Potentia ¥ ‘o ,oelectrics for

Occupar. ~ ~ uel Efficiency
Ge' ~lications
LonE.” .. « .eur, Dan Coker
just 24, 2006

Detroit, Michigan- DEER 2006
August 20-24, 2006




Overview

Background ¢~ bar rs tr broader usage of
thermoelectr

TED heatii._ Jadmap
e First app' lectric devices in
pass » Climate
Controle
e Liquid tr for cooling
electrc .os

 Liquidtoal .a. .uc for supplemental
heating/cooing g senger cabin

Waste heat recovery using thermoelectrics to
iIncrease fuel efficiency

Summary and conclusions
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Background on Barriers to the
Broader Usage of
Thermoelectrics
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Commercial Interest in Thermoelectrics

Solid-state cooling, heating and power generation

Small, light-weight. Potentially very reliable and rugged
Electrically powered with very few (or no) moving parts
Distributed (and spot) cooling/heating/temperature control

No gaseous pollutants
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What Has Limited Us e

Efficiency has h~en %2 1t of 2 ~hase 1.
* Inadequa\ v v b 20V

e Limi'~usa 't comer
e TOO . A
Therma
* Volum at high pow__ levels
* Form” “hle to some application
ne
» Poor inter ~'er density applications

Lack of design knowle : and effective simulation tools
» Performance often poorer than predicted

« Characteristics and hence response, can be a strong
function of operating conditions
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Sources of TE System Performance Increase

* (erials/Design

In~-emental improvements 5to 15%
.00-2002)
~ncillary materials and 5to 10%

mponents (1960-2002)
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Product Roadmap for Them« :lertric

Heating/Cooline
Current apolice
* Amerigce
e Coolinn - e . s
« Supplem ;ooling usi J liquid to
air TED-
* Spot cuoline air 1Ds

Long term gow...
* Primary HVAC systems
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Product Roadmap: Amerigon’s CCS

MTM SEAT TECHNOLOGY
MICRO-THERMAL MODULE

AMERIGON

Advanced Automative Thermal Solutions

HEAT EXCHANGER

PELTIER

COOLED OR
HEATED AIR
EXITS TO SEAT ;
CUSHION WASTE AIR /£

EXITS SEAT |,

AIR DISTRIBUTION DETAIL
PERFORATED LEATHER
DISTRIBUTION LAYER
SCRIM MATERIAL

ECU-ELECTRONIC CONTROL

CHANNEL MOLDED CONTROL MODULE SWITCH

IN FOAM
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yundai Equus* 2006 Lincoln Zephyr Infiniti (Q45, M45) Mercury Monterey
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1’ Product Roadmap: Liquid to Liquid TED for
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Cooling Electronics

. The device shalle '+~ =~ efficiencies at least 50%
greater thar " ~t- T echnology;

. TE material us '5% that of commercial TE
modules

. The device sh: ured and have the prospect
of being low m weight;

. The design shall ., -. rcal redundancy;

. The design shall be sca e to larger and smaller sizes

between 50 and 5,000 watt thermal capacity.
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Product Design

Heat Exchanger

| £
: .r

Fluids and Current Paths
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TED Subassembly

TE element I¢

exchangers

Fluid due’
hea <xC).

Heat exc. anger:
(26 Total,

Breadboard subassembly.
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Power Density Characteristics

TE Performance (DTh = DTc = 15C)

3 50
25 + 40
2,
130 _
oo
G 15 %
' 1209
1,
110
0.5 -
0 T T T T 0
0 0.2 0.4 0.6 0.8 1

Illmax

—— COP - standard cycle =— COP -gggT ¢y cle — Qc -t andard cycle — Qc -g SST cycle
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Modeling Inputs (Properties)

SINGLE STACK

OPTIMIZATION

FLOWY

Icounter 'I
Ie><terna| '|
PRINT

POLARITY

Inormal 'I

END CONDITIONS
Iinfinite_heat_sink j

RESET

BASEFIN METAL

]

copper -

TEMPERATLRES
ambient temperature

-

i

s

hot inlet termperatlre

41 -
cold inlet temperatuns
hotDl total hot mass flow
B = Bm
cold T total cold mass flow

