
sive 18-gauge cable, which has a relatively high resistance per unit length. This cable consists of two side-by-side wires 
separated by insulation, like the cord on an appliance. He runs a 200-foot length of this cable from the power supply 
to the farthest point at which he plans to position a light fixture. He attaches light fixtures across the two wires on the 
cable at 10-foot intervals so that the light fixtures are in parallel. Because of the cable’s resistance, the brightness of 
the lightbulbs in the fixtures is not as desired. Which of the following problems does the homeowner have? (a) All the 
lightbulbs glow equally less brightly than they would if lower-resistance cable had been used. (b) The brightness of the 
lightbulbs decreases as you move farther from the power supply.

What happens to the reading on the ammeter when the switch is
closed?

(A) The reading goes up.

(B) The reading goes down.

(C) The reading does not change.



Resistors in Parallel Question

Initially the switch in the circuit shown is open.
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is current in R2. What happens to the reading on the ammeter when the switch 
is closed? (a) The reading increases. (b) The reading decreases. (c) The reading 
does not change.

Q uick Quiz 28.4  Consider the following choices: (a) increases, (b) decreases,  
(c) remains the same. From these choices, choose the best answer for the fol-
lowing situations. (i) In Figure 28.3, a third resistor is added in series with the 
first two. What happens to the current in the battery? (ii) What happens to the 
terminal voltage of the battery? (iii) In Figure 28.5, a third resistor is added in 
parallel with the first two. What happens to the current in the battery? (iv) What 
happens to the terminal voltage of the battery?
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Figure 28.7  (a) Schematic dia-
gram of a modern “miniature” 
incandescent holiday lightbulb, 
with a jumper connection to pro-
vide a current path if the filament 
breaks. (b) A holiday lightbulb 
with a broken filament. (c) A 
 Christmas-tree lightbulb.
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Figure 28.8  (Quick Quiz 28.3) 
What happens when the switch is 
closed?

Conceptual Example 28.3   Landscape Lights

A homeowner wishes to install low-voltage landscape lighting in his back yard. To save money, he purchases inexpen-
sive 18-gauge cable, which has a relatively high resistance per unit length. This cable consists of two side-by-side wires 
separated by insulation, like the cord on an appliance. He runs a 200-foot length of this cable from the power supply 
to the farthest point at which he plans to position a light fixture. He attaches light fixtures across the two wires on the 
cable at 10-foot intervals so that the light fixtures are in parallel. Because of the cable’s resistance, the brightness of 
the lightbulbs in the fixtures is not as desired. Which of the following problems does the homeowner have? (a) All the 
lightbulbs glow equally less brightly than they would if lower-resistance cable had been used. (b) The brightness of the 
lightbulbs decreases as you move farther from the power supply.

What happens to the reading on the ammeter when the switch is
closed?

(A) The reading goes up. ←
(B) The reading goes down.

(C) The reading does not change.



Resistors vs. Capacitors

Table of equivalent capacitances and resistances for series and
parallel.

resistors capacitors

series Req =
∑

Ri
1
Ceq

=
∑

1
Ci

parallel
1
Req

=
∑

1
Ri

Ceq =
∑

Ci



Potential in a Circuit

834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.
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to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)
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Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

The potential drops across each resistor in the circuit.

Batteries increase the potential energy of a charge / raise the
potential.



A closer look at batteries and power supplies

Batteries and power supplies fill a critical role in circuits.

They supply the energy to drive the charges around the circuit.

They do this by creating a charge imbalance and causing each
charge to experience a force.



“Electomotive Force”

We say that a battery or power supply contributes an
electromotive force (emf) and we can call batteries and power
supplies emf devices.

These devices act as “charge pumps” in a circuit.

emf device

A device that maintains a potential difference between two points
(terminals) in the circuit.



Electomotive “Force” (emf)

There is a force on each free charge in the system because there is
an electric field.

F = qE

The electric field exists because of the potential difference supplied
to the circuit by the battery.

