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Project Overview 

2 

• Start Date - October 2011 
• End Date – September 

2015 
• Percent  complete - ~42% 

• Barriers addressed 
- Cost-competitive TE systems 
- Scale-up to practical device 

size 
- TE device/system packaging 
- Component/system durability 

• Total Project Funding $12.71M 
–    $9.32M DOE Share  
 (DOE Obligation to date $6.91M) 
–    $3.39M Contractor Share 
 

• Expenditure of Gov’t funds  
–    FY 12:  $346K (10/11-9/12) 
–    FY 13:  $2,204K (9/12-current) 

Timeline 

Budget 

Barriers 

• Interactions/Collaborations 
   -Robert Bosch, LLC  
   -Oak Ridge National Laboratory 
   -Univ of Houston (Boston College) 

-Boise State 
-Honda Automotive 

• Project Lead - GMZ Energy 

Partners 



Project Relevance/Objectives 
• The final objective of this program is to demonstrate a 

robust, thermally cyclable thermoelectric exhaust waste 
heat recovery system that will provide at least a 5% fuel 
efficiency improvement for a light-duty vehicle platform.   

• A small-displacement engine of approximately 2.0 liters 
(Honda Accord) will act as the platform for the 
demonstration of the developed exhaust waste heat 
recovery system.   

• In the first phase of the program (ended1/31/13), the team 
developed: 
– TE device technology to enable reliable power generation systems:  

TE materials, contact metallization, joining, characterization 
(electrical and mechanical) 

– System design/architecture for reliable operation and maximizing 
cost/performance ($/fuel efficiency increase) 
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Project Milestones – Phase 1 
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Month/Year
 

Milestone or Go/No-
Go Decision 

Description Status 

12/12 Go/No-Go Decision Bi2Te3 Device, 4% efficiency completed 
12/12 Go/No-Go Decision Half-Heusler device, 4% efficiency completed 
12/12 Milestone Heat exchanger and system initial 

design 
completed 

12/12 Milestone Initial vehicle model completed 
12/12 Milestone Initial testing plan completed 
12/12 Milestone Initial cost assessment completed 



Project Approach – Core Technology 
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• Proposed two-stage TEG system with half-                                              
heusler as the first stage, and Bi2Te3 as the low                                              
temperature stage.  Team is evaluating the cost performance vs. electrical 
gain of a two-stage approach. 

• This program uses unique high-performance nanostructured TE materials 
based on half-heusler alloys, which have superior mechanical strength and 
durability compared to competing materials (e.g. skutterudites) and can still be 
made with low-cost, large volume processes – currently underway at GMZ. 
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Project Approach – Phase 1 

• Materials Development and Cost Reduction 
– Improvement of material ZT while also reducing material cost 

• Materials Production 
– studying processes of upscale production of materials from a low volume 

laboratory scale to larger scale to support prototype production 

• Device fabrication and testing 
– fabrication of power generation modules and testing their performance 

• System Design and Modeling 
– Using computer analysis to develop initial prototype designs that are optimized 

to meet program goals  

• Initial Cost Assessment Analysis 
– Analysis to determine system a baseline of cost of a system that meets program 

goals while also meeting OEM requirements for cost 

• Initial Vehicle Testing 
– Initial testing of vehicle to set a baseline of fuel economy gain with supplemental 

power, i.e. Thermoelectric Generator 
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Technical Accomplishments and Progress:  Half-
Heusler Devices Go/No-Go Milestone 
 

• Device measurements are averages over multiple samples 
• Power Density increases with increasing delta T. 
• Bismuth telluride device power density contribution is low 

– Two Stage device may not be viable option 
– Initial TEG design may only be a Half-heusler device 
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Thot (C) Tcold (C) Efficiency (%) Power Density (w/cm2)  

