Summary Lecture 1 (qlosserv see App B, SG)

- First law: conservation of energy

dU =dW +dQ
AU =de =W +0Q
jﬁduzo

U Is a state function

Reversible process

- Mechanical work W = _j Pextdv —j PdV
- Perfect gas PV = nRT | Equation of state
o . 3 3
- Perfect atomicgas |U = —nRT = =PV
2 2

dWw = 1)



Summary Lecture 2 (second Iaw and entropv)

Second law:
for any spontaneous process

dS

tot

4535, 20]|as = 927 [
T urroundings

S is a state function, so independent of path

Alternative form: Clausius inequality:

—

dQ™ =TdS | Reversible process

dQ <TdS | -

dQ" <TdS | Irreversible process




Summary Lecture 2 (alternative enerqy functions)

—

Internal energy U
Enthalpy H=U+xPV
Helmholtz free energy A=U =TS — State functions
Gibbs free energy G=H-=TS ~
dU =TdS —Pdv | mmmp |dU|, =TdS
dH =TdS +VdP | mmm) dH|, =TS
dA =—SdT —PdvV | mmmdp |[dA|, =0
dG =-SdT +VdP | =) dG rp = 0
Heat capacities C, = (8_Uj C, = (G_Hj
oT ), oT )|, 3




Summary Lecture 3 (chemical equilibria)
Second law=> dG‘PT <0 AGEL(?G]

4

AG=AG°+RTIhQ

Equilibrium state

A£§ reaction

_lEnergy mininTors -
AG=0 TP 4,6 <0 ‘

O Reaction progrt*ssion | AG>0 _
é:eq AG=0 )

|
A G
AI’G®: ViA Grc;])l K:eX 5y

Z fOmi| - p_ T




Summary Lecture 3 (formation enerqgies)

G )

elements in reference state

A

I ©
I_ZV;‘A fG m,reactant f
14

|
reactants ,

®

A G
.

| ©
I-'-erjA fG m,product I
1

' I
|

1
|
y products y

For all ellements in their reference states at T AfGn(?,i

AfGri),i = Af H ri),i _TAfSri),i

At constant, chosen T

For all ellements in their reference states at | Af H gi

0
0

For gaseous mixtures

Mole fraction

Partial

pressure |y
P =xP

n.

_ N
n_an
j

For perfect gas mixtures

o-11(3%)




Summary Lecture 4 (activity)

For general systems: P
a, = —-| For perfect gas mixtures
u=p’ +RTInal | P
|
' 18 =1 For pure liquids
AG=AG°+RTIhQ|
r r 2 W For pure solids
Q=]]a"| 1--==7= e
i |
--------------------- k! _;/I(C) C(i) with |c® =1mollL
I C
AG®=NVAGe |
r Zu: e la, =y ® ;—('a with |b° =1molkg
® o !
AG® = Zviﬂ. i a, ="
i ! | i i pH _ _Iog a

P® =1bar; a’ =1; i®spure



Summary Lecture 4 (electrochemistry)

AG=AG°+RTInQ

=)

Equilibrium state

TP

0 Reaction progrt%ssion s 1

ém

AG =0

RT
E=E°-—1InQ

v

AG=—-vFE
reaction
AG<O0

‘

AG>0

A G

r

_
.

Nernst equation

Electrodeg

(2

Salt bridge

\Iectrode

N W7

H,0(I) }

..
H" (aq)

Mn ?" (aq)

MnO, (aq)

H,0(1)

Fe®’(aq)

_Fe® (aq)

d
Electrode compartments

7




Summary Lecture 4 (electrochemistry)

®
A GH * ) = A HH ‘o )—OforaIIT
® _
E2H+/H2 =Q0forallT

pH=-"log a, ~—"log [H+]




Summary Lecture 5: solutions or mixtures

Equilibrium between phases of component | in mixtures

HO®+EhOH® <«1— phase a

HO W +EhoH O <+— phase f§

in equilibrium: |z, , = 41, , Gl =241,

Real phase mixing |A_ G°' = nRT( XagiINas,, +Xg g, In aB,g,.)

