UQO

UNIVERSITE DU QUEBEC EN OUTAOUAIS

Optimization of Thermoelectric Generators for Low
Temperature Waster Heat Recovery

BY

Eric Sempels

THESIS SUBMITTED AS REQUIREMENT FOR THE DEGREE OF

DOCTORATE IN SCIENCE AND INFORMATION TECHNOLOGY

February 2020






Evaluation Jury

Jury president:

Jury member:

Jury Member:

Research director:

Advisor:

Dr Shamsodin Taheri

Université du Québec en Outaouais, Gatineau, CA

Dr Marc Hodes
Tufts University, Massachusetts, USA

Dr Hossam Sadek
York University, Toronto, CA

Dr Frédéric Lesage

Université du Québec en Outaouais, Gatineau, CA

Dr Roger Kempers
York University, Toronto, CA



Table of contents

EVAIUBLION JUNY ..ottt ii
TabIe OF CONTENTS ... e et et e e st e e e snaaeeanneeeas v
LEST OF FIQUIES ...ttt nbe e vii
[ 0 7 o] =TSSR XV
LISE OF SYMDOIS ... XVi
RESUIMI. ...ttt e et e e et e e et e e et e e e te e e e nseeeesnteeennteeeanneeeanes XiX
N 0] 1 - [o] (SRR URRPURRSUR XX
R 101 oo L1 T [ ] o OSSPSR 1
2 LITEIALUIE TEVIBW ..ottt ettt 3
2.1 WWASEE NBAL.....eee ittt 3
2.2 ThermOEIECIIICITY . .ccuvee et eeae e 12
2.2.1  ThermoelectriC €FfECTS.......oiiiiii e 12
2.2.2  Thermoelectric power generation equations............c.cccveevvveeiireeiiiieesineen, 20
2.2.3  Thermoelectric COMPONENTS..........ccoiiieeiiie e 25

3 ThermoeleCtric MOUUIES .........uveiiiiiie e 35
3.1  Thermoelectric module charaCterization ...........cccocevvieiieiiieiie e 36
3.1.1  Module Selection for CharaCterization ............ccccocevrieiiieiiesiienee e 40
3.1.2  Experimental CharaCterization .............cccccevviieiiiie i 43

3.2 IV curve characterization of thermoelectric modules .............cccceeveiiieiiiennn, 47
3.2.1  Mathematical model of Thermoelectric I-V curve characterization........... 48

3.2.2  Experimental TE I-V CUIVE .....ocooiiiiii ettt 53



3.2.3  Complete characterization under constant temperature difference............. 57
3.3 1V plane characterization and modeling of thermoelectric modules ................. 69
3.3 1 IV PIANE tNEOTY ..o s 69
3.3.2  EXperimental reSUILS.........coovviiiiiiiiee e 72
3.4  Thermoelectric module thermal resiStance...........cccooveeiiieeiiieeiie e 79
3.4.1  Mathematical modeling of a TE module’s thermal resistance ................... 79
3.4.2  Thermal resistance experimental reSults ............cccocooiiiiiiiiieice, 83
3.4.3  Thermal resistance model validation .............ccccoccveiiiie i 88
3.5  Chapter CONCIUSION .......ooiuiiiiiie it 95
4 Thermoelectric generator OPtIMIZALION ..........ccviiiieiiierie s 96
4.1  Optimization under various thermal conditions.............ccccoevveevieeeiiie e, 96
4.1.1  GENErated POWET ......eeiieiiieiiiieeiie ettt ettt ettt et 99
4.1.2  Constant temperature Optimization ............ccccovveevieeeciee e 101
4.1.3  Constant heat flux optimization............cccccveeiiveeiiee e 105
4.1.4  Optimization in presence of heat [0SSES .........cceeviveeiiieeiiiee e, 110
4.1.5  Optimization for fluid FIOWS ...........coovveiiie e, 114
4.1.6  Concise results and diSCUSSION..........ccuieiiiiiiriiieiie e 120
4.1.7  Thermal impedance optimization conNclusioNn.............ccccccvveevineeciieeennen. 123
4.2 Optimization of a liquid-to-liquid thermoelectric generator ........................... 124
4.2.1  Experimental RESUIS..........ccovveiiiieie e 128
4.2.2  Numerical SIMUIALIONS. .........c.ioiiiiiieiiieiie e 136
4.2.3  Mathematical MOl ..........ccoiiiiiiiiii e 141
4.2.4  Liquid-to-liquid TE generator optimization conclusion........................... 154
4.3 Module geometry optimization for optimal generator...............ccccceevvvevinnnnne, 156
4.3.1  Mathematical MOdeling .........cccovieiiiiiiiiii e 161



Vi

4.3.2  Arealimited appliCation ..........cccoiiiiiiiiiiiiiee e 173
4.3.3  Variable area application ...........cccoooveiiieiiiiiieie e 184
4.3.4  Surface power density in variable area application ............c.cccooeveriieninnn, 191
4.3.5  1SO-POWET @NAIYSIS....ccviiiiiiiiiieiiie et 197
4.3.6  Pellet geometry optimization CONCIUSION ...........ccoveeviieeiiieeiiie e 200
CONCIUSTON ...ttt 202
AANINEX e 205
RETEBIENCES ...ttt ettt nnne s 213



vii

List of figures

Figure 1: Theoretical conversion efficiency of different ORC working fluids, image from
[2], thermoelectric conversion efficiency is superimposed for a cold side of 0 and 20°C 11

Figure 2: Open circuit SEeheCK eFfECT .........ceoiiieiiiiie e 13
Figure 3: Short-Circuit SEeDecK FfECT.........ccoiviiiiiiiii e 14
Figure 4: Closed-circuit thermoelectric effect ... 16

Figure 5: Copper selenide’'s (Cu2Se) Seebeck coefficient for different charge carrier

concentration (C.C.) FrOM [B4] ....eee i 17
Figure 6: Thermoelectric couple for thermal profile, x starting from the cold side.......... 20
Figure 7: Figure-of-Merit of common thermoelectric materials, image from [35] .......... 24
Figure 8: Geometry of a single thermoelectric pellet...........cccooveiiiieiii i, 26

Figure 9: Effect of charge carrier concentration of material properties, image from [58] 27
Figure 10: Single thermoelectric couple composed of two pellets............ccceevveeiinnnnne, 29
Figure 11: Thermoelectric module composed of 254 pellets ...........cccoveiviie e, 30

Figure 12: Thermoelectric generator composed of 40 modules and 3 heat exchangers for

USE WHEN WALEE ...ttt ettt ettt et e et e e be e s e e nbee s 33
Figure 13: Distribution matrix of investigated thermoelectric modules .......................... 42

Figure 14: Top; Representation of the experimental set-up. Bottom; block diagram of

10U 0] 1= | PSS TRRPPRRPPRS 44
Figure 15: Schematics of a thermoelectric module...........ccccoviiiiii i, 49

Figure 16: Generated power for module 17 at constant temperature difference. Full power
curve measurements (standard steady state method) are shown over the curve generated

from the two-point [-V Method. ... 52



viii

Figure 17: 1-V curve of module 6 at constant 40°C temperature difference..................... 54

Figure 18: Statistical distribution of R-squared values for all measured I-V curves under
constant heat flux (left) and under constant temperature difference (right) ..................... 55

Figure 19: R-squared relation to thermal conditions, heat flux and temperature difference
WIthin @ SiNgle MOAUIE..........oouii e 55

Figure 20: (a) Residuals of module 6 1-V curve under constant heat flux and temperature
difference. (b) Residual plots of the same module for different heat fluxes .................... 56

Figure 21: Seebeck coefficient measured for all modules under 40°C temperature
difference normalized by the number of thermoelectric couples...........cccevvviiiiiiinnn, 58

Figure 22: 2-points method short-circuit results for all modules normalized by the
standard steady state (SSS) Method .........cccoveiiieiii e 59

Figure 23: 2-points method internal resistance results for all modules normalized by the
SIS 111511 T Lo PSP SS PRSPPI 60

Figure 24: Electrical resistivity of the thermoelectric material composing the investigated

MOTUIES ...ttt ettt bt e bttt e s bt e s e e be e e beesnbeenbee s 61
Figure 25: Picture of defects seen in the thermoelectric elements of module 1............... 62
Figure 26: Open-circuit thermal resistance of all modules.............c..ccooveiiiie i, 63

Figure 27: Open-circuit thermal resistance of investigated modules as a function of the

height of the thermoeleCtriC 1€0S.......ccuvvi i 64

Figure 28: Figure-of-Merit obtained by the 2-points method normalized by the one
obtained from the SSS Method .........ccciiiiiiiie 65

Figure 29: Comparison of both methods for Figure-of-Merit measurements .................. 66

Figure 30: 2-point method maximum power results for all modules normalized by the
SSS MEINOU. ...t nree s 67

Figure 31: Open circuit voltage of module 15 under a range of temperature differenced.

The linear fit's slope is the Seebeck Coefficient. ...........ccccooveiiiii i, 73

Figure 32: Temperature dependence of the Seebeck coefficient..............cccceevviiineenne, 74



Figure 33: Short-circuit current under a range of temperature differences. The linear fit's

slope is the Beta COBTFICIENT ..........ooiiiiieie s 74
Figure 34: Temperature dependence of the Beta coefficient.............cccooeviiiiiiiininnn, 75

Figure 35: IV-dT plot of module 15 showing the 1V plane created by the IV curves at
AITFErent TEMPEIALUIES. ... ..eeitiiei ittt nrne s 76

Figure 36: Alpha' and Beta coefficients for all modules............c.ccovviiiiiiiiiiiiee, 77

Figure 37: Seebeck coefficient comparison between the 2-point IV curve characterization

and the TV plane EQUALION ............oiiiiiii et 77

Figure 38: Power curve under constant temperature differences. Experimental data is
superimposed on the curves obtained from the coefficients alpha and beta of the IV-dT

Figure 39: Thermal resistance network of a thermoelectric module................cccoevernneee. 79

Figure 40: 2D schematics of a TE module with (a.) normal interconnections and (b.)

SIMPlified INTEIrCONNECLIONS. .......vieiiie et e e e e e e e aaee e 80

Figure 41: Thermal resistance of module 6, superimposing data taken under 5 different
constant temperature differences (AT=20;25;30;35;40) and 5 different constant heat
fluxes (Q=10;12.5;15;17.5;20).....ccuuieiirireiiiieiiiee st e siee e se e see e sae e e saaeesraeeareeesree e 84

Figure 42: Measured thermal resistance of module 6 under constant temperature

difference plotted against A) load resistance, B) heat flux, C) current and D) voltage ....85

Figure 43:Measured thermal resistance of module 6 under constant heat flux plotted

against A) load resistance, B) temperature difference, C) current and D) voltage........... 86
Figure 44: Measured short-circuit and open circuit thermal resistance of module 6........ 87

Figure 45: Thermal resistance ratio for all modules, from measured thermal resistance

and from Figure-of-Merit approXimation ............ccccveeiiireiiii e 87

Figure 46: Effects of 1% variation in width and height of thermoelectric elements on

predicted thermal reSISLANCE. .......c..vei et 89



Figure 47: Variations in predicted thermal resistance caused by a 1% variation of width

and height Of TE €I8MENTS ........ooiiiiieiie e 89
Figure 48: Model validation with Custom Thermoelectric modules .............ccccevvernee. 91
Figure 49: Model validation with Laird modules ... 92
Figure 50: Model validation with TETech modules ...........cccoovviiiiniiiiieiie e 93

Figure 51: Model validation with CUI (17), UNK (18 to 21) and TecTeg (22) modules. 94
Figure 52: Thermal resistances of a thermoelectric generator. ..........ccc.ccevvviieeniieennn. 100
Figure 53: Electric circuit of a thermoelectric generator and its electrical load. ............ 101

Figure 54: Normalized power iso-contour for constant temperature difference under
optimal electrical load resistance. zT = 1,AT = 60K and T = 318K........ccccceevvrenee. 103

Figure 55: Generated power for different heat exchanger conductance, all are optimized
for the same ratio nopt. zT = 1,AT = 60K and T = 318K. ...c...cccovevvveeiiieeiieeenn 104

Figure 56: Comparison of power generated by a TE module under constant heat flux,

experimental, numerical (system of equations (87)) and approximated (equation (97)).107

Figure 57: Effective thermoelectric conductance of a TE module (equation (91)) using the

average temperature from the system of equations (87) and approximated results (96).108

Figure 58: Thermal resistance network in presence of leaked heat, represented by a

thermMal SNUNT FESISTANCE. ....eeeeeee ettt e e e 111

Figure 59: Normalized power iso-contours for constant heat flux in presence of losses
where KSH = 0.1,zT = 1and T = 318K...c.ccooveiiiei et 112

Figure 60: Representation of heat flow for a thermoelectric module embedded in heat

BXCNANGETS. ..t res 115

Figure 61: Temperature profile of the reservoirs considering fluid flows as heat source

and sink. Equal heat capacity rates are used, resulting in a constant AT ........................ 116

Figure 62: Normalized power iso-contour for a TE generator with fluid flow as heat
reservoirs. C = 1,zZT = 1and T = 318K ..ccceeiiiii i 118



Xi

Figure 63: Schematic of temperature distribution in the flow channels of a TELLG. The

TE modules are depicted as a series of heat engines (circled M). ........c.cocoeiiiiieinnene 126
Figure 64: Thermoelectric Liquid-to-Liquid Generator flow channel network. ............ 132
Figure 65: Tabulated insert with a panel density of 62.5 panels/m. ...........c.ccccoeiennn. 133

Figure 66: Experimental results of TELLG thermoelectric power enhancement with
TC1 = 15°C and TH1 = 85°C for 1, 2.4 and 4 I/min flOwW. .........ccccoviiniiiiiiiiiiin, 135

Figure 67: Experimental results of TELLG electrical power with respect to the
temperature difference. TC1 = 15°C and TH1 = 85°C .....ccvvevveeiiieeiiie e 135

Figure 68: Portion of the simulated model and the associated meshing. Denser meshing is

used in the fluid and alonNg INTEITACES. ........ooviiiiiiii e 137

Figure 69: Temperature profile of the TE module’s surfaces without inserts at 1 I/min,

TC1 = 15°C aNd THT = 85°C ....ceceiiiiiiii ettt 139

Figure 70: Temperature profile of the TE module’s surfaces with 125 panels/m inserts at

11/min, TC1 = 15°C aNd THT1 = 85°C ...ccuveiiiiiiiieieceeeee e 140

Figure 71: Distribution of the normalized temperature difference with and without inserts
at 1 1/min, TC1 = 15°C and TH1 = 85°C ....c.covviiiiiiiieiie et 140

Figure 72: Efficiency (n) of TELLG with respect to zT' compared with the measured
TELLG €FfICIENCY. ..eiiiiie ettt e e e e 145

Figure 73: Thermoelectric power output with respect to high temperature inlet (TH1) and
flow channel temperature difference (AT) for the TC1 = 20°C test case. Inset: Linear

relation between TH1 and AT for the local extrema of the power output curves........... 146

Figure 74: Linear relation between TH1 and AT for the local extrema of the power output

curves over a range of low temperature input Values. .............cccoveevieeiiiee e, 147

Figure 75: Schematic representation of three heat exchange scenarios: Scenario A. Zero
Heat transfer yielding no electrical power; Scenario B. Maximum TELLG power output

identified by the high temperature outlet equaling the mean of the inlet temperatures;



xii
Scenario C. The TELLG acts as a perfect heat exchanger resulting in zero temperature

difference across the MOUUIES. .......coeeee et 149

Figure 76: Analytical solution for heat flux, electric power and TELLG efficiency

compared with experimentally measured results at 1 I/min, TC1 = 15°C and TH1 =

Figure 77: Analytical solution for electric power compared with measured results for
various inserts at 1 and 2.4 I/min. TC1 = 15°C and TH1 = 85°C.......cccccovvvvivrnrnnnnne. 151

Figure 78: TELLG representation as a series of thermal resistances...............cccocvernnen. 152

Figure 79: Impact of thermal resistance on temperature difference and heat flux for
different boundary conditions: a) constant temperature difference; b) constant heat flux;
(o) I o0 4151 a1 ] 1 [ £ PSSR 159

Figure 80: Dimensional analysis of @ TE module............cccoiiiiiiii i, 162

Figure 81: Pellet distribution in a TE module for an ideal scenario (A) and with missing
pellets for lead placement (B) .......oeociieiiiii et 163

Figure 82: Output power for a fixed area (A = 0.5m2) and oversized pellets............. 174

Figure 83: Output power for a fixed area (A

0.5m2) and reasonably sized pellets..174

Figure 84: maximum power for optimal height at different width, compared to theoretical

MNAXTMUM, A = 0. 51102 ettt 175

Figure 85: maximum power for optimal height at different width, compared to theoretical

MAXTMUM, A = 0. 0002 ettt e e e 176

Figure 86: Power [W] iso-contour A) and thermal resistance [K/W] iso-contour B) for a
fixed area A = 0.5 m2. The red line is the theoretical optimal resistance and the green iso-

contour represents 99.5% of the theoretical maximum output power...........c..ccccveenee.. 178

Figure 87: Power [W] iso-contour A) and thermal resistance [K/W] iso-contour B) for a
fixed area A = 1.5 m2. The red line is the theoretical optimal resistance and the green iso-

contour represents 99.5% of the theoretical maximum output power..............ccccuveenneee. 179



Xiii

Figure 88: Optimal electrical resistance ratio m, calculated and theoretical. A = 0.5m2

.................................................................................................................................... 181
Figure 89: Power comparison for an optimal ratio m and a fixed ration at 1.27. ITE =
BMM, A = 0.5 M2 oot 182
Figure 90: Numerical optimal ratio and theoretical fixed electrical resistance ratio m,

ITE = 3MM, A = 0.5 M2 e 183

Figure 91: Temperature across the TE pellets. Thick black line is the theoretical optimal
Value OF B/2. A = 0.5M2 1o 183

Figure 92:output power for fixed number of pellets, n = 20 000, area is variable.......... 185
Figure 93: output power for fixed number of pellets, n = 200 000, area is variable....... 186

Figure 94: Output power iso-contour for pellet width and height, the black line presents
the optimal pellet height. n =40 000, A variable...........ccccccooveiiiie i, 187

Figure 95: Output power iso-contour for pellet number and height, the black line presents

the optimal pellet height. w =2 mm, A variable ...........cccccoovi i, 187
Figure 96: Power iso-contour solved for optimal pellet height ...........ccccooviiiiieinn, 188
Figure 97: Power iso-contour solved for optimal pellet height with oversized pellets... 189

Figure 98:0ptimal pellet height for a range of pellet width and number with selected

POWET 1SO-CONLOUIS ...vveeievieeeieeeeieeeesieeeessteeesste e e st e e ateaeastaeeastaeeassaaeasssaeesnsaeennneeesnneeens 190
Figure 99: Power density and several power, N =40 000............cccooveiviiveiviineeiiiee s, 192

Figure 100: Maximum power for optimal height at different width, compared to

theoretical maximum; area is variable. N =40 000 ..........covveeemeee e 193

Figure 101: Surface power density and several power. The black line is the optimal pellet
REIGNT. W = 2 MIM Lo e e e e srra e e s re e e s ree e 194

Figure 102: Maximum power with optimal height at different number of pellets,

compared to theoretical maximum; area is variable W =2 MmM........c..cccoeeeeviieevieeeeen. 195

Figure 103: Iso- contours of surface power density with optimal pellet height. Selected

iSo-contour of power are SUPErMPOSEA .......ceeeiiiiiieeiiiiie e 196



Xiv
Figure 104: Optimal pellet height for number of pellets and pellet width. Selected power

1SO-CONLOUN Are SUPEIMPOSE ....c.uvieiiieiieiiie ettt 197

Figure 105: Pellet number and height necessary to achieve specific output powers as
function of pellet WITEh ..o 198

Figure 106: Resulting TE material volume and surface area.............cccovevvvrivenivennennnn, 199

Figure 107: Thermal resistance necessary to achieve specific output powers as function of
PEIEE WIALN ... 200

Figure 108 : Representation of a two-stage thermoelectric generator. ............cccccceeeve. 205

Figure 109 : Temperature profile of an optimal generator composed of three stages. ...206



XV

List of tables
Table 1: Waste heat temperatures Per iNAUSEIY ...........oooviiiieiiieiieee e 9
Table 2: List O teSted MOUUIES .........ooiieeiie e 41
Table 3: Uncertainty of measured VAIUES ............coovuveiiieeeiiie e see e 47
Table 4: Uncertainty comparison for investigated modules............ccccevveeiiienineiinnns 68
Table 5: Thermal resistance under different electric load resistances ...........cccccccvevrverens 82
Table 6: Optimal resistance and cONAUCLANCE FatioS .........ccvvveerveeeiieeeiiieeseeesee e 120

Table 7: Maximum power and resulting effective thermoelectric conductance at mopt

aNd nopt WIth @ = ZT 14+ ZT + 1 — 2 oo 121
Table 8: Updated thermal impedance matching Criteria.............cccevvveeviveeiiiee e, 122
Table 9: Variables of the general power equation ............ccccceeviieeiee e 169
Table 10: Material PrOPEITIES.......ccvvieiiiee i et e sraeeaees 170
Table 11: TE module components’ dimeNSIONS ..........cccvveiiieeeiiee e 171
Table 12: Heat transfer coefficient and thermal conditions.............c.ccccvveiiiniiiiinenn 172
Table 13: Multi-stage thermoelectric generator analysis results ............cccccoevvveviveennnen. 210
Table 14: Tabulated values of @ and recurring zTrelations............cccceevvveeiiiecccieeeee. 211

Table 15: Exhaust gas temperatures of different processes, extracted from [21] ........... 212



List of symbols

Symbol Description Units
P Seebeck coefficient W/K
A Surface area m2
i Short-circuit current coefficient AJK
C Heat capacity rate W/K
cp Specific heat J/kgK
P Heat exchanger effectiveness -

h Convective heat transfer coefficient W /m?K
I Current A

k Thermal conductivity W /m2K
K Thermal conductance W/K

) Pellet height m

m Load to internal electrical resistance ratio -

m Mass flow rate kg/s
n Number of pellets -

n Efficiency .

p Electrical power w

Jii Peltier coefficient %

0 Heat flux w

R Resistance, electrical or thermal Ohm; KW
p Electrical resistivity Ohmm




Xvii

Symbol Description Units
T Temperature K
U Overall heat transfer coefficient
0 Inlet temperature difference K
v Voltage v
w Pellet width m
x Spacing between pellets m
z Figure-of-Merit K-1

Subscripts Description
1 Hot inlet
2 Cold inlet
C Cold
cs Ceramic substrate
H Hot

HX Heat exchanger
i Internal
ic Interconnections
L Load
max Maximum
min Minimum
0 Open circuit
opt Optimal
pe Pellet

Short circuit




XViii

Subscripts Description
SH Shunt
syst System
TE Thermoelectric

tot

Total




XiX
Résumé

Les industries perdent une quantité d’énergie énorme sous forme de chaleur résiduelle dont
plus d’un tiers est a basse température. Les générateurs thermoélectriques (TE) présente
une avenue potentiel de récupération en utilisant ’effet Seebeck. Cette thése porte sur
I’optimisation de générateurs TE pour la récupération de chaleur résiduelle a basse
température. Premiérement, une méthode innovatrice est développée pour la
caractérisation compléte de module TE, basée sur seulement 2 coefficient facilement
mesurable. Cette méthode génere un plan 1-V constitué de toutes les sorties possibles du
module pour toutes conditions thermique et électrique. Une modélisation de la résistance
thermique d’un module TE est établie et est validé expérimentalement, ainsi que la
caractérisation, sur 22 modules commerciales. Deuxiémement, un génerateur TE est
optimis¢ en fonction des conditions d’entrées des écoulements. Ceci est réalisé en

commencant par une analyse thermique globale du systéme, suivie d’une analyse détaillée

s . . C+K ;-
et conclut en un critere thermique optimale : R?if =~ SOUs une reésistance de charge

R, = R;\/1 + zT. Finalement, le critére thermique est couplé avec la modélisation pour
optimiser les eléments TE dans le module et maximiser la puissance genérée. Une
expression est établie analytiqguement et validée numeériquement pour la hauteur optimale
des élements. Un générateur optimal a une efficacité de € = 0.5 et produit jusqu’a P =
0? ( CK

v m) @. L’optimisation est innovatrice par ses conditions thermigques non retrouve dans

la littérature et présente une procédure par étape de conception optimale d’un générateur

TE.

Mots clés: Thermoélectricité, résistance thermique, optimisation, chaleur résiduelle
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Abstract

Industrial waste heat presents an enormous amount of losses, over a third of which is found
at low temperatures. Thermoelectric (TE) generators are solid-state systems that can
convert a heat flux to an electrical current through the Seebeck effect. This thesis optimizes
thermoelectric generators for low temperature waste heat recovery. First, a novel method
is developed to completely characterize a TE module at low temperature by using only two
quickly measured coefficients, forming an I-V plane of the module’s output at any
temperature difference and load resistance. A thermal resistance model of TE modules is
detailed and validated, alongside the characterization, against experimental data from 22
commercially available TE modules. Secondly, a thermoelectric generator is analyzed and
optimized in relation to its inlet conditions. An overall thermal management optimization

is first performed, followed by a more detailed analysis of the thermal profile leading to an

. . . . C+K . =
optimal thermal resistance criterion R?’zf = ata load resistance R; = R;+/1 + zT.

Lastly, the optimal thermal resistance criterion is coupled with the module’s thermal
resistance model to optimize the pellet number and geometry for maximum power and
power density. An analytical expression is developed for the optimal pellet height and

validated numerically. An optimally designed thermoelectric generator has an

2
effectiveness of € = 0.5 and produces an output power up to P = @—(i)cp. This
4T \C+K

optimization is novel from the studied boundary conditions differing from established

literature and provides a valuable step-by-step optimal design procedure.

Keywords: Thermoelectric generators, thermal resistance, optimization, waste heat



1 Introduction

No process can be 100% efficient and from thermodynamics’ law of energy conversion,
waste can simply be analyzed as a form or quantity of energy the system was unable to
recuperate. This energy is mainly found as heat which is the lowest quality form of energy
and the hardest to convert into a higher quality form such as electricity. Furthermore, lower
temperatures are harder and least efficient to recuperate. Indeed, the temperature at which
waste heat is found directly affects the theoretical maximum efficiency of a system as
defined by Carnot’s efficiency. For these reasons, waste heat from processes have long
been neglected as potential sources of energy. Naturally, a lot of work is employed to
increase process efficiency, including recirculation to reuse waste heat elsewhere in the
process as needed and recovery of high temperature waste heat but low temperature waste

heat recovery to electricity remains uncommon.