But this is not what we mean by emf! The emf is not actually a
force.



Electomotive “Force”
We write an emf as E, and label the battery with it:

706 CHAPTE R 27 CI RCU ITS

HALLIDAY REVISED

homes and workplaces. The emf devices known as solar cells, long familiar as the
wing-like panels on spacecraft, also dot the countryside for domestic applications.
Less familiar emf devices are the fuel cells that power the space shuttles and the
thermopiles that provide onboard electrical power for some spacecraft and for
remote stations in Antarctica and elsewhere. An emf device does not have to be
an instrument—living systems, ranging from electric eels and human beings to
plants, have physiological emf devices.

Although the devices we have listed differ widely in their modes of opera-
tion, they all perform the same basic function—they do work on charge carriers
and thus maintain a potential difference between their terminals.

27-3 Work, Energy, and Emf
Figure 27-1 shows an emf device (consider it to be a battery) that is part of a
simple circuit containing a single resistance R (the symbol for resistance and a
resistor is ). The emf device keeps one of its terminals (called the positive
terminal and often labeled !) at a higher electric potential than the other termi-
nal (called the negative terminal and labeled ").We can represent the emf of the
device with an arrow that points from the negative terminal toward the positive
terminal as in Fig. 27-1. A small circle on the tail of the emf arrow distinguishes it
from the arrows that indicate current direction.

When an emf device is not connected to a circuit, the internal chemistry of
the device does not cause any net flow of charge carriers within it. However,
when it is connected to a circuit as in Fig. 27-1, its internal chemistry causes a net
flow of positive charge carriers from the negative terminal to the positive termi-
nal, in the direction of the emf arrow. This flow is part of the current that is set up
around the circuit in that same direction (clockwise in Fig. 27-1).

Within the emf device, positive charge carriers move from a region of low
electric potential and thus low electric potential energy (at the negative terminal)
to a region of higher electric potential and higher electric potential energy (at
the positive terminal). This motion is just the opposite of what the electric field
between the terminals (which is directed from the positive terminal toward the
negative terminal) would cause the charge carriers to do.

Thus, there must be some source of energy within the device, enabling it to
do work on the charges by forcing them to move as they do. The energy source
may be chemical, as in a battery or a fuel cell. It may involve mechanical forces, as
in an electric generator. Temperature differences may supply the energy, as in a
thermopile; or the Sun may supply it, as in a solar cell.

Let us now analyze the circuit of Fig. 27-1 from the point of view of work and
energy transfers. In any time interval dt, a charge dq passes through any cross sec-
tion of this circuit, such as aa#. This same amount of charge must enter the emf
device at its low-potential end and leave at its high-potential end. The device
must do an amount of work dW on the charge dq to force it to move in this way.
We define the emf of the emf device in terms of this work:

(definition of !). (27-1)

In words, the emf of an emf device is the work per unit charge that the device
does in moving charge from its low-potential terminal to its high-potential termi-
nal. The SI unit for emf is the joule per coulomb; in Chapter 24 we defined that
unit as the volt.

An ideal emf device is one that lacks any internal resistance to the internal
movement of charge from terminal to terminal.The potential difference between
the terminals of an ideal emf device is equal to the emf of the device. For exam-

! $
dW
dq

The world’s largest battery energy storage
plant (dismantled in 1996) connected over
8000 large lead-acid batteries in 8 strings at
1000 V each with a capability of 10 MW of
power for 4 hours. Charged up at night, the
batteries were then put to use during peak
power demands on the electrical system.
(Courtesy Southern California Edison
Company)
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Fig. 27-1 A simple electric circuit, in
which a device of emf ! does work on the
charge carriers and maintains a steady 
current i in a resistor of resistance R.
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Emf is actually a energy supplied per unit charge!
(Measured in volts.)

This makes calling it a “force” a bit misleading: the electromotive
“force” is not a force.

(The name is an unfortunate choice that stuck.)