Perfect gas mixing A Gg' = nRT( Xaq. In NXp o1+ Xg g In xB,g,,)

Ideal solution 4 |A_S=—nR(x, Inx, + X, Inx,)
(Raoult)

AmixH = O




Summary Lecture 5: colligative properties

Chemical potential L

>

T. T

fus fus

LT

Freezing point depression

Boiling point elevation

AT = —
A

*2
RTA,fus

In a
* A
Hm,A

fus

h
A PT
Osmosis
RT
ogh :H:_V* In a,

Ideal solution:

Ideal solution:

RT s

AT =

AfusHm,A

Xg| |AT =

ogh =11~ RT[B]
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Lecture 6: Efficiency of processes
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Lecture 6: Efficiency of processes: History

1784 1854/1862

Steam engine Definition Entropy

Heat &> Work Theory of efficiency

12



| ecture 6: History: Convert heat to work

vacuum
Steam-Water

pump

Thomas Savery.

Thomas Savery
1650-1715




| ecture 6: History: Convert heat to work

Steam-Water pump
Using a Piston

99TU ST

Denis Papin
1647-1712 1690

14



| ecture 6: History: Convert heat to work

The Proprietors of the Invention for Raising Water by Fire

Wiy

I

T HH I

Al
SEesouee
an =

AR SS=—=S e

Thomas Newcomen .&’i
1664-1729 '
+ Efficiency: 2-5 %

(Thomas Savery)



| ecture 6: History: Convert heat to work

{
=0 FEEE] L James Watt
=3 " _zf = 1736-1819
R od, ’
Steam engine
1784 efficiency: 25 %
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| ecture 6: Steam engines: Convert heat to work

- |Is the amount of (useful) work limited?
- |s there an alternative medium for steam?

Thermodynamical model system: heat engine

P —=

Sadi Carnot

1796-1832

17



| ecture 6: Steam engines: Convert heat to work

- |Is the amount of (useful) work limited?
- |s there an alternative medium for steam?

Thermodynamical model system: heat engine

Oy

Heat
Sadi Carnot — 1 (flow)

1796-1832

(useful)
work

18



Lecture 6: Steam engines: Carnot cycleg

— Is the amount of (useful) work limited?
- Is there an alternative medium for steam?

Sadi Carnot

r, | 1796-1832
Heat
— (flow)

(useful)
work

—> T, and T separated: no internal losses
— Process steps: isotherms and adiabats
- Idealized cycle: reversible process

-> Arbitrary medium: perfect gas

19



Lecture 6: Steam engines: Carnot cycleg

— Is the amount of (useful) work limited?
- Is there an alternative medium for steam?

Sadi Carnot

r, |G 1796-1832
Heat
— (flow)
T A > B
(useful)
work T A Y
—> T, and T separated: no internal losses ; P
— Process steps: isotherms and adiabats ¢ D C
- Idealized cycle: reversible process

-> Arbitrary medium: perfect gas

20



Lecture 6: Steam engines: Carnot cycleg

— Is the amount of (useful) work limited?
- Is there an alternative medium for steam?

O

Heat
— (flow)

(useful)
work

—> T, and T separated: no internal losses
— Process steps: isotherms and adiabats
- Idealized cycle: reversible process

-> Arbitrary medium: perfect gas

Sadi Carnot
1796-1832

1824

Transformation of heat
into work always
involves losses

(Qc)

Maximal efficiency
depends on
(TH 'Tc)

21



| ecture 6: Fundamentals of thermodvnamics

First law: conservation of energy U | [dU =dQ +dW

According to this, the second fundamental theorem in the
mechanical theory of heat, which in this form might appro-

priately be called the theorem of the equivalence of transform-
ations, may be thus enunciated :

If two transformations which, without necessitating any other
permanent change, can mutually replace ome another, be called

equivalent, then the generation of the quantity of heat Q of the
temperature t from work, has the equivalence-value

Q

TJ
and the passage of the quantity of heat Q from the temperature
t, to the temperature ty, has the value

Q(——,-—

wherein T is a function of the temperature, independent of the
nature of the process by which the transformation is effected.
Tf, to the last expression, we give the form

Q_Q
T, T/

R. Clausius Philosophical Magazine, 12 (1856) p.81

Rudolf Clausius
1822-1888

Second law:
transformations
(processes)

1854

Aquivalenzwert
der Verwandlung

22



| ecture 6: Fundamentals of thermodvnamics

0] v G
e S

Sadi Carnot
1796-1832

First law: conservation of energy U

Transformation of heat
into work always
involves losses

Q)

Maximal efficiency
depends on
(TH 'Tc)

1824

dUu =dQ +dW

Second law: transformations

(useful)

work

Aszj%gzo

For all reversible
cyclic processes

Rudolf Clausius
1822-1888

1850

!