This thesis aims to achieve an optimal thermoelectric generator design for maximal power
output in a low temperature waste heat application. The goal is to present a complete
analysis that can be used as a basis for the design of optimal thermoelectric generators

based on operating conditions.



In order to achieve this goal a complete analysis if performed in two main sections. The
first section investigates individual thermoelectric modules. A novel method for complete
characterization based on open and short-circuit is presented. This leads to an IV-plane
analysis of thermoelectric (TE) modules and a novel coefficient for describing short-circuit
operation equivalent to the open circuit Seebeck coefficient. Lastly, a thermal resistance
model is developed to capture the effects of design parameters such as number of TE pellets
and pellet geometry on the thermal conditions. This complete chapter is validated against

experimental results from a selection of 22 modules spawning a wide range of geometry.

The second section focuses on a liquid to liquid thermoelectric generator. Such a generator
is defined as TE modules embedded in heat exchangers operating with liquids as heat
source and heat sink. A simple example would be TE modules embedded in plate heat
exchangers. This chapter starts with a theoretical analysis of maximum power generated
by TE module under different thermal boundary conditions. These includes constant
temperature difference and constant heat flux and expands the analysis to include heat
losses and operations with fluid flows i.e. a TE generator with liquids as heat source and
sink as is the focus of this thesis. This concludes in thermal impedance matching criteria
dependent on boundary conditions and experimental data is presented to support the
analysis. Second part of this chapter present a more in-depth analysis of a TE generator’s
thermal resistance and its impact on output power under constant inputs (temperatures and
flow rates) leading to optimality criteria as function of thermal input conditions. The last
section of this chapter incorporates the previous chapter’s thermal resistance model of a
TE module in an overall TE generator model in order to determine optimal modules to

respect the established maximum output power criteria for specific thermal inputs.



2 Literature review

2.1 Waste heat

Waste heat potential

Emerging with the interest towards green energies, the growing need for alternative sources
of energy and further increasing process efficiencies, recovery of lower temperature waste
heat has garnered more attention. Technological advances in energy efficiency renders low
temperature waste heat an abundant source of un-exploited energy. There exists a
constantly growing need for electricity across the world. BP energy evaluated the total
world energy consumption in 2015 to be at 13 000 million ton of oil equivalent
(15.1 EWh/yr), representing a 62% increase in demand since 1990 of which only 2.8%

came from renewable energy (not including hydroelectricity) [1].

The power generation industry average 37% efficiency, i.e. 63% is waste at the generation
site [2]. In the UK, 72% of energy consumed in industry is lost as waste heat [3].
Furthermore, 70% of the industries energy demand is heat and up to 50% of energy from

thermal processes is wasted [4]. Considering this, an ever-increasing effort is made to



increase efficiency and reduce losses at all levels, from energy production to energy use.
[5] evaluates that waste heat recovery could cover 5 to 30% of energy demand of the
industry depending on the region and that technical limitations as well as financial and

regulatory constraints are obstacles to the implementation of waste heat recovery.

[6] evaluates that a third of global energy consumption is the industrial sector of which
50% turns into waste heat and of this waste heat a third is of low grade, meaning low
temperatures (lower than 200°C). This would place low grade waste heat potential to
approximately 840 PWh/yr, nearly 350 times Canada’s total energy consumption in 2012
[7]. This indicates a tremendous potential although low grade thermal energy is difficult to

convert and can’t be converted to electricity with high efficiency.

[7] presents an exhaustive literature review investigating the industrial waste heat of 33
countries of which Canada has the highest waste to consumption ratio, industrial and
overall. More than 70% of energy consumed by the Canadian industry is wasted and the

pulp and paper industry accounts for around 20% of these losses.

It is to be noted that while the potential waste heat is tremendous, not all of it can be
recovered. Some heat losses are unavoidable and necessary. [8] preconizes the use of the
word waste heat to waste that is potentially usable, not the overall heat rejected. For
instance, [9] analyzed 95 industrial sites in UK and their potential use of waste heat. They
analyzed the use of heat directly, for chilling with absorption heat pumps and for
conversion to electricity using the Rankine Cycle (both organic and water-steam). Most
interestingly, they underline the importance of properly selecting the opportunity for waste

heat conversion as out of the 95 sites where conversion to electricity was possible over



50% of the generated electricity came from only 12 sites. This indicates that the heat
recovery potential is dominated by a small number of sites and gives importance to studies
such as [10] which presents a systematic way to evaluate and map the waste heat in an
industry and [11] which presents a methodology to determine the best opportunities by

creating an hierarchy of opportunities.

Waste heat recovery

Waste heat is generally characterized in three temperature ranges, low, mid or high as lower
than 200°C, from 200 to 500°C and higher than 500°C respectively. [12] analyses waste
heat from different industry sectors for all the EU countries and breaks it down into
temperature ranges. They evaluated the total waste heat in EU around 300 TWh/yr of
which one third is low temperature found mainly in the form of liquids and gasses, one
quarter is mid temperature and the rest is high temperature, mostly between 500 to 1000°C.
The iron and steel industry dominate the high temperature waste heat, whereas industries
such as the non-ferrous metal industry, non-metallic mineral industry, food industry, and

pulp and paper industry features nearly only waste heat in the low temperature range.

As mentioned, the high temperature waste heat is primarily found in the iron and steel
industry. The waste heat from the iron and steel industry has the particularity of being
found in the molten slag which a waste by product of the refining process. Molten slag can

be cooled by water and refined to create a usable by product for cements, concrete, asphalt



and other construction material. This molten slag comes exits the blast furnaces at
temperatures reaching 1550°C. [13] presents several methods of extracting the heat
contained in the slag by use of water or air. This results in a fluid ranging from 500 to
900°C that can be used to increase the process efficiency by preheating where required or
converted by Rankine cycle. The presented method of heat extraction all discharges cooled
slag around 150 to 250°C which could still have potential as a low temperature waste heat.
In the UK alone, it is estimated that the iron and steel industry could generate 2 to 4

TWh/yr of electricity from waste heat [9].

For the mid-range temperatures, the most common waste heat conversion to electricity
method is the Organic Rankine Cycle (ORC). Usual water-steam cycles require
temperatures of 600°C or more to operate [2]. The organic Rankine cycle refers to a
Rankine cycle where the working fluid is an organic fluid instead of water, the most
common organic fluids being the refrigerants R11, R113, R114, toluene and fluorenol [14].
Changing the working fluid permits the Rankine cycle to be applied at much lower
temperatures. Theoretically, an ORC could operate for temperatures as low as 80°C [15,
16] up to 700°C [14], but typical range is from 200 to 400°C where it is considered the best
available conversion option for which large system efficiency reaches 20% [17]. [15]
reviews different ORC cycles and underlines that for many applications there is a serious
lack of experimental validation such that for the lower temperature range (80 to 200°C)
applications of ORC are mainly theoretical. The mid-range temperature waste heat can be

found for instance in the aluminum industry which have huge amounts of waste heat energy



but at much lower temperatures than steel and iron [9]. Mid-range temperature also has

potential for district heating and for chilling using absorption coolers [18].

Hot gases from kilns in the ceramic, cement and other building material industries could
fall in the mid-range or low temperature waste heat depending on the process [14]. In the
cement industry, [19] presents the analysis of water-steam RC and ORC using the hot air
exiting a rotary kiln at around 380°C as heat source. It is estimated that 40% of energy from
the cement industry is lost as waste heat and a typical cement plant feasibly offers about 6

MW of electricity.

Another mid-range temperature waste heat is exhaust gas from internal combustion engines
(ICE). This includes any applications from ICE vehicles to remote location ICE power
plants. Diesel generators used aboard marine vessels losses over 50% of the fuel’s energy
as heat, half of which is in the exhaust between 300 to 500°C. Thermoelectricity is a
potential candidate to recover this heat and a review of several studies shows conversion

efficiency from 3% to 8% [20].

As mentioned previously, the non-ferrous metal industry, non-metallic mineral industry,
food industry, and pulp and paper industry features nearly only waste heat in the low
temperature range. Other industries includes the beverage industry, the textile industry, the

chemical industry and the building material industry [16, 21].

Since low grade heat is difficult to convert to electricity, the most efficient waste heat

recovery is to use it as heat [5, 9, 22]. This heat can be reused elsewhere in the process as



is already done for instance in thermal plants, it can be used as space heating for the
industry or for neighboring households. This last scenario is referred to as district heating
and is a well-studied field [23-27]. District heating is already in use in several countries
and consist of distributing heat locally via water pipes. In Sweden, temperatures of district
heating are 60 to 120°C at pressures up to 16 bar [25]. In the UK, almost 10 TWh/yr of
space heating demand, 2% of the total demand, was supplied by district heating in 2014
[23]. It is evaluated that up to 5% of Denmark’s heating demand could be met by district

heating [27].

While it is a cost-efficient method of heating, the range is very limited (low tens of km) as
losses becomes significant [23]. [24] underline that space heating is very seasonal whereas
the industrial waste heat is steady making district heating a seasonal benefit. This can be
reduced by using the waste heat in conjunction with absorption chillers to perform district
cooling in periods of high heat. [24]’s study didn’t consider waste heat lower than 100 °C
as it wasn’t high enough to be efficient for district heating or cooling. [9] also suggested
that temperatures lower than 100°C were useful for space heating on site only although not
a widespread practice in industry. Furthermore, while district heating can be cost
beneficial, it is presented in [24] that it could actually raise the CO2 emissions in some

Cases.

Table 1 lists the main industries in which the different temperature ranges of waste heat
can be found. Some industries are in several categories as they include different processes
with different waste heat temperatures. An additional table can be found in annex, extracted

from [21], listing exhaust gas temperatures of different industrial processes.



Table 1: Waste heat temperatures per industry

Category Industry References
Food and beverages [9, 12, 21, 28, 29]
pulp, paper and printing [5,9, 12, 21, 29]
Chemicals and petrochemicals [12, 21]
Low temperatures Aluminum [9 29]
<200°C Non-ferrous metals and non-metallic [12]
minerals
Plastics [5]
Fiberglass [28]
Cement [17, 19, 28]
Chemical and petrochemical [2, 9, 12]
Mid temperatures | Glass o [28, 29]
200 - 400°C Iron and steel, r_lon-metalllc minerals [9, 12]
Gypsum and mineral wool [29]
Ceramics [28]
Plastics [5]
Iron and Steel [9, 12, 13]
High temperatures Glass' [9,17]
> 500°C Chemicals o [9]
Non-metallic minerals [12]
Waste incinerator [20]

Thermoelectricity for waste heat recovery

Generally, studies involving several heat recovery and conversion methods will not take
into account any waste heat lower than 100°C other than as space heating [9, 17, 18, 22].
Furthermore, it is known that most waste heat is found at low temperatures [2, 6, 12]. This
creates an opportunity for thermoelectricity, for low temperature application i.e. lower than

200°C. Using thermoelectric waste heat conversion would not impede space heating as just
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a few percent would be converted to electricity, it could even be used in a co-recovery

system with space or district heating.

As mentioned previously, ORCs can be used for temperatures lower than 200°C although
it would not be a typical application for ORCs. [2] evaluates the theoretical conversion
efficiency of ORCs for a hot side ranging from 100 to 225°C with different working fluids.
This efficiency was calculated from thermodynamics analysis of the enthalpy at different
points in the cycle. Overlaying the thermoelectric conversion efficiency in Figure 1, it is
seen that thermoelectricity has lower efficiency for these temperatures. It is important to
note that the ORC efficiencies presented are purely theoretical. [28] presents an
experimental study with a hot side temperature of 165°C resulting in a net efficiency
ranging for 7 to 11%. Under the same conditions, thermoelectric conversion efficiency is
evaluated at 7.2%. [30] presents a comparison of three different cycles; the Trilateral
Rankine Cycle (TRC), the Organic Rankine Cycle (ORC) and the Kalina Cycle (KC). At
120°C hot side, the conversion efficiency is found to be within 4 to 10%. Under the same
conditions, thermoelectric conversion efficiency is evaluated at 4.6%. These last two
studies indicate that thermoelectric waste heat conversion can be competitive with ORC at
low temperatures. Furthermore, thermoelectricity has the advantage of being a much
simpler system, having no moving parts and requiring minimal to no maintenance. Thus,

thermoelectric conversion of waste heat at low temperatures is of interest.
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Figure 1: Theoretical conversion efficiency of different ORC working fluids, image from [2],
thermoelectric conversion efficiency is superimposed for a cold side of 0 and 20 °C

A good example of the potential for thermoelectricity in waste heat recovery is the Smurfit-
Stone pulp and paper factory situated in La Tuque (Québec). A case study from the
Department of Natural Resources Canada in 2012 [31] indicated this factory discharged
123 000 m3/day of effluents into the river, the equivalent of 5 Olympic pools per hour.
No information was publish concerning the temperature of these effluents, but the Québec
legislation imposes a maximum of 65°C [32] on effluents. As an example, considering a
temperature far below that, at 45°C and a river temperature of 20°C (very warm for a
Québec river) then recovering only 1% of this energy would represent approximately 1.4
MW. This is enough to cover the energy consumption of over 440 average Canadian
households based on the annual energy consumption in 2007 provided by Statistic Canada

[33].

Making use of thermoelectric (TE) modules in heat exchangers permits the conversion of

waste heat into electrical energy without moving parts, with low maintenance and high
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reliability. In the Smurfit-Stone example, a TE generator could be designed using fluid heat
exchangers to recover the waste heat found in the effluents. This demonstrates the
promising application for thermoelectricity in recovering of waste heat energy from the

pulp and paper industry, or any other industry requiring cooling.

2.2 Thermoelectricity

2.2.1 Thermoelectric effects

Seebeck effect

Based on the free electron model of metal, their atomic structure is composed of a fixed
lattice of positive ions. With very small energy, i.e. the thermal energy at room temperature,
the outer layers of electrons can move in the lattice and are called free electrons. At uniform
temperature, the random movement of the free electron results in an overall net zero
movement. When exposed to higher temperatures, free electrons move at higher speeds
due to increased thermal energy. If a metal rod is exposed to a temperature gradient, the
free electrons on the hot side will be moving at higher speed than those on the cold side
and this will cause a net movement of electrons from the hot side towards the cold side
generating a diffusion current. Since electrons are moving to the cold side, the electrons

are no longer evenly distributed in the metal rod which generates an electric field and which
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in turn generates a drift current of electrons from the cold side to the hot side. Once steady
state is reached, the thermal diffusion current and the electrical drift current balance each
other resulting in a net zero current and in an electric potential gradient proportional to the
thermal potential gradient. This known as the Seebeck effect and is quantified by the
Seebeck coefficient (@) as the electrical potential gradient divided by the thermal potential

gradient:

AV

== @

a

In a device, this can be expressed as the open circuit voltage divided by temperature
difference:

@)

W
“=ar

For metals, the Seebeck coefficient is in the order of 1 to 10 uV /K, whereas for highly

doped semiconductors, the Seebeck coefficient is in the order of 100 uV/K.
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Figure 2: Open circuit Seebeck effect
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If two rods of different metals were connected at their ends and one connection is heated,
the Seebeck effect will occur in both rods but the steady state will result in a current as the
effect will occur at different extent in both metals. In 1821, Thomas Seebeck rank ordered
the effect of different metals by placing a compass inside a loop of two metals. Since a
current is generated in steady state and circulating in a loop, a magnetic field is generated

and affected the compass.
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Figure 3: Short-circuit Seebeck effect

The same effect applies for doped semi-conductors. At room temperature, electrons in
metals have enough energy to move around freely. On the other hand, semi-conductors are
characterized as having an energy band gap. This band gap is the energy required for an

electron to jump from a fixed position in the valence band to the conduction band where
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they can move freely, similarly to electrons in metal. An intrinsic semiconductor will have

very few electrons in the conduction band at room temperature.

By substituting atoms in the lattice, it is possible to create energy levels within the bandgap.
These levels are only occupied at 0 K and very little thermal energy will cause the electrons
of these levels to go to neighboring bands (valence or conduction). This will cause the
semiconductor to have substantially more electrons or holes than the intrinsic
semiconductor. An energy level close to the conduction band is called a donor level, as the
electrons in this level will be 'donated' to the conduction band. Similarly, a level close to
the valence band will accept electrons from the valence band and is called an acceptor

level. This creates electron holes in the valence band.

Generally, there is enough thermal energy at room temperature that all donors/acceptors
move to the bands and do not stay in the gap. The higher the donor concentration is, the
more the Fermi level will shift towards the conduction band. This implies many free
electrons and an n-type semiconductor. On the other hand, the higher the acceptor
concentration, the lower (closer to valence) the Fermi level will shift, implying more

electron holes in the valence band. This is a p-type semiconductor.

In thermoelectricity, very highly doped semiconductors are used. This results in small band
gaps and most importantly, a high number of charge carriers. These charges carriers are
negative (electrons) in n-type semiconductors and positive (electron holes) in p-type
semiconductors. The advantage of semiconductor over metals in thermoelectricity includes
much higher Seebeck coefficients, having n-type and p-type materials and having control

of the doping.
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Indeed, semiconductors have Seebeck coefficients an order of magnitude higher than
metals making them better suited for thermoelectric (TE) applications. Doping of
semiconductors can be optimized to maximize the converted power. Furthermore, having
n-type and p-type semiconductors permits the cumulation of effect by connecting
alternating types electrically in series and thermally in parallel. N-type semiconductors acts
similarly to metals, where a temperature gradient causes electrons (negative charge
carriers) to diffuse toward the cold side whereas a p-type semiconductor will have electron
holes (positive charge carriers) diffusing towards the cold side, resulting in electron moving

towards the hot side, as illustrated in Figure 4.
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Figure 4: Closed-circuit thermoelectric effect

Although the Seebeck effect is used to describe an open circuit electrical potential

generated by a thermal potential, is also used to describe the closed-circuit operation in
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which an electrical current is generated by a heat flux. The heat flux, absorbed on the hot

side and rejected on the cold side, is known to be:

Q = ayplT 3)
Where a5 = a4 — ap is the Seebeck coefficient between the two materials A and B, I is

the electrical current and T is the temperature of the surface. The Seebeck coefficient is

material specific and temperature dependent. Figure 5 shows this for copper selenide.
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Figure 5: Copper selenide's (Cu2Se) Seebeck coefficient for different charge carrier
concentration (c.c.) from [34]
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Peltier effect

The Peltier effect is the reverse of the Seebeck effect i.e. a heat flux generated by an electric
current. It is characterized by the Peltier coefficient (IT) such that the absorbed and rejected

heat flux is:

Q = Il 4

Furthermore, the Peltier and Seebeck coefficients are linked by temperature:

m=aT (3

Since this thesis is focused on power generation, the Peltier effect will not be discussed.
The important thing to note is that the heat flux and current are linked. The thermal and
electrical aspect of the system are interdependent, and both are to be considered.
Furthermore, the Seebeck and Peltier effects are basically the same, simply a different

direction of heat flux and current.

Thomson effect

Generally, the Seebeck effect is considered only at the cold and hot surfaces of the material
i.e. as an overall effect caused from having a hot side and a cold side. Since temperature
follows a gradient across the material and the Seebeck coefficient is temperature
dependent, heat is also absorbed or rejected along the material since a local temperature

difference will generated a local potential gradient.



19

This implies the Seebeck effect applies across the material, not only at the surfaces. This
effect within the material is called the Thomson effect. For small temperature differences,
the local gradient is small enough that the Thomson effect can be neglected. This is the

case in low temperature waste heat recovery applications as is the focus of this thesis.

The Thomson effect is characterized by the Thomson coefficient (8) from the Seebeck

coefficient gradient such that:

Q = BIAT (6)
And:
dayp _ Bas
ar ~ T @

Joule heating effect

The joule heating effect (or the ohmic heating) can also be considered as a thermoelectric
(TE) effect as it links an electric current to a heat flux. In any material, if an electric current

is present then a heat flux will be generated such that:

Q =RI? €
Where R is the electrical resistance of the material. This resistance is named the internal
resistance throughout this thesis as it refers to the resistance internal to the material in
opposition to the external load resistance which refers to a resistance applied in the

electrical circuit.
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2.2.2 Thermoelectric power generation equations

Generated power

Assuming a one-dimensional heat flux and constant properties, from energy conservation,

Fourier’s heat conduction and joule heating, the temperature profile can be solved as:

I?R; I’R;, Ty-—T.
T(x)——4kw2lx +<4kW2+ l >x+TC 9)
Where x is the longitudinal position starting at the cold side surface as shown in Figure 6
and limited to the full length of the pellets (1). Pellets are of width w and k is the thermal

conductivity. Since properties are considered constant, the Thomson effect does not apply,

and this is valid for low temperature difference.
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Figure 6: Thermoelectric couple for thermal profile, x starting from the cold side
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Evaluating the heat flux entering the hot side (Q) and leaving the cold side (Q.) as the

combination of the Seebeck heat flux and the conduction heat flux:

dT

= lay Ty — kA—
Qu OpnlH k dxl e (10)
aT
QC = Iap,nTC - kAE o (11)

Solving the thermal gradient at the surfaces from the temperature profile equation, the heat
fluxes results in:
I?R;
Qu = lay,Ty + TL — KAT (12)

I?R;
Qc = lapyTe ———— KAT (13)

Where K is the thermal conductance, K = kw?/1, and AT is the temperature difference
between the two surfaces AT = Ty — T,. The heat fluxes can be analyzed as the cumulation
of three effects, the first is the heat flux from the Seebeck effect, the second is the heat flux
from the Joule heating effect and the third one is purely the thermal conduction as would
be found in non-thermoelectric materials. An energy balance on the thermoelectric (TE)

elements leads to the generated power as:

P = a, IAT — R, (14)

This indicated that the power is simply the power generated by the Seebeck effect from
which the joule heating is subtracted as losses. This was developed for a TE couple, a n-

type pellet connected to a p-type pellet. The Seebeck coefficient is the overall coefficient
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for both pellets as a;,,, = a, — ay,. If considering a larger assembly of n elements, the

equation becomes:

P = nalAT — R;I? (15)
Where «a is the average Seebeck coefficient of n and p-type elements: a = a,,/2. The

analysis could also be done for N number of couples instead of n number of elements.
Several quick relations can be established from this power equation. Considering the power

is the product of voltage and current:

P = nalAT — R;I? = VI (16)

In open circuit, the voltage is found to be:

V, = naAT (17)

Which satisfies the definition of the Seebeck coefficient. In short-circuit, the current is

found to be:

naAT
Is = — (18)
L

Maximum power, for constant temperature difference is found at load matching such that:

(naAT)?

Pmax:4—RL_ (]9)

At load matching (R; = R;), the current and voltage are half of the short-circuit current

and open-circuit voltage.
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Thermoelectric conversion efficiency
The efficiency (n) is defined as the generated power divided by the heat flux as:

P nalAT — R;I?

n:—: 2 ] 20
Qu InaTH+12RL—KAT (20)

Two interesting efficiencies are found as the maximum efficiency and the efficiency at

maximum power. The maximum efficiency is found to be:

_TH_TC \/1+ZT—1
Nmax = - 21)

— TC
1+ZT+E

Where z is the Figure-of-Merit and is most often found under its dimensionless form:

(na)? _
el (22)

zT =

The Figure-of-Merit is defined in order to regroup all material properties found in the
efficiency equation. As such, it is often used to compare material amongst themselves and
a higher Figure-of-Merit indicates higher maximum efficiency. The Figure-of-Merit is
temperature dependent and material dependent. Figure 7 shows the Figure-of-Merit of

several common TE materials. If defined for bulk material or a single pellet, then:

ZT: —’]_1 =—T (23)
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Figure 7: Figure-of-Merit of common thermoelectric materials, image from [35]

The maximum power happens at load matching such as the efficiency is found to be

AT
Npmax = 24
2Ty + g - %AT 1)

At a load resistance: R, = R;v1 + zT.

Under constant temperature difference, maximum efficiency and efficiency at maximum
power are not the same. Efficiency at maximum power is lower than the maximum
efficiency. Since heat flux and electric current are interdependent, changing the load

resistance affects both current and heat flux. At maximum power, load resistance is higher
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such that the heat flux required to maintain the same temperature difference is higher. This

is explained in more detail further in the thesis.

It is important to note that several assumptions were made in the development of these
equations in order to obtain analytical results. Some mathematical models consider the
effect of temperature on material properties by using average temperatures such as [36]. If
a more accurate temperature dependence analysis is required then finite element analysis
can be performed such as in [37] where local temperature variations are considered inside
the TE elements. It is possible to consider a non-uniform temperature distribution, the
temperature dependent properties, the Thomson effect and even transient temperatures but
this requires simulations, as in [38, 39], as it does not have simple analytical solutions.
Furthermore, efforts are made to better present the behavior of thermoelectric materials
under closed-circuit. For instance, studying the efficiency as function of the electrical
current [40], the thermal variations caused by the movements of charge carriers [41] and

the electrical output power as function of load resistance [42, 43].

2.2.3 Thermoelectric components

Thermoelectric pellets and materials

The most basic components in thermoelectricity are the pellets. Pellets are simply prism of
bulk material. Pellets are defined in this thesis as having a length (height) [, a width w and

being square based prisms as in Figure 8.
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Figure 8: Geometry of a single thermoelectric pellet

The most commonly used thermoelectric material for waste heat recovery is a crystalline
semi-conductor composed of bismuth (Bi) and tellurium (Te) [44-49]; bismuth telluride
(Bi2Te3) and its alloys. This material is used as it has the best conversion efficiency for
low temperatures, this makes it well suited for waste heat application. The capacity of a

semi-conductor to generate the thermoelectric effect is quantified using the Figure-of-Merit

().

