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                                                                1.4.2 Thermoelectric Generators

                                
                    under  a  very  small  voltage  and  a  very  large  current  unless  the  request  is 
 minimal [53]. For practical reasons, hundreds of them are typically electrically 
 connected in series and packed as a TE module, as shown in Fig. 1.14 and Fig. 


1.15c.  
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There are two conditions, under which Z (uppercase) equals z. The first one is 
 that  one  leg  of  a  thermocouple  is  superconductor.  The  other  condition  is  that 
 the n- and p-leg material properties are assumed independent from temperature 
 and equivalent to each other, i.e., ,  and k of the two legs have nearly the 
 same values. Although the second two assumptions are believed inaccurate in 
 many  cases  [ 56 ],  they  are  a  widely  used  simplification  in  literatures  with 
 satisfactory  accuracy  (within  10%  accuracy  [54]  and  better  in  lower 
 temperature applications). If the above assumptions are true, there is 


2


Z z
 k


   (1.12) 


Where  2  is termed as the electrical power factor. 


3) Efficiency of a TEG module 


The efficiency of a TEG module is given by 


TEG


energy supplied to the load
 h =


heat energy absorbed at the hot  junction (1.13) 
 Assume that a TEG module is ideally insulated from the ambient, ,  and k


of two legs of every thermocouple are the same and constant under temperature 
 changes,  and  the  contact  resistances  at  the  junctions  are  negligible,  then  the 
 efficiency can be expressed as 
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TEG tc
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Where Rload is  the  external  circuit, ktc is  the  thermal  conductance  of  a  single 
 thermocouple, Retc is  the  electrical  resistance  of  every  thermocouple  in  a  TEG 
 module,  and  ntc is  their  total  number.  Based  on  the  above  assumptions, 
 equations  describing  the  maximum  power  output  point  and  peak  efficiency 
 point of a typical TEG module are listed in Table 1.2 [54,57]. 


Table  1.2  -  Power  output  and  efficiency  equations  of  a  typical  TEG 
 module. 


Pmax max


I  TEG T 2RTEGe  TEG T (M 1) ReTEG


Rload ReTEG ReTEGM


P  TEG2 T2 4ReTEG M TEG2 T2 (M 1) 2ReTEG


 Z T 

4ZThZT
 M 1 T M1Th T
 1

M ZT , TEGntcpn,  T ThTc, T(ThT ) 2c


4) Thermoelectric compatibility factor 


Thermoelectric  compatibility  factor  explains  the  phenomenon  that  the  real 
 electric current needed for a TE module to reach its peak efficiency point  max


s


is  smaller  than  the  value  predicted  by  Z  as  shown  in  Table  1.2.  max


s  is  also 
 lower than the theoretical value max in the table. This effect is most important 
 for  segmented  TEGs,  which  are  designed  for  applications  under  large 
 temperature  gradients,  e.g.,  cases  with T  >  600℃  in  [56, 58 , 59 ].  If  not 
 considered,  the  device  ZT  of  a  segmented  TEG  module  can  be  significantly 
 lower  than  the  average  zT  of  materials.  However,  in  calculating  the  exact 
 performances  for  all  other  types  of  TE  modules,  this  factor  also  affects  [54]. 


The thermoelectric compatibility factor for a TE material is expressed as: 




 1 1


s zT T (1.15) 


For small zT, this approximately equals to 
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Then it can be derived that the reduced peak efficiency point  max


s  is 


max


1 1


1 1


s zT


zT


   


  (1.17) 


In  a  TEG  module,  if  the  compatibility  factor  of  one  part  is  significantly 
 different from another part,  no  current match will  possibly be set up  between 
 them for each part to operate nearby to its  max


s . For higher efficiency, as a rule 
 of thumb, this factor of different TE materials in a TE module should be within 
 about a factor of two across the different temperature ranges [54].  


The compatibility factor is an intrinsic property of thermoelectric materials. It 
must be counted for segmented TEGs in high temperature applications, since it 
always  affects  the  device  efficiency  largely.  In  similar  applications  for 
cascaded  TEGs,  however,  efforts  could  be  done  to  avoid  the  compatibility 
influences on device performance, which is one advantage of this kind of TEGs.  


1.4.2.2 TEG Categories 


TEG  types  and  materials  discussed  here  are  those  commercialized,  i.e.,  only 
 mature  TEG  modules  and  materials  are  discussed  in  this  section.  Sorted  by 
 operational temperature intervals as shown in Fig. 1.16 and determined by the 
 properties  of  TE  materials  employed,  generally  speaking,  there  are  three 
 categories of TEGs: a) low-temperature (<200℃), b) medium-temperature (200 
 - 600℃), and c) high-temperature (600 - 1000℃).  