1865

23



ecture 6: Modern classical thermodynamics

f

AU =Q +W

First law: conservation of energy U

AS®' =AS +AS™ >0

Second law: processes

~ dQ™ | | The entropy (spontaneously) always increases

dS

T until thermodynamic equilibrium is reached

S
f

Leq —time

G
1

T.P

teq —time

24




ecture 6: Modern classical thermodynamics

AU =Q +W

AS™ = AS +AS* >0

gs = 99
_ T
ASsur :ﬁ
T

[

s,

AEEAEENEEAEEEEEEEEREEEEEEEEEEEEEEEEEEEEHEEEEEEE RN NN

A A A o A o A Y o A A o

dQ

dW

Surroundings

VA SLLLLLLLL LSS LA LSS LS LSS LSS S S

N RN NN

/e

for any spontaneous process:

TdS > dQ

) (dS,, = dS —dT—on —
‘ dQ < TdS | Clausius inequality

25




ecture 6: Modern classical thermodynamics

[

AEEAEENEEAEEEEEEEEREEEEEEEEEEEEEEEEEEEEHEEEEEEE RN NN

s,

Clausius inequality

dQ <TdS

dQ

p—

dW

dQ™ =TdS
' dQ'" < TdS

—

Surroundings

A A A o A o A Y o A A o
VA SLLLLLLLL LSS LA LSS LS LSS LSS S S

/e

N RN NN

) (dU =dQ +dW = dQ" — P, dV =TdS — PdV

\ J | | J | )
| | |

any process irr. Process rev. Process
(mech. Work) (mech. Work)

U is a state function, so independent of the path

26




ecture 6: Fundamentals of thermodynamics

dU =dQ + dW

Helmholtz free energy

A=U —TS ~ I

dA =dU —d(TS)

Hermann von Helmholtz
1821-1894 dQ <TdS

—

=) |dA = dQ + dW — SdT —TdS <dW — SdT | mmp [dA| < dW

for work done by the W = AA
dw <0 system on surroundings » max ‘T

An isothermal reversible process delivers maximal (volume) work




ecture 6: Fundamentals of thermodynamics

dU =dQ +dwW )
G=H-TS - =)
dG =dH —d(TS)
Josiah Gibbs dQ <TdS
1839-1903 -

=) dG| =dQ -TdS —SdT +dW, | =B |dG|, <-SdT +dw,

# dG‘P’T < dw, (Study guide: p.12) # Wemax - AG‘P,T

Isothermal isobaric reversible process delivers maximal (electric) work




ecture 6: Energy conversion: Carnot cycle

Sadi Carnot
(1796-1832)

Carnot cycle

Reversible processes

Machine model:

- cyclic process
QoW

for a steam engine

29



ecture 6: Energy conversion: Carnot cycle

Carnot cycle

Reversible processes

Machine model:

- cyclic process
Q—W
for a steam engine
or power station
Heat engine

30



ecture 6: Energy conversion: Carnot cycle

Carnot cycle Carnot cycle

Reversible processes p Reversible processes

Machine model: Machine model:
- cyclic process = cyclic process
0O—-W W—0

Heat engine for a refrigerator

or heat pump

31



ecture 6: Energy conversion: Carnot cycle

Study Guide p. 19-22

Reversible F < dQ™ a
model o) £d82£ T =O:£ds
B _Berev _Qh
A A
Tds:D'ereV _Q.
C .C TC Tc
dS 0

pes 1

U

|
S is state function

-

For a (reversible) Carnot cycle &

T,

Qe

C

32



ecture 6: Energy conversion: Carnot cycle

U is state function

Cyclic process mm) &dU <0

$

pdw =—dQ = -(Q, +Q.)