TE INFORMATICOMN

# of elements per stack

| 25
TE material

IBiQTeS 'I

Seebeck coefficient

| 0.0002 Vi

electrical resistivity

I 0.001 ohm-cm

thermal conductivity

cynamic viscosity

specific heat

I ]
FLUD PROPERTIES
hot fluid cold fluid
Iwater j Iwater j
density density
097 kgfim"3) 997 kgAm"3)
thermal conductivity thermal conductivity
0613 WimK 0613 WWimk

|0.000855 Msf{m*2) |0.000855 MNs/{m*"2)

dynamic viscosity

specific heat

HEX DIMEMNSIONS
plate thickness

0508 EM
side thickness

050 Gw
TE pad thickness

Ig cm

i H

[ 6 CF [0 ceh|l[15  WmK 4179 Jikgk 4179 Jikgk
fot wall temperatUre 7T
o
cold wall temperature ; _
c TE elect. inter. resist.
| 2e-010 ohm - m”*2

OTHER

pump efficiency

I 0s S0LDER BRAZE

thermal interfacial resistance

| 1e-007 (MO 2IKAN

 English Un...
& Metric Units

SAVE CONDITIONS

" lincoln log configuration

I filename

bullc electrical resistivity

|.65e-005 ohim-crm

electrical interfacial resistivity
m ohm-cim*2

bulk thermal conductivity

524 WMk

thickness

LOAD COMNDITIONS I

newport_cond

po05T  cm
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bulk electrical resistivity

|2.2e-006 ohrm-crm

electrical interfacial resistivity
IW ohm-cm"2

bulk thermal conductivity
4216 WWimk

thickness

Ii.OOTB cm
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Modeling Inputs (Properties)

SINGLE STACK 5

OPTIMIZATION h

FLOWY

Icounter 'I
Ie><terna| '|
PRINT

RESET| | ©

TEMPERATLURES

|42 C

|38 C

hot DT

| 10 o | I 721 cols

mbient temperature
ot inlet temperature
41 C

old inlet temperature

total hat mass flow

TE INFORMATICH

# of elements per sta
] -

TE material

IBiQTeS 'I

Seebeck coefficient

| 0.0002 Vi

electrical resistivity

I 0.001 ohm-cm

I ]
FLUD PROPERTIES
ck hot fluid cold fluid
Iwater j Iwater j
density density
097 kgfim"3) 997 kgAm"3)
thermal conductivity thermal conductivity
0613 WimK 0613 WWimk

cynamic viscosity

dynamic viscosity

|0.000855 Msf{m*2) |0.000855 MNs/{m*"2)

POLARITY

Im cold DT total cold mass flow || thermal conductivity specific heat specific heat
[6 CF o0 cols {15  Wimk [4179  JkgK [ JikegK

- 4179 8] 4179 g]

END CONDITIONS hot wall temperature 7T

Iinfinite_heat_sink j A056) € 08 I
cold wall temperature — : 7

TE elect inter resist
BASE/FIN METAL g2z C T e
Icopper :I OTHER
HEX DIMENSIONS pump efficiency
plate thickness .l 0> SOLDER BRAZE

0508 &M
side thickness
050 i

TE pad thickness

Ig cm

i H

thermal interfacial resistance

[ 1007 modieidy

 English Un...
& Metric Units

SAVE CONDITIONS

" lincoln log configuration

I filename

bullc electrical resistivity

|.65e-005 ohim-crm

electrical interfacial resistivity
m ohm-cim*2

bulk thermal conductivity

524 WMk

thickness

LOAD COMNDITIONS I

newport_cond

po05T  cm
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bulk electrical resistivity

|2.2e-006 ohrm-crm

electrical interfacial resistivity
IW ohm-cm"2

bulk thermal conductivity
4216 WWimk

thickness

Ii.OOTB cm
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<) stack_gui

SINGLE STACK

OPTIMIZATION

FLOWY

Icounter 'I
Ie><terna| '|
PRINT

POLARITY

Inormal 'I

END CONDITIONS

RESET

Iinfinite_heat_sink j

BASEFIN METAL

]

copper -

TEMPERATURES
ambient temperature
| 42 C
hot inlet temperature

41 C
cold inlet temperature

|38 C

hot OT total hat mass flow

TE INFORMATICH
# of elements per stack

Modeling Inputs (Properties)