Fig. 1.16 - zT of commercial TE materials. 


Fig.  1.16  also  gives  the  material  zT  values  of  most  commercial  available 
 materials  [60].  These  are  believed  the  ‘Best  Practice’  materials  [61]. Bi Te2 3


based  materials  (n-leg  composition  close  to  Bi Te Se2 0.8 0.2 3 ,  typical  p-leg 
 composition Sb Bi0.8 0.22Te3)  dominate the applications around room  temperature 
 (<200℃) [62]. Peak zT value for these materials usually falls in the range 
 0.8-1.1.  


For TEGs applied in temperature range from 200 to 600℃, group-IV tellurides, 
 such as PbTe, GeTe and SnTe, are typically employed as n-leg materials with 
 peak zT at about 0.8. In these medium-temperature applications, AgSbTe2-based 
 alloys  can  be  used  both  in  n-legs  and  p-legs.  These  materials  are  reported 
 several times with peak zT>1. Among them, p-type TAGS, GeTe 0.85 AgSbTe20.15, 
 has been successfully applied in long-life TEGs for a long time, of which the 
 maximum zT>1.2. For TEGs working in this 200 - 600℃ range, there are some 
 more  material  choices  for  both  p-legs  and  n-legs,  e.g.,  skutterudite-based 
 compounds,  complex  oxides  and  silicide-based  materials.  Silicide-based 
 materials in [63] (n-type Mg Si2  and p-type MnSi1.73) and [58,64] (n-type Mg SiSn2


with zTmax1.1 and  p-type Zn Sb4 3 with zTmax1.3)  were  deployed  other  than  lead 
alloys,  which  are  restricted  according  to  environment  regulations.  There  are 


still some other novel materials reported with higher zT values, most of which 
 are bulk nanostructured materials. However, none has been yet reproduced by 
 other laboratories, not to mention their industrialization [65,66]. 


For  applications  from  600℃  up  to  1000℃,  SiGe  alloys  are  one  of  the  only  a 
 few  ideal  choices  for  both  n-legs  and  p-legs  [67].  TEGs  operational  in  these 
 applications  are  usually  Radioisotope  Thermoelectric  Generators  (RTGs)  for 
 the  reason  that  they  consume  the  released  heat  from  the  nuclear  decay  of 
 radioactive isotopes (typically Plutonium-238) to generate electrical power.  


It  should  be  noticed  that  there  is  another  interesting  property  for  all  the  TE 
 materials. By changing their carrier concentration, their zT could reach its peak 
 values at different temperatures in their operational ranges [56,65,68,69]. This 
 brings the convenience that it can be assumed TEGs are working at their max 
 zT  points  during  TEG  system  design  and  optimization,  as  long  as  their 
 operating  temperatures  are  constant  or  only  fluctuate  in  relatively  narrow 
 intervals. 


Despite  distinguishing  TEGs  by  their  working  temperature  ranges,  they  can 
 also  be  sorted by  the  ways  how  the  thermocouples  in a  module  are  arranged. 


TEG  modules  can  then  be  labelled  either  conventional  (theoretical)  or 
 segmented  or  cascaded.  Actually  these  differences  in  module  design  are  also 
 with the purpose to suit different operating temperatures. Applications around 
 room  temperature  are suitable for  the conventional  TEG  modules. Segmented 
 TEG modules are typically  used in automotive applications with temperatures 
 up  to  about  500℃.  The  operational  temperature  range  of  cascaded  TEGs  is 
 partially  overlapped  with  segmented  TEGs.  Theoretically,  their  operating 
 temperatures can go much higher. Another advantage of cascaded TEGs is that 
 their design can avoid the material compatibility issues.  


1) Conventional (theoretical) 


Thermocouples  in  this  category  are  connected  thermally  in  parallel  and 
 electrically in series, as illustrated in Fig. 1.15c. Each leg of a thermocouple is 
 casted by one homogeneous composition. This module configuration is still the 
 most  widely  used  by  far,  because  of  the  structure’s  simplicity  and  durability. 


Its detailed pros and cons are: 


  Simplest structure; easiest to manufacture. 


  Convenient  and  direct  to  calculate  out  the  performances  of  the  TE 
materials. 


  Easier to optimize their working conditions. 


  TEG modules in this category have the longest lifetime.  


  Lower efficiency, since only a few layers of TE materials in legs work on 
 the ideal temperature points; inner temperature gradients are not included; 


carrier concentration is not tuned.  


  Heterogeneous thermal expansion of legs can easily happen; it affects the 
 module lifetime especially when temperature gradients are large. 


2) Segmented 


Segmented  TEGs  are  for  large  temperature  differences  (typical  T 600 ). 