Q.<0,Q,>0andQ, +Q, >0

(cf. exercise 4 for gasses)

—

Net work is done by the
system on surroundings

33



ecture 6: Energy conversion: Carnot cycle

U is state function

Cyclic process mm) &dU Y0

W :jﬁdW <0

Net work is done by the
system on surroundings

~E) (AS™ = AS™ + AS = AS™ _ % Re g
. Q T, T

C

c |_ “equilibrium” process -




L ecture 6: Conversion efficiency: Carnot cycle

Efficiency of the process:

4

useful energy ’VV \

— (x 100%)
energy cost  |Q,|

Carnot cycle

(Q, +Q.) _ [Qu|-IQ:]

Q. 1 Qi
(QC|<0)
Q.|| /
n=1-
Qh >_~ 77:1_T_C
QQ_ Q. Th
Th TC — 35




L ecture 6: Conversion efficiency: Carnot cycle

Thermodynamic efficiency
of a Carnot cycle

=
—]——¢
/ T (T

<T, )

13m0 17,701

77Th—>ool

T, ~500°C (steam)
ower station < T ~100°C (dumped)

N— 36




L ecture 6: Conversion efficiency: Carnot cycle

Thermodynamic efficiency

of a Carnot cycle

n=1-—

T

T

J

——0

TC TTh

—1

T.40

J

J

T, >0

1

<T, )

h

T

C

<1l-
i T,

Reversible process # Irreversible process:

(dA‘T < dw )

37



L ecture 6: Conversion efficiency: Carnot cycle

Inverse Carnot cycle
Reversible processes

T(?
c

Q

Machine model:
= cyclic process
W—0
for a refrigerator
or heat pump

38



L ecture 6: Conversion efficiency: Carnot cycle

Inverse Carnot cycle 5 ° 4™ B M
Reversible processes |[dS= | =0=[ds
P A T
A A C
Cﬁ Qh C C dQ rev Q
W “ S de :I ==
out = D D Tc Tc
D B_ W ‘
S - A A rev —
2\ Jos- [T -2
Q ¢ S B B Th Th
C C
>
v §>ds -0
Machine model:
- cyclic process S is state function |
W—-0

for a refrigerator n Qg - tot
or heat pump l T, T T. AS =0




ecture 6: Conversion efficiency: Carnot cycle

Inverse Carnot cycle

Reversible processes

Freezer

= 300 K
system| camot

D B 250 K | engine
Y Z’Wi” %’Qfﬁ_* U T
Q CE | surroundings
C ’V
Machine model: Qh < O’Qc >0 |and Qh "‘Qc <0
- cyclic process
W—)Q - tot sur ‘Qh‘ ‘QC‘
for a refrigerator AST=AST = T—h - T, <0

or heat pump

Non-spontaneous process :




ecture 6: Conversion efficiency: Carnot cycle

U is state function

Inverse Carnot cycle

AP B Reversible processes # §>dU ¥
o Qh
W <) 4 )
=, W
2O\l [paw =0 =-(Q, +Q.)
Q. 0. g
= >y, 1Q,<0,Q,>0/and |Q, +Q, <0
Machine model: —
= cyclic process
W—O ) W =-(Q,+Q,)>0
for a refrigerator Work has to be done

or heat pump to run the process

41



L ecture 6: Conversion efficiency: Carnot cycle

Inverse Carnot cycle

P 4 Reversible processes

W =—Q, +Q,.)>0

Non spontaneous

Machine model:
= cyclic process
W—0
for a refrigerator
or heat pump

(forced) process

Refrigerator:

Rl Rl T
W[ Qu[-|Q[ 1 T, - T.
C: performance
o, T T

Performance
8
o

Q50260 00  6h0 7b0 8OO SO0 1000
Th (K)

42




ecture 6: Conversion efficiency: Carnot cycle

Inverse Carnot cycle

W =—Q, +Q,.)>0

Non spontaneous

P 4 Reversible processes

Machine model:
= cyclic process
W—0
for a refrigerator
or heat pump

(forced) process

Heat pump:

