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                                                                                        1.5 Literature Review

                                                                1.5.3 Thermoelectric Applications

                                
                    1.5.3.1 TEG Applications 


TEGs are competitive in waste-heat recovery, but rarely used as primary power 
suppliers  due  to  their  low  heat  to  electricity  ratio  [127].  Major  waste-heat 
sources  could  be  industrial  processing  heat,  cogeneration  system,  waste  heat 
from  the  transportation  sector,  and  municipal  solid  waste.  In  contrast  with 
conventional energy conversion systems, TEG systems can be more suitable to 


these energy sources because of the desirable merits, such as no moving parts, 
 simple  configuration,  long-run  unattended  operation  for  thousands  of  hours, 
 adaptability  for any  temperature range  or  energy  level,  no  scaling  effect from 
 mW to several hundred kW, and so on [54]. 


In  applications,  a  practical  TEG  system  basically  consists  of  four  parts 
 [119,139]: 


  A  support  structure,  a  heat  exchanger  housing,  which  works  as  a  heat 
 source,  and  on  which  surfaces  the  thermoelectric  modules  are  located.  It 
 generally  looks  like  a  tube  with  modified  inner  faces  to  benefit  the  heat 
 absorption from the exhaust media (gases or liquids). It can also include a 
 fuel combustion unit to provide heat, if sufficiently efficient TEG modules 
 can be designed [119]. 


  TEG  modules,  the  heat-power  convertors,  the  materials  of  which  need 
 tuned  accordingly  to  the  operating  temperature  range  (the  exhaust  media 
 temperature), as mentioned above. 


  A  heat  rejection  system,  a  heat  sink.  The  function  is  to  maintain 
 temperature gradients through the TE modules by drawing heat from them 
 and rejecting the heat out of the TEG system. 


  An electrical power conditioning and interface unit, to bridge the TEG 
 system  and  external  electric  load  and  to  keep  the  TEG  system  working 
 around its maximum power point. 


The whole TEG system should be studied as an integrated solution, because TE 
 material properties and heat exchanging performance are closely linked [128]. 


There are  also other  auxiliary  parts,  such  as  valves,  pumps,  fans,  sensors  and 
 controllers to make sure the TEG system working properly. Due to the present 
 low efficiency of TEGs, the power consumption of these balance of plant (BoP) 
 needs to be elaborately reduced for higher net power output of a TEG system. 


1)  TEG and fuel cells 


Exhaust  heat  from  various  fuel  cells  is  low-grade  in  general  for  TEGs.  The 
application of TEGs in recovering this exhaust heat is relatively novel. In 2004, 
Huston et  al.  finished a  report named: Application  of Thermoelectric Devices 
to  Fuel Cell Power Generation:  Demonstration and Evaluation  [129].  It is the 
first project that has systematically studied applying TEGs in a fuel cell system 
for  increased  electrical  generation  efficiency  and  reduced  environmental 
impacts.  This  feasibility  study  was  carried  out  on  a  UTC  200kW  Phosphoric 


Acid  Fuel  Cell  Power  Plant  (PC25C)  and  TEG  modules  manufactured  by 
 Leonardo  Technologies,  Inc.  (LTI).  Tasks  were  conducted  on  TEG  potential 
 contribution  assessment, site assessment,  installation and initial operation and 
 supplementary  TE  wafer  (single  thermocouple)  study.  Precious  experiences 
 and  lessons  were  gained.  TE  Device  test  stands  (Control  &  Data  Acquisition 
 System) and procedures were developed. Cost estimations were accomplished. 


However, system optimization was not carried out in this project.  


Chen et al. [130] proposed a PEMFC-TEG system. In the system, TEGs were 
 used  to  recover  the  exhaust  heat  from  a  HT-PEM  fuel  cell  stack.  A  
 module-level  three  dimensional  full-geometry  physical  TEG  model  in  ANSYS 
 FLUENT®  was  prepared  for  the  convenience  of  the  design  and  
 co-optimization  of  the  system.  A  prototype  PEMFC-TEG  setup  was  also 
 demonstrated  in  the  lab.  The  TEG  system  developed  is  an  aluminum  exhaust 
 pipe  with  hexagonal  cross-sectional  shape  and  un-finned  bare  inner  surface. 