Since all material properties necessary for establishing the maximum efficiency is found
in the Figure-of-Merit, this parameter is widely used to compare between different
materials. The Figure-of-Merit and Seebeck coefficient are well known to be strongly
temperature dependent [50-52]. A field of study in thermoelectricity is focused on
increasing the Figure-of-Merit through manipulating the composition and structure of the
semiconductor in order to maximize conversion efficiency [53-56]. To maximize the
Figure-of-Merit, transport properties needs to be changed. It can be done by the Seebeck
coefficient and reducing the electrical resistivity and thermal conductivity. As an example,

[57] raised the Figure-of-Merit silicon-germanium alloy from 0.9 to 1.3 by reducing the
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thermal conductivity increasing the density of nanograin boundaries. Figure 9 shows the

general relations between transport properties and charge carrier concentration.
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Figure 9: Effect of charge carrier concentration of material properties, image from [58]

The transport properties can be modified by changing the composition or the atomic
structure [59, 60]. This can be done by changing the synthesis of the material as in [61, 62].
[63] studies the effect of surface doping on the transport properties. [64] focuses on nano-
structuring the material to enhance the Figure-of-Merit. They modified both the maximum
Figure-of-Merit and the temperature at which it occurs in Sh, <Bi,<Te; by changing the

particle sizes for cold pressing and achieved a maximum of 0.86 at 273K. [65-67] modified
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the composition of the material powder before spark plasma sintering. [65] added y —
Al,05 nanoparticles to Bi,Te; nanocomposite alloys and achieved a 35% increase in
Figure-of-Merit, reaching 0.99 at 400K, compared to the base matrix for Bi,SeysTe,
with 1 vol.% of y — Al,05. [66] and [67] added extra Te to Bi,Te5 alloys and achieved a
maximum Figure-of-Merit of 1.33 at 398K and 0.7 at 398K for 20%(Bi,Te;) —
80%(Sbh,Te;) with 3 mass% excess Te and pure Bi,Te; with 10 mass% excess Te

respectively.

Bismuth telluride alloys and other common thermoelectric materials are toxic and
generates a lot of environmental pollution as they are extracted from the ground. Tellurium
is also a rare resource and quite expensive. As a consequence, efforts are placed to develop
completely new material that would be more environmentally friendly and nontoxic such
as [68, 69] who are working on developing silicon-based TE pellets. While these are not
currently competitive with commercial materials, they present a bright future for greener

solutions.

Thermoelectric couples

Thermoelectric couples are composed of two pellets connected electrically in series and
thermally in parallel. The interconnections in commercial modules are generally made of

copper or nickel-plated copper and are soldered to the pellets.



29

INTERCONNECTION

N-TYPE P-TYPE
PELLET PELLET

| 4

Figure 10: Single thermoelectric couple composed of two pellets

Although they use metals and not semi-conductors, thermocouples, the most widespread
temperature sensor, operates using a TE couple. A junction of two different material is used
in thermocouples to measure a temperature from the generated voltage. Standard
thermocouples can be purchased composed of specific material depending on the
temperature range that is to be measured. For instance, K type thermocouples are general
purpose thermocouples with low cost and high temperature range (-200 to 1250°C)
composed of a Chromel (nickel-chromium alloy) lead and an Alumel (nickel-aluminum

alloy) lead.

Thermoelectric modules

Thermoelectric (TE) modules are composed of a series of couples interconnected and held
together between two plate. The plates are made of ceramic, generally alumina (4l,03) as

it is thermally conductive but is an electrical insulator.

Having couples interconnected assures that pellets alternate between n-type and p-type

such that the effect of all pellets are cumulative. Commercial modules are available in
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different dimensions and shapes. The most common ones are square although rectangular
and round ones can be found. Some are even available with hole for screw mounting.
Within the square selection of modules, 40 mm by 40 mm the most common standard
dimension and these can be found in wide range of pellet number from 60 to 400. TE
modules are often referred to as Peltier module as they are also used for heating and cooling

using the Peltier effect.

Figure 11: Thermoelectric module composed of 254 pellets

Research on TE module includes reducing electrical contact resistance at interconnections,
more effective fabrication, thermal stability and geometry optimization. Pellet geometry
optimization is of importance because of its effect on power generation and conversion
efficiency. These studies primarily focuses on improving the energy conversion by
developing or by improving the physical design of the generator [70-73] including TE

elements dimensions and fill factor [74, 75].

Min and Rowe in [76] optimized the pellet height for maximum power and efficiency and

demonstrated the importance of the pellet height on the cost-per-watt and power output of
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a module. They stress the importance of improving the thermal durability of modules as
the mean time between failure of modules is of 10 years. [77] performed an experimental
study of thermal cycling and showed a significant decrease in Figure-of-Merit, down to
39% of original value in rapid cycling and 81% in slower cycling after 600 cycles. The
drop in Figure-of-Merit and output power is attributed to an increase of internal resistance
from separation between components (interconnections and pellets submitted to large
stress imbalances) and to the diffusion of solder layer. They did not study the influence of
pellet geometry but [78] studied the effects of pellet height and width on the thermal shear
stress and concluded that taller and thinner pellets reduced the shear stress. These studies
demonstrate that optimization of pellets in a module is not only important for power and

efficiency but also for the durability of the module.

Hodes in [75] optimizes pellet height and number for a fixed effective area under constant
temperature difference. He later extended the optimization in [79] to include a thermal
network representing heat exchangers. Min and Rowe [80] performed a similar
optimization for power per unit area. [81] optimized the thermal resistance of a module for
very low temperature differences (1 to 10K), similarly to [82] that modelled an effective
thermal conductivity that includes Fourier’s heat conduction and the thermoelectric effect
in order to optimize the pellet geometry and its effect on thermal resistance to maximize
the output power. Analysis in [75, 76, 79-82] are all performed under constant temperature
difference. Constant temperature difference is of limited use as most applications will not
act as a constant temperature source. A more detailed review of relevant studies is

presented in the corresponding sections of the thesis.
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Chen et al. [83] demonstrated that the performance of thermoelectricity and the load
resistance must be evaluated together in order to evaluate the efficiency of a system since
the load will affect the thermal conditions and thus the performance of the TE module. As
charge carriers are permitted to move through an external electrical load, they carry thermal
energy at the same time altering the steady state thermal conditions and apparent thermal
conductivity. This makes it necessary to analyze the overall thermal conductivity as a

function of the load resistance in order to properly optimize a thermoelectric generator.

Modules composed of segmented pellets or several layer (cascade modules) can be used to
achieve higher conversion efficiency in higher temperature difference applications. While
these can offer significant benefits under high temperature difference (over 600K [84]),

they are of no benefit in low grade waste heat recovery applications.

Thermoelectric generators

Thermoelectric (TE) generators are here defined as TE modules assembled in heat
exchangers to be used for conversion of heat to electricity. This includes any type of heat
exchangers, for liquids or gases, in any configurations. Generators can be as small as a few

watts for powering watches to kilowatts applications.
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Figure 12: Thermoelectric generator composed of 40 modules and 3 heat exchangers for use with
water

In recent years, thermoelectric power generation by waste heat recovery of industrial
process cooling fluids has instigated a lot of research [43, 81, 85-91]. Numerous application
design studies can be found for thermoelectric generators ranging from powers less than a
watt for powering watches [92] up to kilowatts from waste heat recovery in a thermal power

plant [93].

Thermal studies, such as [94-97], aims at optimizing the thermal conditions at the TE
modules by improving the heat source and sink design. Meng et al. [98] investigates the
optimal design of a TE generator for recovering waste heat found in a car exhaust pipe. A
critical parameter underlined in the study is the importance of the uniformity of temperature
difference. The same is presented by Min and Rowe [99] who performed a theoretical
analysis of conversion efficiency for internal combustion engines emphasizing on the
importance of the temperature profile across the generator. Since the thermoelectric effect
is the results of a thermal gradient mobilizing charge carriers thus an electrical current, a

good thermal management solution is essential in optimizing a TE generator. Yazawa et



34

al. [100] demonstrated a potential power gain by creating an asymmetrical thermal field.
In their study, they specify the necessity of including the heat source and sink as integral

components of the generator during the design phase.

Yang [101] demonstrated that using thermoelectric energy conversion could considerably
reduce gas consumption of a cars internal combustion engine since over 75% of the
combustion energy is wasted as heat, mostly through exhaust pipes and engine cooling.
Thermoelectricity has the advantage of having no moving part and being able to convert
low temperature heat to electricity. For instance, Stevens [102] investigates

thermoelectrical power conversion for temperature difference ranges as low as 1 to 10°C.

Other studies improves generated power using external electrical circuits such as maximum
power point tracking (MPPT) [103-106] or by using circuit simulators to co-design the

generator and its circuit electrical [83, 107].
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3 Thermoelectric modules

Before being able to optimize a thermoelectric generator, a study of a single TE module
must be performed. The present chapter reports a novel method for complete
characterization of thermoelectric modules based on a two-point measurement of their
current-voltage (I-V) curves. The method provides quick and accurate measurements of
the power curve, maximum power, open-circuit voltage, short-circuit current, internal
resistance, Seebeck coefficient, thermal resistance and Figure-of-Merit. The method
provides valuable properties of the modules required for the optimization of a system-level
heat recovery design. The electrical and thermal properties of thermoelectric modules are
investigated from a practical point of view, based entirely on the module’s I-V curve. The
study presents the fundamentals of the method, detailed explanations on obtaining each
parameter as well as an uncertainty analysis for each of them. The method is validated by
measuring properties of 22 thermoelectric modules from 7 different manufacturers totaling
100 I-V curves measurements and comparing results with the standard power measurement

method.

This method is based on an open circuit measurement and a short-circuit measurement of
a module. The open circuit measurement is well known and documented through the

Seebeck coefficient (o). A new coefficient B is defined to present the short-Circuit
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measurement equivalent to the Seebeck coefficient. This coefficient is shown to be linear
with temperature difference leading to an 1-V plane composed of all -V curves at different
temperature differences. All possible output of a module is contained within this 1-V plane
thus a full modeling of a module can be achieved from only a and . Furthermore, all
material and module properties can be extracted from both coefficients using the previously
defined two-point method of characterization making the I-V plane using o and B a
complete characterization and modeling method using only two easily measured

parameters.

Lastly, a thermal resistance model is developed for thermoelectric modules and validated
against the 22 selected TE modules. This thermal resistance model is necessary in order to
optimize a thermoelectric generator as the thermal conditions of the system determines the
output power and efficiency of the TE generator. An overall optimization can then be
performed while accounting for material properties, number of TE pellets per modules and
dimensions of pellets. This optimization is performed in the next chapter using the thermal

resistance model defined in the present chapter.

3.1 Thermoelectric module characterization

It is necessary to perform module level characterization of thermoelectricity in order to
design optimized applications. Module specification provided from thermoelectric (TE)

module suppliers and manufacturers are generally very limited. Some present enough
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information to design a power generation application (Custom Thermoelectric, Marlow,
European Thermodynamics, hi-Z Technology and TEGmart) such as power, current and
voltage at load matched conditions for several temperatures. Other providers (including
TECTeg, WATronix, Merit Technology Group, FrozenTEC and Kryotherm) feature
limited information generally under a single thermal condition. Some providers (TECTech,
CUI, Laird, FerroTec and Advanced Thermoelectric) offer information on cooling
applications only while stating the modules can be used for power generation. Important
specifications such as Seebeck coefficient, internal resistance, Figure-of-Merit and thermal

resistance are rarely provided.

Relatively few studies address the properties of the modules themselves. Many can be
found reporting the output of modules under different thermal conditions such as [108,
109] but does not present a full and accurate characterization method. Karabetoglu [110]
reports the Seebeck coefficient’s and electrical conductivity’s dependence on temperature
and resulting effect on generated power without examining other parameters. Tatarinov et
al [111] measured the electrical and thermal conductivity and power output of a module
for several constant temperature differences and thermal interface materials. These papers
rely on steady state measurements of the module’s output under different load resistances
to determine some properties of TE modules, this is referred to as the standard steady state

method in this study.

The most widely used thermoelectric material characterization methods are the Harman
method [64, 112-114], modified Harman methods [115, 116] and spectroscopy methods
[117-119]. These methods make use of an electrical excitement to measure properties from

electrical and thermal responses.
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The Harman method proposed in 1958 [112] was developed in order to measure the Figure-
of-Merit (zT) of bulk TE materials by measuring the voltage response under a square-wave
current excitation. This method is inherently limited to very small temperature differences
[61, 120] and provides only zT measurements. Modified Harman methods, such as
proposed by Buist [116], permit higher accuracy and the measurement of other properties
by also measuring thermal responses. Spectroscopy methods are based on the same
principles as Harman but examining the response under different frequencies of square or
sinusoidal wave excitation. This provides the Figure-of-Merit, the Seebeck coefficient as
well as the thermal and electrical conductance. These methods isolate the bulk TE material
from the module resulting in values that may be significantly different from the effective

module values required for engineering application design.

Min and Rowe [121] and Min et al [122] introduced a new method for measuring zT
quicker and more accurately than the Harman method by measuring temperature

differences under constant heat flux such that:

—1 (25)

Where AT, and AT are the temperature differences at open and short circuit respectively.
A variation of this was later presented [123, 124] as a method based on comparing the
current-voltage (1-V) curves under constant temperature difference and under constant heat

flux:

2ZT=—-1 (26)
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While this method proved to be quick, it still only provides zT and none of the other, much

needed, properties.

Pierce [125] compares 4 characterization methods; steady state, rapid steady state, Buist’s
modified Harman method [116] and Min’s aforementioned method [121, 122]. Pierce
concluded that the different methods reported varying values if they lumped module
properties (steady state and rapid steady state) or isolated the TE material properties
(Buist’s and Min’s). Min’s method was reported to be more accurate than Harman’s but
also reported to be very sensitive to heat flux variations and yielding lower zT values when
under high dT [120, 121, 125]. Min justified this as the Thomson effect being significant
when under high temperature difference. While this may be interpreted as a critique, lower
zT under high temperature difference better represents realistic applications and thus

should not be disregarded as an under-evaluation, rather an effective and practical value.

McCarthy [120] introduced another I-V curve characterization method for finding zT and
the thermal resistance of the module’s ceramic plates thermal resistance. Since the Harman
method only characterize the TE material, this method was proposed to better represent the
TE module by including the ceramic plates in the measurements. This method is quicker
than that of [121, 122] as it requires measuring only 4 points, provides more information
and was also extended to predict maximum power of the module. This method relies on 2

steady state measurements and 2 transient responses.

These methods provide bulk material measurements which is valuable to compare new
materials between themselves but impractical when designing an application. While some

research focuses solely on the Figure-of-Merit (zT) or open-circuit properties regardless of
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behavior under load [126-128], it is insufficient for application design [125, 129, 130] and
not suitable for considering the current and temperature effects when operating under
realistic conditions [123]. In order to design a TE generator optimally, it is necessary to
know the electrical and thermal properties of TE modules under operating conditions. Such
information can be difficult to obtain for specific modules. All the characterization methods
discussed only determine some properties necessary for system level design, none are

complete.

Rauscher [131] proposes a method for general characterization based on the power-current
(P-1) curve. The experimental P-I curve is fitted with a second-degree polynomial to extract
the TE properties. Although focus is set on efficiency, other properties are also presented.
The method is limited since a second-degree polynomial fit is used and requires more data
points to accurately characterize the module. Furthermore, some parameters are found

indirectly leading to higher uncertainties, up to 10% is reported.

3.1.1 Module Selection for Characterization

A selection of 22 modules purchased from 7 manufacturers® were tested. Table 2 details
the module selection. Figure 13 shows the distribution of investigated modules for
thickness and number of thermoelectric couples. The modules 18 to 21, of unknown
manufacturers, were purchased through Amazon by distributors with no manufacturer

information.

L All modules were purchased using research funds, authors and associated labs have no conflict of interest with the manufacturers.
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Module Number Moei/a;#arl(lad
4 Manufacturer Part Number . uo; o th(ifnkrrr]sss

1 Custom Thermoelectric | 03111-5M31-24CQ 31 4.66
2 Custom Thermoelectric | 03111-3M31-40CQ 31 6.2
3 Custom Thermoelectric | 1991-9Q31-02CQ 199 441
4 Custom Thermoelectric | 12711-5L.31-06CQ 127 3.8
5 Custom Thermoelectric | 07111-5M31-24CQ 71 3.23
6 Custom Thermoelectric | 12711-5L.31-05CQ 127 4.23
7 Laird Thermal Systems UT6-19-F1-4040-TA 199 3.91
8 Laird Thermal Systems CP12-161-06 161 3.61
9 Laird Thermal Systems CP12-161-04 161 3.21
10 Laird Thermal Systems UT15-12-F2-4040-TA | 199 2.85
11 TE Technology HP-127-1.4-2.5-72 127 4.81
12 TE Technology HP-199-1.4-1.5 199 411
13 TE Technology HP-199-1.4-1.15 199 3.6
14 TE Technology HP-199-1.4-0.8 199 3.2
15 TE Technology HP-127-1.4-1.15-71 127 3.31
16 TE Technology HP-127-1.4-1.5-72 127 3.93
17 CUI Inc CP60440 127 4.06
18 Unknown TEC1-12705 127 3.78
19 Unknown TEC1-12706 127 3.8
20 Unknown TEC1-12709 127 3.5
21 Unknown SP1848 SA 27145 127 3.73
22 TecTeg TEG2-07025HT-SS 71 3.78
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Manufacturer names are abbreviated as follow: Cstm Therm.; Laird; TE Tech; CUI; UNK;
and TecTeg. Modules 17 to 22 are putted (sealed), this may slightly affect their output from
thermal bridging but does not affect the characterization method or its accuracy. Modules
are all of dimensions 40x40 mm and range from 2.85 mm to 6.20 mm thickness. The
number of couples in the modules are 31, 71, 127, 161 and 199. All modules were tested
under the same thermal conditions: a constant 40°C temperature difference with a cold
side held at 18°C. A constant heat flux under same heat flux as the open circuit of constant

40°C was also performed for comparison with the method in [123, 124].
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Figure 13: Distribution matrix of investigated thermoelectric modules
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3.1.2 Experimental Characterization

The experimental set-up used in this study consists of typical heat guarded iso-thermal
surfaces for heat conductivity testing. The thermal set-up is the same as [132], a modified
version of the standard guarded heat plate described in ASTM C177 [133] and similar to

other TE characterization set-ups [125, 134].

Experimental Thermal-Electric Characterization Set-up

The experimental set-up used to measure the thermoelectric modules properties consists of
a guarded heater and a guarded cooler between which the investigated module is inserted.
The use of a guard heater ensures the one directional flow of heat through the sample
module. Figure 14 shows a representation of the set-up and a block diagram of the

equipment.

The primary and guard heaters are each fitted with 3 calibrated RTDs to accurately measure
their temperatures as well as confirming the isothermal condition of the primary heater.
The temperature or heat flux of the heaters are controlled by 8 cartridge heaters evenly
distributed in the heaters. A dual channel power supply (Aim-TTi CPX400DP) is used to
power the cartridge heaters in both primary and guard heaters. Heat sent to the guard heater

is controlled by a PID controller programmed under MATLAB.
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Figure 14: Top; Representation of the experimental set-up. Bottom; block diagram of equipment

The cold side temperature is controlled by a remote sensing chiller (Julabo F32-HE) with
a thermal stability of 0.01K. The primary heater and cooler have a surface of equal size to

the tested thermoelectric modules (40 x 40 mm).
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The primary and guard components are thermally guarded by a layer of 3D printed PLA.
The thermal conductivity of PLA is known to be very low (= 0.18 W /mK [132]) and
temperature difference of primary and secondary heaters were always below 0.03K when
data is saved, insuring 1D heat flow from the primary heater through the tested sample.
Under these conditions, heat conduction through the PLA separation is evaluated at =

0.01W well below the applied primary heat fluxes ranging from 10W to 60W.

The set-up is compressed in a steel frame and the pressure is controlled and maintained
constant at 312.5 kPa (500N) for all samples throughout testing by a load cell. Mineral
wool insulation is placed surrounding the sample, the heaters and the coolers to reduce
thermal leaking. The thermal contact resistance is reduced by using a drop of mineral oil

on the polished heater and cooler surfaces.

The thermoelectric module is connected to an electronic load resistance (BK Precision
8600) and a voltmeter (Keysight 34401A). All RTDs are calibrated to an uncertainty of
0.02K and measured using a data acquisition unit (Keysight 34970A). All instruments are
remote controlled via GPIB using a custom MATLAB program except the chiller which

communicates via RS232 to the same interface.

Measurement Procedure

All measurements were performed at steady state which was considered achieved when all
temperature slopes over 3 minutes were lower than 0.0003 K/s (approx. 1 K/h). Full power

curves used as benchmarks, as the standard steady state method (SSS method), are
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measured with a minimum of 10 points. The first two point taken are open circuit and for
a 0.1 Ohms load resistance. This load resistance was the smallest achievable with current
set-up thus as close to short-circuit condition as possible. From these 2 points, a linear fit
IS used to determine the internal resistance of the module and the other 8 points are
measured for load resistance using the following multiples of the internal resistance: 0.25;
0.5; 0.75; 1; 1.25; 1.5; 2.5; 4.5. This selection of resistance results in a distribution of data
surrounding the maximum generated power and an overall representation of the power
curve. The characterization section compares these measured values with the values

derived from the proposed 2-point method.

Measurement Uncertainty

The uncertainty of measured values is presented in Table 3. The uncertainties of derived
values are presented alongside the results and are obtained from 10 000 iterations of
Monte-Carlo simulations. Each measured value is simulated by a normal distribution
centered on the measured value with twice the standard deviation equal the uncertainty of
measured value. The value of a derived parameter is then considered equal to the average
of the 10 000 values calculated in the Monte-Carlo simulation, with an uncertainty equal
to twice the standard deviation of the resulting distribution. Similar Monte-Carlo method

of uncertainty evaluation is found in [114, 135].



Table 3: Uncertainty of measured values

Uncertainty of instruments and

Parameter calibration
Temperature | Absolute[K] 0.02
Module Voltage [V] 0.0015% Reading + 0.004%Scale
output Current [A] 0.05%Reading + 0.05%Scale

Heater output

Voltage [V]

0.1% Reading + 0.02

Current [A]

0.3% Reading + 0.02

3.2 |V curve characterization of thermoelectric modules
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In this study, a new method is presented which provides all properties of a TE module

requiring only two steady state measurements thereby accelerating the characterization

process. The proposed approach takes advantage of the I-V curve linearity, rather than a

second-degree polynomial to completely and accurately characterize a thermoelectric

module. Furthermore, the proposed method does not require two full I-V curve

measurements like Min’s [121, 122] method in order to measure zT. Results of the

proposed method are compared to the standard full measurement of power curve under

different electronic loads for 22 commercially available TE modules. This comparison is

consistent with Pierce’s approach where the standard steady state method (SSS), full

measurement of power curve, was used as a benchmark. The present work presents the
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theory and method of the proposed characterization model along with SSS method

validation and experimental results.

3.2.1 Mathematical model of Thermoelectric I-V curve characterization

This section establishes analytically that thermoelectric 1-V curves are linear and how all
properties can be extracted from the 1-V curve. It can be demonstrated from the heat
conduction, ohmic heating and Seebeck effect that the heat absorbed on the hot side (Qy)

and rejected on the cold side (Q.) are:

R:

Qy = K,AT + InaTy — 7112 (27)
R; ,

Qc = KoAT + InaTe +—1 (28)

Where K, is the thermal conductance at open circuit, n is the number of TE couples in the
module, a is the Seebeck coefficient for a couple (a = a, — a,), Ty and T, are the
temperatures on the hot and cold side and R; is the internal electrical resistance. Figure 15
shows the side of a thermoelectric module, its components and the main parameters used

throughout this section.
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Figure 15: Schematics of a thermoelectric module
An energy balance on the module concludes the generated electrical power to be:

P = InaAT — R;I? (29)

Furthermore, from the electrical equations the generated power is P = [V thus:

V = naAT — R;1 (30)
Or:
[ = naAT 1 AT 21
=R R™ (31)
From the electrical circuit:
= naAT (32)
"R, +R,
Under short-circuit (R, = 0):
naAT
IIRL:O =I5 = R. (33)
L

Where I is the short-circuit current. Thus:
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I=1I— R_iV (34)
Necessarily, if a, AT and R; are constants then I(V) is a linear function with a slope of
—1/R;. The internal resistance and Seebeck coefficient are known to vary with
temperature. By maintaining AT and T constant (i.e. by measuring an 1-V curve under
constant temperature difference), a and R; are also constant and I(V) is demonstrated to

be linear. This is supported by the experimental measurements presented in section 3.2.2.

From the measured I-V curve, the short-circuit current (I;) and the internal resistance (R;)
are found as the intercept of the y-axis and the slope of the graph. The open-circuit voltage
(V,) can be found as the intercept of the x-axis or from the relation V, = R;I,. Since the I-
V curve is linear, only 2 points are required to establish the equation and it is recommended
to simply measure the open circuit as one of these two points to have maximum accuracy

of I, rather then calculating it.

As the thermal conditions (Q, Ty, T¢) are controlled and measured, the Seebeck coefficient

(a) and thermal resistance (4) are also known such that:

Vo

a = T (35)
A—EZ (36)
 Qy

The Figure-of-Merit is then calculated from the measured material properties as opposed

to a direct method, such as Harman and its variations, since it is defined as:

a’AT
R;

zT = (37)
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We consider how to obtain the power curve from the 1-V curve. The power dissipated by

the load being equal to the generated power:

P =R,I? (38)

where R; is the load resistance. From the electrical circuit, the current is found to be:

W
" R, +R;

I (39)

Notice that this same equation under short-circuit demonstrates the internal resistance to

be the slope of the I-V curve as seen previously such as:

Vo
I
It can then be established that the power is:
2
= R I2V2 (——— 41
P= RV, (ISRL +Vo) #1)

This of course relies on the linearity of the 1-V curve in order to accurately represent the
power. Furthermore, under constant temperature difference conditions, maximum power is
known to be for load matching (R, = R;) such that:

Voo Vols

P = —= 42
max 4R, 4 (42)

Figure 16 shows the result of equation (41) using the 2-points method, superimposed with

measured results of the SSS method.
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Figure 16: Generated power for module 17 at constant temperature difference. Full power curve
measurements (standard steady state method) are shown over the curve generated from the two-
point I-V method.

Using the same bulk material, module properties can vary greatly from the geometrical
design of pellet thickness, height, number and fill factor. Considering a linear 1-V curve,
let us analyze both intercepts i.e. I and V, to determine the effect of geometrical parameters

on the I-V curve:

I = naAT 43
=R (3)
V, = Ril; = naAT (44)

The internal resistance depends on the electrical resistivity (p) of the bulk material and the

geometrical parameters such that:

pnl
Ry =—5~ (45)
w

Where 1, is the height of a TE leg and w the width of the leg. Electrical resistance of

interconnection material is neglected. Thus:
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w? 1

Iy = —— aAT (46)
lrgp

V, = naAT (47)

This indicates that open circuit voltage will depend on the number of TE couples whereas
the short-circuit current depends on the transversal section area of the TE legs (i.e. the
width). Notice that greater leg height would increase the temperature difference thus raise
V7, but would not affect I;. From the maximum power equation (42) it is concluded that the
same maximum power can be achieved using a low voltage — high current module or a
high voltage — low current module which is determined from the geometrical parameters.
A high current module would indicate a low internal resistance and favor high heat
conduction through the TE effect whereas a high voltage module implies a high internal
resistance and lower heat conduction but with a greater temperature difference. The
selection of a low or high electrical resistance module depends entirely on the application
and should be optimized accordingly. A wide variety of modules were tested to validate

the I-V curve characterization and is detailed in the following section.