EMF

We can define emf by the following relation:

E =
dW

dq

meaning, an emf device does a work dW on an infinitesimal
amount of charge dq:

dW = E dq

while moving the infinitesimal charge dq from the negative
terminal to the positive terminal. (Imagining dq to be positive.)

The amount of work that is done “lifting” this charge to the higher
potential terminal depends only on the potential difference, so E is
like a potential difference measured in volts.



Power Supplied

This definition for emf gives the power supplied by an emf device.

dW = E dq

Power is the rate at which the work is done:

P =
dW

dt
= E

dq

dt

(assuming that the emf supplied by a source is constant.)
Then notice that I = dq

dt , so

P = IE

This is the total power supplied by an emf device!

Compare to P = I (∆V ) as the power delivered to any component.



EMF

Why do we suddenly need to call potential difference ∆V of a
battery emf E?

Usually, we introduce emf when we want to make the battery more
realistic: batteries have some internal resistance, so the
potential the supplied is not the same in all circumstances.

The emf gives the maximum potential a battery can supply.

There is one other important reason, however: we can now start to
encounter circumstances where we cannot define electric potential.
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EMF

Why do we suddenly need to call potential difference ∆V of a
battery emf E?

Usually, we introduce emf when we want to make the battery more
realistic: batteries have some internal resistance, so the
potential the supplied is not the same in all circumstances.

The emf gives the maximum potential a battery can supply.

There is one other important reason, however: we can now start to
encounter circumstances where we cannot define electric potential.



EMF
We can still talk about emf, E, even when we cannot define and
electrical potential.

1Lithograph in the mathematically-inspired impossible reality style, by M.C.
Escher.



Internal resistance
How does internal resistance affect the supplied potential
difference?

It is another resistance that is in series!834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
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through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is
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Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
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tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that
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Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives
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Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

Let r be the internal resistance

∆Vr = Ir

∆Vr is the potential drop across the internal resistance.



Internal resistance
How does internal resistance affect the supplied potential
difference?
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is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

Let r be the internal resistance

∆Vr = Ir

∆Vr is the potential drop across the internal resistance.
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Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

Let ∆V be the potential difference supplied by the battery to the
rest of the circuit:

∆V = E− Ir

V is the potential difference between the terminals of the battery
at points a and d in the diagram.

∆V depends on the current that flows in the circuit!
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Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

Let ∆V be the potential difference supplied by the battery to the
rest of the circuit:

∆V = E− Ir

V is the potential difference between the terminals of the battery
at points a and d in the diagram.

∆V depends on the current that flows in the circuit!
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Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

Ideal battery

An ideal battery has no internal resistance. (r = 0)

Real batteries do have internal resistance.



Internal resistance and current

The current that flows in the circuit, I, will in turn depend on the
load resistance R, ie. the resistance in the rest of the circuit.834 Chapter 28 Direct-Current Circuits

Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

 DV 5 e 2 Ir  (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

 e 5 IR 1 Ir  (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

 I 5
e

R 1 r
 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
 Multiplying Equation 28.2 by the current I in the circuit gives

 Ie = I 2R 1 I 2r (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q uick Quiz 28.1  To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1 (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?  
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1   Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.

∆V = IR
and so, IR = E− Ir and:

I =
E

r + R



Internal resistance, potential difference, and power

I =
E

r + R

The potential difference supplied to the circuit ∆V :

∆V = IR =
ER

r + R

It depends on both the internal and external (“load”) resistances.

Power:

power supplied = total power delivered

IE = I2r + I2R



Summary

• power and high voltage transmission

• resistors in series and parallel

• emf

• internal resistance of a battery

Quiz Friday.

Homework

• Collected homework 2, posted online, due on Monday, Feb 12.

Serway & Jewett:

• PREVIOUS: Ch 27, onward from page 824. Problems: 39, 43,
45, 57, 73, (85)

• NEW: Ch 28, Problems: 1, 3, 5, 7, 9, 15