Half-heusler device 

450 ±5%  200 ±5%   4.19 1.53 

500 ±5%  200 ±5%   5.04 2.35 

600 ±5%  100 ±5%  6.14 6.72 

Bismuth telluride device 

200 ±5% 80 ±5% 4.3%  0.5 

Phase 1 Go/No-Go milestone achieved and verified with multiple measurements 



Technical Accomplishments and Progress:  Half-
Heusler Devices 

• Module Power: 
– 3.8 Watts (Th = 450 Tc = 80˚C) for 4*4 cm Device 

• Initial Cycling Data: 
–  <1% change in power output over 50 full temperature cycles 

•  Small scale in house production 
– 60 Watts per month (15 modules per month) 

•  Mass production of HH module is under process with industry 
partners 
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Half-heusler  module fabrication process 

GMZ is producing reliable high temperature packaged modules 



Technical Accomplishments and Progress:  Heat 
Exchanger and System Initial Design 

Physical Module Layout 
• Rows parallel to gas flow 
• Side-by-side lines 
• Vertical  symmetry layers 
Electrical Module Connection 
• Series/Parallel connection 
Heat Exchanger 
• Length/width per channel 
• Height of gas and water channel 
• Wall thickness 
• Fin geometry 
Design Performance Indicators 
• Power output 
• Pressure loss 
• Manufacturing cost 
• Thermal Deformation 
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Layers 

Rows 
Lines 

GMZ team has developed the tools necessary 
for TEG system design 



Technical Accomplishments and Progress:  Heat 
Exchanger and System Initial Design 

• Plate-fin has less pressure drop than pin fin 
at the same heat transfer performance 

•  Fin geometry: Folded plate fin 
•  Fin material: Stainless steel clad copper 

(high thermal performance and durability) 
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• Optimal HEX fin packing fraction is 
~15-20% 

• TE leg 2 mm, packing fraction 15% 
 

Plate Fin gives has the best pressure drop to heat transfer 
performance and a fin packing fraction of 15-20% relates to desired 
program TEG power (300-350 Watts). 



Automotive Waste Heat Recovery   Technical Accomplishments and Progress:  Heat 
Exchanger and System Initial Design 

• 4 side by side lines, 128 modules, width = 0.12 m 
• T = 700.33˚C, mgas = 0.02 kg/s 
• HEX length and number of rows/ vertical layers varied 
• Increasing Length -> higher power and pressure loss 
• Fewer rows -> higher power, lower pressure loss 

11 

Layers 

Rows Lines 

Fewer rows, more vertical layers leads to higher power, lower pressure loss  



• Simulation with (Max Power Point Tracking) MPPT and 
fixed current values for TEG running in conventional 
vehicle over US06 Drive Cycle 

• Mean I with MPPT : 7.38 A 
• Mean power 

– 145 W (MPPT) 
– 128 W (I=6 A), 139.4 W (I=7 A), 132.7 W (I=8 A) 

• Fixed current approach gives comparable power 
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Power : IPRES = 7 A MPPT Power 
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Power : IPRES = 6 A 

Fixed current strategy suitable for this application.  
Reduces on overall system cost. 

Technical Accomplishments and Progress:  
TEG System and Vehicle Model/Design 



Technical Accomplishments and Progress:  
Initial Testing Plan/Vehicle Model 
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US06 Drive Cycle HHR: 
Constant Supplemental 
Power to Engine (W) 

Fuel Economy 
improvement 
[%] 

480 + 2.94 

Alternator removed US06 
Cycle HHR: Supplemental 
Power to Engine (W) 

Fuel Economy 
improvement 
[%] 

As needed + 3.45 

Maximum fuel economy gain in HHR is 3.45% with 
removal of alternator.  Fuel economy gain is platform 
dependent.  Off cycle FE gains are being investigated. 



