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Agenda: Energy Conversion and Transformation

Work and other Energy Forms

 Potential and kinetic energy, 

 Molecular binding and rearrangement energies,

 pV work, kinetic energy equilibration, heat flow, 
Mechanical equivalent of heat,
Basic fluid dynamics, laminar & turbulent flow, (→later)

Basic Electricity 

 Static electric, electro-magnetic phenomena,
Electromagnetic induction, generators, transformers, 
Electrical current laws, AC/DC transmission,

 Electronic circuits, reactance,

Principles of Thermodynamic Processes 

 Laws of Thermodynamics, state functions, reversible processes,

 Carnot and other TD cycles, steam engines, gas turbines,

 Electro-chemistry, batteries, hydrolyzers & fuel cells.
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Basic Electrical Network Conservation Laws
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( )I t

Kirchhoff’s Loop (or mesh) Rule

The directed sum of the potential differences 
(voltages) over circuit elements is zero 
around any closed loop.

R ( ) ( ) ( ) ( )= + +
L C R

I t I t I t I t

Kirchhoff’s Junction Rule for currents 
(Parallel Loops)
The algebraic sum of currents in a network 
of conductors meeting at a point is zero.

1.Ohm resistance Z = Re(Z) = R

2. Capacitive reactance XC= -1/C (I =+900) 
3. Inductive reactance XL = L  (I =-900)

( ) ( ) ( ) ( )= + +
L C R

V t V t V t V t

( )I t
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L
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( )
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I t

I t

I t
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Complex Notation
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Phase differences are conveniently handled in complex notation V(t), I(t)

( )Ohm's Law ( )V t Z I t t in circuits at all times


=  + 

1. Ohm resistance R
2.  Capacitive reactance XC= -1/C (I =+900)
3.  Inductive reactance XL = L  (I =-900)

( ) ( )2' : cos 2 sin 2iEuler s Formula i e i  = = + 

Impedance   Z() = R +i·[XC()+ XL()]   (i:=√-1) 

Amplitudes and phases are determined from initial conditions, V(t=0), I(t=0).

  Example: 

( ) ( ) ( ) ( ) ( ) ( )
;

     + +
= =

i t Ii t VV tt V t e I I t e

( ) ( ) ( )0 00 cosV t V V t V t= = → =  



Real and Reactive Power

Real Power
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2 2 2 2

" "

: ( ) ( ) ( ) )

:

(
A R C L

C

p

Real and reactive power are out of phase

A parent power

e

P t P t P t P

ompl x

t = + + 

R
e
a
c
ti
v
e
 P

o
w

e
r

Phase 

=  → =( ) ( ) cos
R A R A

U t PP or wP eo rl Fe al cf te op rse u r a Pw Pt

Actual loads on the power supply (e-grid) like an e-motor are always 
complex (Ohm + capacitive + inductive) → have feedback effect on supply → 

Affect power factor (available power) and frequency.
  → General effect on stability of grid. 

( ) ( ) ( ) *, (* )Power P t V t I t or in complex notation P V I complex conjugate=  =  =

( ) ( )



− −

=( ) ( ) sin

"var"

C L

LC A

O

e

scillating reactive power P

P

volt

t

ag

t P t

Reactive t

e amper

P

e re

e

ac

pow

tiv

r

( ) ( ) ( )

=  = = 

= =  =  

2 2( ) :
R R

R R R

Ohm resistive loads P V I V R I R

apparent power P t V t I t P W

Real

Real

2 2: ( ) ( ) ( )
A R LC

In General Apparent power P t P t P t= +



Effect of Reactance in AC System
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Components of Electrical DC Circuits: Resistors
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Electric current I unit=[1 A(mpere)= 1C/s]: 
e- stream [dq/dt=#e-/sec] transfers power through metallic wires, dissipates 
e- energy→ heat. All metallic wires have intrinsic (distributed) resistivity ≠0.
Always finite electric conductivity  = inverse of resistivity  ≠0 !! 

VV R

+

-

tech
I

R
e
s
is

to
r

( )

( )2 s

TemPower d

V

issipa

I

ted in re

P

sistor

P I R W Watt J

p

=  =  = =  

Ohm’s Law, R real (no  dependence) 

( )
1

1
1

V
R Ohm

A
=  =  

V
I V I R

R
= → = 

Commercial resistors are 
made of materials with 
high electric resistivity .
Ref. Cu:  =1.68·10-8·m

Multiple scattering 
of e- in lattice of R

( ) ( )

( )

2

1

A m V m

A V m m

m





=  

= =  

=    



Components of Electrical AC Networks: Resistors

Averaged 

over 1 period
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( ) ( )=
max

cosV t V t
R

+

-

R
I

( ) ( ) ( ) ( )

( )  ( ) 

2

max max

max max

cos

1
1 cos 2 1 cos 2

2

R R

R

P t V t I t V I t

V I t V I t

Power dissipated in resistor via scattering



 

=  =

= + =  +

Ohm’s Law( ) ( )

( ) ( )  ( )

max
max max

cos ;
R

R

V
I

tin phase with

t I t I
R

Current m VI t I A A pere

= =

=  

Transfer of electrical power through metallic wires → Electric conductivity  → 

Electrons dissipate kinetic energy through scattering
→ Ohm resistance   Extension: R=generic workload ( ) =   1R R Ohm

effective

( )

( ) ( ) ( )

( )



=  

= → = =

= =

max max

max

cos 2

2

Applied AC voltage V V Volt

V t V t effective V V t V

effective I I t I

( )
2

2

R R R

V
Dissipated power P t V I I R

R
=  = =  This is real power loss, 

dissipated into heat (no w).