3.2.2 Experimental TE I-V curve

This section discusses the 1-V curve of a thermoelectric module and the advantage of using
it for thermoelectric module characterization. In accordance with standard I-V curve
practices for other characterization such as solar cells and diodes, the 1-V plot of a

thermoelectric module under constant temperature difference is presented in Figure 17
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where it is shown to be linear as demonstrated analytically in section 3.2.1. This is not the
case for constant heat flux condition as can be seen by the distribution of R-squared values
for all 1-V curves measured and represented in Figure 18. One hundred I-V curves were
measured on 22 modules: 36 under constant temperature difference and 64 under constant

heat flux.

Furthermore, there is a clear relation of R-squared value to heat flux but not to temperature
difference as shown in Figure 19. This figure shows the R-squared results of 1-V curves
from a single module under a range of thermal conditions. While R-squared is not a
measure of the linearity of results, an analysis of the residuals shows a slight arch for
constant temperature difference well within the uncertainty of measurements whereas the

constant heat flux shows a definitive arch.
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Figure 17: 1-V curve of module 6 at constant 40°C temperature difference
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Figure 18: Statistical distribution of R-squared values for all measured I-V curves under constant
heat flux (left) and under constant temperature difference (right)
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a single module
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Figure 20: (a) Residuals of module 6 I-V curve under constant heat flux and temperature
difference. (b) Residual plots of the same module for different heat fluxes

The residuals plot shows an arch suggesting a second-degree polynomial would better
represent the experimental data. Considering the relative size of uncertainty and the arch
under constant temperature difference, it is concluded that a linear fit is more than adequate.
The same cannot be said of constant heat flux. This behavior has been noted in [123]. Thus,

the 2-point method described in this study is deemed valid under constant temperature

difference measurements only.

In this case, considering that the 1-V curve is linear, very few points are necessary in order
to depict the output of the module. This greatly reduces the required time for
characterization as it is mostly wait time to achieve thermal steady state for each data
points. Taking experimental data over a wide range of load resistances to produce power

curve is time consuming as steady state needs to be achieved for each load resistance. Thus,
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it is much quicker to take advantage of the I-V curve linearity by measuring only two points
and considering a straight line between them. Therefore, considering all properties can be
extracted by only two points, using the linearity of the 1-V curve, presents an advantageous
method for complete characterization. The next section presents the experimental results

of the 2-point characterization method.

3.2.3 Complete characterization under constant temperature difference

This section presents the complete characterization of TE module from the 2-point method.
When applicable, these results are compared to those measured directly or to the standard
steady state (SSS) method. The two points used are the open-circuit and lowest load
resistance points first measured in the load resistance sequence. Results are calculated and
presented for constant temperature difference I-V curves measured on the 22 modules as

well as their uncertainty.

Seebeck Coefficient

Open circuit voltage is known to be a linear function of temperature difference, the slope
of which defines the Seebeck coefficient:

1V,

_ 2l 48
= NAT (#8)

The open circuit voltage is divided by the number of couples (n) in order to obtain the

Seebeck coefficient of a single TE couple. An uncertainty of 0.12% is found for the
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standard 40°C temperature difference test done on all modules and is mostly due to
temperature uncertainty. The results illustrated in Figure 21 are in agreement with known
values ranging from 300 to 440 uV /K [136-138] for a TE couple (a junction of a n-type

leg and a p-type leg).
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Figure 21: Seebeck coefficient measured for all modules under 40°C temperature difference
normalized by the number of thermoelectric couples

Short-circuit current

Short-circuit measurements are performed indirectly as the lowest possible resistance
achievable with the set-up is approximately 0.1 Ohms, including the resistance of the wires
and connections. Short-circuit current is then extrapolated from the linear 1-V curve as the

intersection with the y-axis.
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Short-circuit current uncertainty for the highest resistance module is 0.56% (module 3 at
10.73 Ohms) whereas for the lowest resistance is 0.13% (module 1 at 0.147 Ohms) for
currents of 0.297 and 3.196 A respectively. Figure 22 shows that the results from 2-point
method and SSS method are in accordance, nearly all of them coincides within the
uncertainty. It is found that the 2-point method tends to slightly under-estimate the short-
circuit current. The maximum observed difference is less than 1% and the average

difference is 0.18%.
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Figure 22: 2-points method short-circuit results for all modules normalized by the standard
steady state (SSS) method

Internal Resistance

The internal electrical resistance of the module is measured from the slope of the I-V curve

such that:
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1 o

' [Vslope I #9)

Considering a linear I-V curve, the internal resistance of the module is the ratio of open
circuit voltage and short-circuit current. The measured extremes, using the same modules
as the short-circuit section, are 10.73 Ohms and 0.147 Ohms. Uncertainties of these values
are evaluated at 0.75% and 0.2% respectively. Figure 23 shows that the results from 2-
point method and SSS method agree, results of only 3 modules do not coincide and

maximum observed difference is 0.58% (average 0.15%).
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Figure 23: 2-points method internal resistance results for all modules normalized by the SSS
method

Calculating the electrical resistivity of the thermoelectric material (Bismuth telluride) from
the internal resistance and the pellet geometry yields results consistent with literature as
seen in Figure 24. Indeed, to the exception of module 1, all measured resistivity is between

0.9 x 107> and 1.5 x 107> Ohm'm and literature indicates resistivity values between
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0.6 X 1075 and 1.6 x 10™> Ohm-m [136-138]. As other properties, the resistivity is

strongly temperature dependent.
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Figure 24: Electrical resistivity of the thermoelectric material composing the investigated
modules

The high resistivity of module 1 may be the result of defects seen in the TE elements shown
in Figure 25. Two defects are seen on the same leg, a spheroid inclusion causing a top to
bottom crack and a crack between the leg and interconnecting material. The bottom crack
is most likely caused by the difference in thermal expansion between the leg and the
interconnection. The thermally generated shear stress is aggravated in short, wide pellets
[139] as is the case in this module. The module was used with temperatures lower than
70°C, clamped with a 500 N force and thermally cycled 6 times during testing. Internal
resistance increases as TE modules are thermally cycled, most likely caused by internal

faults [77, 140].
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Figure 25: Picture of defects seen in the thermoelectric elements of module 1

Thermal Resistance

The thermal resistance is defined as the temperature difference divided by the heat flux

such as:

AT

1=—
Qu

(50)

The resistivity (py) and resistance (1) are linked by the geometry as A = prA/L. This
property varies greatly from one module to another from many parameters including the
fill factor, the geometry of the pellets, the interconnects and the ceramic plates as well as
the nature of materials composing the module. Figure 26 shows the measured results of
thermal resistance for all modules under open circuit conditions. Notice the lowest
resistance is ~0.78 K/W whereas the highest is ~4 K/W a factor of over 5. Being an open

circuit measurement, the 2-point method and the SSS method yields the same results.
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Figure 26: Open-circuit thermal resistance of all modules

Since all modules are of the same area (40x40mm) ordering them by thickness reveals a
trend representing the thermal resistivity. Figure 27 reflects this by plotting the thermal
resistance as a function of height of TE legs. The variation is attributed to variations of
thickness in ceramic plates (from 0.6 to 1 mm) and interconnecting material (from 0.27 to
1.26 mm). Being much more thermally conductive then Bismuth-Telluride (28 W /mK for
Alumina and 400 W /mK for copper), the TE legs represent most of the thermal resistance.
For the investigated modules, the TE material composes anywhere from 23% to 53% of

the total thickness and with fill factors from 11% to 31%.
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Figure 27: Open-circuit thermal resistance of investigated modules as a function of the height of
the thermoelectric legs

Figure-of-Merit
The Figure-of-Merit is defined as:

_ A
zT = R—aZT (51)

i
Since the Figure-of-Merit is defined for open circuit properties A = A,. Figure 28 presents

the results of measured Figure-of-Merit from the 2-point method once again normalized by

the SSS method.
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Figure 28: Figure-of-Merit obtained by the 2-points method normalized by the one obtained from
the SSS method

The results show that the two methods agree. Refs [123, 124] proposed a method of
determining the Figure-of-Merit by comparing the I-V curve under constant heat flux and
under constant temperature difference. In their work, the Figure-of-Merit is demonstrated

to be:

2ZT=—-1 (52)

where I, and I, are the short circuit currents under constant temperature difference and

constant heat flux respectively.

Figure 29 shows the Figure-of-Merit results for both methods, and shows that [123, 124]’s
method and the 2-point method are in agreement. However, modules 14 and 19 yields

significant differences between the methods thereby requiring further investigation.
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Figure 29: Comparison of both methods for Figure-of-Merit measurements

While lower than the general expectation of zT ~ 1, these results are at low temperature
with T ~ 38°C whereas Bi2Te3 approaches zT = 1 closer to 100°C and is strongly
temperature dependent [79, 130, 141, 142]. Furthermore, zT is reduced under high
temperature difference as Thomson effect becomes significant [122]. Literature presents
Figure-of-Merit ranging from 0.4 to 1.2 [136-138], indicating results are within expected

bounds.

Maximum Power

Prediction of maximum power from the 2-points method using the equation established in
section 3.2.1 and measured maximums are compared in Figure 30. Maximum difference
is 1.8% and the average difference is 0.55%. For all modules, the maximum power is being

slightly underestimated. This is easily explained by the slight curve of the I-V plot shown
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in section 3.2.2. The 2-point method takes both extreme points of the I-V curve (open-
circuit and short-circuit) and use a linear fit, necessarily underestimating the maximum

power which is located at the peak of the arch in the I-V curve.
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Figure 30: 2-point method maximum power results for all modules normalized by the SSS method

Since maximum power is found under load matching condition, it is important to know the
internal resistance. However, for maximum power point tracking, errors in internal
resistance measurement is of no practical consequence as applications would have an
MPPT tracker such as [143-145] compensating any error. Furthermore, the power curve
surrounding the maximum power has a very gentle slope such that small variations of the
load resistance would result in negligible variations in generated power. For instance, for
module 6 under 40°C temperature difference, a 2% variation of resistance at maximum

power will change the power by less than 0.01%.
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Uncertainty Comparison

It has been demonstrated that all properties can be extracted using an I-V curve. Table 4
summarizes the uncertainty resulting from the 2-point method and the standard steady state
(SSS) method. It also shows the maximum measured difference between both methods for

all properties.

Table 4: Uncertainty comparison for investigated modules

Parameter Maximum Uncertainty range Unceftainty range
difference SSS method 2 points method

Seebeck n.d. 0.11-0.16%
coefficient
Short-circuit 0.96 % 0.07 - 0.36 % 0.12 -0.56 %
current
Internal resistance | 0.58 % 0.10-0.61% 0.13-0.76 %
Thermal n.d. 1.85-3.8%
resistance
Figure-of-Merit | 0.58 % 1.88-3.79% 1.89-3.84 %
Maximum power | 1.8 % 0.05-0.34% 0.12-0.56 %

Necessarily, using only 2 points rather than the SSS method will increase uncertainty, but
the increases are negligible, validating the use of a 2-point method for characterizing

thermoelectric modules.
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3.3 1V plane characterization and modeling of thermoelectric
modules

3.3.1 IV plane theory

Section 3.2 demonstrated that all properties of a thermoelectric module can be identified
from using only 2 experimental points. These properties are the Seebeck coefficient, the

short-circuit current, the internal resistance, the thermal resistance and the Figure-of-Merit.

The characterization method presented in the previous section takes measured data under
a single known thermal condition in order to determine the value of different properties

under those conditions, based on the short-circuit current (Ig) and open circuit voltage (V).

The present chapter examines a module from a different approach. It asks what properties
are necessary and most important to determine the output of a thermoelectric module under
any conditions? How can the characterization method be extended to predict power under

any thermal condition?

In the section on thermoelectric IV curve theory, it was demonstrated that every material
property can be determined from open circuit voltage and short-circuit current only. This
implies that properly characterizing the behavior of a module for any thermal conditions
under open circuit and short-circuit is of importance and that these can lead to knowing all

properties demonstrated by the power equation:

2

1
P=R12V2(—) 53
YNGR+, ¢
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providing the output of a module under any conditions. This means that if the open circuit

and short-circuit conditions are know, it is possible to determine the power.

It is well known that the open-circuit voltage depends only on the Seebeck coefficient and

temperature difference such that:

V, = naAT (54)
which provides one of the 2 points necessary to predict the generated power. Notice the
number of couples n is added in order to obtain the Seebeck coefficient of a single TE
couple. Furthermore, if the Seebeck coefficient is used as an affective value for the module
instead of that of a couple, n is no longer necessary. Since this section investigates the
output of a module the effective value will be used and denoted with an apostrophe such

that:

a' =na (55)

V, = a'AT (56)
While not being thoroughly documented like the open circuit voltage, the short-circuit
current can also be demonstrated as linear with temperature difference such that a new
property is established. The property is here defined as the Beta coefficient, in analogy to

the Seebeck coefficient i.e. alpha, such that:

I, = BAT (57)

which provides the second point necessary. Thus, knowing the Seebeck coefficient and

Beta coefficient, the open circuit voltage and short-circuit current are known for any
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temperature difference, enabling the prediction of generated power for any temperature

difference. Contrarily to the voltage, the current is independent of the number of couples.

In order to predict power generation under specific temperature difference, it is possible to
link both coefficients to form an IV curve. Linking them for any temperature difference
creates an 1V plane in which any power generation conditions (temperature, heat flux, load
resistance) can be identified. In other words, having established two straight lines defining
both end points of every constant temperature difference IV curves and IV curves being
linear, this implies the existence of an IV plane in which all possible module output is

contained.

Not only do the open circuit and short-circuit curves create orthogonal vectors, but these
are along the x and y axis of the IV-dT plot and are part of the IV plane thus they define

the plane equation such that:

1 1
AT_JV-FEI (58)

The equation can be rewritten to be that of an IV curve for any temperature difference:

I = BAT —gv (59)

From the Seebeck and Beta coefficients, it is possible to predict the power curve under any
temperature difference. From the results of the previous section, the power can be

expressed from the open circuit voltage and short-circuit current as:

1 2
P=R12V2(—) 60
YNGR+, (©
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Replacing the coefficients:

1 2
P = RpT (o) oV

Furthermore, the maximum power is then expressed as:

AT? (62)

Results are presented in the next section.

3.3.2 Experimental results

This section presents the experimental results for the Seebeck and Beta coefficients.
Results for the 1V plane are also presented. Detailed results are presented for module 15

and a summary is presented for the other investigated modules.

Figure 31 shows the open circuit voltage of module 15 for a range of temperature
differences. The Seebeck coefficient is found as the slope of this data set. Here, a’ =
0.0473 V/K represents the Seebeck coefficient of the module. In order to have the
coefficient of only one couple, the slope needs to be divided by the number of couples (n =

127) such that @ = 372 uV /K.

Material properties, including the Seebeck coefficient are known to vary with temperature.
This can be seen even on the small temperature variations in the present work by

calculating a’ = V, /AT for each measured point instead of taking the slope. Figure 32
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shows the result of this, note that these measurements were made at constant cold side
temperature while changing the hot side temperature. Thus, while the average temperature

rises, so does the temperature difference which may affect the results.
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Figure 31: Open circuit voltage of module 15 under a range of temperature differenced. The
linear fit's slope is the Seebeck Coefficient.

Figure 33 shows the short-circuit current of the same module 15 for a range of temperature
differences. The beta coefficient, measured as the slope, resultsin 8 = 0.0294 A/K. Figure

34 shows the temperature dependence of Beta. Contrarily to the Seebeck coefficient, Beta

values drops as the temperature rises.
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Figure 32: Temperature dependence of the Seebeck coefficient
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Figure 33: Short-circuit current under a range of temperature differences. The linear fit's slope is
the Beta Coefficient
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Figure 34: Temperature dependence of the Beta coefficient

Figure 35 demonstrates this with experimental data from module 15, linking the Seebeck
curve and Beta curve by the IV curves. This will be addressed as the IV-dT plot. For this
graph, the short-circuit curve is the lowest measured resistance (0.1 Ohms) and not true
short-circuit. True short-circuit values are found by extrapolation along the IV curve, as

described in the previous section.
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Figure 35: IV-dT plot of module 15 showing the 1V plane created by the IV curves at different
temperatures

Solving the plane equation for the experimental data generates the following equation:

dT = 21.607V + 33.13] — 0.5515 (63)

Resulting in @' = 0.0467 and B = 0.0302, which were previously measured from the
slopes as a’ = 0.0473 and B = 0.0294, differences of 1.3% and 2.7% respectively. Note
the offset of -0.5515, this is a result of either measurement uncertainty, the thermal contact
resistance or the temperature dependence of properties causing nonlinearity. Maximum

residuals for the plane fit of the data is of the order of 4%.
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Figure 37: Seebeck coefficient comparison between the 2-point IV curve characterization and the
IV plane equation

Figure 38 presents the results of power curves from equation (61) using «' and g from the

IV-dT plane. Experimental data is superimposed on the curves. The error at maximum
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power is found to be 8%, 3.9%, 3.1% and 0.6% for temperature differences of 10K, 20K,

30K and 40K respectively.
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Figure 38: Power curve under constant temperature differences. Experimental data is

superimposed on the curves obtained from the coefficients alpha and beta of the IV-dT plane

I-V plane conclusion

Extending the analysis of I-V curves and the two-point characterization method is

demonstrated that using the Seebeck coefficient (a) and the novel Beta coefficient (), a

module can be completely and accurately characterized. TE module provider information

is often very limited. Using these two quickly measured parameters ensures a complete

characterization of both the material properties and the module output power. The

parameters a and S defines the 1-V plane for a TE module thereby providing the output

power of the module under any thermal and load resistance conditions. Material properties
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can also be extracted using the method established in the two-point characterization

section.

3.4 Thermoelectric module thermal resistance

3.4.1 Mathematical modeling of a TE module’s thermal resistance

This section investigates the thermal resistance of a thermoelectric (TE) module in order
to later optimize a TE generator. The thermal design of a generator is very important in
order to maximize its output power. A model for the TE module’s thermal resistance is
thus required in order to model the overall generator resistance. Figure 39 represents a
small TE module (composed of only four elements, n = 4). The thermal network is

extended to represent a module of n elements.

R
s 3 ; S Re
| | — R

Figure 39: Thermal resistance network of a thermoelectric module
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The total thermal resistance found from the thermal resistance network can be expressed

as:

m 1 -1
_ e
Reor = Res” + (Z (1)) RTE s (Z R(z>> (64)

i=1 lCl ick
+ R
where the indices ic and cs represents the interconnections and the ceramic substrates.
Since the model considers 1D heat flux and interconnections are thin and highly
conductive, it is possible to reduce them to squares of equivalent size as the thermoelectric

elements shown in Figure 40. The model becomes:

2n 1 -1
1 2
Rtot = Rés) + (Z 1 (2)) + Rgs) (65)
i=1 RLCL + RTEJ' + RLCl
lic
a. : "
lrg

“ W TE element ceramic plate * interconnection l:e

Figure 40: 2D schematics of a TE module with (a.) normal interconnections and (b.) simplified
interconnections

For simplicity and without compromising the accuracy, let us consider identical
interconnections dimensions and properties, ceramic plate dimensions and properties as

well as identical thermoelectric elements dimensions and properties. While n-type and p-
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type thermoelectric do not have identical thermal properties, taking the average will result
in the same overall properties. Therefore:

2Ric + Rrg

Rior = 2Res + m

(66)

Furthermore, the overall thermal conductance of thermoelectric elements is a function of

the heat conduction (Fourier heat equation) through the elements and the Peltier effect such

that:
KTE:KO+KH (67)
(na)?T
Krp =K, + —— 68
Thus:
R;. 1
Reot = 2Res + -4 —— 5o (69)
Kot T RY

Regarding the Peltier effect on thermal resistance, it is seen that load resistance affects the
overall resistance. In open circuit, the resistance is maximal, and the Peltier effect is
blocked. Under short-circuit, the Peltier effect is maximal and total overall thermal
resistance is at its minimum. Table 5 summarizes the thermal resistance of a module under

different load resistances.
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Table 5: Thermal resistance under different electric load resistances

Electrical Total thermal resistance Note on thermal
resistance R resistance
condition tot
hort circui R; 1 Minimal
Short circuit 2Rcs+i+ a
K,(1+ zT)
n circui R; 1 Maximal
Open circuit IR+ 4 axima
K,
L matchin R; 1 Aver
oad matching IR, + f + — erage
K, (1 + 7)

Notice that if the resistance of the TE elements is much greater that of the ceramic plates
and interconnections then the ratio of short-circuit to open circuit resistance can be

approximated as follows:

= (70)

>U|u’>u
[uny

This ratio is smaller when a thermoelectric material with higher zT is used. The ratio is 1
when a non-thermoelectric material is used (zT = 0) and for a typical TE material (zT = 1)

this ratio is reduced to 0.5.

Replacing the resistances with the material’s thermal conductivity, area and length;

l 1 [ 1
2 cs 4= ic +
kcsA n kicAic

Rior =
Argp (na)2T (71)
2nko lrg + (R; + R)

In the simplified interconnection model shown in Figure 40, the area of the TE legs and

the interconnections are the same i.e. 4;. = Ay = w? resulting in an overall resistance:
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lcs 1 lic lTE(Ri + RL)

Rior = 2 += +
L™ " kesA  nkiew?  2nkow?(R; + Ry) + lpg(na)2T

72)

This thermal model is validated against experimental data in the following sections. This
model will be used in the next chapter in order to optimize a thermoelectric generator’s
conductance for maximum power. Note that this model is not limited to constant
temperature difference or constant heat flux but is more appropriate for constant
temperature as the temperature is present in the model. Under constant heat flux, this
temperature rise as load resistance is reduced. Thermal contact resistance was neglected as
it is small in comparison to the module’s overall resistance. This is confirmed in the model

validation section.

3.4.2 Thermal resistance experimental results

Experimental results are measured from the same set-up used throughout this chapter. The
thermal conditions are measured for all data gathered resulting in measured thermal
resistance under various temperature differences, various heat fluxes and various load

resistances including open circuit and short-circuit.

Figure 41 presents all measured thermal resistance for module 6 showing that the thermal
resistance varies strongly with the load resistance but not with thermal conditions. The
thermal resistance does not vary with temperature under the investigated range and is not
affected by constant heat or constant temperature difference conditions. This is consistent

with the developed mathematical model of the thermal resistance. The thermal conductivity
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and electrical resistance are dependent on temperature, but the investigated range is too

low to impact results.
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Figure 41: Thermal resistance of module 6, superimposing data taken under 5 different constant
temperature differences (AT=20,25,30,35,40) and 5 different constant heat fluxes
(Q=10;12.5;15;17.5;20).

Figure 42 presents measured thermal resistances under constant temperature difference and
Figure 43 under constant heat flux. Each series of measurements is an IV curve for different
thermal conditions. As expected, since heat flux drives the current in the thermoelectric
effect, the thermal resistance is linear under constant heat flux whereas it is a second-degree

polynomial under constant temperature difference.
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Figure 43:Measured thermal resistance of module 6 under constant heat flux plotted against A)
load resistance, B) temperature difference, C) current and D) voltage

Since all curves of thermal resistance plotted against load resistance overlaps, the ratio of

short-circuit resistance to open circuit resistance will be the same regardless of thermal

conditions. This is consistent with the model as the resistance ratio is a function of the

Figure-of-Merit only. Figure 44 shows the short-circuit and open circuit thermal resistance

measurements of module 6 and shows these to be constant regarding thermal conditions.

For this module, the short-circuit to open circuit ratio is measured at 0.619 which indicates

a Figure-of-Merit of approximately 0.62. This result is close to the measured value during

characterization of 0.64. Figure 45 present the thermal resistance ratio from measured
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resistances and approximated from the Figure-of-Merit. Results are in very good

accordance with exception to module 16.
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Figure 44: Measured short-circuit and open circuit thermal resistance of module 6
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3.4.3 Thermal resistance model validation

The thermal resistance model presented in this chapter is validated across all 22
investigated modules. The model is solved using the same material properties for all
modules, only the geometrical values vary from module to module. The most common

interconnection material is copper (or a variation such as nickel plated copper) with a

w
m2K

conductivity of 385 and the ceramic plates are made of alumina (A1, 05) with a thermal

conductivity of approximately 35

VL’ . Alumina is widely used for TE modules as it is a

m<K

relatively low-cost ceramic with good dielectric properties and thermal conductivity.

Presented results use these values and measured geometry results in an open circuit

w

— for best accordance with measured

thermoelectric element conductivity k, of 1.42

thermal resistances.

Despite having neglected convective heat transfer between the TE elements and thermal
bridging in the putted modules, the model does not present a systematic over or under
evaluation of the resistance. Such a systematic error would be expected if a significant
source of resistance (or conductance) was neglected. Rather, the model sometimes
overestimates and sometimes underestimates the value of resistance. This is attributed to
the uncertainty of all dimensional parameters. Figure 46 shows how a change of only 1%
of width and height affects the thermal resistance model. While the pellets geometry was
measured precisely, only 4 pellets were measured per module. Considering that modules
were composed of 62 to 398 elements (31 to 199 couples), 4 elements is not a sufficient
sample to accurately capture variations in element size within a module from

manufacturing uncertainty.
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Measurements of ceramic plates and interconnections are not a significant source of
uncertainty as they compose only a small fraction of the total thermal resistance. Indeed,
based on the model, ceramic plates account for approximately 0.5 to 2.5% of the thermal
resistance and interconnections, 0.15 to 0.4%. Note that uncertainty of measured resistance

is 4%.

Figure 48 to Figure 51 presents the model results and measured thermal resistance for all
22 modules using the same material properties in all of them. It is concluded that the
thermal resistance model of a TE module can be used accurately optimize a thermoelectric

generator.
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3.5 Chapter conclusion

It is demonstrated analytically that a complete characterization of thermoelectric modules
can be performed using only 2 measurement points. In comparison, the standard steady
state (SSS) method was performed using 10 points; concluding the 2-point method is 5
times faster in this study. This is validated by an experimental investigation of 22 different
thermoelectric modules, revealing measured properties in accordance with known bulk
material properties and in accordance with results from the SSS method. All properties are
determined from the open circuit voltage and short-circuit current providing a complete
characterization. The 2-points method is demonstrated to be quick, practical and accurate
as well as providing all relevant thermoelectric properties required for proper optimization

of a system level design.