Thermocouples in this category are still thermally in parallel between legs, and 
 electrically  in  series.  The  only  difference  now  is  that  p-  and  n-  legs  are 
 combinations of TE material segments and segments in each leg are thermally 
 and  electrically  both  in  series.  Alternative  configurations  of  segmented  TEG 
 modules  are  shown  in  Fig.  1.17  [ 70 ].  The  motivation  of  this  segmented 
 arrangement is to optimize TE materials along the temperature gradients in legs. 


Operational  temperature  ranges  and  peak  zT  temperature  points  are  different 
 between  various  thermoelectric  materials.  In  case  a  TEG  device  working 
 between  extremely  large  temperature  differences,  one  homogeneous  TE  leg, 
 e.g.,  the  legs  in  a  conventional  TEG  module,  will  probably  sinter  on  the  hot 
 side and work far below optimal zT regions on the cold side. These phenomena 
 have  negative  effects  on  device  efficiency  or  even  can  unfit  a  TEG  module 
 from  these  applications.  Using  different  materials  in  series  in  each  leg,  each 
 segment  can be  adapted  near  to  its  maximum  zT  point.  As a total,  the device 
 efficiency is improved and operational temperature range is extended. Material 
 compatibility within each leg and between legs is very important, as explained 
 in the above section. In order to handle this, each material segment may have 
 different  aspect  ratios  (cross-sectional  area  to  segment  thickness)  [71].  The 
 advantages and disadvantages of these segmented TEGs are: 


  Improved efficiency; easier to get the maximum zT. 


  Higher total contact resistance. 


  Higher  design  complexity  and  lower  manufacturability,  affected  by  the 
 compatibility and the thermal expansion. 


  Bad device stability because of the segment connections. 


Fig. 1.17 - Alternative segmented TEG modules. 


3) Cascaded 


Similar  as  the  segmented  style,  cascaded  arrangement  is  also  for  high 
 temperature  applications.  Their  structures  are  compared  in  Fig.  1.18  [54]. 


Besides the aim to improve the working temperature of every material spot, the 
 invention  of  cascaded  arrangement  is  mainly  to  get  rid  of  the  material 
 compatibility  issue.  In  a  cascaded  module,  each  stage  has  an  independent 
 circuit  comparable  with  each  thermocouple  in  a  conventional  module.  By 
 nature,  the  compatibility  issue  is  ruled  out.  Cascaded  TEG  modules  have  the 
 following pros and cons: 


  Improved efficiency; easier to get the peak zT. 


  Higher total contact resistance. 


  Higher  design  complexity  than  conventional  modules,  although  simpler 
 than the segmented. 


  Bad device stability from the stage connections. 


Fig. 1.18 - Schematic diagram comparing segmented and cascaded TEGs. 


To  summarize,  it  can  be  noticed  that  all  the  above  module  designs  are  
 plate-like.  Thickness  of  the  modules  is  mainly  in  the  range  from  millimeters  (the 
 thin-film  TE  devices  [72])  to  centimeters.  Except  for  the  plate-like  modules, 
 some  other  module  styles  have  also  been  proposed,  such  as  ring-structured 
 module design for heat flows in radial direction [73]. It is  concluded that this 
 configuration  is  advantageous  in  that  the  thermoelectric  converter  is  at  the 
 same  time  working  as  conductor  and  generator.  In  addition,  the  efficiency 
 could be improved because it enhances its heat sink capabilities and depresses 
 the reverse heat  transfer  inside the converter,  which usually  are the  two main 
 factors  downgrading  a  TEG’s  performance.  However,  this  configuration 
 dramatically  increases  manufacturing  complexity  and  still  remains  as  lab 
 demonstration  setups.  An  mW-level  module,  a  ‘thermoelectric  tube’,  was 
 exposed in [73] and is shown here in Fig. 1.19. Two years after, a report from 
 DOE  by  Bell  and  Crane  referred  that  a  similar  cylindrical  TEG  system  was 
 being  under  construction  by  BSST  [ 74 ].  But  no  further  details  could  be 
 identified  and no  further  reports  have  come  out  afterwards.  Recently,  another 
 tubular module is fabricated by Schmitz et al. [75]. It has an updated design to 
 [73] that can better release thermal stress. A picture of the module is given in 
 Fig.  1.20.  There are  also some other  types of TEGs, such as  flexible polymer 
 based  micro  TEGs  for  wearable  electronics,  of  which details  can  be  found  in 
 [76,77]. 


Fig. 1.19 - Photo of a 'thermoelectric tube'. 


Fig.  1.20  -  Tubular PbTe  module consisting of four  thermocouples connected 
with nickel bridges. 
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