TEG  modules  are  anchored on  the  pipe  external  surface.  In  this  work,  model 
 was  prepared;  experiments  were  carried  out  to  validate  the  TEG  model. 


However, optimization was neither done on the TEG system nor its operational 
 scenarios.  


A  solid  oxide  fuel  cell  and  TEG  (SOFC-TEG)  hybrid  system  was  studied  in 
 [ 131 ]  using  a  zero-dimensional  system  model.  Heat  recovery  through  a 
 regenerative  heat  exchanger  was  assumed  ideal.  SOFC  and  TEG  were 
 supposed  working  under  the  same  current  density.  The  main  parameters  and 
 the optimally operating regions of the hybrid system, SOFC and thermoelectric 
 generator were determined. More recently, the application potential of TEGs in 
 a  SOFC  micro  combined  heat  and  power  (CHP)  system  was  assessed  by 
 Rosendahl et al. [132]. Results proved that with TEG application it is possible 
 to increase the micro-CHP system power output by more than 15%, or system 
 efficiency by some 4 to 5 percentage points. However, the tested hybrid 
 micro-CHP did not gain those percentage points as inefficient commercially available 
 TEG  modules  were  applied.  Energy  flow  analysis  and  new  designs  of  TEG 
 systems were also prepared for future work. 


Kuo  et  al.  [ 133 ]  designed  and  built  a  LT-PEM  fuel  cell  thermoelectric 
cogeneration system  in the lab. It  is a sophisticated system that provides both 
high-quality electric power and heated water. Key components include the fuel 
cell  stack,  hydrogen  feeding  subsystem,  air  supply  subsystem,  humidifier 
subsystem, and TEG heat recovery subsystem. System dynamic simulation and 
a  comprehensive  analysis  were  conducted  both  theoretically  and 


experimentally.  The  concurrent  simulation  was  carried  out  in 
 MATLAB/Simulink  to  guide  the  system  design  beforehand  and  facilitate 
 operation  analysis  afterwards.  The  model  accuracy  was  proved  >95%. 


Experiments  showed  that  the  combined  efficiency  was  higher  than  92%. 


However, almost no details on design and optimization of the TEG subsystem 
 were addressed in the report. Results also indicated that the TEG heat recovery 
 contribution to the cogeneration system efficiency seemed limited, which was 
 only  about  1%.  Still,  this  work  is  a  detailed  reference  of  the  design  and 
 operation of a fuel cell-TEG cogeneration system. 


An idea of employing a cylindrical TE p-leg as the cathode material of a SOFC 
 single  cell  for  an  additional  electric  potential  was  explained  in  [134].  It  is  a 
 novel way of applying TEGs in a SOFC system. Results showed that the open 
 circuit voltage of the cell increased, ascribed to the additional TE voltage. 


2)  TEGs in automotives 


TEG  applications  on  waste-heat  recovery  from  the  transportation  sector 
 (especially  in  vehicles)  have  been  thoroughly  studied  for  decades.  The 
 motivations of integrating TEGs into automotives are stimulated by the pursuit 
 for  high system efficiency,  the emission regulations (especially  CO2) and the 
 advantages of TEGs.  


Birkholz et al, in collaboration with Porsche studied the installation of a TEG 
 system  into  Porsche 944  in the 1980s  [135].  Nissan Research Centre has  also 
 developed  TEGs  for  different  temperature  ranges  and  tested  them  under 
 different working conditions of ICEs [136,137]. In Japan, there was another a 
 national  project  launched  from  2002  by  the  New  Energy  and  Industrial 
 Technology  Development  Organization  (NEDO),  named  “The  Development 
 for Advanced Thermoelectric Conversion Systems” [138].  


Vázquez et al. reviewed most of the past automotive projects (Porsche, Nissan, 
 Hi-Z  projects),  which  had  reported  relatively  low  efficiencies  [139].  In  this 
 paper,  he  concluded  that  the  following  factors  should  be  considered  in 
 constructing an efficient TEG system:  


  The  space  and  weight  of  a  whole  TEG  system  are  constrained  and  the 
 support structure takes the major part. 


