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Purpose of Work
Purpose of Work

•	 Finalize material selections for the exhaust waste heat recovery 
device 

•	 Complete the initial design for the exhaust waste heat recovery 
device with estimated performance 

•	 Identify volume capable and cost effective manufacturing 
processes for thermoelectric modules 
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BarriersBarriers
•	 Need variety of higher ZT materials 

•	 Need engineering design for modules, subsystems and 
integration 

•	 Many thermoelectric material advances are recent, and not 
independently confirmed (several cases) 

•	 Uncertainty in materials, modules, subsystems & vehicle 
integration cost, and OEM market size 
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ApproachesApproaches
• Need variety of higher ZT materials 

− skutterudite nano-composites, nano-grain PbTe, anti-fluorites, etc. 
− Patent application for novel TE materials 

• Need engineering design for modules, subsystems and integration 
− Developed novel diffusion bonding and diffusion barrier materials for TE modules 
− Completed exhaust waste heat recovery devices design with estimated performance 
− Patent application on heat exchanger design 
− 2 Patent applications on subsystem vehicle integration design 

• Many thermoelectric material advances are recent, and not 
independently confirmed 
− material properties validation at Oak Ridge (also UM, USF, and GM) 
− high temperature material thermo-mechanical properties characterization at Oak Ridge 
− monitoring the latest developments in the community 

• Uncertainty in materials, modules, subsystems & vehicle integration 
cost, and OEM market size 
− established $/W as a program metric 
− low cost materials: misch-metal filled skutterudites, anti-fluorites 
− Identify a volume capable and cost effective TE module manufacturing process. 



Vehicle Selection – FVehicle Selection – ull Size Truck
Full Size Truck
� plenty of space for accommodating TE subsystem 
� a lot of waste heat: exhaust and radiator 
� current muffler: 610 x 310 x235 (mm) 
� available envelope: 840 x 360 x 255 (mm) 

Typical Exhaust Heat -Ci ty Driving CycleTypical Exhaust Heat -Ci ty Driving Cycle
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Subsystem Design - PSubsystem Design - reliminary
Preliminary

TEExhaust

Generator


• Located where current muffler is placed; new 
muffler will be located behind the axle 
perpendicular to vehicle axis 

• Axially compliant for thermal expansion 
mismatch 

•Maximum module compression compliance 
•Quick disconnects for fluid flow 
•Quick disconnect exhaust connections 
•Pitched to drain condensate 
•Pitch designed for boil off 
•Sealed electronics 
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Subsystem Performance
Subsystem Performance
Power vs. Time -U rban drive cycle 
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Quasi-steady analysis - EES Transient analysis -A NSYS 

•	 Average output ~ 350 W and max. output ~ 914 W 
•	 350 W equals the base electrical load of today's generator 

on FTP, potential composite Urban/Highway fuel economy 
improvement of ~ 3% 

•	 We expect an additional ~ 1% fuel economy improvement

8through vehicle integration 



Fuel Economy Test Schedules
Fuel Economy Test Schedules

•	 FTP cycles represent very mild driving pattern (max. speed ~ 60 mph), 
therefore, does not accurately reflect real world scenario 

•	 The US06 addresses this shortcoming with the FTP test cycles in the 
representation of aggressive, high speed and/or high acceleration driving 
behavior, and rapid speed fluctuations 

•	 We expect a TE waste heat generator would generate > 350 W in real 
world 
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TE Subsystem Experiment Design
TE Subsystem Experiment Design

•	 35 kW exhaust flow: 0-0.1kg/s mass flow rate between room temperature 
and 650 °C 

•	 Closed-loop temperature / pressure control and computerized data 
acquisition 
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TE Module ConstructionTE Module Construction

SPS PbTe with 
Fe or Ni barrier 

layers 

Ag bearing Cu 
electrode 

Brazing (in fixture) 

Singulation and 
surface preparation 

Cu 

PbT 
e 

CuAg-
based 
alloys 

Fe or Ni 

• 2x2 modules for initial process optimization 
• Initial header-free design for manufacturability 
• Ni diffusion barrier module with 600 °C braze; Fe diffusion barrier 

modules with 800 °C braze 
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TE Module TestTE Module Test
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High Temperature Mechanical 
Properties Characterization 
High Temperature Mechanical 
Properties Characterization

resonance ultrasound spectroscopy 



AccomplishmentsAccomplishments
Materials Research 
•	 Finalized material selections for exhaust waste heat recovery devices 
•	 Established high temperature thermo-mechanical property data for materials of 

interest 
Module & System Development 
•	 Finalized design for exhaust waste heat recovery devices with estimated 

performance 
•	 Identified volume capable and cost effective manufacturing processes for TE 

modules, the program team has invented a novel process for diffusion bonding, 
and novel materials as diffusion barriers for the TE modules 

•	 Initiated TE module construction and preliminary measurement of module 
performance 

•	 Completed subsystem testing facility 
•	 Designed vehicle integration algorithms for TE waste heat subsystem 
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Activities for Next Fiscal Year
Activities for Next Fiscal Year

•	 Initial production ready TE modules for lab and application-based 
testing 

•	 Finalize TE waste heat recovery subsystem design 
•	 Subsystem prototype construction 
•	 Search for higher ZT materials 
•	 Optimize mechanical properties of materials selected 

16




SummarySummary 

•	 Exhaust waste heat recovery system can generate an average of ~ 350 W for the 
FTP cycles, which corresponds to ~ 3% fuel economy improvement 

•	 We expect the output would be higher in real world scenario 
•	 Advanced vehicle integration could result in additional fuel economy 

improvement 
•	 Strategy for achieving 10% fuel economy improvement includes discovery of 

materials with higher ZT values, optimized module design, and advanced 
vehicle integration methods. 
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