Since one of these two points is provided by the Seebeck coefficient, it is only necessary
to establish a second point to completely characterize a module. A novel parameter, the
Beta coefficient, is presented to provide this second point by defining the short-circuit
current ratio to temperature difference. This not only completely characterizes a TE module
but also generates an |-V plane in which the TE module output is contained for any possible

thermal conditions and load resistance.

Lastly, a thermal resistance model is established in order to proceed to the TE generator
optimization. This model provides the thermal resistance as a function of the material
properties, the pellet dimensions and the load resistance. The model is validated against the

same selection of 22 modules
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4 Thermoelectric generator optimization

This chapter focuses on the optimization of thermoelectric (TE) generators and is
composed of three sub-chapters. The first sub-chapter broadly analyzes the thermal
resistance optimization of a TE generator under different boundary conditions including a
generator operating between two fluid flows. The second sub-chapter studies in more detail
the output power of a TE generator operating between to fluid flows. These first two sub-
chapters demonstrate, with two different approaches, the same thermal resistance criterion
for optimal TE generator operation. The third sub-chapter incorporates the previous
chapter’s thermal resistance model of a TE module into the analysis of TE generator in
order to optimize the pellet geometry while considering the previously found optimal

criterion of thermal resistance.

4.1 Optimization under various thermal conditions

This sub-chapter investigates the optimization of thermoelectric generators considering

heat exchangers, heat losses and fluid flows. This work expands on the approach used in
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literature for constant temperature difference and constant heat flux in order to consider the
presence of heat losses and fluid flow as heat source and sink. Refined thermal impedance
matching criteria are developed as an optimal ratio of heat exchanger to module
conductance. Constant Figure-of-Merit links the thermoelectric conductance to the internal
resistance and optimal load resistance is provided for each condition. An effective thermal
conductance is defined for the thermoelectric (TE) modules to consider the effect of
electrical load resistance on the thermal transport and is validated by experimental data. It
is demonstrated that maximizing the thermal conductance of the heat exchangers is the first
step to achieving maximum power, regardless of the conductance of the TE module. Once
the heat exchangers are fixed, updated thermal impedance matching criterion should be
used to define the module’s conductance. Optimal conditions under constant heat flux is

shown to be completely different when considering heat losses.

A brief summary of modeling for ideal conditions first considers the absence of thermal

contact resistance between the thermoelectric element and the reservoir. For these

conditions, it is well established in classical thermoelectric theory that the generated power

is maximized under electrical load matching i.e. for a load resistance (R,) equal to the
RL

internal resistance (R;) or for the conventional ratio: m = == 1.

i

When considering thermal contact resistance, this condition is demonstrated to no longer
be valid. For instance, Freunek and Al. [146] developed a rigorous model of thermoelectric
elements imbedded in heat exchangers. They considered the Thomson effect, the Peltier
heat, the Joule heat as well as thermal resistance of the modules and of the heat exchangers.

The model was then simplified to draw conclusions such as that electric load matching
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must be done to an effective internal resistance R, = Rff 7 wich encompasses the effect on
thermal transport. Optimizing for conductance led toK£ =+/1+ zT, where K, is the
0

thermoelectric thermal conductance in open circuit, K is the total conductance of heat

exchangers and zT is the dimensionless Figure-of-Merit.

Apertet and Al. [147] developed a model with non-ideal heat exchangers (i.e. with a
thermal resistance between the reservoir and the thermoelectric elements) and underlined
that the thermal optimization depends on both the open circuit thermal conductivity and
the Figure-of-merit. They arrived at the same conditions for thermal conductance

optimization as Freunek and Al. and to a similar solution for electrical optimization: m =

V1 + zT. This is the same solution as Yazawa and Shakouri [148] in their analysis of
asymmetric thermal contacts using the Lagrange multiplier method for optimizing power

and efficiency.

These models were all developed for constant temperature difference. In a more recent
study, Apertet and Al. [149] performs a similar analysis for constant heat flux. Electric load
matching for these conditions is shown to bem =1+ 2zT. Whereas for thermal
optimization, they referred to Stevens results for constant temperature difference [81]
which proposes maximum power for equal thermal resistance across the thermoelectric
module and the heat exchangers (R%; = RZ,). Stevens focused on optimization for waste
heat recovery at low AT systems. Other than Stevens, who considered a fixed second law

efficiency, all of the above-mentioned models considered a constant Figure-of-Merit.
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The goal of this study is to provide insight and updated thermal impedance matching
criteria when considering heat losses and fluid flows by studying these conditions side by
side with constant temperature and constant heat flux and using a consistent analysis
throughout. This study covers maximization of power for the following boundary
conditions; constant temperature difference, constant heat flux, constant heat flux with

thermal losses, constant inlet conditions of a counter-flow heat exchanger.

4.1.1 Generated power

The investigated set-up is that of a thermoelectric (TE) module embedded between two
heat exchangers in contact with a heat source and a heat sink, such as illustrated in Figure
52. This figure also illustrates the equivalent thermal resistance network of this set-up. The
use of a superscript T differentiates between a thermal resistance (RT) and an electrical

resistance (R).

Four temperatures are defined in Figure 52, T; and T, are the temperatures of the hot and
cold reservoirs respectively while Ty and T, are the temperatures of the hot surface and
cold surface of the TE module. Furthermore, the temperature difference between the
reservoirs is defined as: AT = T, — T, and the temperature difference across the TE module

|S dT = TH _Tc.
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Figure 52: Thermal resistances of a thermoelectric generator.
The heat flux entering the hot side (Qy) of the thermoelectric module and leaving the cold

side (Q.) are known to be [150]:

I%R;
I?R,
QC=K0dT+Ia’TC +_2 (74)

where K, is the thermal conductance of the thermoelectric material in open circuit, I is the
electrical current and « is the Seebeck coefficient. From the electric circuit in Figure 53,
the current can be written as:

I _ VOC _ adT (75)
" R;,+R, R;+R,

where V. is the open-circuit voltage defined as V, = adT. Thus, from an energy balance

of equations (73) and (74) combined with the electric current (75) the power becomes:

P a?dT? (76)

L
~ (R + R,)?
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Figure 53: Electric circuit of a thermoelectric generator and its electrical load.

4.1.2 Constant temperature optimization

From the thermal network illustrated in Figure 52 the temperature difference between the

reservoirs is:

_ Qu , Qc
AT = dT 43+ 77)

For WhiCh% is the temperature drop across each heat exchanger. For simplicity the thermal

conductance of the heat exchangers is considered equal which can thereby substituted by

an overall heat exchanger conductance:

k= Kuke 1, 1. 78
T Ky+K, 2 HT2°¢ (78)

Replacing the heat fluxes, electric current and overall exchanger conductance (78) in (77)

yields:
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T = K (R +Ry) AT
(K +Ko) a?T 79)
(Ri + RL) + (K i Ko)
where T = % is the average temperature of the TE module. Replacing this in the power
equation:
K? R,
— 2 2
SRR WA 2T\ (80)
(ret R+ 5 7)

Note that the same AT can be achieved for different temperatures thus in order to constrain
the thermal conditions, AT and T are considered constant. The power is optimized for an

electrical load resistance:

-
opt _ p a_T 81

RL Rl + (K T KO) ( )

Or, in terms of the ratio m = R, /R; and the Figure-of-Merit zT;
moPt =1 +Lz7 (82)

(K +Ky)
such that power at optimal load is:
p 1 AT? K? 1
= 3% _ 83
4 (K+K0)(K£+1+ZT) (83)
0

Defining a second ratio n = K/K,, if heat exchanger conductance is fixed, the power is

optimized for:
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noPt =/zT + 1 (64

Which implies:
moPt =/zT + 1 (85)
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Figure 54: Normalized power iso-contour for constant temperature difference under optimal
electrical load resistance. zT = 1,AT = 60K and T = 318K.

These results are consistent with the studies presented in the introduction [146-148]. For

those criteria, maximum power becomes:

1AT? zT
Prax :Z T

( zZT+1+ 1)2 (86)

In this situation, best practice would be to select the best possible heat exchanger and then
select or design modules with a conductance in accordance with the ration. The load

resistance must be defined during the design phase as it influences and is influenced by the
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thermal conditions. However, if the conditions vary slightly during operation, the load

resistance can be adjusted, for instance with an MPPT device such as [151-153].

Note that this is a local maximum for fixed K as represented in Figure 55. If the system
imposes a value of K,, these optimal criteria no longer apply. For constant K, it is
necessary to maximize K regardless of the criteria as power is a monotonic increasing

function of K for K & K, = 0.

50
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Power

20 ryl
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Conductance ratio n = K/KO

Figure 55: Generated power for different heat exchanger conductance, all are optimized for the
same ratio n°?t. zT = 1,AT = 60K and T = 318K.

To give a better perspective on values of K, and K, the investigated TE module in [114],
presented in Figure 56 and Figure 57, have an open-circuit thermal conductance K, to the
order of unity while the thermal conductance of an aluminum block (6061-T6) of the same

dimensions is approximately K = 70 W K1
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Applications for which the heat flux varies to maintain a constant temperature are rather
limited. This would be the case for reservoirs from which the heat flux drawn by the TE
module is negligible. For instance, thermoelectric power generation from body heat for
wearable devices and powering sensors [154-156] could be approximated by these

conditions. This would also occur for a significantly undersized generator.

4.1.3 Constant heat flux optimization

This section considers the more common scenario of a constant heat source with varying

temperatures, such as an electronic circuit generating heat.

By rearranging the heat flux equations (73) and (74), and fixing the cold side heat flux to
Qc = 2K(T; —T,), a set of two non-linear equations are found for the temperature

distribution.

a’Ty a’R;

— 2
Qu (KO + Ri+RL) dT + 2(R;+Ry)?2 dT* =0 (87)
a’Te a’R; 2 _ .
(Ko + Ri+RL) dT + 5tz dT? = 2K (T = T,) = 0

As is the case for the previous boundary conditions, simply constraining the heat flux is
insufficient. A temperature must be fixed in order to solve the system of equations. In the
constant temperature difference scenario, it is logical to imply constant average
temperature. For constant heat flux, based on realistic applications, constant cold side
temperature (T,) is more suitable as changing thermal conductance of the generator will
affect the temperature of the source but not of the sink (i.e. ambient temperature, cold fluid

inlet...).



106

For any particular applications, if properties are known, the set of equations (87) can easily
be solved numerically as a non-linear system of two variables (T, and T, where dT =

Ty — T and T is constant) giving us an exact solution.

In order to get a general analytical result, heat flux can be approximated as equal throughout
the generator. Since the efficiency of commercial thermoelectric materials is quite low [76,
157], especially in small temperature difference situations such that of waste heat recovery,
this approximation is acceptable. Analytical results of the approximation and numerical
results from the set of equations are compared in Figure 56 and supports this

approximation.

Since Q = Qy = Q, from the thermal network:

Q= KrgK AT 88
" K+ Kpg (88)

Where the thermoelectric conductance (Krg), is an effective heat conductance for the TE

module defined as Q = K;dT. Thus:

K

dT = ————
K + 2Kog

AT (89)

Rearranging the exact relation of AT and dT (equation (79)):

K
ar = a?T = (90)
K+2 (KO HGEETD) RL>)

Comparing to equation (89), K is found to be:
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a’T

Krg = Ky + ————
TE ° (R +Ry)

91)

This is equivalent to Apertet and Al.’s version in [147, 149]. Figure 57 presents the
thermoelectric conductance for this model compared to experimental data defined
as Krg = 3—’;. In order to keep this study concise, for details concerning experimental data

refer to [114].
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Figure 56: Comparison of power generated by a TE module under constant heat flux,
experimental, numerical (system of equations (87)) and approximated (equation (97)).
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Figure 57: Effective thermoelectric conductance of a TE module (equation (91)) using the
average temperature from the system of equations (87) and approximated results (96).

Replacing equations (88), (90) and (91) in the power equation (76):

a? Q? R
P= Kf —— (92)
° \R,+R+7%T
L l KO

Optimal resistance ratio yields:

moPt =1+ 2T (93)
Thus:
2
1

a (9

P = -
max aK, (1 + zT)
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which is optimized for K, — 0 independent of the heat exchanger conductance. For the

optimal ratio m°P¢, the effective thermoelectric conductance becomes:

koo =k (1421 95
TE — 0 2+Z7_-v ( )

Equation (93) is the same as found by [149] but the analysis did not go as far as equation
(94). The power equation is expressed in terms of T, however a more interesting case is
with respect to a fixed cold reservoir temperature T,. From the thermal network and heat

flux equations, T can be approximated as:

- Qc, Q Q , Q
Talh+—t—nTy+—+—
2J’K,;Jrzxo 2+21(+21(0 (96)

Replacing this into the power equation (94):

Pnax =
4K, <1+Z(T2 £+L)> (97)

In the case of fixed Q and T, K will only affect the average temperature. The power is still
optimized by minimizing K,. It is seen that raising K has a limited benefit onT. If

considering the average temperature as constant, K has no influence on the results.

Generated power under constant heat flux is demonstrated to be maximum when
minimizing K,. However, K, approaching 0 implies that AT and P approaches infinity (see
equation (94)). Clearly, this is inadmissible in thermoelectric applications as an upper
bound on temperature is unavoidable due to technological and material limitations.

Furthermore, a realistic application would be subject to heat losses, proportional to AT,
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which would worsen as the hot side temperature rises. This would indicate that minimizing
K, is an insufficient condition as it would lead to ever greater losses. Balance must be
struck between heat flux and temperature difference. Both are beneficial to the
thermoelectric conversion but as AT raises with a decreasing K, Qy will also decrease due

to increasing losses. The next section investigates these heat losses.

4.1.4 Optimization in presence of heat losses

In the previous sections, each analysis assumes that regardless of applied conductance, all
the heat flux will necessarily pass through the thermoelectric (TE) modules. Naturally,
some losses will occur in which heat will pass from the source to the sink without crossing
the TE module. This can take the form of heat losses towards the environment or even in
between modules. In this analysis, heat loss is represented by a thermal shunt resistance

(RT,) as in Figure 58. Heat transferred from the source will be separated into two such that:

Q = Qy + Qsy = Qu + KsyAT (98)
Note that Qj is the heat flux entering the TE module and the only portion contributing to

the thermoelectric conversion.
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Figure 58: Thermal resistance network in presence of leaked heat, represented by a thermal
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If AT is constant, the added consideration of the thermal shunt resistance will simply add
a constant heat loss regardless of conductance since AT is the same for both branches of

the thermal network. Thus, only constant total heat flux (Q) is of interest for this section.

Having demonstrated the validity of the approximation of a constant heat flux through the
TE module and the heat exchangers in the previous section, this approximation is used for

the rest of the study. From this, the temperature difference is found as:

B K+ Krg
" KrgKsy + KKgy + KrpK

AT Q (99)

Replacing this, equation (89) and equation (91) in the power equation:

~ a?Q? K2R,
~ (Ko(Ksy + K) + KKgyy)? ( 2T (K + K) )2 (100)
(Ko(Ksy + K) + KKsy)

P

R, +R; +

Which is optimized for:



112

(Ksy + K)K, _
moPt =1+ zT 101
(Ko(Ksy + K) + KKgy) (101
Resulting in:
p_ zQ% K2 1
4 (Kgy + K)? (K KKy ) [ KKsu 1 1. 7 (102)
0+(K5H+K) (KSH+K)K0+ *

Notice that if K = 0, equation (102) is exactly the same as equation (94) i.e. without heat
losses. Considering the presence of losses (Kgy # 0) and externally imposed heat sink such

that K is constant, then power is optimized for:

Koy + K —
nOPt=M1/1 +ZT (103)
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Figure 59: Normalized power iso-contours for constant heat flux in presence of losses where
Ksy = 0.1,zT =1 and T = 318K.
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Replacing n°Pt in equation (101) brings us back to the same result of resistance ratio as for

constant AT

movt = 1+ 2T (104)

The effective conductance in presence of heat losses is:

zT
Krg =Ko 1+ 105
TE 0 (2 n (Ksu + K)K, ZT) (105)
(Ko(Ksy + K) + KKgyy)
Which, for optimal m and n results in:
Krp = Koy 1+ ZT (106)

From equations (103) and (106), an updated thermal impedance matching criterion can be

established as:

KKgy

Kom =
TET K 4+ Ky

(107)
At m°Pt and n°Pt, the maximum power is found to be:

Q? K 2T

P, =—
AT Ky (Ksy + K) (1

—\ 2 108
+ 1+ZT) (108)

Of course, power is optimized for an absence of heat losses, (Ksy = 0), as this is the best-
case scenario and K should be minimized. As was the case for constant AT, these criteria
(m°Pt & n°Pt) are only for fixed K. Although minimizing K further will be beneficial even

if it results in no longer respecting the criteria. Thus if K, can be designed to any value,
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best practice would be to select best possible heat exchangers, minimize the losses and only

then design TE module with a correct value of K,,.

Note that this maximum power is an increasing monotonic function of zT thus any increase
of the Figure-of-Merit will increase generated power. In absence of losses, power is limited
by the ability to reduce K, whereas in presences of losses, power is limited by the ability
to reduce Ky, maximize K and achieve K, = Kn°Pt, This result is rather important, as heat
losses are present in all applications and is more representative of reality than the constant

heat flux model.

4.1.5 Optimization for fluid flows

A promising application for thermoelectric power generation is that which uses flowing
fluids as a heat source and heat sink. Previous scenarios considered heat reservoirs in which
heat is drawn through a thermoelectric module or leaks between the reservoirs. In this next
scenario, counter current heat exchangers with fluid flows are considered. In such a case,
reservoirs are no longer static entities, they have entries and exits and are influenced by
thermoelectric generator design. The amount of heat leaving the hot reservoir is a function
of the conductance of the heat exchangers and that of the TE module as well as properties
of the fluid flow. Figure 60 represents this, heat flux in the hot reservoir partially goes
through the module and the rest simply exists the heat exchanger. Note that this model is
used to keep a consistent approach with the analysis of previous sections and to draw
general conclusions regarding conductance. Full 3D simulation is recommended for

application design.
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High temperature source
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Figure 60: Representation of heat flow for a thermoelectric module embedded in heat
exchangers.

The implication is that the reservoirs are no longer of uniform temperature. As heat is
depleted from the hot reservoir, the hot side temperature drops and similarly, the
temperature rises in the cold reservoir as a function of the position. The heat flux leaving

the hot reservoir is related to the temperature and flow:

Qu = Cy(Tr,in — Tr,0ut) (109)
Where C = mc, is the heat capacity rate defined by the mass flow rate (1) and specific
heat (c,) of the fluid, T, ;, is the entrance temperature and T, ,,,. the exit temperature. The

same can be written for the heat flux entering the cold reservoir:

Qc = Cc(T20ut — T2in) (110)
By the same assumption as earlier (Q, = Q.), equaling heat capacity rates for the hot and
cold reservoirs generates a constant temperature difference AT along the TE module as an
increment of temperature on one side is reflected by the same amount on the other side.
This is well illustrated in [158], where such a condition is demonstrated as optimal for

power generation.



116

Thus, a constant heat capacity rate C is used for both hot and cold reservoirs resulting in a
constant AT with respect to longitudinal position throughout the system. Furthermore, C
and z are considered independent of temperature implying that the temperature profile only
affects AT and the heat flux. Figure 61 illustrates the temperature profile for such a system.

The temperature difference is defined as:

AT =Ty (x) = T,(x) =Ty in — Taout = Tr0ut — T2in (111)

-

Figure 61: Temperature profile of the reservoirs considering fluid flows as heat source and sink.
Equal heat capacity rates are used, resulting in a constant AT .

We also define the inlet temperature difference as:

O =Tyim — Tyin (112)

Note that for a given application @ is a constant while AT depends on the conductance
since © depends only on the inlet temperatures. From the definition of @ and AT, the heat

flux from the fluid’s perspective can be rewritten as:
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Q =C(6 —AT) (113)

Combined with the equation (88) of heat flux through the heat exchangers and TE module,

the temperature difference yields:

C(K + Krg)

AT =
CK + CKrp + KrgK

(114)

Note that C and K are compatible dimensions as they are of same units (in dimensional

analysis: [M1L?T3671]).

Combining equation (76), (91), (89) and (114), the generated power results in:

a202C2K? R,

P = 2 2
(CK + Ky (C + K)) < (2C + K)aT ) (115)
(CK + Ko(C +K))

R, +R; +

Which is optimized for a resistance ratio;

(€ + K)K, _

m=1+ CETAETS) 2T (116)
Yielding:
b 20%C2K? 1
- CK CK _ (117)
4-(C + K)Z <m+ KO) (m‘l‘ 1+ ZT)

If K and C are fixed by the application, optimal conductance ratio is:

C+K —
wore = 200 77 (118)

Implying the optimal electric resistance ratio to be:
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movt = J1+ 2T (119)
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Figure 62: Normalized power iso-contour for a TE generator with fluid flow as heat reservoirs.
C=1,zT=1and T = 318K.

The effective thermoelectric conductance in presence of fluid flow can be expressed as:

zT
KTE =K0 1+ (C+K)K0 _ (120)
2+ T
(CK +Ko(C+K))~
Under optimal ratios m°Pt and n°Pt, this reduces once again to:
I('I"E=I(0Vl‘|'ZT1 (121)

And the maximum power becomes:
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P _@2 CK zT
m‘“‘_4T(C+K)(

2 122
1+zT+1) (122)

As was the case for the presence of leaks, increasing K will increase the generated power
regardless of established criteria since these assume fixed K. From (118) and (120), an

updated thermal impedance matching is found as:

CK
Krp =—— 123
=y (123)

Interestingly, by combining equations (114) and (123) the temperature difference under

optimal conditions is found to be:

c \6O
AT=(1 —)— 124
+C+K 2 (124)

This indicates that for very good heat exchangers the optimal temperature difference would
approach half the temperature difference of the inlets (AT = %9). This is in accordance

with the conclusion of [158] which had demonstrated this through an experimental and
numerical analysis. It implies that an ideal system would only transfer half of the total
possible heat flux between the reservoirs. The maximum transferable amount of heat
being Q = CO. This is the same results as in the presence of heat losses. The updated
impedance matching criterion implies that under optimal conditions half the heat goes

through the TE module and half is lost.

For very high flows and low conductance (C > K), this is the equivalent scenario of
constant AT (with AT = 8) since any heat flux Q through the TE module is negligible in

lieu of the heat contained in the reservoir. This results in negligible temperature variation.
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4.1.6 Concise results and discussion

Optimal results are summarized for all the studied conditions in the following tables. Table
6 presents the optimal electric resistance ratio (m°?t) and the optimal thermal conductance
ration (n°Pt) for all studied thermal conditions. These optimal ratios lead to the maximum
power presented in Table 7 for constant Figure-of-Merit and heat exchanger conductance.
The effective thermoelectric conductance under optimal ratios is also found in Table 7.
Furthermore, from the conductance ratio and effective conductance, updated thermal

impedance matching criteria can be specified as in Table 8.

Table 6: Optimal resistance and conductance ratios

Resistance ratio Conductance ratio
Boundary
condition opt ( _ ﬁ) opt ( _ ﬁ)
m m Ri n n Ko
Constant AT m m
Constant Q 14 2T Ky— 0
Constant Q — with (Key + K)
SH =
T ——— \J1+42zT
losses 1+2T Ksy ‘
Constant ® — fluid
— C+K —
flow v1+2zT ( C )\/1+ZT
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Table 7: Maximum power and resulting effective thermoelectric conductance at m°Pt and n°Pt
_ — -2
with & = 27 (/1 + 2T + 1)

Boundary Effective Maximum power
condition conductance (Krg) (Pmax)
— AT?
Constant AT K, JitzT = @
Constant Q i f142T_ Q1 AT
0 2+ 2T 4T Ky (1 + 2T)

Constant Q — with 0’ K
losses Kov1+2T AT Ko (Ko + K0
Constant @ — _ 02 K
fluid flow Kov1+2T AGEY o

Values of @ and other recurring coefficients of the Figure-of-Merit can be found in annex.

Notice that the constant heat flux scenario is different from all others. This is explained by
the lack of bounds on dT. In this scenario, since Q is fixed, dT will always raise with
further decrease of K,. Thus, no balance needs to be struck between heat flux and
temperature difference, one must simply reduce K,. Since constant Figure-of-Merit is
assumed, internal resistance and thermal conductance are linked, and the optimization
presented considers the balance heat flux and temperature difference as well as the
increasing Joule heating as K|, is decreased. This increasing Joule heating is the limiting
factor in optimizing the constant AT scenario as no balance is needed between heat flux

and temperature difference.
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Table 8: Updated thermal impedance matching criteria

Boundary condition | Thermal impedance matching

Constant AT Krg =K
Constant Q nil (Krg Ky — 0)
Constant Q — with Koy K
losses fire = Ksu + K
Constant © — fluid CK
flow fre = 3K

Thermal impedance matching is an optimal condition only for constant K applications.
Minimizing K will always increase power as this approaches the ideal case where TE
module and reservoir temperatures are the same. Impedance matching is the result of a one
variable optimization of a multi-variable problem and represents neither a global nor a local

maximum as dP/ 0K, = 0 but 9P/ 0K # 0.

Throughout this study, consistent with similar literature, the Figure-of-Merit is considered
constant. This is a good basis if, as in [149], changes of thermal conductance are considered
as a result of change in thermoelectric leg length (pellet height). Indeed, since pellet height
affects internal electrical resistance and thermal conductance inversely, the Figure-of-Merit

remains constant for varying pellet height.

However, the goal of advanced thermoelectric material research is to lower K, while
minimally affecting the electric properties, thus raising the Figure-of-Merit (zT) [159-161].

If zT is not considered constant i.e. if K, and R; are considered independent, optimization
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of power equations (80), (92), (100) and (115) results in very different optimal conditions.
For independent properties, all scenarios are optimized for minimization of K.
Furthermore, for all thermal boundary conditions, maximum power is strictly increasing as
a function of the Figure-of-Merit. This further justifies research surrounding high Figure-

of-Merit material by lowering the thermal conductivity.