  The  inner  part  of  a  support  structure  is  often  finned  and/or  hole-plate  to 
 enhance heat convection. The optimization of its geometry  is vital, since: 


proper  turbulence  needs  to  be  generated  for  better  heat  convection; 


pressure  drop  caused  by  the  inner  structure  should  be  controlled;  its  size 
 should be appropriately tuned to enable all TEG modules to keep working 
 near their peak performance points; its material is also important covering 
 both  performance  and  lifetime  aspects.  The  heat  exchanger  degradation 
 mechanisms should also be counted. 


  Different TEG module materials and configurations may need to be chosen 
 for  various  temperature  ranges.  In  some  cases,  the  shape,  size  and 
 configuration of the  thermocouples  are also taken into account  for higher 
 efficiency, space taken, mechanical strength and so on. 


  The  heat  sink  design  and  its  integration.  Heat  sinks  reported  in  most 
 automotive applications are designed as liquid coolant jackets in aluminum 
 and  integrated as part  of the  ICE  coolant  circulation system.  Few  are  
 air-cooled radiator. The integration method is also quite important to improve 
 for the efficiency. 


  TEG  mounting  methods.  The  mounting  methods  should  guarantee  lower 
 contact  resistance  on  both  surfaces  of  a  module  and  be  elastic  to 
 compensate thermal stress. 


  Thermal  and  electrical  insulation  of  TEGs.  Thermal  insulations  done  on 
 modules  should  be  both  inner-module  and  external  between  the  ambient. 


Inner  heat  bypasses  between  thermocouples  and  heat  loss  to  the  ambient 
 can  both  affect  the  module performance  significantly.  It  needs  to  be  sure 
 that  most  heat  passes  through  thermocouple  legs  instead  of  the  bypasses. 


Electrical insulation is an important part of all electrical systems and also 
 important to eliminate safety hazards.  


Later,  Saqr  et  al.  has  done  a  more  detailed  and  theoretical  analysis  on  these 
 factors [140]. After a theoretical analysis on TEG system energy balance, this 
 paper  reviewed  the  following  TEG  systems  reported  in  literature:  a  1kW 
 system  from  Hi-Z  Inc.,  a  35.6W  system  from  Nissan  and  a  300W  HZ-20 
 system  jointly  built  by  Clarkson  University,  Delphi  Systems  and  General 
 Motors (GM). He summarized that the following four main factors controls the 
 efficiency of a TEG system: 


  Heat exchanger geometry 


  Heat exchanger materials 


  The installation site of the TEG 


  The coolant system of the TEG 


In  recent  years,  several  companies  in  vehicle  industry,  BMW/Ford,  GM, 
General  Electric,  and  Cummins,  have  accomplished  a  few  vehicle-TEG 


cogeneration  projects  funded  by  the  US  Department  of  Energy  Freedom  Car 
 Office,  in  the  scope  of  the  “Advanced  combustion  Engines”  research  plan 
 [141,142].  In  these  projects,  TE  materials  and  material-related  supports  were 
 provided  by  Marlow  Industries.  G.  Jeffrey  Snyder  from  Jet  Propulsion 
 Laboratory  was  consulted  on  material  theory  and  segmenting  technology. 


Crane  et  al.  from  Gentherm  subsidiary  BSST  proposed  the  integration 
 architectures  and  assisted  the  above  companies  to  bring  into  practice  [143]. 


They  have  done  detailed  systematic  researches  on  TEG  integration  and 
 optimization. Most of the results are already published and patented. As part of 
 the fruits, GM  has developed  a TEG exhaust heat  recovery system and tested 
 on  a  Chevrolet  Suburban.  Some  experiences  and  results  can  be  found  in 
 [144,145]. 


Another  project  also  funded  by  DOE  was  on  TEG  waste-heat  recovery  from 
 stationary  diesel  generators  [146].  TEG  system  architectures  were  evaluated 
 and  analyzed.  Fuel  diversity  effects  were  also  studied.  An  economic  analysis 
 was carried out and coded in Visual Basic to facilitate other similar projects. 


In addition, there are also some other teams who have done a great amount of 
 research  examining  vehicle  exhaust  heat  recovery.  Hendricks  et  al. 