I 25 lwatei‘
TE material

IBiQTeS 'I 997

Seelhe caeide thermal conductivity

| 0.0002 Wik Wimk

electrical resistivity

e
kaflmh 3y

o

dyniamic viscosity

=
Pl PROPERIES
hiot fluid cold fluid
;] lwater ;l
density density

[997  kaitm’3)

thermal conductivibe
Wik

uBla
dynamic viscosity
Ksifm™2)

| 10 cr I 271 cofis I 0001 ohm-cim 0000555 MNef{m* )
cold DT total cold mass flow || thermal conductivity specific heat
I B C T I 20 cofis 15 Wik 4179 \.[.‘('L{QK
hot wall temperature 7T
4056 C Y =
cold wall temperature : ; _
TE elect. inter. resist.
38.33 S
| 2e-010 ohm - m”*2
OTHER

HEX DIMEMNSIONS
plate thickness

0508 EM
side thickness

050 Gw
TE pad thickness

Ig cm

i H

pump efficiency

[o5

thermal interfacial resistance

| 1e-007 (MO 2IKAN

SOLDER

 English Un... bulk electrical resistivity

& Metric Units

|.65e-005 ohim-crm

electrical interfacial resistivity

SAVE CONDITIONS

" lincoln log configuration

I filename

I 2e.00g  ohm-cm”2

bulk thermal conductivity
524 WMk
thickness

LOAD COMNDITIONS I

newport_cond IJ.UO:S'I cm
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BRAZE
bulk electrical resistivity

|2.2e-006 ohrm-crm

electrical interfacial resistivity
IW ohm-cm"2

bulk thermal conductivity
4216 WWimk

thickness

Ii.OOTB cm
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SINGLE STACK

OPTIMIZATION

FLOWY

Icounter 'I
Ie><terna| '|
PRINT

POLARITY

In armal I

ENC COMDITIONS

RESET

linﬁmte_}‘ueat_ziWL«:‘ _‘__[

BASERIN METAL

TEMPERATLURES TE INFORMATICOMN

ambient temperature
| 42 C | 25
hot inlet temperature TE material

41 C IBi2Te3 |

cold inlet temperature Seebeck coefficient

ERR [ oooo2 | VK

hot OT total hat mass flow electrical resistivity

| 10 o | I 721 cols

# of elements per stack

I 0.001 ohm-cm

Modeling Inputs (Properties)

997 Kam™3)
thermal conductivity
0613 WmK

cynamic viscosity

=
FLUD PROPERTIES
hot fluid cold fluid
Iwater j Iwater j
density density

997 kofm"3)
thermal conductivity
0613 Wimk

dynamic viscosity

|0.000855 Msf{m*2) |0.000855 MNs/{m*"2)

HEX DIMENSIONS
plate thickness

jososs
Side thickness
502 e

E pad thickness

—

cold DT total cold mass flow || thermal conductivity specific heat specific heat
[ 6 TCF [20 el |15 | wimK [4179  JikaK [4179  JikgK
hot wall temperature 7T
4056 € Y =
cold wall temperature : ; _
TE elect. inter. resist.
3833 C N
| 2e-010 ohm - m”*2
OTHER
pump efficiency
I 0s S0LDER BRAZE

thermal interfacial resistance

| 1e-007 (MO 2IKAN

 English Un...
& Metric Units

SAVE CONDITIONS

I filename

" lincoln log configuration

bullc electrical resistivity

|.65e-005 ohim-crm

electrical interfacial resistivity
m ohm-cim*2

bulk thermal conductivity

524 WMk

thickness

LOAD CONDITIONS | [ newport_cond

po05T  cm
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bulk electrical resistivity

|2.2e-006 ohrm-crm

electrical interfacial resistivity
IW ohm-cm"2

bulk thermal conductivity
4216 WWimk

thickness

Ii.OOTB cm
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SINGLE STACK

OPTIMIZATION

FLOWY

Icounter 'I
Ie><terna| '|
PRINT

POLARITY

Inormal 'I

END CONDITIONS

RESET

Iinfinite_heat_sink j

BASEFIN METAL

]

copper -

TEMPERATURES
ambient temperature
| 42 C
hot inlet temperature

41 C
cold inlet temperature

|38 C

hot OT total hat mass flow

| 10 o | I 721 cols

TE INFORMATICOMN

# of elements per stack

| 25
TE material

IBiQTeS 'I

Seebeck coefficient

| 0.0002 Vi

electrical resistivity

I 0.001 ohm-cm

Modeling Inputs (Properties)

