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Thermal Radiaton: Planck’s Law 

Inside the Cavity 
EM Wave In 
Equilibrium at 
Temperature T 

Perfectly 
Reflecting Wall 
at T Frequency ν 

Angular Frequency ω=2πν 
Wavelength λ 
Wavevector magnitude k=2π/λ 

νλ=c 

Wavevector k=(kx,ky,kz) 
222 
zyx kkkcck ++==ω

ω(k): Dispersion relation (linear) 
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How much energy in the cavity? 
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Thermal Radiaton: Planck’s Law 
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D(ω)-density of states per 
unit volume per unit 
angular frequency interval 

• Energy density per ω interval 
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Thermal Radiaton: Planck’s Law 

( )  ( )  

1exp 

1 
4 22 

3 

−⎟⎟ 
⎠ 

⎞ 
⎜⎜ 
⎝ 

⎛ 
= 

= 

Tk 

c 
A 

IAQ 

B 

ωπ 
ω 

λπλ 

h 

h 

& 

Q& 

Total 

( )  4 

0 

TAdQQ σλλ == ∫ 
∞ 

&& 

10-1 

100 

101 

102 

103 

104 

0 2 4 6 8 10 

EM
IS

SI
VE

 P
O

W
ER

 (W
/c

m
2 μm

) 

WAVELENGTH (μm) 

5600 K 

2800 K 

1500 K 

800 K 

Emissive Power 

Wien’s displacement law 

mK2898max μλ =T 



2.997 Copyrig
ht ©

 Gang Chen, M
IT 

For 2.997 Direct S
olar/T

hermal to
 

Electri
cal Energy C

onversio
n 

Introduction to Thermoelectricity 

Gang Chen 

Mechanical Engineering Department 
Massachusetts Institute of Technology 

URL: http://web.mit.edu/nanoengineering 
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Seebeck Effect 

Seebeck effect: Discovered in 1821 
Temperature difference generates voltage 

http://www.sil.si.edu/silpublications/dibner-library-lectures/scientific-discoveries/text-lecture.htm 

Thomas Johann Seebeck 
1770-1831 

Conductor 1 Conductor 2 

Hot 

Cold 

Voltage 
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Peltier Effect 

Jean Charles Athanase Peltier 
1785-1845 Peltier Effect: Discovered in 1834 

An electrical current creates a cooling or 
heating effect at the junction depending 
on the direction of current flow. 

Conductor 1 Conductor 2 

Heating or Cooling 

A 
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Thomson Effect 

http://www.sil.si.edu/silpublications/dibner-library-lectures/scientific-discoveries/text-lecture.htm 

Thomson effect predicted, 1855 

William Thomson 
(Lord Kelvin) 
1824 – 1907 

ThotTcold 
current 

heat release/absorption q(x) 
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Current Density 

Heat Flux 

An Intuitive Picture of Thermoelectric Effects 

• Current Flow in an Isothermal Conductor 
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Electron 
Charge [C] 

Electron 
Density [1/m3] 

Drift 
Velocity [m/s] 

Mobility 
[m2/s.V] 

Electrical 
Conductivity [1/Ωm] 

Electrical 
Field [V/m] 
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qqn JJvJ Π=== 

Heat Per Charge [J] Peltier Coefficient [J/A] 

Electrical 
Resistivity [Ωm] 



––WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MITWARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT

2.997 Copyrig
ht ©

 Gang Chen, M
IT 

For 2.997 Direct S
olar/T

hermal to
 

Electri
cal Energy C

onversio
n 

Peltier Effect 

Q (Peltier) = (Π 1−Π2)J 

1 

2 

QQ 

Je, Jq1 

Je, Jq2 

• Heating and cooling at junctions 
• Reversible with current direction 
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S = -ΔV/ΔT = -(Vhot-Vcold)/(Thot-Tcold) 

S --- Seebeck Coefficient 

Built-In Potential 

Temp. Gradient 

Vcold 
Tcold 

Vhot 
Thot 

Seebeck Effect 
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• Charge diffusion under a temperature gradient 
• Built-in potential resisting diffusion 
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Thomson Effect 