[128,147,148,149]  has  created  a  generic  generator  model  and  subsequently 
 optimized the system under various conditions and TEG materials. Thacher et 
 al.  [150,151,152]  concentrates  on  testing  and  optimizing  TEGs  in  vehicle 
 exhaust  heat  recovery  applications.  Instead  of  most  other  studies  focusing 
 barely  on  TEG  systems,  they  paid  much  attention  to  their  impacts  on  whole 
 vehicle systems. Full of details, their studies are valuable and practical samples.  


Espinosa  et  al.  from  European  vehicle  companies  AB  Volvo  and  Renault 
 Trucks  SAS  also  undertook  a  numerical  investigation  on  the  feasibility  of 
 applying  TEGs  to  recover  the  exhaust  heat  from  a  truck  diesel  engine  [69]. 


TEG modules they used are uni-couples, i.e., a single module contains a single 
 thermocouple. Temperature unevenness among TEG modules and its effects on 
 TE material properties were considered. The whole TEG assembly was divided 
 into  two  parts:  high  temperature  portion  and  low  temperature  portion.  TEG 
 modules  composed  of  Mg2Si/Zn4Sb3  were  for  high  temperatures  followed  by 
 Bi2Te3  for  the  low  temperature  portion.  Compact  plate-fin  heat  exchanger 


‘Strip-fin  plate-fin,  surface  1/4(s)-11.1’,  which  was  used  here  for  the  diesel 
engine  exhaust  gas,  was  directly  taken  from  a  mass-produced  exhaust  gas 
recirculation  (EGR)  unit.  It  was  composed  of  five  plates,  each  of  which 
included  a  hot-side  heat  exchanger  housing,  a  cold  side  and  an  intermediate 


wall. Water coolant from the engine at 90℃ was circulated in the cold side as 
 the  heat  sink.  TEG  modules  were  supposed  mounted  in  the  walls.  The  whole 
 TEG system was  then numerically discretized by the size of modules through 
 the  finite-difference  method  in  engineering  equation  solver  (EES)  software. 


After  model  validated,  the  number  of  modules  along  the  exhaust  gas  flow 
 direction  was  optimized  under  two  conditions:  a)  all  the  modules  were 
 electrically  in  series;  b)  all  of  them  were  in  parallel.  These  are  also  the  only 
 two electrical connection styles of all the TEG modules considered in this work. 


In the above analysis, the number of modules perpendicular to the exhaust gas 
 was  fixed  to  100.  Afterwards,  it  was  variable  and  studied  for  a  fixed  total 
 number of modules, 10000, all of which were assumed electrically in parallel. 


System pressure drop and power output were plotted. In the end, the optimum 
 ratio between the two TE module portions has been addressed. This study is an 
 entire piece of work with plenty of practical and detailed considerations. 


In  recent  few  years,  there  are  also  some  other  studies  on  vehicle-TEG 
 cogeneration. Andersson from Scania AB studied different power conditioning 
 techniques  for  TEGs  in  vehicle  waste  heat  recovery  [ 153 ].  Two  different 
 Maximum Power Point Tracking (MPPT) technologies were compared. It was 
 concluded  that for the  tens of  watts TEG-rig worked on, a switching network 
 with  two  states  seems  more  efficient  than  a  DC/DC  converter.  Phillip  et  al. 


[154]  investigated  two  MPPT  algorithms  for  TEGs:  the  perturb  and  observe 
 (P&O) algorithm and extremum seeking control (ESC). The study was carried 
 out  in  MATLAB/Simulink. The  results showed that an ESC MPPT algorithm 
 in  combination  with  a  buck-boost  DC-DC  converter  was  more  favorable  for 
 TEG  systems.  Various  MPPT  algorithms  for  TEGs  were  also  reviewed  and 
 compared  by  Chatzidakis  et  al.  in  [155].  It  was  concluded  that,  compared  to 
 short  circuit  current  method  (Isc),  open-circuit  voltage  (Voc)  method  is  more 
 practical  for  TEG  systems  with  power  output  less  than  1kW.  For  over  1kW 
 TEG  systems,  P&O  method  and  Incremental  Conductance  method  (InC)  are 
 more  competitive,  although  they  are  more  complex.  Transient  behaviors  of  a 
 TEG-EGR  system  was  simulated  using  a  3D  CFD  model  by  Högblom  et  al. 


