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Part one:
Electrons and 

thermodynamics 



Thermoelectricity . 

PELTIER (1834) SEEBECK (1823)

ñCoupling Ohmôs law and Fourierôs lawò 



1794 --- 1795: Letter to professor Antonio Maria Vassalli (accademia delle 

scienze di torino )    "... I immersed for a mere 30 seconds the end of 

such arc into boiling water, removed it and allowing no time for it to cool 

down, resumed the experiment with two glasses of cold water. It was then 

that the frog in the water started contracting, and it happened even two, 

three, four times on repeating the experiment till one end of the iron 

previously immersed into hot water did not cool down". 

The Volta Story

Alessandro Volta

18 February 1745 ï5 March 1827) 



Thermodynamics



What is a good system? 
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Fully reversible Fully irreversible

Perfect system means: 

conservative transport of the entropy. 



Thermal & Electrical coupling. 
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ÅReversible adiabatic transport of the carriers. (isentropic)

ÅThe convective part contribute to the entropy transporté 

ébut not the conductive part .( leak)

Å=> Reduce the conductive part and increase the convective part .

ÅThe electical conductivity shoud be large.

Å=> Yes but by increasing mobility only.

Å1: Adiabatic.   

Å2: Isothermal. 

Å3: Adiabatic.

Å4: Isothermal. 
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Simple Thermoelectric generator.
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Gibbs free energy and entropy.

v1, N1 v2, N2

p

« Entropy per carrier »



Fluid & « Lattice » .

Purely electronic part: òGasó

(transported entropy)
Lattice contribution.

(òboiling wallsó )
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Electronic gas + Lattice Steam + boiling walls
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ZT =
sa2

(ke + kL)
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Seebeck coefficientElectrical

conductivity

Thermal conductivity
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PGEC: « Phonon-Glass Electron-Cristal »

The « Graal » of the best TE material.
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eVS = mH-mC =-ea(TH-TC)
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Thermal biasing
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Vapp=VS

Thermal biasing

I=0TH

eVS = mH-mC =-ea(TH-TC)
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eVS = mH-mC =-ea(TH-TC)

eVS 

Vapp= VS +Vpol

eVpol 

eVpol 

I=0

Thermal & Electrical  biasing

Different operating modes: generator of receptor

TH



Operating modes

Generator

(TEG)

Receptor

(Heater)

Receptor

(Cooler)
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Ioffe basic TE model.
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Efficiency or Power for a TEG

ZT= 1.5 , 15 , 30 , 300 , ¤

Non endoreversible

endoreversible



Thermodynamic
of the fluid .



Elastic coefficients
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Thermodynamic of the fluid.

Vining 1997TTE
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Finite time Thermodynamics:
Onsager-Callen



Gibbs relation & state equation.

Gibbs relation.

The Fi are potentials of the system. 

S(Xi) contains all the information of the system.

Potentials, 

1/T is the conjugate of E.

-mi/T is the conjugate of N. 



Affinities, Generalized forces

2 subsystems exchanging Xiadn Xô i at constant X0
i.  

Total S is the sum of the entropy of the 2 subsystems.  

Fi =0, S extremal 

at equilibrium.

« The forces are given by the gradient of the Potentials ».

Potentials Affinities, forces



Fluxes, entropy and linear response.

Flux of the quantity Xi. 

Entropy production. 

Linear response.

Matrix of

kinetic coefficients.

Generalized

Force.



Coupled fluxes: the Onsager model.

Generalized

Forces.

ÅLinear & Stationary transport  means dissipation.



Remark: Quasi-static thermodynamics

Time constants.  

« Instantanate entropy » 

Out of equilibrium description. 

Yes, but:

ÅQuasi-staticėStationary cond.

ÅMinimal entropy production.

ÅElectronic fluid description. 

The thermoelectric cells should be large enough to consider:

ÅIrreversible processes (avoid microreversibility).

ÅSlow relaxation time compared to microscopic relaxation time. 
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What can we do with that?



Current and heat fluxes.

WQdE µ+µ= NeEQ JJJ
­­­
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Decoupled processes:

Isothermal case: Ohmôs law

J=0, or Dm=0 : Fourierôs law

)1(2 TZT elecJJTE +=+= kksak



Coupled processes.

J=0 : Seebeck effect Isothermal : Peltier effect

There is no « specific» Seebeck or Peltier, nor Thomson, coefficients.

These are only expression of the same underlying physic

under specific thermodynamic condtions, isothermal, no currenté



The entropy per carrier is a measurement

of the quality of the electronic fluid

to carry the entropy (remove or add).

The « Entropy per carrier ».



Kinetic coefficients & transport.
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Are there any more familiar expressions  for this?



The conductivity matrix.

The Seebeck coefficient IS the coupling parameter.



Heat &Entropy fluxes



Heat transformation per unit volume.

Energy conservation:

Carriers conservation:



Heat transformation contributions. 