ThotTcold 

current 

heat release/absorption q(x) 

1 dq  dT  
I dx  dx  

τ =Thomson Coefficient 

• Kelvin Relations: Π = ST; T dS/ dTτ =• Kelvin Relations: Π = ST; T dS/ dTτ =
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Properties are Temperature Dependent 

Images removed due to copyright restrictions. 
Please see Fig. 2a,b in Poudel, Bed, et al. "High-Thermoelectric
Performance of Nanostructured Bismuth Antimony Telluride Bulk Alloys." 
Science 320 (May 2, 2008): 634-638. 
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Thermoelectric Devices 
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Other Basic Relations: Heat Conduction 

• Fourier Law for heat conductionTh 

Tc 

Tk∇−=q 
Thermal Conductivity [W/m.K]Heat Flux [W/m2] 

Area A
L • One-dimensional heat conduction 

TK
L 

TTAkQ ch Δ= 
− 
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kAK =:eConductancThermal 
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Device Analysis: Cooling 
• Ideal Devices 

No Joule Heating, 
No Heat Conduction 

Qc = (Πp -Πn)•Ι 

QcTc 

QhTh 

p n 
• Real Devices: 

Joule Heating & Heat Conduction 

Qc= (Πp -Πn)•Ι − I2R/2 - K (Th-Tc

Electrical Resistance Thermal Conductance 
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Refrigerator Performance 
QcTc 

QhTh 

Coefficient of Performance: 
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Figure of Merit Z 
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In a device, pn pairs are used: 

(1) Areas of each type of legs need to be optimized 
(2) Two types of legs should have comparable properties 
(3) Current input to the device needs to be optimized 
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Typical Number 

• Bi2Te3-based materials ~300 K 

S=220 μV/K 
σ=105 Sm-1 

k=1.5 W/mK 

Power Factor: S2σ=48 μW/cm-K 
Figure of Merit: Z=3.2x10-3 1/K 

ZT=1 

• Device Leg: 1 mm x 1 mm x 2 mm 

3 

1 5 6 
L 2 10R 0.02 
A 10 10 

− 

− 

× 
= = = Ω 

σ × 

Legs are electrically in series 
but thermally in parallel 

Image by michbich at Wikipedia. 

http://commons.wikimedia.org/wiki/File:Peltierelement.png
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• Match two leg size 
• Minimize contact 

resistance 
• Optimize current 
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Temperature Dependence of Properties 

Images removed due to copyright restrictions. 
Please see Fig. 2a,b,d,e in Poudel, Bed, et al. 

"High-Thermoelectric Performance of Nanostructured 
Bismuth Antimony Telluride Bulk Alloys." Science 320 (May 2, 2008): 634-638. 
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Differential Analysis 
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Thomson Effect, Usually Neglected Joule Heating 

Boundary Conditions (Cooling): 
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Thermoelectric Refrigeration 
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Current and Potential Applications 
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Commercial Thermoelectric Devices 

Power Generators from Hi-Z 

Coolers from Marlow Industries 

Images removed due to copyright restrictions. 
Please see http://www.hi-z.com/index.php 
http://www.marlow.com/thermoelectric-modules/ 
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Current Applications in Refrigeration 

. 

Images removed due to copyright restrictions. 
Please see: http://www.roadtrucker.com/12-volt-coolers-accessories/ 
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System Consideration 
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• For thermoelectric devices, TH higher is better 
• However, maximum heat intercepted from hot 

gas stream, mcp(Th,i-TH), decreases with TH 
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Vehicle Systems 

Gasoline 
100 kJ 

10kJ 30kJ 35kJ 

Parasitic 
heat losses Coolant Exhaust 

9kJ 
10kJ 

6kJ 
Auxiliary 

Driving 

Mechanical losses 

Main AC: TE Local cooling of seats: TE 

Catalytic converter: TE 

Radiator: TE 

In US, transportation uses 
~26% of total energy. 
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