[156].  They  concluded that  the greatest heat transfer resistance was identified 
in  the  gas  phase  and  it  was  a  tricky  tradeoff  between  the  heat  convection 
performance  and  the  maximum  allowable  pressure  drop.  A  thermal  buffering 
device  was  developed by  Mizuno  et  al.  to  cope  with  temperature  fluctuations 
for  a  TE  power  generator  [157].  There  are  also  some  other  studies  on  these 
similar topics [158,159,160,161].  


Besides  all  the  aforementioned  TEG  application  studies,  some  other 
 application potentials, e.g., in wearable electronics [162], in furnaces or stoves 
 [163], on ships [164], as sensors [165], in wireless sensor or telecom networks 
 [166], in photovoltaic-TEG hybrid systems [167] etc., have also been analyzed. 


Compared  to  them,  researches  on  vehicle-TEG  cogeneration  are  more 
 systematic  and  thorough.  Publications  from  these  researches  are  the  main 
 references in relation to this project. 


1.5.3.2 TEC Applications 


TECs,  which  are  also  well  known  as  Peltier  coolers,  have  been  successfully 
 commercialized  for  decades.  The  merits  of  them  are  that  they  are  unique 
 miniature  heat  pumps  and  can  manipulate  high  heat-flux  transfer  swiftly  and 
 precisely.  In  contrast,  conventional  fluid-refrigerant  systems  may  be  more 
 efficient  in  kW-level  applications  or  above.  They  are  just  too  bulky  to  suit 
 high-performance, compact cooling systems, from milliwatts to hundreds watts. 


In addition, characteristics like system simplicity, maintenance-free, noiseless, 
 rugged,  highly  scalable,  and  low  cost  in  mass  production,  make  TECs  more 
 competitive  [54].  Although  there  are  still  some  other  future  miniature 
 refrigeration  cooling  technologies,  such  as  MEMS  vapor  compression  and 
 capillary  pump  loop  (CPL),  none  of  them  are  yet  commercialized  [168].  In 
 applications, TEC systems usually have quite similar elements and design and 
 operation concerns as the abovementioned TEG systems. 


In  electronic  or  optoelectronic  cooling  applications,  TECs  have  been  widely 
 deployed to remove heat from the surfaces of microchips and other component, 
 to  cool  down  infrared  detectors  and  charge-coupled  devices  (CCDs),  and  to 
 stabilize the temperature of laser diodes etc. [168,169,170]. The purposes are to 
 maintain  a  safe  temperature  for,  to  increase  the  working  frequency  of  and 
 reduce electromagnetic noise in integrated circuits.  


TE  dehumidification  has  been  examined  by  several  researchers.  Vian  et  al. 


developed a small dehumidifier prototype made up of three TEC modules and 
optimized  its  design  and  performance  by  a  homemade  computational  model 
(AERO)  [171].  Their  system  COP  was  proved  much  lower  than  the  
vapor-compression  devices.  Another  study  was  conducted  by  Jradi  et  al.  [172]  who 
constructed an integrated TE-photovoltaic renewable system to dehumidify air 
and  produce  fresh  water.  A  system  model  was  also  built  and  validated  by 
experiments.  They  determined  that  the  air  flow  rate,  air  inlet  conditions  and 
electric current input to the TEC modules were the controlling parameters. The 
system was considered practical for stand-alone remote areas applications. 


Automotive  applications  of  TECs  are  believed  of  great  interest  [119].  TECs 
 have the potential to bring revolution into automotive heating, ventilation, and 
 air-conditioning (HVAC) systems, as the forthcoming TE-HVAC systems have 
 many  desirable  features.  They  can  be  more  silent  and  compact,  potentially 
 lighter,  faster,  more  reliable  and  durable  than  today’s  conventional  systems. 


Actually,  some  mature  products  are  already  available  in  the  market,  such  as 
 climate seats from Gentherm [173].  


There  are  still  many  other  applications  of  TECs,  e.g.,  in  mug  rugs,  in  cup 
holders,  in  picnic  baskets,  in  mobile  freezers,  as  sensors,  in  reformers  and  in 
medical instruments [118,174,175]. As Yang and Stabler commented in [119], 
the entire potentials of TECs, especially their quick response and bidirectional 
heating/cooling capabilities, are not yet fully appreciated or utilized.   
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