:‘Qh‘: Q] _ T
W| |Qu|-1Q.| 1 T, - T,

n=c¢C

C: performance

1600

1500 |
1400 |
1300 |

<1200 |

=

€1100 |
©1000 |
€ 900 |

800 |
5 700 |
g 600 |
Q. 500 |
400 |
300}
200 |

100 55150 140 160 180 200 220 240 260 280
Te (K) 43



Lecture 6: Conversion efficiency: Batteries

H,O()
I H" (aq) I
Mn ** (aq) Fe’" (aq)
MnO;(ag) | | Fe (aa)

7 o
Electrode compartments

RT
E=E°-———InQ
v

Nernst equation

44



Lecture 6: Conversion efficiency: Batteries

Electrode

NV YA

H,0(I)

I H" (aq)
Mn ** (aq)

MnO;(aq) | | Fe®(aq)

H,0()

Fe®'(aq)

e

7
Electrode compartments

RT
E=E°-———InQ

48

Nernst equation

Electro
N
H,O(l
,O() H,0(1)
II
H™ (aq) '
Mn ?* (aq) Fe’" (aq)
MnO;(aq) | | Fe® (aq)

P

7
Electrode compartments

E=7




Lecture 6: Conversion efficiency: Batteries

Electrode

NV YA

H,0(I)

I H" (aq)
Mn ** (aq)

MnO;(aq) | | Fe®(aq)

H,0()

Fe®'(aq)

e

7
Electrode compartments

RT
E=E°-———InQ

48

Nernst equation

Electro
N
H,O(l
,O() H,0(1)
II
H™ (aq) '
Mn ?* (aq) Fe’" (aq)
MnO;(aq) | | Fe® (aq)

P

7
Electrode compartments

E=7?




Lecture 6: Conversion efficiency: Batteries

Electrode

NV YA

H,0(I)

I H" (aq)
Mn ** (aq)

MnO;(aq) | | Fe®(aq)

H,0()

Fe®'(aq)

e

7
Electrode compartments

RT
E=E°-———InQ

48

Nernst equation

Electro
N
H,O(l
,O() H,0(1)
II
H™ (aq) '
Mn ?* (aq) Fe’" (aq)
MnO;(aq) | | Fe® (aq)

P

7
Electrode compartments

E=7?

=7




Lecture 6: Conversion efficiency: Batteries

H,0(l) } I

| i H,O()
IH*(aq) l
Mn ** (aq) Fe’" (aq)
MnO,(aq) | | Fe® (aq)

7
Electrode compartments

J

useful energy

oo _,

energy cost

[ dw

Joule heating:

100 % conversion

RT
E=E°-———InQ
Vi

E2

[dQ =[Pdt=[1Edt= [ =t

R

Nernst equation

E

= IR

48




Lecture 6: Conversion efficiency: Batteries

H,0(l) } I

| i H,O()
IH*(aq) l
Mn ** (aq) Fe’" (aq)
MnO,(aq) | | Fe® (aq)

7
Electrode compartments

J

useful energy

oo _,

energy cost

[ dw

Joule heating:

100 % conversion

RT
E=E°-———InQ
Vi

E2

[dQ =[Pdt=[1Edt= [ =t

R

Nernst equation

E =7 4

E

= IR

49




Lecture 6: Conversion efficiency: Batteries

Ry
— — —
I Ei EL
® EEMF > ¢ ® E term >\r > e
— — —
R Re 1
Rl Rl ||
—{__ H —{__ H 1|
—>
Battery/system Battery/system E pump
EMF: E..=E _=IR, Ecve =B +
ElectroMotive Force
RT
Eqe =E°——1InQ E.r = IR + IR,
vF
Nernst equation
(EEMF - Ecell) | = E e

50



Lecture 6: Conversion efficiency: Batteries

Ry
— — — 11—
\I/I E. E
® E pvF > ¢ ® E term > —_—» —»
— — —
R Re 1
R; R; ¥
— H — H 1]
—>
Battery/system Battery/system E pump
EMF: E..=E _=IR, Ecve =B+
ElectroMotive Force '
RT
Eqe =E°——1InQ R E.r = IR + IR,
vF E - L
- L EMF R R
Nernst equation TR
(Eewr = Eca) ; | = e