Enhanced Figure-of-Merits by reducing the thermal conductivity permits higher power as
well as higher power density since smaller design would allow for the same conductance.
This could greatly affect cost-performance optimizations such as [162, 163] as this would

affect the heat exchanger’s and the thermoelectric module’s relative costs.

4.1.7 Thermal impedance optimization conclusion

Using a consistent approach with literature, optimization of power was accomplished
considering heat losses and fluid flows. Under constant heat flux, it is demonstrated that

considering heat losses change the optimal conductance to a specific value such that K, =

KsyK
Ksg+K

whereas in absence of heat loss one must minimize K, (thus minimising K;z).
Through this updated thermal impedance matching criterion, K provides an optimal
compromise between increasing the temperature difference and increasing the heat losses

as the conductance is reduced. A similar criterion is developed considering fluid flows as

. CK .
heat source and sink such that Kz = e As is the case for heat losses, lower conductance

means higher AT but less heat flux through the TE module and the updated criterion

provides the optimal balance for maximum power. Despite being very similar criteria, K5y
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is to be minimized and C to be maximized, resulting in very different values of Krg
depending on the application. In both cases, maximum power is achieved for only half of
the available heat flux entering the TE module. In all cases, the heat exchanger conductance
must be minimized before applying the correct impedance matching criterion to TE module

selection or design.

4.2 Optimization of a liquid-to-liquid thermoelectric
generator

Thermoelectric modules embedded in heat exchangers provide a means of converting
industrial waste-heat to electrical power for local electrical energy needs. Due to the nature
of the thermoelectric effect, a generator’s efficiency is dictated by a balance in its ability
to act as a heat exchanger and its ability to maintain a high temperature difference. The
present system level study investigates the thermal conditions required for optimal power
generation when using thermoelectric module embedded heat exchangers. From the
analytical results, optimal thermal operating conditions are scrutinized, and a model is
developed providing insight into the balance between heat transfer and temperature
differential for optimal thermoelectric generator design. It is demonstrated that, under
constant temperature difference, a heat exchanger effectiveness of 0.5 is an optimal
compromise between heat flux and temperature difference for thermoelectric power
generation. This criterion is universally applicable for thermoelectric generators as it relies

solely upon basic heat transfer and thermoelectric equations. Numerical simulations
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confirm constant temperature difference along the length of the generator is achievable
using tabulated inserts. A generator’s efficiency and power output are analytically solved

and compared with experimental results.

System level studies such as [94-96] are performed with the aim to best use the available
heat source and heat sink responsible for generating a temperature difference across a
generator's embedded thermoelectric modules. For example, [98] investigated optimal
design for applying thermoelectric power generation to vehicle exhaust waste-heat. The
thermoelectric effect is the result of a thermal potential which mobilizes charge carriers in
the direction of the heat flow thereby producing an electromotive force. For this reason,
thermal fluid system management is critical to the operating efficiency of thermoelectric
devices. Indeed, Yazawa & Shakouri [148] illustrated the potential thermoelectric power
gains through system level management of an asymmetric thermal field. In their study, they
demonstrated the need to include the heat source and the heat sink as integral components

of a thermoelectric packaging design.

Other system level studies aim to improve heat transfer through flow manipulation. For
example, Amaral et al. [97] showed that flow impeding geometries improve the
thermoelectric power output of a generator up to a threshold flow rate. More specifically,
the heat transfer from the fluid to the wall is enhanced by raising the local convective heat

transfer coefficient near the wall using inserts.

The common thread in such studies is the focus on optimizing heat transfer or temperature
difference across the thermoelectric (TE) modules in order to generate maximum power.

The present study focuses on the optimal compromise between heat flux and temperature



126

difference as they are linked and strongly affect the generated power. This study is based
on a TE generator composed of TE modules embedded in the fluid separating wall of a
liquid-to-liquid heat exchanger. Such a generator, as in [97, 164] will be referred to in this

study as a thermoelectric liquid-to-liquid generator (TELLG).

Since the modules are an array of thermoelectric couples connected in series and since it is
a surface heat flux which mobilizes the charge carriers, a TELLG is sensitive to the
homogeneity of the temperature difference produced by the flows in the heat exchangers.
This is well illustrated and discussed in Min and Rowe [99] who used a system level
approach to model a thermoelectric combustion process with heat recirculation. In their
study, they noted the temperature difference between the high temperature flow channel
and the low temperature flow channel as a function of the longitudinal position (denoted

by x) as illustrated schematically in Figure 1.

Aluminum casing - High temperature channel \’j—b
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Temperature (K)
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Figure 63: Schematic of temperature distribution in the flow channels of a TELLG. The TE
modules are depicted as a series of heat engines (circled M).
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A generic TELLG and its temperature profile are depicted in Figure 1. Embedded
thermoelectric modules are considered as heat engines operating at varying regimes the
length of the flow channels. It shows a drop in temperature from high temperature inlet
(Ty4) to high temperature outlet (Ty,) and a rise in temperature from low temperature inlet
(T¢1) to low temperature outlet (T,). The TELLG is considered here as a 2-dimensional
system and focus is on the distribution of the temperature difference with respect to the
longitudinal position (in a 3-dimensional system analysis, it would be important to
investigate the temperature difference along the transversal direction). As illustrated in
Figure 1, a portion of heat at a given longitudinal position is transferred from the high
temperature channel to the thermoelectric materials to the low temperature channel. Each

portion of heat flux is quantified as:

6QH - —Thcp5TH (]25)
in which m is the rate of mass transfer, c,, is the fluid’s specific heat and 6Ty, is temperature

variation in the fluid.

By considering the conversion efficiency 7j(x) as the ratio of electrical power output to
heat absorbed on the high temperature side of the thermoelectric modules at longitudinal
position x, the portion of the output power at position x is §P = 716Qy making the total

power output of the TELLG (e.g., [99]):

TH2
P = —Thcpf 76Ty . (126)

ThHy
In practice, the input flow temperature conditions are fixed parameters relating to the

available heat source and heat sink while the output flow temperatures are measurable
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parameters dictated by TELLG channel geometry (such as the length of the channels) and
by inner flow manipulation. The goal is to develop a system level model which can be used

to identify optimal thermal operating conditions of a TELLG.
This work is presented in the following way:

1.An experimental apparatus is commissioned to measure generated power of a

TELLG under various temperature differences.

2. Numerical simulations are performed to show that a constant temperature

difference with respect to the longitudinal position is achievable

3. The conversion efficiency of a TELLG is solved analytically for constant
temperature differences and optimal thermal conditions for maximum power

generation.

4.2.1 Experimental Results

The goal of the experimental apparatus is to measure the generated thermoelectric power
for various temperature differences under the same input conditions. In order to alter the
temperature difference (AT) of the investigated TELLG, tabulated inserts of various linear

panel density are used, and thermal output conditions are measured.

Before going further into the experimental set-up, the importance and impact of
maintaining a constant AT should be discussed as it is a recurring parameter of this study.

In an electric circuit composed of DC sources in series, the electrical current is dictated by
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each components of the circuit. Indeed, the weakest electrical current elements limit the
current of the string for all other elements. Furthermore, the surplus of current generated
in the other elements is dissipated through the lower current elements that are now acting
as sinks, draining power and generating heat. This is analogous to the shading effect of a

photovoltaic module.

Considering the thermoelectric elements are connected in series throughout the generator
it is necessary to ensure the elements generate similar currents, the ensuing condition is
that they operate under similar thermal conditions. In order to maximize the thermoelectric
power generated, it is then necessary to maintain a constant temperature difference across
the heat exchanger in which the thermoelectric modules are embedded. This demonstrates
the need for counter flow heat exchangers as parallel flow heat exchangers do not permit

constant temperature differences unless no heat is transferred.

The physical importance of a constant local temperature difference AT in the workings of
a TELLG is that a decrease in the hot side temperature must provide the same increase in

the cold side. Thus:

8Ty = 6T, (127)

in which 8T is the variation of temperature inside the hot (H) and cold (C) channels along
the heat exchanger length. Considering the absence of heat loss to the environment, the

energy balance of a heat exchanger is simply:

Qu = Qc (128)
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in which Q is the heat flux transferred. For a generic counter flow heat exchanger that

respects the constant AT condition, this implies that:

meIC:melH (129)

In heat exchanger analysis, these two terms are often grouped as the heat capacity rate C,

such that C = 7hc, and the constant temperature criterion becomes simply:

CC :CH (130)

As determined by classic analysis of heat exchangers, a constant temperature difference
across a counter flow heat exchanger is achieved by having equivalent heat capacities for
both working fluids. In the case of a heat exchanger containing thermoelectric modules, a
portion of the heat transferred from the hot side is converted to electricity as determined
by the module’s efficiency () and the rest is transferred to the cold side. Therefore, heat
exchanger analysis modified by the presence of TE modules predicts constant temperature

difference for the criterion:

Ce=(1—mCy (131)

Experimental Set-up

Experiments are conducted using the experimental test-stand fully described in [97, 164]
for 1.0, 2.4, and 4.0 L/min flow rates of liquid water in each channel. In order to change
the temperature outputs, thus the temperature difference across the TELLG, different

inserts are tested. For each inserts, inlet and outlet temperatures as well as volumetric flow,
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pressure drop and generated electric power are measured. Flow measurements are done for

both hot and cold side.

The tested TELLG features two sets of 20 ceramic coated thermoelectric modules TEG-
07025HT-SS. Each module contains 140 n-type and p-type Bi,Te; semiconductor
elements arranged in an alternating array. The thermoelectric modules are connected
electrically in series and thermally in parallel. They are embedded in the TELLG's
aluminum encasing which also contains two (2) pairs of cold fluid channels and one (1)
pair of hot fluid channels. Having two layers of TE modules and two cold sides greatly
reduces heat losses to the environment since both main surfaces of the hot aluminum plate
are covered by TE modules and not exposed. This also reduces by half the length required
for an equivalent one-layer TELLG. Constant AT profiles are still achievable using the
criterion of equivalent heat capacity rates, where the heat capacities of the cold sides are

equal, and their sum is equal to the hot side such that:

Cu = Ce, +Cc, = 2Cc (132)

The cold fluid channels are positioned in the upper and lower sections of the TELLG
whereas the hot fluid channels are in a central position as illustrated in Figure 64. The hot
and cold pipes operate in a counter-flow setup and the TELLG's electrical system features
a variable electrical load for maximum power point tracking purposes. The temperature
difference between the hot channel inlet (Ty;) and the cold channel inlet (T, ) is maintained

at Ty, — Tey = 70.6 + 1.0 °C.
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Figure 64: Thermoelectric Liquid-to-Liquid Generator flow channel network.

Tabulated inserts are used to generate secondary flows within the fluid pipes thereby
changing the thermal profile of the flow channels and the local convective heat transfer
coefficient. The inserts are made of galvanized steel strips which run the length of the
TELLG's flow channels. They are 8.66 mm wide and 0.50 mm thick. As illustrated in
Figure 65, 4.0 x 6.0 mm tabulations are punched into the strips with an attack angle of
approximately 130 ° relative to the fluid flow direction. This configuration was chosen in
order to reduce the thermal boundary layer within the pipe flow by directing the flow
towards the pipe walls. This effectively reduces both the viscous boundary layer and the
thermal boundary layer, enhancing the wall heat flux. The effect of the panels being local,
different panel densities results in different heat fluxes. The inserts are identified by their
tabulation density in panels per meter. The tested linear panel densities are: 0, 7.8, 15.6,
31.2, 62.5, and 125 panels/m. It is important to note that O panels/m implies flat inserts

without any tabulations.

Inserts were particularly useful in the present study in order to readily modify the overall
heat flux and effectiveness of the heat exchanger with little manipulations and work having

to be done on the heat exchanger between tests.



Figure 65: Tabulated insert with a panel density of 62.5 panels/m.

Thermoelectric power enhancement

The results of Amaral et al. [97, 164], using the above described experimental set-up,
showed that the power output increases with increasing panel density. They attributed this
to an increase in the local radial velocity term brought upon by the obstruction of the flow.
This entails that the local velocity profile better disrupts the thermal boundary layer at the
inner periphery of the pipe when using inserts of greater panel density. This phenomenon
(in which tabulated inserts generate secondary flows) increases the radial temperature
gradient term [90, 97]. The alignment of the velocity and thermal gradient vectors
enhancing wall thermal transport is referred to as the field synergy principal and is fully
described in [165-168]. The result is, for steady state flow, greater heat transfer to and from
the embedded thermoelectric modules. This favors thermoelectric power generation since
the individual modules act as heat engines. However, the thermal differential also dictates
thermoelectric power generation since, for a given heat flux at an impedance matching

electrical load, the peak power is proportional to the square of the temperature difference
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between the hot and cold junctions of the embedded thermoelectric modules — as detailed

in [43].

In practice, the thermoelectric power enhancement [43] brought upon by the presence of

tabulated inserts can be measured by the normalized power :

P
pr=_t
~ (133)

in which P; is the electrical power output with inserts and P, is the power output without
inserts. To illustrate the thermoelectric power enhancement brought upon by the flow
impeding inserts, Figure 66 shows that power enhancement increases with increasing panel
density. The results also show that the power enhancement increases sharply in the lower
panel density range while tending to an upper threshold for increasing panel densities. In
absence of inserts, flow regimes for 2.4 and 4 liters per minute are transitional while 1 liter
per minute is laminar. As the inserts generate local turbulence, they will have more effects

in initially laminar flows rather than in already turbulent or transitional flows.

For the present study, interest is placed upon the power generated with respect to the
temperature difference (AT). The inserts effectively enhance the heat flux through the
TELLG resulting simultaneously in lower AT and higher electric power as shown in Figure

67.
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Figure 66: Experimental results of TELLG thermoelectric power enhancement with Ty = 15°C

and Ty, = 85°C for 1, 2.4 and 4 I/min flow.
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Figure 67: Experimental results of TELLG electrical power with respect to the temperature

difference. T, = 15°C and Ty, = 85°C

Considering that generated electric power depends strongly on both temperature difference

and heat flux, raising the heat flux at the cost of lower AT will naturally lead to a loss of

power once the heat flux gain may no longer compensate for loss of AT. A mathematical
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model is developed in part C in order to determine the ideal compromise and resulting

thermal conditions.

As previously stated, a constant temperature difference AT is important for maximum
power generation yet is not demonstrated by the experimental set-up alone. In order to
determine AT distribution along the length of the thermoelectric modules, coupled

numerical simulations of flow and heat transfer are performed in the following Part B.

4.2.2 Numerical simulations

In order to confirm that the use of inserts creating local turbulence permits constant
temperature difference, the present work simulates the fluid flow and heat transfer of the
tested TELLG. A set of computational fluid dynamics simulations is performed predicting

the temperature distribution along the surfaces of the thermoelectric modules.

The insert geometries simulated are the tabulated inserts described in the experimental test
stand with alternating panels of varying panel densities. The simulations are performed
using COMSOL Multiphysics for coupled fluid flow and heat transfer on a 2D model of
the tested thermoelectric generator. Properties of water are considered temperature
dependent and solved from COMSOL’s material library. The aluminum (6061-T6) thermal
conductivity is considered constant at a standard value of 167 W /mK. The thermoelectric
modules are considered as a uniform layer of lumped thermal conductivity including the
thermoelectric couples, the interconnecting material and the ceramic substrate. Boundary

conditions at the inlets are the temperature and average velocities. The pressure reference
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was set to zero at the outlets. All inner walls feature no slip conditions and all outer walls

are considered adiabatic.

Meshing is done using triangular elements refined near fluid/solid interfaces and denser
within the fluid. Interpolation is done using P2-P1 elements for fluid flow (quadratic
velocity and linear pressure) and linear elements for temperature. To ensure mesh size
independency, successive refinement of the mesh is performed until no significant
variations of temperature and computed heat flux along the fluid-solid interface occurs. In
order to achieve convergence of the solution, a parametric sweep of the dynamic viscosity
is performed. The data exported from the simulation are the temperature profiles along both

surfaces of the thermoelectric modules.

Fluid and insert 7~ \=- /: E\ f

Aluminum
TEM
Aluminum

Fluid and insert ﬂ ‘=/ J — B

Figure 68: Portion of the simulated model and the associated meshing. Denser meshing is used in
the fluid and along interfaces.
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Thermal profile without inserts

A simulation is performed corresponding to the TELLG without inserts operating at 1 L/m,
with a cold inlet at 15°C and a hot inlet of 85°C with respect to the test case. The
temperature profile along the thermoelectric module surfaces is illustrated in Figure 69
from hot flow inlet (0 m) to hot flow outlet (0.42 m, normalised to 1) and from cold flow

inlet (0.42 m, normalised to 1) to cold flow outlet (0 m).

The results show that the temperature difference is relatively constant along the length of
the generator with exception to an edge effect in which a variation occurs near the
extremities. The variations near the ends are caused by the 2D heat flow. Indeed, classic
heat exchanger analysis predicting linear temperature profiles are developed under the

assumption of 1D heat flow across the solid interface.

The studied TELLG having thick heat exchanger walls and the modules having a high
thermal resistance, the longitudinal heat flux is not negligible and the overall heat fluxes
effectively follow a diagonal within the solid walls. The outer walls being adiabatic, the
heat flux direction is affected in these zones, causing an edge effect of local higher

temperature difference.
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Figure 69: Temperature profile of the TE module’s surfaces without inserts at 1 l/min, T¢q =
15°C and THl = 850C

Thermal profile with inserts

The flow through the hot channel and the cold channel at 1 L/m in the presence of tabulated
inserts of panel density 0, 62.5 and 125 panels/m are numerically simulated. The results
produce more linear temperature profiles the length of the flow channels. There are
however local peaks corresponding to the location of the tabulations of the inserts.
Furthermore, the edge effects are still present but greatly decreased as the panel density
increases. As an example, Figure 70 presents the numerical simulations for the test case
composed of the 125 panels/meter inserts. In order to clearly demonstrate the effect of the

inserts on the uniformity of the temperature difference, AT is normalized in Figure 71.
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Figure 70: Temperature profile of the TE module’s surfaces with 125 panels/m inserts at 1 l/min,

TCl = 15°C and THl = 850C
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Figure 71: Distribution of the normalized temperature difference with and without inserts at 1
I/mln, TCl = 15°C and THl = 85°C
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For each case, the temperature profiles are shown to generate a relatively constant A T with
respect to longitudinal position. Despite the local fluctuations caused by the inserts, the
edge effects are greatly reduced which results in an overall more constant AT. The
simulations have shown that a constant AT parameter is attainable by inner channel flow
manipulation. In what follows, a TELLG system analysis is conducted operating under a

constant AT.

4.2.3 Mathematical Model

Conversion efficiency and electrical power

The investigated TELLG is a heat engine in which steady state flow transfers heat from
aluminum encased flow channels to and from embedded thermoelectric modules as
illustrated in Figure 63. Having established that TELLG operation is maximized for a
constant temperature difference and having confirm it is achievable, it is now possible to
calculate the theoretical conversion efficiency of a TELLG with respect to the Figure-of-
merit z. To this end, the conversion efficiency of a thermoelectric module for a uniform

temperature distribution is considered to be [150]:

Ty —TcN1+2T -1
= T, =T (134)

1+ZT+E

in which Ty and T represent the hot surface and cold surface temperatures respectively,

T = 2(Ty + T¢) is the mean temperature and z is the Figure-of-Merit. The Figure-of-Merit
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is defined as the ratio of the electrical power factor to the thermal conductivity of the

semiconductor material such that:

a’o

z :T (135)

in which «a is the seebeck coefficient, o is the electrical conductivity and k is the thermal
conductivity. In order to apply equation (134) to a TELLG with hot and cold temperatures
which varies with respect to longitudinal position x, the total TELLG efficiency is
evaluated from equation (124) such that:
P 1 THz
Ll ik e fT - AdTy. (136)
in which Qg = —rhc, (Ty, — Ty, ) is the total heat transfer to the thermoelectric modules.

By combining equation (134) with equation (136) and by considering that at position x:

T(x) = Ty (x) = JAT = T (x) + ;AT (137)

for thermal profiles yielding a constant AT with respect to x, the efficiency term of equation

(136) reduces to:

22AT ITHZ-%AT 1 _
TI =

e dT
- — 138
Tha =T Jrs—iar o (VI3 2T +1) + 2ot 58

Integrating and expressing the result in terms of the input temperatures (Ty; and T¢;) and

the target temperature difference (AT) yields:
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U(Z, THlﬁ TClI AT)

arn (Feet ) — 2 a1(g(re, + a1) - 9(1) (139)
B AT + Toy — Ton
for which
f(©) =2+ zt + V4 + 4zt — 2zAT (140)
V2 + V2 + 2zt — zAT
g(@) = arctan( AT ) (141)

The total electrical power in terms of the input temperatures and the target temperature

difference is therefore:

P = —mc, (AT In <M>

f(Ty1) (142)

—2 ZATT(Q(Tm +4T) — g(THl))>

Equations (139) and (142) are the total conversion efficiency and the total electrical power
output respectively of a TELLG when operating under constant temperature difference. It
is important to note that equations (139) and (142) hold for any TELLG temperature
profiles yielding a constant AT with respect to longitudinal position, regardless of methods
used to render AT constant. In this study it is accomplished by manipulating the internal
pipe flow with flow impeding tabulated inserts. Equations (139) and (142) can therefore
predict the conversion efficiency and electrical power respectively of a TELLG from the
inlet temperatures, the target temperature difference and the material’s Figure-of-Merit.
However, the conventional definition of the Figure-of-Merit is defined for the packaged

semiconductor materials in open circuit operation. The following section considers an
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Effective Figure-of-Merit which embodies the interconnecting materials and the power

generation mode of TELLG operation.

Effective Figure-of-Merit

In order to implement the result of equations (139) and (142) in TELLG design, the
Effective Figure-of-Merit, denoted z¢, is measured by equating the ratio of electrical power
output to heat absorbed from the hot channel with the efficiency term defined in equation

(139). That is to say, the z¢ is found by solving for z¢ from the following equality:

P
o 1(zf, Tu1, Tea, AT). (143)

By solving equation (143) for z; the resultant Effective Figure-of-Merit embodies the
interconnecting materials and the alterations in the thermal and electrical conductivity that
occur from the flow of an electrical current [114]. In order to render the parameter

dimensionless, the Effective Figure-of-Merit is evaluated as z,T for which:

T = %(THl + T¢1) (144)

is the mean temperature of the TELLG measured as the average of the inlet temperatures.
This is analogous to the conventional definition when considering the TELLG as a single

heat engine with hot and cold junctions Ty, and T;.

Figure 72 shows the TELLG’S efficiency evolution with respect to zT. The measured

TELLG efficiency for using 31.2 panels/m tabulated inserts is used to identify the
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TELLG’s dimensionless effective Figure-of-Merit of 1.06 for the given operating
conditions. The TELLG acts as a thermoelectric device since its Effective Dimensionless

Figure-of-Merit is greater than the threshold 0.5 value for thermoelectric materials [58].
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Figure 72: Efficiency (n) of TELLG with respect to zT compared with the measured TELLG
efficiency.

Thermoelectric Power Output

Having established the z of the tested TELLG, it is now possible to solve equation (142)
for different temperature input conditions with respect to AT. For example, considering a
low temperature input fixed at 20 °C, Figure 73 shows the thermoelectric power output
curves generated by equation (142) for high temperature inlet values ranging from 45 —
100 °C. A notable feature is that each power output curve attains a local maximum. This

implies that for each high temperature input condition, there exists a AT that maximizes
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the power output. The relationship between the high temperature inlet value (Ty;) and AT

for these local extrema are shown to be linear in the inset of Figure 73.
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Figure 73: Thermoelectric power output with respect to high temperature inlet (Ty,) and flow
channel temperature difference (AT) for the T, = 20°C test case. Inset: Linear relation between
Ty, and AT for the local extrema of the power output curves.

The above analysis is repeated for low temperature input values ranging from 10 — 30°C.
Figure 74 illustrates that the linear (T, ) relationship between Ty, and AT for the maximum

of the power output curves is:

THl = TCl + 2AT. (145)
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Figure 74: Linear relation between Ty, and AT for the local extrema of the power output curves
over a range of low temperature input values.

Since AT = Ty, — T¢y = Ty, — Tey, equation (145) implies that optimal conditions for a
TELLG can be determined by the output channel temperatures. More specifically, channel
geometry and flow manipulation that yield output temperatures that equate with the mean
of the inlet temperatures:

Ty1 + Teq

. (146)

THZZTCZZT:

maximize the power output of a TELLG. This simple criterion can be restated from a heat
exchanger analysis perspective as an effectiveness of 50%. Where the effectiveness is
defined as the heat transferred divided by the maximum possible heat transfer:

q Cy(Ty1 — Th2)

£ = = 147
Qmax Cmin (THI - TCl) ( )




148

Heat capacity rates (C) being approximately equal to maintain a constant temperature

difference, substituting equation (146) in the effectiveness equation (147) yields:

e =05 (148)

It is worth noting that the criterion for maximum power output of equation (146) was also
deduced in the same manner when inputting the thermal operating conditions of the other
experimental test cases. Furthermore, it is easily shown that the rate of change of equation
(142) with respect to AT tends to zero when applying the optimal thermal criterion
described in equation (146). This implies that a local power extremum exists for this

condition. It is a local maximum as illustrated in Figure 73.

This result can be described as the TELLG’s best compromise between its efficiency and
the heat flux to the embedded modules. Indeed, the power output of a thermoelectric
module depends both on the temperature differential and the heat flux through it. To
illustrate this Figure 75 represents schematically three pivotal heat transfer scenarios. In
Scenario A, the TELLG acts as a perfect thermal insulator (¢ = 0) maintaining AT as the
difference of the inlet temperatures the length of the flow channels. The efficiency of the
module is maximized but the heat flux through the modules is reduced to zero as the
temperatures remain unchanged, thus implying no thermoelectric power. In Scenario B,
Equation (146) is satisfied (¢ = 0.5) identifying the balance between the heat flux and the
temperature difference required for maximum TELLG thermoelectric power output. In
Scenario C, the TELLG acts as a perfect heat exchanger in which 100% of the entering

heat flux is transferred to the cold side (e = 1). This scenario yields no temperature
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difference (AT = 0) across the modules reducing to zero the efficiency and electrical power

output.

—»[: High temperature channel i—»
Low temperature channel i<—

|
4 High fl :
_ igh temperature flow _
Ty > A—> T T2 =Ty
|
—~ I
o |
Py |
>
o
(5]
o
IS
(]
'_
Low t ture fl - =~
ow temperature Tiow
TCI'——<— _— e — ——— — ITHZZTCl

[ Lt

x (m)

Figure 75: Schematic representation of three heat exchange scenarios: Scenario A. Zero Heat
transfer yielding no electrical power; Scenario B. Maximum TELLG power output identified by
the high temperature outlet equaling the mean of the inlet temperatures; Scenario C. The TELLG
acts as a perfect heat exchanger resulting in zero temperature difference across the modules.