Technical Accomplishments and Progress:  
Half-Heusler Materials 

N - Type 
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Initial results show material fabrication repeatability within 10%  

P - Type 

•! N-type property variation is around 5% 
•! P-type property variation is around 10% 
•! Quality control screening process is under development 



Technical Accomplishments and Progress:  
Initial Cost Assessment 

• TEG size should 
be optimized for 
both power 
output and cost 

•   Optimal TEG 
size is ~ 200-250 
mm (100 mm by 
100 mm cross 
area) 
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Initial cost assessment has complete system cost in the $3.75 to $4 per watt range  



Technical Accomplishments and Progress:  
Initial Cost Assessment 

16 

• In order to reduce the cost of the half-heusler materials, the 
reduction in Hafnium is necessary as the most costly 
component 

• Initial work at BC and GMZ has shown that the Hf can be 
reduced by nearly 3x while maintaining high TE performance 

Previously Presented 



Technical Accomplishments and Progress:  
Initial Cost Assessment 
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•! Hafnium concentration dominates the cost of the half-
heusler material system 

•! Initial work completed by GMZ team has reduced 
hafnium from 0.75 to 0.25 without inhibiting performance 
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With 2013 planned target for Hafnium concentration reduction, team will 
meet OEM cost target of $3 per Watt  



Collaboration and Coordination with Other 
Institutions  
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• GMZ (Industry) – TE (materials, devices, integration and testing), heat 
exchangers, module integration and subsystem testing, prototype fabrication 

• Robert Bosch (Industry) – automotive systems (electrical, vehicle models 
and testing), TE materials contacts and integration, heat exchangers 

• University of Houston (University) – TE materials (ZT improvement, cost-
reduction, thermal-mechanical testing) 

• Oak Ridge National Lab (Federal Laboratory) – dynamometer testing and 
vehicle model 

• Boise State University (University) – Heat exchanger and sub-system 
design 

• Honda (Industry) – Automotive OEM, commercial perspective on system 
cost and production volume 
 

GMZ Energy – Team Lead   
PI – Dr. Jonathan D’Angelo 

Consultant – Dr. Gang 
Chen 

Robert Bosch, LLC  
Lead – Dr. Boris Kozinsky 

Oak Ridge National Labs 
Lead – Dr. Jim Szybist 

University of Houston 
Lead – Dr. Zhifeng Ren 

Boise State University 
Lead – Dr. Yanliang Zhang 

Honda 
Lead – David Dewitt 



Proposed Future Work 
Month/ 
Year Objective 

10/13 Final heat exchanger and passenger vehicle system design for cascade 
structure and/or single stage structure 

10/13 Advanced passenger vehicle model/testing with thermoelectric power 
generation scenarios 

1/14 Fabricated thermoelectric and heat exchanger sub-systems for component 
testing 

1/14 Advanced testing plan including hardware design for instrumentation and 
electric power integration 

5/14 Advanced cost assessment and production cost analysis with materials 
processing costs and system production estimates 

5/14 Deliver prototype TEG for integration with Bradley Fighting Vehicle 
including cooling system (TARDEC Add-on) 

5/14 
Go-NoGo 
Milestone 

Bismuth telluride devices with >4.5% efficiency between 80°C to 200°C  
(DT = 120K) and <10% degradation after 100 thermal cycles 

5/14 
Go-NoGo 
Milestone 

Half-heusler devices with >5% efficiency between 200°C to 450°C  
(DT = 250K) and <10% degradation after 100 thermal cycles 19 



Project Summary- Technical Accomplishments 
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• Phase 1 Go/No-Go milestone achieved 
– 4% device efficiency measured for both half-heusler and bismuth telluride devices 

• Initial results show <1% change in output power over 50 thermal cycles for HH 
devices 

• Team has developed initial design for TEG 
– Physical layout 
– Heat Exchanger Design 
– Power Conditioning Approach 

• Initial vehicle testing shows a fuel economy improvement of up to 3.45% with 
removal of alternator 

– Off cycle FE gains are being investigated (quick engine warm up, electric water 
pump) 

• Initial upscale in HH materials production show less than 10% in property 
variation 

• Cost target for full system is $3/Watt 
• Team has completed all phase 1 objectives 
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