51



Lecture 6: Conversion efficiency: Batteries

Ry
[ ] ] \fl E. E,
L _Eovr gl 4 Erem : —
I_I
R, R, I
R, Ri r /| ’—J/
g — —|:H}J d
Battery/system Battery/system E pmr
RT R
E..=E°-———InQ| |E, = E -
EMF VE L EMF Ri N RL
Nernst equation , >
=N =N
(Eene = Ecan) deL = j—dt = — At
RL T RL
|
EL ~ constant
n=ry dQL — Q'—
dw | W,




Lecture 6: Conversion efficiency:

Batteries

Ry

'_EEMF _} s ® I;’ i} L
|_|
r R; R ’—J/I
Ny —|R:H}J |
Battery/system Battery/system E pmr
R
Ecwe =E ®_V—FInQ EL:EEMF R LR
Nernst equation E
(EEMF = Ecell) IdQ I—dt = —A'[
E ~constant
At T vF/I
.dQ
[ dw, = [ A Gt YA GAL| |yt :\?\/L

e

[ dw

e
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Lecture 6: Conversion efficiency:

Batteries

Ry
_ - —
_
_Eemr 1 |
R;
T H|-
Battery/system Battery/system

E pmr

EEMF

= ®——InQ

v F

RL

E =E
L EMFR R,

Nernst equation

(EEMF = Ecell )

E1 EL
—_—» —
—
R, R, I
R; |
—{__ H J

de IE—dt——At

E ~ constant

40,

[dw, =W At = IEge At| [p=r "=

e

[ dw
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Lecture 6: Conversion efficiency: Batteries

Rp
_ _ —
E1 EL
_Eemr 1 d_ Erem > >
—
R; Ry I
R; R; 1l
— HH —— H d
Battery/system Battery/system E pmr
-
R
@
Eeve = _—InQ EL — EEMF -
vF R +R,

Nernst equation

(EEMF = Ecell )

JdQ, IE—dt——At g -

[dW, =W At = IE. e At| |y=" "=

E ~ constant
Q.| o
[dw,| W,
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Lecture 6: Conversion efficiency: Batteries

Ry
_ - —
1
_Eemr 1 | \f
R; R;
T H|- — H
Battery/system Battery/system

RT
E.r =E°——1InQ

vF
Nernst equation
(EEMF — Ecell)

Ei EL
_— —
—
R, R, :
1l
'
E—
E pmr

# &
7

E,

B[R R

) FQL‘IEEERAF‘ ::‘EELJ‘EEERAF‘ _-‘EEERAF‘ __‘EEERAF‘/ I ) in_F RL
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Lecture 6: Conversion efficiency: Batteries

Ry
[ - ] | I | *I Ei EL
Il EEmF gl ! E tcrm : —» —
—
R; R, I
R, R; I
— HH —— H d
E—
Battery/system Battery/system E pmr
RT R
EEMF:E®_—InQ n= -
vF R +R,
Nernst equation
(EEMF = Ecell) '
2
# E] E. E] _ [EJ R,
n = _ _ _

) RL‘IEEMF‘ ) ‘ELHEEMF‘ ) ‘EEI\/IF‘ ) ‘EEMF‘/I ) Ri + RL
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Summary Lecture 6: Efficiency of processes
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Summary Lecture 6: Enerqgy conv.: Carnot cycle
Carnot cycle Carnot cycle

Reversible processes p Reversible processes

Yo

V —_— =
Q—-W T,
T T T
n=1-— n=c=——"—|[n=c=——"
T, T -T, T -T,

(heat engine) (refrigerator) (heat pump)
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Summary Lecture 6: Enerqgy convers.: Batteries

Ry
— — —
I E1 EL
® EEMF > ¢ ® E term >\r _— —>
— 1+ —
R1 RL V I
R; R; ¥
— H — H 1|
o
Battery/system Battery/system E pump
EMF:
ElectroMotive Force R,
RT 0 o= Few R
E...=E®———In J P L
=MF vF Q n= AW
Nernst equation ;¢ n= R,
R.+R,
(EEMF = Ecell)
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