Comparing this result with the experimentally measured values, Figure 76 illustrates the
model’s heat flux, power output and TELLG efficiency for the 1 L/min thermal operating
conditions of the experimental results detailed in Part A of this study. The results show that
the experimentally measured power output aligns with the power output curve of equation
(142). Furthermore, the results illustrate that the heat transfer to the packaged modules was
not enough for peak electrical power. Indeed, for all test cases, Ty, > T implying that the
test cases all fall within Scenarios A and B of Figure 75. A greater heat transfer is therefore
required to attain the optimal thermal condition T, = T (equation (146)) which

corresponds to peak power.
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Figure 76: Analytical solution for heat flux, electric power and TELLG efficiency compared with
experimentally measured results at 1 I/min, Ty = 15°C and Ty, = 85°C

The use of inserts permitted a gain of up to 2.6 in generated power for the 1 I/min test case.
This gain is shown to be rather insignificant in light of the maximum power achievable as
demonstrated in the power plot of Figure 76. Indeed, inserts raised the power from 9.5 W
to 25.1 W, while the maximum is determined to be 47 W (at 1.9% of efficiency). Figure
77 shows an enlarged region of the power plot compared to experimental data for the 1 and

2.4 1/min test cases.
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Figure 77: Analytical solution for electric power compared with measured results for various
inserts at 1 and 2.4 I/min. T; = 15°C and Ty, = 85°C.

Lower panel densities result in a less constant temperature difference across the TELLG,
such as demonstrated in the simulations, which explains the lower than predicted output
power for inserts with few panels and without inserts. Temperature difference
measurements are the main source of uncertainty at +0.7°C, power uncertainty being at
+0.5%. Furthermore, the analysis does not include factors such as heat loss to the

environment.

Thermal resistance network

Various methods can be used to achieve the optimal thermal conditions identified by the

optimal thermal condition of equation (146) through thermal design of a TELLG. To
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illustrate this, the overall heat transfer coefficient of the TELLG as a heat exchange is

considered in Figure 78 in which the TELLG is expressed as a series of thermal resistances.
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Figure 78: TELLG representation as a series of thermal resistances
The heat flux can be expressed as a function of the thermal resistance such that:
1
Q:E(TH_TC) (149)

In equation (149), Q is the heat flux and R is the thermal resistance. These resistances can
be grouped into three Categories reflecting the heat transfer mechanism. The 1% category
embodies the thermal resistances in both the hot and the cold pipes (R1 & R7) and are each

expressed as:

1
Reonvection = ﬂ (150)

In equation (150), h is the local convective heat transfer coefficient influenced by fluid and

flow properties and A is the total contact area between the fluid and the solid. The
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convective resistance can be modified by geometry during the design process or readily

modified using turbulence initiating inserts as is the case in the present study.

The 2" category of thermal resistances dictates the thermal conductivity properties of the
heat exchanger walls (R2 & R6) and the thermoelectric module itself (R4). Each of these

thermal resistances can be expressed as:

L

Reonduction = k_A (151)

in which k, L. and A are respectively the thermal conductivity, the thickness and the area of
the material. Wall resistance can only be changed during the design process by choice of
material and geometry while the thermoelectric module design is determined by the
manufacturers. It could however be modified by varying the elements’ fill factor or the
thermoelectric material itself. Leaked heat transfer (that does not contribute to power
generation) between the modules and between the thermoelectric elements inside the

packaged components should be minimized during the design.

The 3" category groups the thermal contact resistances between the thermoelectric
modules’ surfaces and the heat exchanger walls (R3 & R6). This is caused by surface
irregularities and can be reduced by applying a clamping force and through proper use of

thermal paste, grease or interface material.

The optimal thermal condition in which the outlet temperatures are each equal to the mean
of the inlet temperatures can be attained by adjusting the above described thermal
resistances thereby tuning the heat transfer path across the packaged modules. It is

important to note that this result is for an optimized TELLG and not an optimized heat
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exchanger since the model strikes a balance between heat exchange and maintaining a
temperature difference. Specific applications may prevent from achieving these conditions.
For instance, the optimal heat flux for cooling heat sensitive equipment may not be the
same as the optimal heat flux for power generation. Careful planning and designing may

overcome this limitation.

An optimized design could be achieved by fitting a high effectiveness heat exchanger with
low thermal conductivity TE modules, reducing the effectiveness to the point of maximum
power. In such a generator, cost is predicted to be dominate by that of the exchanger [163]
allowing for ZT optimizing regardless of price, further acknowledging the need of

advances in materials and modules such as in [169, 170].

4.2.4 Liquid-to-liquid TE generator optimization conclusion

A thermoelectric generator imbedded in a liquid-to-liquid heat exchanger (TELLG) is
operated under various temperature differences (AT), while maintaining constant input
temperatures using tabulated inserts. Lower AT, through reduced system thermal
resistance, results simultaneously in higher heat flux and lower efficiency affecting the
generated power. The importance of a constant AT with respect to longitudinal position is
discussed and numerical simulations of the fluid flow and heat transfer of the TELLG is

performed demonstrating that it is an achievable condition.

The constant AT condition is then used to analytically solve the TELLG’s conversion

efficiency in terms of the inlet temperatures, the temperature difference and the material’s
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Figure-of-Merit. The Effective Figure-of-Merit is defined and used in conjunction with the
analytical solution to solve for the TELLG’s total electrical power which is compared with
experimentally measured values. Insight is provided on the balance between the
temperature differential and the heat transfer that is required to maximize TELLG power.
It is shown that heat transfer yielding an outlet high temperature and an outlet low
temperature each being equal to the mean of the inlet temperatures maximizes
thermoelectric power production. This condition can be restated as a heat exchanger
effectiveness of 0.5. This result is very useful as it can be used as a design tool when

optimizing any TELLG.

Furthermore, expressions of the power and efficiency are developed with respect to the
input temperatures, the temperature difference and the Figure-of-Merit. These expressions
can be used to predict the output of a thermoelectric generator, as well as to determine how
much gain can be achieved by the effectiveness criterion. In the present study, tabulated
inserts where used to vary the temperature difference of the TELLG. Such inserts provided
up to a gain of 2.6 in generated electrical power which, as demonstrated by the model, is
still far from an optimized generator, and thus a different design should be used to attain

the criterion.
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4.3 Module geometry optimization for optimal generator

In the previous sub-chapters, several conditions were established as necessary to obtain
maximum power from a TE generator operating between two fluid flows in heat
exchangers. The main criterion is that maximum power occurs for an effectiveness € = 0.5
at which point the heat flux and temperature difference are optimally balanced. In order to
achieve this effectiveness, a specific thermal resistance value of thermoelectric elements is

required such that:

_C+K
TE — CK

(152)

In the previous chapter, a thermal resistance model is detailed to link material properties
and pellet geometry to the overall TE module resistance. Combining this resistance model
to the optimal resistance criterion and the overall power equation, a detailed optimization
of TE generators is performed in this sub-chapter. This optimization confirms the different
criteria established on thermal resistance, temperature difference, load resistance and
effectiveness established in the previous sub-chapters. Furthermore, the required pellet

geometry to achieve these criteria are determined. The analysis is extended to the

optimization of the power’s surface density i.e. the power divided by the surface area.

Hodes, in [171], studied the optimization of pellet height and number for a fixed effective
area under constant temperature difference. In [79], Brownell and Hodes extended the
analysis to include heat exchangers and their thermal resistance studying again the

optimization of pellet height and number, for both maximum power and maximum
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efficiency. The analysis included finite and negligible electrical contact resistance and
underlined a potential future generalization to allow for variable temperatures as fluid
flows over the generator. Curiously, both analysis in [79, 171] considered a fixed load
resistance of 5 ohms although it is known that optimal load resistance depends strongly on
the internal resistance which is function of the pellet geometry and number. Rowe and Min
[80] presents the effect of pellet height on power and efficiency and extended it to discuss
power per surface area. In [76], they present a similar study that is extended to cover a cost-
per-watt analysis. They underlined the important and strong impact of the pellet height on
the cost-per-watt optimization. All of these studies [76, 79, 80, 171] considers constant

temperature difference, either at the module’s surfaces or at the thermal reservoirs.

Montecucco et al. [172] considered constant heat flux as they support this better represent
the thermal conditions of potential TE applications. They analyzed the impact of the
number of pellets for a fixed surface area but did not discuss the effect of pellet height.
[172] concluded that the same performance can be obtained using different geometry
combination. The same results can be seen in [79, 171]’s contour plots. In accordance to
the previous sections, it is predicted that these different geometry combinations result in
the same thermal resistance such that constant power output is obtained from constant

thermal resistance.

Douglas et al. [173] modeled a complete generator function with a water flow along the
length of the generator on the hot side and a cold air flow on the cold side running
perpendicularly to the water flow, across the width of the generator. They validated their
model against experimental data and the extended their analysis to different pellet height

leading to the design of a 1kW generator. Their analysis covered the watt-per-dollar and
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included the power consumed by the pump and fans. Esarte et al. [174] also analyzed the
output of a generator working with fluid flows, but they considered a parallel flow

configuration which is not optimal and didn’t optimize the pellet geometry.

[76, 80, 173] only considered the effect of the pellet height whereas [172] only considered
the number of pellet and [79, 171] considered the effect of both pellet height and number.
All who consider pellet height demonstrated numerically that an optimal height exist and
is dependent on other parameters but does not present an analytical solution for optimal
pellet height. In this analysis, pellet height, number and width (in variable area analysis)

are considered and an analytical expression of the optimal pellet height is developed.

Boundary condition

There exists a fundamental difference in the boundary conditions studied in this analysis
and those found in literature. In literature, boundary conditions are generally either constant
temperature difference (at the module surface or at the thermal reservoirs) or constant heat
flux. Under such conditions, changing the thermal resistance of the modules and heat
exchangers will only affect the heat flux or the temperature difference while the other is
kept constant. Here, the fixed conditions are the inlets temperature and fluid flow (thus also
the heat entering the system). Changing the thermal resistance of the modules and heat
exchangers will affect both the local temperature difference and heat flux as presented in

Figure 79.
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Figure 79: Impact of thermal resistance on temperature difference and heat flux for different
boundary conditions: a) constant temperature difference; b) constant heat flux; ¢) constant inlets

Under constant temperature difference, the heat flux has a minimum approaching 0 when
the thermal resistance approaches infinity but has no upper limit as the resistance is
minimized. Accordingly, under constant heat flux, the temperature difference has a
minimum of 0 as the resistance approaches 0 but has no upper limit as the resistance is
increased. Both conditions do not accurately represent the thermal behavior of a realistic

system, particularly not of a generator operating between two fluid flows.

As in the rest of this chapter, the thermal conditions considered constant in this analysis
are that of the inlets. The temperature difference of the inlets (©) as well as the heat capacity
rate (C = mhc,) are considered constant. Under these conditions, varying the thermal
resistance of the modules and heat exchangers will change the overall heat transferred by
the system affecting both the heat flux and the local temperature difference of the fluid
flow (AT). If the thermal resistance of the generator is extremely high, the local temperature

difference will be maximized and approach the inlet temperature difference but the heat
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flux through the modules will be drastically reduced, approaching 0. On the other hand, if
the thermal resistance is extremely small, the heat flux will be maximized and approach
the total available heat flux Q.,; = CO but the temperature difference will be reduced and

approach 0.

Efficiency

In the literature on pellet geometry optimization, efficiency is determined by the power
divided by the heat flux entering the hot side of the modules. In such a case, the efficiency
is known to not be maximal for the same conditions as the power. This analysis is valid in
the literature as it studies constant heat flux or constant temperature difference boundary

conditions and all the heat flux passes through the modules.

In this study, the boundary condition is neither constant heat nor constant temperature
difference, both varies with the geometry at the module level. The temperature at the inlets
(thus also the inlet temperature difference ®) and the total available heat flux in the fluid is

constant (Q;,; = CO).

When studying a system, the efficiency is better defined as the output power divided by
the heat flux entering the system thus the heat flux entering the generator in the fluid flow
rather than the heat flux through the modules. In this definition, for the system efficiency,
the heat flux is independent of geometry thus maximum efficiency coincides with

maximum power and is defined as:
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= P = P 153
Nsyst = th - cO ( )

As such, an analysis of the maximum efficiency would lead to the same as an analysis of

the maximum power and only the power optimization will be presented.

4.3.1 Mathematical modeling

Pellet geometry

Now that overall criteria are established for TE generator output optimization, it is
necessary to determine how these criteria can be attained through pellet geometry. The

criterion for maximum power on thermal conductance from previous sections is:

CK
KTEOpt :C-|——K (154)
That maximizes the following power equation:
P = €202 (na)? —L ( K )2 (155)
(R; + R)*\CK + (C + K)Kyg
Or, in terms of thermal resistance:
C+K
vt = o (156)
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In previous analysis, the heat exchanger conductance (K) was considered independent of
the TE module. Here, the conductance depends on the selected dimensions as if twice as
many modules are used, the surface area will also be doubled thus the overall conductance
will be affected. The conductance is then replaced by the heat transfer coefficient (U) in

accordance with heat exchanger theory such that:

K=UA (157)
Furthermore, the area (A) is linked to the number of pellets (n), the width of the pellets (w)
and a spacing (x) required between the pellets. Figure 80 shows the geometry of a module
from a side view. Notice that the number of pellets shown is not the module’s total number

of pellets but rather the square root of the total number if considering a square TE module,

as is most common. This results in a surface area of dimension:

A=nw+x)? (158)

VA

Figure 80: Dimensional analysis of a TE module

In practice, the square modules will not have a square number of pellets as 2 corner pellets
are omitted to attach the electrical leads. Figure 81 represents the top view of an open
module, showing the pellet placement and omitted pellets for wire attachment. For

instance, a commercial module consisting of 199 couples (398 pellets) consist of a 20 by
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20 grid of 400 pellets minus a pellet in two corners. For simplicity, an ideal scenario is
considered where pellets are not omitted, and the TE module contains a square number of
pellets. This approximation would be inappropriate for a low pellet number module as
illustrated in Figure 81 where only 25 pellets are shown. However, in acommon TE module
such asa 127 and 199 couple module, this would represent only a 0.8% and 0.5% difference

in pellet number respectively thus an acceptable approximation.

CEIE
EEE
]
]
]
DEEE -

10 [
CEEOE
OEEE
EEEE

H
]
]
]
]
[]
L]

Figure 81: Pellet distribution in a TE module for an ideal scenario (A) and with missing pellets
for lead placement (B)

Replacing the conductance (157) and area (158) in the optimal thermal resistance equation

(156) results in:

_C+nUw +x)?

Ropt = 159
opt nCU(w + x)2 (159)
In the previous chapter, a thermal resistance model was developed such that:
l 2 Ilrg(Ri + R
R=2 CcS +_ c + TE( 2 L) _ (]60)
kesA nkiew?  nkow?(R; + Ry) + lyg(na)?T
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Knowing that the resistance of ceramic substrate and interconnects combined amounts to
less than 1% of the total thermal resistance (as demonstrated in the previous chapter), let

us consider only the TE material in the resistance model:

lrg(R; + R,)

R —
nkOWZ (Rl + RL) + lTE(na)zT

IR

(161)

Since the optimal load resistance is known to vary as a function of the internal resistance

and the internal resistance varies as a function of pellet geometry, it is best to use the

electric resistance ratio as a variable which becomes independent of geometry:

m=—= (162)

Such that thermal resistance is:

ZTE(m + 1)RL
nkow2(m + DR; + lyg(na)?T

R

IR

(163)

Where the internal resistance is linked to pellet dimensions and electrical resistivity as:

l
R, = n%p (164)

Such that thermal resistance as a function of pellet dimension and number of TE couples

is:

l m+1
R _TE ( )

= — 165
nw?k,(m + 1) + zT (165)

Thus, from equation (159) and (165) for maximum power generation the following

equation must be respected:
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C+nU(w + x)? g (m+1)

= _ 166
CU(w + x)2 w2ky (m+ 1) + zT (166)
Or:
C+nUw+x)2(m+1)+2zT
= w? 167
e =Wk —chw v 02 (mt D) (167)
The optimal electric resistance ratio has previously been found to be:
m=+1+2zT (168)
Thus, the optimal thermoelectric pellet height is:
C+nU(w + x)? —
lTE:WZkO \/1+ZT (159)

CU(w + x)?

If the pellet height [ is predetermined or considered constant, then (169) can be rewriting

for the number of TE pellets as:

l;gC (m+1) C
= — — 170
w2ko(m+1)+2zT U+ x)? 170)
Or under optimal ratio m:
g c c
n= wiko 1+ ;7 Uw+x)? (17D

The expressions of optimal pellet height (167) and number of pellets (170) will be

evaluated and compared to the results of the power optimization.
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Output power

In a previous section, the output power of a thermoelectric generator operating between
two fluid flows is found to be:

2

~ R, K
P =C*0%(na)’ (R, + R,)? (CK +(C+ K)KTE) (172)

This equation was established from the power equation:

R,

p—— L
(R; + R,)?

(na)?dT? (173)

Heat flux through the generator and thermal resistance such that:

C(K+K
AT = ( re) (174)
CK + CKrp + KrgK
And:
dT = K AT 175
K+ Kpg (175)

Where K1 was the overall module conductance across which the temperature difference
(dT) was applied. In the more detailed thermal resistance model, the ceramic substrate and
the interconnections are considered. The thermal resistance equations need to be updated
to take these resistances into account such that the applied temperature difference (dT) is
across the pellets and not the module. The expression of AT () is still valid as expressed.

The expression of dT (AT) becomes:
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=——AT (176)

Keeping the same definition of R;,; = KL where K is the overall module conductance
TE
and defining R, = Kipe where the subscript pe stands for pellet i.e. R,, and K, are the

thermal resistance and conductance of the TE pellets alone. Thus:

K K
 Krg + K Kpe

dT AT (177)

The thermal resistance of the TE pellets has already been defined in the thermal resistance

model section and corresponds to the last term of the resistance model:

lrg(R; + R,)

R, = =
P nkow?(R; + Ry) + lyp(na)?T

(178)

This leads to the same power equation with an additional ratio of thermal conductance to

correct for the temperature difference across the pellets instead of across the module:

2
R, K 2 (Krg
P = (C?%p? 2 ( ) 179

(nar) (R; + R)?\CK + (C + K)Krz) \Kye 79

Replacing the internal resistance (164), surface area (158) and the heat exchanger

conductance (157) in the power equation (170) results a general form for power as:

2

1
2 les + Z lic lrg (m+1) _ 4+ 1 + l
kesUn(w +x)?2 " nkiew? " nkow?(m+1) +2zT  Un(w+x)?  C

P =

(180)
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@2 lTE m ZT

X =
T nw?k ((m+ 1)+ ZT)Z

The previous section established optimality criteria for electrical resistance ratio, thermal
resistance and temperature difference such that the electric resistance ratio (m = R, /R;) is

optimal for:

Mope =V 1 + 2T (181)

the thermal resistance is optimal for:

C+K
Ropt - C_K (182)
and the temperature difference is optimal for:
0
dTOpt = E (183)

Under these criteria and not considering the ceramic substrate and interconnections, the

theoretical maximum power is found as:

@2< CK ) zT

“aT\C+K (184)

(1 ++1 +z7_‘)2

The general power equation (180) will be solved numerically alongside the previously
obtained optimality criteria. The maximum calculated power will be compared to the
maximum theoretical power and conditions for maximum power will be compared to the

optimality criteria. With the validation of these criteria, optimal pellet geometry is found.
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Selected values for TE generator optimization

In the general expression of the output power (180), four independent variables are found,
the pellet dimensions (Ipg and w), the number of pellets (n) and the electrical resistance
ratio (m). The heat capacity rate (C), inlet temperature difference (®) and average
temperature (T) are specific to the application whereas the heat transfer coefficient (U) is
specific to the heat exchanger. The thermal conductivities (k) and the electrical resistivity
(p) are fixed by the selected materials. Table 9 summarizes the variables of the output

power equation.

Table 9: Variables of the general power equation

Variables Thermoelectric Other
module
Independent variables w, g, n R,
Material properties 0, ko, @ kes, kic
Other geometries X les Lic
Application specific _ C,0oT
Heat exchanger _ U

specific

In order to solve numerically the power equation, parameters are selected to best reflect

commercially available TE modules.
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Bismuth telluride, alumina and copper are considered for the TE material, ceramic
substrate and interconnections respectively. The thermal conductivities are as established
in the thermal resistance network section whereas the electrical resistivity and Seebeck
coefficient are selected as the average value measured in the characterization section for
the selection of 22 modules. Note that since n is the number of pellets and not couples, the
Seebeck coefficient must be the average material coefficient and not a couple’s coefficient.

Table 10 presents all selected material properties.

Table 10: Material properties

Material Property Symbol Value
Thermal conductivity kq 1.42
] T m?K
Bismuth Eloctrical resistivit
] ectrical resistivity -5
telluride p 1.2 X107 m
Seebeck coefficient o 2 % 10—4K
K
Alumina Thermal conductivity k 35 w
CcS mzK
Copper Thermal conductivity k. 385
c mzK

The dimensions of the ceramic substrate, the dimensions of the interconnects and the pellet
spacing are determined from an analysis of the 22 selected modules as average values best
representing the selection. This is done in order to represent what is currently available as

commercial TE modules. The pellet width and height are variables to optimize for
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maximum output power. Most of the analysis will be done for a range of 0.3 to 3 mm for
the width and 0.3 to 5 mm for the height. These are selected as ranges that covers feasible
values and values of interest for the optimization. Table 11 presents all dimensions required

for the optimization.

Table 11: TE module components' dimensions

Selected
Dimension Symbol value
[mm]
Pellet height L up to3
Pellet width w uptos
Interconnection thickness Lo 0.4
Ceramic substrate
thickness Les 0.75
Pellet spacing X 1

Only the heat exchangers and thermal conditions remain to be selected. From [175],

representative values for overall heat transfer coefficient (U) is found between 850 to 1700

w
m2K

w

5 unless
m<K

for water to water heat exchangers. The graphics are all generated using 850

otherwise specified. On the application side, notice that the inlet temperature difference
(®) will have no effect on the optimal values of independent variables as it is a coefficient
of the complete equation and will only affect the value of the output power but not it’s

optimization. Here, 80K is selected to analyze the equation as a decent waste heat recovery
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temperature difference using water as an effluent. Selecting a cold side at 10°C results in

an average temperature T = 323K. Several cases of heat capacity rates (C) will be
analyzed. A range of 68.5 to 6850% is selected, this represents a flow rate of 1 to 100 I/min

of water. Note that these values will affect the numerical results but not the conclusion on

best practice for optimization. Table 12 presents a summary of the selected values.

Table 12: Heat transfer coefficient and thermal conditions

Parameter Symbol Selected value
Heat transfer coefficient U 850 to 1700
m2K
Inlet temperature difference 0 80 K
Average temperature T 323 K
i w
Heat capacity rate c 68.5 t0 6850 —
' K

Note that the selected values do not represent ideal conditions, but rather a conservative
scenario with average commercially available materials. These values will be used
throughout the analysis. The numerical analysis does not presuppose that optimality criteria
are valid. For instance, the numerical analysis solves power for different geometric
parameters for a range of load resistance (electrical load ratio). From this range of ratio,
the maximum power is extracted, and corresponding ratio is saved. Solving the general
power equation in this fashion permits the comparison of numerically obtained optimal

criteria and those obtained analytically.
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4.3.2 Area limited application

If the heat exchanger design and its area (A) is predetermined, then only the pellet width
(w) and height (Itg) remain as variables in order to optimize the generator. This would be
the case for designing a TE generator based on an existing heat exchanger or in any
application where the size of the generator is the limiting factor. The analysis starts with

area limited application as this reduces the number of variables present.

The number of elements (n) is fixed by the area and pellet width (w) such as:

A
" wror (182)
The optimal TE pellet height becomes:
L kow? C+UA N zT 196
TEZ w+x)? cU (m+1) (186)

Figure 82 shows that when the total surface area is fixed, the maximum power can be
generated with any pellet width or height if the other geometry is optimized accordingly.
The maximum output power in Figure 82 for the extremely big pellets is 34.56 W with a
theoretical maximum of 34.75 W whereas in Figure 83 the maximum output power 34.55
W, with the same theoretical limit. Here, the analysis is taken to the extreme where the
pellets takes impractical dimensions in order to illustrate that maximum power will not be

affected by oversized pellets. The analysis can then be limited to realistic dimensions.
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Figure 82: Output power for a fixed area (A = 0.5m?) and oversized pellets
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Figure 84 shows that maximum power (here 34.55W) is achieved very quickly with pellet
width as low as 0.4 mm. The same figure also shows that wide pellets also requires taller
pellets in order to achieve optimal thermal resistance, this can quickly become a technical
limitation. Figure 85 shows the same result as the previous one but for a surface area 5
times smaller. In both figures, it is evident that the theoretical maximum power accurately

represents the maximum and that the theoretical expression of the optimal height is precise.
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Figure 84: maximum power for optimal height at different width, compared to theoretical
maximum; A = 0.5m?
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The advantage of thinner pellets is twofold. First, optimization with thinner pellets leads to
shorter pellets which indicates that a lower volume of TE material is required. Second,
thinner pellets also minimize the thermally induced shear stress improving the thermal

cycling capabilities of the TE module.

It is shown that maximum power can be achieved for any realistic pellet width (notice that
pellets with a width anywhere close to or lower than 0.5 mm would greatly increase the
technical difficulty of manufacturing) if the pellet height is adjusted in accordance. This is
consistent with the previous analysis of impedance; indeed, the same thermal resistance
can be achieved with thin and short pellets or with large and tall pellets. Thus, the maximum
power can be achieved at any width, adjusting the height for proper thermal resistance.

This can be seen in the iso-contour plot of power and thermal resistance in Figure 86 and

Pellet height; lte [mm]
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Figure 87. Superimposed on these iso-contours is the pellet sizes required for the
theoretical optimal resistance in red and an iso-contour representing 99.5% of the

theoretical maximum power.

