Where does capacitor
energy actually live?

We know a capacitor
stores electrical
energy. But if you look
closely at a charged
capacitor, it is just two
metal plates and
empty space (or an
insulator).

Is the energy in the metal? In
the charges? Or somewhere
completely invisible?

.
Module ™
Objective

Today, we will derive
the work done to
charge a capacitor
and uncover the exact
physical location of its
stored energy.

Practice more,
score more




Editorial Electrodynamics

The Process of Charging a Capacitor

Conductor 1 Conductor 2

.,1

Step 1: The Neutral Start

Begin with two perfectly uncharged metal
conductors. No potential difference exists.

I

Step 2: Bit-by-Bit Transfer

Imagine transferring positive charge from
Conductor 2 to Conductor 1in tiny,
microscopic increments.

Step 3: The Growing Resistance

As Conductor 1 gains +Q and Conductor 2 gains
-Q, a potential difference builds. External work
must be done to push the next bit of positive
charge against the repulsive force of the
already accumulated positive charge.

Practice more, score more



Editorial Electrodynamics

Calculating the Work Done in a Small Step

The Intermediate State

Pause the charging process at an
intermediate point. The charges are
currently +Q’ and -Q’.

The Incremental Work [Eq. 2.68]

Work done to move a vanishingly small
charge from Conductor 2 to Conductor
1 against repulsion:

6W =V'6Q’
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Practice more, score more
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Editorial Electrodynamics A

Total Work Becomes Potential Energy TopAll

Summing the Steps

To find the total work, we integrate the micro-steps from a
neutral state O to the final charge Q.

W = f—aQ

The Final Work Done

wo < ) W=U

2C

The Physics Principle
Because the electrostatic force is conservative, this total
external work is completely stored as the potential energy (U)

of the system. The path taken to build the charge does not
Q matter.

Voltage (V')

Total Work (W)

Charge (Q")

Practice more, score more



Editorial Electrodynamics A
The Three Faces of Stored Energy [Eq. 2.69] ™

By substituting Q = CV, we can write the stored potential energy (U) in three mathematically equivalent
forms depending on the given variables:

Form 1: The Charge Form Form 2: The Voltage Form Form 3: The Mixed Form

S 1o
T, U—2CV

Practice more, score more
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Editorial Electrodynamics
The Aha Moment: Energy Lives in the Field A

Where is the energy?

It is not in the metal plates. It is
physically stored in the electric field
region between them!

The Volume Derivation [Eq. 2.70 - 2.72]

the energy furmula

- J -
Using E = . we discover:
1]

|
= EEE,EE) X (A x d)

Note: (A X d) is exactly the Volume of
the space!

Energy Density (u) [Eq. 2.73]

Energy per unit volume. This holds true
for ANY electric field in the universe.
1

u=—gyE*
5 €0

Practice more, score more




& Visualize charging as doing external work
& Remember the three equivalent energy
& Understand that energy physically

& Apply Energy Density u = 1/2 g, E2 to

Editorial Electrodynamics A
Key Takeaways & Exam Memory Anchors ™!

Key Takeaways

A

against electrostatic repulsion. Exam Trap

» Do not confuse Total Energy (U)
forms: U= Q%/2C =1/2CV?=1/2 QV. with Energy Density (u).

 Energy density is energy per unit
volume. Always check the units
requested in the exam question:
Joules (J) versus Joules per
cubic meter (J/m?3).

resides in the electric field region itself.

any configuration of electric fields, not
just capacitors.

Practice more, score more
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