Components of Electrical DC Circuits: Capacitors
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2
21

2 2 2
C

C Q
W Q V V

C
=  = =

d+

-


Plate Capacitor

V
A

As “load” element : ( )

( ) ( ) ( ) ( ) ( )
1 1

1

C

t
t

C C C

Switch on voltage V brief current I t

V t Q t I t dt V t V e
C C

−

− →

 = = → =  −

A purely capacitive load in an electrical circuit does not lose charge or energy. 
But circuit wire conductors have always an additional RW≠0. 
→ Slow dissipation of energy content of source, t-const.  = Rw·C

Metal plates (area A) separated by dielectric medium 
() of thickness d form a capacitor w. capacitance

( )
A

C C F Farad
d

 
= =  

→Carries charge ( ) ( )= Q t C V t

+

-

0
C

I →

C
0

C
V

V



→
V C

Energy content W of capacitor C

RW

Dielectric



Components of Electrical AC Networks: Capacitors
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( ) ( ) ( ) ( ) ( )

( )  ( )

max max

max max
0

sin cos

1
sin 2

2

C R

C

P

P t V t I t V I t t

V

tower in capaci or

P tI t

 



=  =

= → =



+

-


Parallel Plate Capacitor

V
A d

As “load” element in AC (frequency ) circuit:

( ) ( )max
sinV t V t=

+

-

C
I

C
C

V

( ) ( ) ( ) ( )

( )

max

max max max

1 1
co

2

s

cos

1

:

C

C

C

t

C

R

V

C

C

u

t

r

V

r

I

e

eactance X
C

fn

t Q t I t dt
C

t le d

C

t V

a s voltage phase dif erenc

X

e

I











  =



= =

= → = 

= +

=



Ohm’s Law

A pure capacitive load in an AC circuit does not dissipate (lose) power.
But circuit wire conductors have always an additional RW≠0. 
→ Slow dissipation of energy content of source, time-const.  = Rw·C

Metal plates (area A) separated by dielectric medium 
() of thickness d form a capacitor w. capacitance

( )
 

= =  ;
A

C C F Farad
d

→Carries electric charge ( ) ( )Q t C V t= Dielectric

RW

C
I

C
I



( )2

0 coil
I Nnductan Ke Ac L =

Helical coil area A: N windings insolated Cu wire around  
core → plastic (“solenoid”) or ferrite/carbon-iron. 
Applied electric V → current I, → static axial B field 

(“electro-magnet”). 
     

Components of Electrical DC/AC Circuits: Inductors
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As “load” element in circuit:

A purely inductive load in an electric circuit does not dissipate electric energy.
But circuit wire conductors have always an additional RW≠0. 
→ Slow dissipation of energy content of source, time-const.  = L/Rw 

L
V V→

+

-

L

0
L

I I →

B

V

Rw

( )

21

2

L

L L

L

L

Energy c

V

ontent W

d

sto e

WdI dI

d

r d in

t L Work L I
dt

u

dt t

W L

ind ctor L

I

= − → = −  

= 

( )[  ]
V s

L H Henry
A


= =



Components of Electrical AC Networks: Inductors
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( ) ( ) ( ) ( ) ( )

( )  ( )

max max

max max

s

0

in cos

1
sin 2

2

L L

L

Power in inductor

P t V t I t V t

P

I t

V t tI

 



= = − 

= − → =



Helical coil insolated Cu wire wound around plastic (“solenoid”) 
or ferrite/carbon-iron core. → Large resistance (|∙L|) to high-

frequency AC spikes.

Inductance L,           [L]=H=Vs/A (Henry)( )= 2

0solenoid coil
L K N A

As “load” element in AC (frequency ) circuit:

( ) ( )

( )

max

max max max

cos

cos

:
2

L

L

L
Reac

V

Curr

V

en

dI
t L L I t

dt

t V

l l

I X

t ags vo t e

tan

age phas difference

ce X L

 








−

=





= = −

= →

= −

= 
Ohm’s 
Law

A pure inductive load in an AC circuit does not dissipate (lose) electric power, 
it moves energy between electron currents and magnetic field and changes 
relative phase of current vs. voltage → reactive power

L

max

L
V V

V

=

→

( ) ( )max
sinV t V t=

+

-

L
I



Electronic LC Oscillator (E-Store)
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( )

( ) ( )0 0

2
2

2

0

0

2

2

( )

)
( )

(
( ) 0

1
:

,

C C
C

C L

i t i t

dQ dV
I C I Neglect R at first

dt dt

dV dV d I
I t C C L C

dt dt dt

Define

Differential Equation

s

L C

for

I t a e b e

Constants a b defined by initial con o

d I t
I t

d

diti

t

n

   




 + −  +

= =  =

→ =  = −  = −  

→ → =  += +

=


Oscillator

*0 0
0 0

( 0)

a : , ( ) cos( )
2 2

Including Ohm resistance damped oscillations

i i

t

I I
e be a I t I t  −

=

= = = → =  

→

:’ :

0, ,

( ), )

 

(

C L

C L
C L C L

Closed circuit

I I I

dI dI
V V V C V L

dt dt

Charge Q t I t dQ dt

Kirchoff s Laws

= =

+ = =  = 

=

R

Static 
Electric 
Field

0 0
( ) cos( )tI t I e t − = 

0
( ) tI t I e − = 

Including Ohm Resistance R

I

t ➔
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