The theoretical optimal resistance, located with the red line, is determined in the previous

section as:

C+K C+UA

_ 187
ot T CK CUA (187)

In this example, the theoretical optimal thermal resistance is calculated as 0.017 K/W and
is plotted in red in Figure 86. Figure 87 shows the same results as Figure 86 but for a
surface area 3 times larger i.e. 1.5 m?2. The theoretical optimal resistance is then calculated
to be 0.0154K/W and is once again plotted in red. Since the required resistance is higher,

thinner and taller elements are optimal.
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represents 99.5% of the theoretical maximum output power
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area A = 1.5m?. The red line is the theoretical optimal resistance and the green iso-contour
represents 99.5% of the theoretical maximum output power

Notice the maximum power obtained with the larger surface area is bigger than the one

obtained from the smaller surface area. At first look, maximum power should not be

affected by the different area from the theoretical analysis as:
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p _@2 CK zT
max—4TC+K(

—— 188
1+zT+1) (188)

That is, if the exchangers have the same apparent conductance K, the maximum power
should not vary however, when considering overall heat transfer coefficients U, maximum
power becomes area dependent as it results in better apparent conductance at higher surface

area:

62 cua 2T
max—4TC+UA(m+1)2 (189)

Theoretical maximum power calculated for the 1.5m”2 TE generator is 38.28W while the
0.5 m”2 TE generator’s output is 34.75W, demonstrating that while an optimization can be
done for a fixed area, it might not be the ideal surface area. Power density could be more
interesting than purely output power since a 300% surface area generates 110% power,

tripling the surface for only a 10% power increase.

Figure 88 shows the electrical resistance ratio (m = R /R;) that maximizes the power for

each calculated geometry. For the selected material properties, the Figure-of-Merit is 0.614

which results in a theoretical optimal resistance ratio (m = +/1 + zT) of 1.27. This value
is presented as the thick black line in the following figure. Notice that this value coincides
perfectly with the calculated value for the maximum power i.e. when the pellet dimension

permits the maximum power, then the theoretical ratio is valid and maximizes power.
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When the pellet dimensions results in a thermal resistance too low for maximum power
(wider and shorter pellets) a higher ratio is optimal. Inversely, when pellet dimensions
results in a thermal resistance too high for maximum power (narrower and taller pellets) a
lower ratio is optimal. This is logical and easily explained as the thermal resistance of the
module depend on the geometry and the load resistance as defined in the resistance

equation:

-2 lcs +E lic + lTE(Ri + RL)
kA nkiew?  nkow?2(R; + Ry) + lpg(na)?T

R (190)

If the geometry does not permit optimal thermal resistance, changing the load resistance
can compensate to some extent. For instance, if the geometry imposes a lower thermal
resistance than optimal, a higher load resistance will raise the thermal resistance slightly to

compensate and vice-versa for higher thermal resistance. This can only have a very limited
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impact on power as the load resistance has a much bigger effect on output power than on

thermal resistance. Figure 89 shows the influence of fixing m to its theoretical optimal

value v/1 + zT = 1.27 compared to varying the ratio to achieve the maximum power in
every scenario. Almost no gain is achieved by varying the ratio and if pellet geometry is
close to optimal then the theoretical value can be considered perfect. Figure 90 shows the
numerical optimal ratio compared to the fixed ratio, maximum power is located when both

theoretical and numerical ratio are the same i.e. at the crossing of both plots.

w
»

T

— Optimal m
— — —m fixed at 1.27

w
.u
T

Output power; P [W]
N N w w
()] oo o N

I T T T

N
N
T

22 1 1 1 1 1
1.5 25 3

Pellet width; w [mm]

o
o
&)
—
N

Figure 89: Power comparison for an optimal ratio m and a fixed ration at 1.27. I =
3mm,A = 0.5 m?

Figure 91 shows that the optimal temperature difference established in the previous section
is accurate and maximizes power. The iso-contour of temperature, thermal resistance and

power are all parallel and the theoretical values all correspond to the calculated maximum.
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It is concluded that for area limited applications, where the surface area is predetermined,
maximum power can be achieved for any reasonable pellet width if pellet height is set
accordingly. Theoretical optimal pellet height accurately maximizes power output and
leads to satisfying all optimality criteria established previously i.e. on the thermal
resistance and temperature difference. Best design practice in limited area application is to
select minimum pellet width then set pellet height appropriately as it will lead to lower
pellet height and to reduced thermal shear stress. Furthermore, on the same surface area,
smaller pellet width and height also results in reduced TE material volume thus leads to

lower costs and better optimization of resources.

4.3.3 Variable area application

Fixed area application is interesting if the surface area is imposed by outside constrains.
This could be by an existing heat exchanger of by a limited floor space. If such constraints

are not present, design can permit the optimization of the surface area also.

As previously mentioned, the theoretical maximum power is function of the surface area.
In the area limited application, maximum power was fixed and easily achieved with small
pellets. Here, as the pellets becomes bigger, the surface area also increases resulting in a

higher maximum power.

_@2( CUA ) zT 90)

AT\C+UA (1+ 1+27_")2
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This greatly impacts the optimization as maximum power is no longer achieved with small
scale pellets since larger pellets leads to larger surfaces and higher maximum power. This
is seen in Figure 92 and Figure 93, maximum power is more localized than in fixed area
applications. Both figures show the same range of pellet geometry but for a different

number of pellets.
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Figure 92:output power for fixed number of pellets, n = 20 000, area is variable
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Figure 93: output power for fixed number of pellets, n = 200 000, area is variable

Optimal pellet height for constant number of pellets and for constant pellet
width

Figure 94 shows iso-contour of output power for a range of pellet width and height. The
black line presents the solution to the optimal pellet height and it accurately passes through
the maximum power for any pellet width. Figure 95 shows the same for a range of pellet
number and height. The optimal pellet height presented in black is demonstrated to

accurately achieve maximum power for any number of pellets.
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Output power under optimal pellet height

Having established that the theoretical equation of optimal pellet height is indeed valid for
pellet width and number, it is possible to solve the power equation for optimal pellet height
as function of pellet width and number, covering all variables. Solving the power equation
at optimal pellet height leads to the power presented in Figure 96. It shows that under

optimal pellet height, power monotonously increases regarding both number of pellet and

pellet width.
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Figure 96: Power iso-contour solved for optimal pellet height

While more power can be converted with high number of pellets and wider pellets, power
reaches a plateau and larger pellets are required for small increases of power. Increasing
the width by a factor 10, from 5 mm to 50 mm only increased power from 39.2W to 40.3W

in the present example. This shows that while higher power can be achieved, it is far from



189

an optimal solution as the required surface area becomes impractical for slight power

improvements.
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Figure 97: Power iso-contour solved for optimal pellet height with oversized pellets

Moreover, as pellet width and number increase, so does the optimal pellet height as seen
in Figure 98 further increasing the necessary TE material volume for incremental benefits
to power. The same figure also present selected iso-contours of power calculated as
percentages of the maximum power achievable for the presented range of pellet number
and width. For the same power output, it is beneficial to reduce the width of pellets as it
would lead to smaller pellet heights as was also concluded in the fixed surface area section

and clear in the figure.
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It is shown that the theoretical optimal pellet height equation properly optimizes power for

variable surface area application. However, the output power asymptotically approaches

its maximum such that while it could be achieved, the required surface area and pellet

volume would be prohibitive and such a solution would be inadvisable. Furthermore, if the

pressure drop in the heat exchangers and required pumping power were considered, higher

surface area would lead to higher pressure drops. This would lead to a net reduction of the
net power for high surface area. Future work taking pressure drop into account would lead

to a better optimization of net power. Considering this, the next section discusses the

optimization of the surface power density rather than output power.
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4.3.4 Surface power density in variable area application

If the application is not area limited, then the number of TE pellets and pellet width
becomes independent variables. However, if the number of pellets and the pellet width vary
then so will the surface area. It then becomes interesting and more appropriate to evaluate
the output power density i.e. the power divided by total surface area. Furthermore, this
optimization is important in design where the heat sinks represents the majority of the cost.
Here, the total area is of primary importance. It is also interesting since it was shown in the
previous section that great increases of pellet width and number (thus of surface area) are
required for marginal gains on output power. The surface power density is defined as the

output power divided by the total surface area:

P P

= AT w7 22

Optimal pellet height for constant number of TE elements

As was the case in the limited area scenario, maximum power can be achieved for different
ratios of pellet width and height. From Figure 99, It is apparent that while higher power
can be achieved with a large TE generator, the resulting power density is quite low.
Naturally there is a spike in density towards a dimensionless generator since the power is

divided by the surface area, but there is an optimal power density for a specific pellet width.
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Figure 99: Power density and several power, n =40 000

Examining graphically Figure 99 reveals that for a specific power output, best practice
would be to minimize the width along that power curve and set the height accordingly
using the theoretical pellet height equation as this would provide the best possible power
density. Notice that even if the area is not a limiting factor for the application, it would be
advantageous to use the thinner pellets (lower w) since a smaller footprint also implies a
lower overall cost. The optimal pellet height equation simultaneously solves for maximum
power and for maximum surface power density when using minimal pellet width. In other
word for a specific pellet width, the optimal pellet height results in maximum power and
surface power density. That is logical since when the pellet width and number are fixed, so

is the surface area and maximizing power will also maximize surface power density.

Figure 100 shows that theoretical and calculated optimal pellet height coincides. Maximum

power, both theoretical and calculated, are shown to grow with pellet width, this is caused
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by the increasing surface area. Furthermore, theoretical maximum power agrees with
calculated maximum except for the pellets less than 0.2mm for which a sharp drop in power
is noted but this width would not be possible technically. At very low pellet width, optimal
pellet height is also very small relative to the thermal resistance of the substrate and the
interconnections become significant, thereby reducing the power output. While a higher
power can be achieved with larger pellets, the optimal height may become impractical as

for this example, with 3 mm wide pellet over 10 mm would be required for optimal height.
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Figure 100: Maximum power for optimal height at different width, compared to theoretical
maximum; area is variable. n = 40 000

In this example, maximum surface power density occurs at 0.155 mm width and is
279W/m”2. At 0.5 mm power density is reduced to 231W/m”2 but total output power is
raised to 20.8 W from 14.9W. For these width, optimal height is 0.06mm and 0.5 mm. Not

only would 0.06mm be impractical to manufacture, it would result in 28% less power.

Pellet height; Ite [mm]
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Optimal pellet height for constant pellet width

As in the previous scenario, both width and pellet number changes the surface area. Figure
101 shows the surface power density iso-contour for a range of number of pellets and pellet
height. The theoretical optimal pellet height is shown in black and, for the same reason as
with fixed pellet number, the optimal pellet height simultaneously optimizes both power

and surface power density.
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Figure 101: Surface power density and several power. The black line is the optimal pellet height.
w=2mm

Figure 102 shows that surface power density is monotonous and strictly decreases with
increasing number of pellets whereas output power is strictly increasing. The theoretical
and numerically calculated optimal pellet heights are very close. Theoretical optimal height

is approximately 2% lower than the numerical value. Considering that this is errors in the
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hundredths of millimeter, it is negligible compared to any variation occurring during

manufacturing and assembling of modules.
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Figure 102: Maximum power with optimal height at different number of pellets, compared to
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Since the optimal pellet height equation has been validated for both pellet width and

number, it is possible to solve the surface power density equation for only two variables,

the number and width of pellets where the height is set to the optimal value. The results are

presented in Figure 103. It can be seen that the iso-contour of power and surface density

power are parallel. This indicates that if the optimal pellet height equation is validated, then

Pellet height; lte [mm]
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power output and surface power density vary the same as function of pellet width and

number.
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Figure 103: Iso- contours of surface power density with optimal pellet height. Selected iso-
contour of power are superimposed

While for the same power output, the surface power density remains the same, the pellet
height changes with pellet width as was seen in the previous analysis. Figure 104 confirms
this result, where the power iso-contours crosses the pellet height contours. As was the
conclusion in the previous sections, smaller pellet width results in smaller pellet heights

for the same power and here for the same surface power density.
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Figure 104: Optimal pellet height for number of pellets and pellet width. Selected power iso-
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4.3.5 Iso-power analysis

The following figures were generated by extracting the value of different parameters along
the selected power iso-contours from the previous figures i.e. at 95%, 90% and 85% of the
maximum. An iso-contour at maximum power was not possible as this is a local value for
maximum width and pellet number when the optimal pellet height is respected. The
percentages are defined from that local maximum. Figure 105 confirms that for the same
output power, it is best practice to use a smaller width as it results in smaller heights at the

same time.
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Figure 105: Pellet number and height necessary to achieve specific output powers as function of
pellet width

Figure 106 goes further to demonstrate the importance of using narrower pellets as it
greatly decreases the volume of thermoelectric material required to achieve the same output
power which greatly reduces the cost associated with raw materials. Contrarily to
previously established results, the surface area will vary slightly along an iso-contour of
power, but this is negligible. In the present examples, all area variations are less than 1.4%.
This is of no consequence compared to the 610% variation in TE material volume seen for

all three power iso-contour.

Pellet height, Ite
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Figure 106: Resulting TE material volume and surface area

Figure 107 confirms that the iso-power curves are the result of constant thermal resistances.
It is seen that all three powers are found for constant values of thermal resistance. These
constant resistance results from the conjoined variation of width, height and number of
pellets. Any combination of these three variables that gives the same thermal resistance
will also provide the same output power. This is coherent with the analysis done in previous

sections that emphasize the role of thermal resistance in the optimization of power.

Surface area, A[m 2]
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Figure 107: Thermal resistance necessary to achieve specific output powers as function of pellet
width

4.3.6 Pellet geometry optimization conclusion

Combining the thermal resistance model to the established optimal criterion, an
optimization of power and surface power density is accomplished to determine optimal
pellet geometry. It was demonstrated that the optimal criteria established in previous sub-
chapters were accurate. The output power is directly linked to the thermal resistance of the
generator i.e. of the heat exchangers and of the TE modules. The thermal management of
the TE generator is important in order to optimize it. Furthermore, changing pellet width,
height and number, if performed in such a way that thermal resistance remains a constant,

results in equal output power. Thus, for any given power output, there exist a range of



201

geometry that results in the same power. Given this, further optimization can be done to

reduce surface area and TE material volume for the same output power.

For an area limited application, minimizing the pellet width leads to an optimal generator
design with minimal TE material volume. Once the pellet width is selected, the pellet
number is determined from the surface area and spacing between pellets. An equation for
optimal pellet height is established as a function of application temperatures and flow rate,
heat exchanger, TE material properties as well as pellet width and number. Having
determined the pellet width and number, the pellet height must then be appropriately sized

according to the optimality equation.

For a variable area application, it is demonstrated that optimal generator design should use
thinnest pellets that can achieve the desired output power as this will lead to the smallest
surfaces area and the smallest total volume of TE material. Thus, using the thinnest pellets
that achieve desired power results in the least expensive and most compact design. Thinner
pellets also reduce the thermal shear stress, increasing the thermal cycling capabilities of
the TE modules. It is demonstrated that after a certain size, large increase in surface area
only results in marginal power increase such that maximum power is most likely not the
best design as it can require much bigger surface area than a slightly less powerful
generator. This indicates that desired output power should be less than the theoretical
maximum power that would result in a very large generator. Once the minimal width is
determined, the number of pellets can be determined from the area and optimal pellet height

is calculated form the pellet equation.
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5 Conclusion

A novel method for complete characterization based on open and short-circuit
measurements is presented. This is extended to an IV-plane analysis of TE modules and a
novel coefficient for describing short-circuit operation equivalent to the open circuit
Seebeck coefficient. Using only the Seebeck coefficient and the novel coefficient, the
output of a thermoelectric module can be determined for any working condition.
Furthermore, a thermal resistance model is developed to capture the effects of design
parameters such as number of TE pellets and pellet geometry on the thermal conditions.
All of this is validated against experimental results from a selection of 22 modules

spawning a wide range of geometry.

Power optimization of a TE generator, TE modules imbedded in heat exchangers, for
constant temperature difference and constant heat flux is performed and results are
consistent with literature. This analysis is extended to cover the presence of heat losses and

fluids flows. For a TE generator operating with a fluid flow as heat source and as heat sink,
an optimal thermal resistance is found as Ry = % Through this updated thermal

impedance matching criterion, R;p provides an optimal compromise between the
temperature difference and the heat transferred across the TE modules. Higher resistance

would lead to higher local temperature difference to the detriment of the heat flux through



203

the generator. Maximum power is achieved when only half of the available heat flux
crosses the TE modules i.e. when the effectiveness is half (¢ = 0.5). The heat exchanger
resistance must be minimized to get maximum power before applying the impedance

matching criterion to TE module selection or design.

An analysis of a TE generator imbedded in liquid to liquid heat exchangers is performed
revealing the importance of a constant local temperature difference along the generator.
Under this condition, an analytical solution to the generators output power and efficiency
is determined as function of the inlet temperatures, local temperature difference and Figure-
of-Merit. An experimental TE generator is operated between two fluid flows for which the
overall heat transfer coefficient of the heat exchangers is modified using tabulated inserts.
The use of inserts modifies the resistance of the heat exchangers and the local temperature
difference resulting in a gain of up to 260% output power yet was still far from the
theoretical maximum achievable power for the inlet conditions. These results are compared
to the analytical solution and are in accordance but insufficient to fully capture the extend
of the analytical solution. This analysis results in the same optimization criterion for an
overall half effectiveness. A different TE generator design, with better heat exchangers and

different TE modules is required to attain this criterion.

Combining the thermal resistance model to the established optimal criterion, an
optimization of power and surface power density is accomplished to determine optimal
pellet geometry. It is demonstrated that optimal generator design should use thinnest pellets
that can achieve the desired power as this will lead to the smallest surfaces area and the
smallest total amount of TE material volume. Thus, using the thinnest pellets that achieve

desired power results in the least expensive and most compact design. After a certain size,
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large increase in surface area only results in marginal power increase such that maximum
power is most likely not the best design as it can require much bigger surface area than a
slightly less powerful generator. For area limited applications, minimizing the pellet width
also leads to an optimal generator design with minimal TE material volume. Once the pellet
width is selected, the pellet number is determined from the surface area. An equation for
optimal pellet height is established as function of application, heat exchanger, TE material
properties as well as pellet width and number. Having determined the pellet width and
number, the pellet height must then be appropriately sized according to the optimality

equation.
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Annex

Multi-stage thermoelectric generator analysis

Having established that optimization of a thermoelectric (TE) generator, consisting of
thermoelectric modules imbedded in a counter-flow results in a heat flux of half the
available thermal energy in the hot side fluid flow. This implies the hot side fluid flow
outlet still contains half of the original available heat at the inlet. This section builds upon
that result to analyze the power gain from additional TE generator connected in series. The
inlet of the next TE generator is connected to the outlet of the previous TE generator
whereas the cold side has a new inlet as illustrated in the following figure. Such a generator

is addressed as a multi-stage TE generator.

hot outlet

hot inlet
—_ high temperature flow —_— high temperature flow —_—
l— low temperature flow <-| l_ low temperature flow ~|
cold outlet 1 coldinlet1 cold outlet 1 cold inlet 2

Stagel Stage 2
=thermoelectric modules

Figure 108 : Representation of a two-stage thermoelectric generator.
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Cost-performance ratio

As established in previous sections, maximum power is found for linear temperature
profiles in counter-flow heat exchangers with equal heat capacity rates. Furthermore,
maximum power is attained for:

1 Ty: +T
g = A1 c1

. . (193)

By connecting additional TE generator in series, it is demonstrable that the optimal

temperature difference for subsequent stages is:

1
AT™ = T AT (194)

Where n is the stage number (1, 2, 3...). Figure 109 presents the resulting temperature

profile across the multi-stage thermoelectric generator.
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Figure 109 : Temperature profile of an optimal generator composed of three stages.
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Furthermore, since the efficiency is approximately linear function of the temperature
difference (AT), the efficiency will decrease by the same factor as the temperature

difference for successive stages. The same is established for the heat flux:

1

77(n) — 2n—1’7(1) (195)
1

Q(n) — = Q(l) (196)

This results in a power reduction of % for successive stages and a total power:

m
1 40 1\
) _ _
pm = z g PO = §<1 - (Z) >P<l> (197)
n=1

This power converges to a maximum of 4/3 P, corresponding to a maximal total gain of
1/3 the power of a single stage generator. The power converges rapidly but the cost does
not follow the same trend. Indeed, successive stages have only half the heat flux of the
previous stage, but also half of the temperature difference. This implies identical stages to

retain the optimal thermal conditions thus each stage cost the same as the first one:

¢ =nc® (198)

As such, a second stage would offer 25% additional power but at 100% extra cost. This
results in an increased cost-performance ratio (CP in $/W) for each stage. The cost-

performance ratio normalized by the first stage results in:

CP*

1 (199)

i=1 4gn-1
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The addition of a stage to a TE generator is not be recommended if only the CP ratio is the
determining factor. Furthermore, thermoelectric module cost would need to reduce
drastically before, and addition 25% power is considered for a 100% cost increase. On the
other hand, optimal thermal conditions impose a specific temperature at the outlet.
Depending on the application, this temperature may not be acceptable. For instance, local
legislation limits effluent temperatures and may impose a temperature lower than that

achieved by asingle stage TE generator. In such a case, a second stage could be envisioned.

Combined outlets cost-performance ratio

The optimal temperature difference criterion (AT = 1/2 ) implies that outlet
temperatures (T, and T,,) are equal. Considering this, it is possible to combine the outlets
into the inlet of the subsequent generator stage in order to have more heat that is available.

A quick analysis of this possibility is presented in this section.

By combining outlets, the heat flux for subsequent stages is defined as:

1 -
o = (1 _ zn_m“)) QMV,n > 2 (200)
Q™ = QT (1 - 51 ®)m > 2 (201)

This, combined with a halved efficiency at each stage, results in a power per stage of:
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n—-1
1 1
PO = p) | | (1 _ ;n“)) (202)
i=1

And a total multi-stage TE generator power:

m 1 n-1 1

(m) _ p(1) €y —_) .

P = P 4 p z[ (1- 2 )],
o] G S A (203)
m=2

Numerically solving the total power demonstrates a convergence, as function of the

efficiency, of:

Pior = (2 = 0,60237W) P 208

Mathematically, the maximal gain is situated between 100% for n approaching 0% and
42% for n approaching 100%. Of course, these limits are theoretical and not admissible in
practice. n = 100% is not only impossible in practice but also invalidates the constant AT
hypothesis only obtainable at lower efficiencies. By limiting the analysis to the lower
efficiencies (0 to 10%) obtainable in thermoelectric energy conversion application, the

power gain is between 100% and 93.5%.

A cost analysis along the lines of the previous one, considering a doubling flow rate at each

stage provides the total cost:

m
M = ¢ 4 O Z (2 - —.17(1)) ;m>2 (205)

Table 13 summarizes the main results of the multi-stage thermoelectric generator and

shows the convergence of powers and cost-performance for spate and combined outlets.



Table 13: Multi-stage thermoelectric generator analysis results
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Separate outlets

Combined outlets (n = 10%)

Normalized cost-

Normalized cost-

Number | Normalized total | performance | Normalized total | performance
of stages power ratio power ratio
. _Col/Py . _ Cod/Poy
n P, = PP | P =T pay | by, = p® e | P @ pay
1 1 1 1 1
2 1.250 1.60 1.475 1.97
3 1.313 2.29 1.707 3.87
4 1.328 3.01 1.821 7.65
5 1.332 3.75 1.878 15.16
10 1.333 7.50 1.933 478.63




Tabulated values of @ and recurring zT relations

Table 14: Tabulated values of @ and recurring zTrelations

1 zT
SR EE Viei | (i)
0.5 1.225 0.816 0.101
0.55 1.245 0.803 0.109
0.6 1.265 0.791 0.117
0.65 1.285 0.778 0.125
0.7 1.304 0.767 0.132
0.75 1.323 0.756 0.139
0.8 1.342 0.745 0.146
0.85 1.360 0.735 0.153
0.9 1.378 0.725 0.159
0.95 1.396 0.716 0.165
1 1.414 0.707 0.172
1.05 1.432 0.698 0.178
1.1 1.449 0.690 0.183
1.15 1.466 0.682 0.189
1.2 1.483 0.674 0.195
1.25 1.500 0.667 0.200
1.3 1.517 0.659 0.205
1.35 1.533 0.652 0.210
1.4 1.549 0.645 0.215
1.45 1.565 0.639 0.220
1.5 1.581 0.632 0.225

211
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Exhaust gas temperatures of different processes

Table 15: Exhaust gas temperatures of different processes, extracted from [21]

Process Exhausrt gas
remperature (°C)
Iron- and steelmaking 1450-1550 [12]
Nickel refining furnace 1370-1650 [12]
Steel electric arc furnace 1370-1650 [12]
Glass melting furnace 1300-1540 [12]
Basic oxygen furnace 1200 [12]
Aluminum reverberatory furnace 1100-1200 [12]
Steel heating furnace 930-1040 [12]
Copper reverberatory furnace 900-1090 [12]
Glass oven without regenerator 900-1300 [13]
Iron cupola 820-980 [12]
Cooper refining furnace 760-820 [12]
Reheating furnace without regenerator 700-1200 [13]
Hydrogen plants 650-980 [12]
Fume incinerators 650-1430 [12]
Coke oven 650-1000 [12]
Glass oven with regenerator 600-800 [13]
Cement kiln 450-620 [12]
Heat treating furnace 430-650 [12]
Melting oven 400-700 [13]
Gas turbine exhaust 370-540 [12]
Reciprocating engine exhaust 320-590 [12]
Reheating furnace with regenerator 300-600 [13)
Blast furnace stoves 250-300 [ 14]
Drying and baking ovens 230-590 [12]
Steam boiler exhaust 230-480 [12]
Finishing soaking pit reheat furnace 200-600 [ 14]
300-400 [ 14]
Steam boiler 200-300 [13]
Coke oven 190 [14]
Stack gas
Container glass melting 160-200 [ 14]
140-160 [14]
Flat glass melting 160-200 [14]
140-160 [14]
Ceramic kiln 150-1000 [13]
Drying, baking, and curing ovens 90-230 [12]
Cooling water from annealing furnaces 70-230 [12]
Cooling water from internal combustion engines 70-120[12]
Exhaust gases exiting recovery devices in gas-fired 70-230[12]
boilers, ethylene furnaces, etc.
Conventional hot water boiler 60-230 [13]
Process steam condensate 50-90 [12]
Condensing hot water boiler 40-50 [13]
Hot processed liquids/solids 30-230 [12]
Cooling water from air conditioning and refrigeration  30-40 [12]
condensers
Cooling water from air compressors 30-50[12]
Cooling water from furnace doors 30-50[12]
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