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Thermoelectricity:  
From Atoms to Systems 
Week 4: Thermoelectric Systems 
Lecture 4.2: Thermoelectric cost/efficiency Trade off 
 
 
By Ali Shakouri 
Professor of Electrical and Computer Engineering  
Birck Nanotechnology Center 
Purdue University 



2 A. Shakouri nanoHUB-U-Fall 2013 

Solar Cells                   
(Efficiency+ Cost → $/W) 

We need to estimate the cost of TE system 
per surface area of the heat source ($/m2) 
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Heat exchanger in hot gas flow 

K. Yazawa and  A. Shakouri, 
Env. Science and 

Technology (July 2011) 

J. Appl. Phys. 111, 024509 
(2012) 

 

DOE/EFRC CEEM Center 

TE module and the heat 
sink need to be co-
optimized to get the 
highest output power 
(thermal impedance 

matching). 

Model of TE module + heat exchanger 
for cost/efficiency trade off analysis 
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TE module & cold side heat 
exchanger for waste heat recovery 

Yazawa and Shakouri, Env. Science and Technology (July 2011) 
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TE Module 

Heat Sink 
(e.g. 

microchannel) 
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Maximum power output 
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Peak is found at 
m=1.4 & C=1.4 for 

ZT=1 

Thermal-electrical co-optimization 

TZm += 1 

K. Yazawa and  A. Shakouri, Env. Science and Technology (July 2011) 
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Heat sink optimization 
Micro-channel heat sinks 
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Matched pumping power 

Optimum design: matched resistance based on  
convection from fin surface and sensitive heat of fluid. 
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Components of TE system (cost per 
unit area) 
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K. Yazawa and  A. 
Shakouri, Env. Science & 
Technology (July 2011) 

ZT=1, β=1.5 W/mK 
βsub=100 W/mK 
tsub=0.2mm 
 
 Ts=600K, Ta=300K 
Fan efficiency 30% 
  
TE (BiTe or PbTe): 
 $500/kg  
Substrate-AlN: 
 $100/kg 
Al: $8/kg  
Cu: $20/kg  

Air heat 
sink (Al) 

Microchannel 
heat sink (Cu) 
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Tsource , Input heat flux 

Tambiant 

TE Module 

Heat Sink 
(e.g. 

microchannel) 

Yazawa and Shakouri, Env. Science and Technology (July 2011) 

F= Fractional area coverage 
   = Area of TE legs divided by 

area of the heat source 

Use of heat spreading inside TE 
module (thermal concentration) 
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Fractional area factor 
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Heat concentration => Less TE material use 

where angle φ is,  

ds 

a 
F: fractional area factor 

  (Fill factor) 

Vermeersch et al, J of HT, 2008 

Yazawa and Shakouri, Env. Science and Technology (July 2011) 
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Cost per unit area for TE bottom cycle 
waste heat recovery (TE module + heat sink)  

K. Yazawa and  A. 
Shakouri, Env. Science & 
Technology (July 2011) 

ZT=1, β=1.5 W/mK 
βsub=100 W/mK 
tsub=0.2mm 
 
 Ts=600K, Ta=300K 
Fan efficiency 30% 
  
TE (BiTe or PbTe): 
 $500/kg  
Substrate-AlN: 
 $100/kg 
Al: $8/kg  
Cu: $20/kg  

•Fractional area coverage in TE module plays a big role to reduce the overall cost.  
•High input heat fluxes require much less TE material (thermal impedance matching) 

Aluminum air 
heat sink 

Copper 
microchannel 

heat sink 
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TE Module/Heat Sink Material Cost per Watt 
(car exhaust application) 

ZT=1,   β=1.5 W/mK, 
βsub =23 W/mK,    
tsub =0.2mm, 
 
 

Ts=900K, Ta=330K,   
Pump efficiency 30% 
  

TE:             $500/kg,  
Alumina substrate:  
        $ 5/kg, 
Copper heat sink:  
        $ 20/kg  

Yazawa & Shakouri; Journal of Material Research 2012 

Uh=4.6x102W/m2K  
Uc=1.5x103W/m2K (Uc/Uh=0.3)  
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DOE/EFRC CEEM Center 

• TE material with ZT=0.5-1 can have a big impact in high heat flux waste heat recovery 
applications if the source of heat is free (neglect impact on the topping cycle). 
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(K) 

TE for topping cycle applications 

Prof. Chenn Zhou 
Purdue Calumet 

Thot= 
1900K 

Tinterface Tambient 

TE 
System 

Rankine 
cycle 

Coal Power Plant  

•  Highest exergy lost is 
between the flame and the 
working fluid (steam).  

•  Highest steam temperatures/ 
pressures are limited by the 
turbine materials. 
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Tinterface 

TE ST 

Yazawa & Shakouri, 
Applied Energy, 2013 

TE / Steam Turbine combined cycle 

Steam Turbine 

ZT=1 
Simplified Steam 

Turbine Model 

• With today’s steam temperatures (775-825K), material with ZT=0.3-1 can have 
a big impact to increase the overall power plant efficiency (+2.6%  to +8.2%).  

Assuming baseline performance for 
steam turbines. 
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Yazawa & Shakouri, 
Applied Energy, 2013 

TE/Steam Turbine Energy Cost 

Steam Turbine  
(ST) alone 

Simplified Steam 
Turbine Model 

Material with 
ZT=0.3-1 (even at a 
cost of $500/kg) can 
have a big impact to 
improve the energy 
economy of the TE 
topping cycle power 
plants. 
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A. Silaen et al. 

To be published in 
Proceedings of the ASME 
2013 4th Micro/Nanoscale 

Heat & Mass Transfer 
International Conference 

December 11-14, 2013, Hong 
Kong 

Detailed Coal-Fired Power Plant Model 

• TE module optimized based on temperature and 
heat flux at each location on the wall of the boiler. 

Collaboration with Prof. 
Chenn Zhou 

Purdue Calumet 

TE Leg 

Outer Shells 

Electrodes 

TE integration on boiler tubes Finite element simulation 

Supercritical steam turbine with 520 MWe 
power output, efficiency ~40-42% 
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Topping Cycle TE Coal-Fired Power Plant 

• TE with today’s bulk material can increase power generated 
in different areas of the boiler by 4.4-7.1%. The overall 
efficiency of the power plant can increase by ~7%. 

A. Silaen et al. 

To be published in 
Proceedings of the 

ASME 2013 4th 
Micro/Nanoscale Heat 

& Mass Transfer 
International 
Conference 

December 11-14, 2013, 
Hong Kong 

Collaboration with Prof. 
Chenn Zhou 

Purdue Calumet 
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• Cost/efficiency trade off: 
– Importance of heat sink and load resistance co-

optimization 
• New TE module designs can lower the cost 

significantly  
– Fractional area coverage of TE elements => 

heat concentration inside the module) 
• High temperature topping cycle 

thermoelectrics with moderate ZT~0.3-1 
can improve power plant efficiency by 2-8% 
 

 

Lecture 4.2: Summary 
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