997 Kam™3)
thermal conductivity
0613 WmK

cynamic viscosity

=
FLUD PROPERTIES
hot fluid cold fluid
Iwater j Iwater j
density density

997 kofm"3)
thermal conductivity
0613 Wimk

dynamic viscosity

|0.000855 Msf{m*2) |0.000855 MNs/{m*"2)

HEX DIMEMNSIONS
plate thickness

0508 EM
side thickness

050 Gw
TE pad thickness

Ig cm

i H

cold DT total cold mass flow || thermal conductivity specific heat specific heat
[6 CF o0 cols {15  Wimk 4179 Jikgk [4179  JkaK
hot wall temperature 7T
4056 G Y =
cold wall temperature : : :
TE elect. inter. resist.
3833, € "
| Ze-010  ohm-m"2
OTHER
pump efficiency
I 0.5 SOLDER BRAZE
thermal interfacial resistance|| « Ernglish Un_ bl electrical resistivity bulls electrical resistivity
|1e-00? {mA2)KAY & Metric Units 656005 ohmi-cm 272006 Ohmcm
electrical interfacial resistivity cal interfacial resistivity
2e.00g Ahm-cmt2 So.005 | ohmecmA2

SAVE CONDITIONS

" lincoln log configuration

I filename

fulk thermal conductivity

l 534 WYk

thickness

LOAD COMNDITIONS I

newport_cond

hoost  cm
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bulk thermal conductivity

l A21 6 Wimk

thickness

| i
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Modeling Inputs (Dimensions)
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MAIN
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Modeling Inputs (Dimensions)
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Modeling Inputs (Dimensions)

) single_analysis
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Modeling Outputs
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TE Subassembly

TE element I¢

exchangers

Fluid due’
hea <xC).

Heat exc. anger:
(26 Total,

Breadboard subassembly.
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Infared Camera Image of TED

Subassembly
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Temperature Profile of TED
Subassembly (using IR camera)
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TE Subassembly Simulated and Measured
Performance Resul.

25 Stack Performance

4.0

3.5

3.0

Da fc=2v =
25 Tei  ih=40

o’ 00 - © Data:dTc  'Th="
g - 0\ Tcin=Tcih=.
1.5 | e e \odel: dTc=10
A /\l Tein=Tcih=30
1.0 £ o —— Mode!
05 @ @ oo 0—@ Tcin=Tcih=4u
— \odel: dTc=25
0.0 ‘ ‘ ‘ Tcin=Tcih=/
0.0 0.1 0.2 0.3 0.4 0.5 0.6 Model: d1 - dTh
Tcin=Tcih=35
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Properties Comparison of Stand rd and
Stack Design TE Mod. -

Standa ack
Parameter : _
od L
Thermal cooling p - 10
AT 0@ AT )5, yd
.| TE material weinht /~
Heat Exchanger weig 290.0 129.4
Weight of other mat
substrates, sealar, | wn,
Total subsystem weight .ms 485.3 146.8
Volume (liters) 0.0616 0.0521
Power density (watts/liter) 1057 1250
Specific cooling power (watts/gram) 0.134 0.443
Peak efficiency (COP) 2.25 4.20
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Liquid to Liquid TED Nes¢ gn

Objectiver
1. Theder ~¢ R | ng
capacity o & .
2. The s, .. -.wovling .19
Liters/sec
3. Electrical pc . -.. ‘on shall be less than
1,000 watts

4. Maximum weight shall be 4.7 Kg

5. Maximum volume shall be 2.0 Liters
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3500 W Cooler System

: ]"”f“”]'“"J'f"lqlﬂi"lmiurijrur||u|-||u|i}nuJ4r||r|ul'rirqunrlllilunfrm T 1 T et .
v R L Ly T L L L L L L YL Y L L Oy e Lty Lt L L ey Ly e Ly (e e A TR T U U (Y
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XS
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Comparison of Computed and Experimental
Results for 3,500W Cooler

B Experiment, 0.158 L/s
5= Theory
o A Experiment, 0.189 L/s
5.0 - 0 Theory
6: 4.5 |
4.0 - A
3.5
A
3.0 ‘ | ‘
5.0 9.5 6.0 6.5 7.0
AT (°C)
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System Performance Results

Parameter Final Design
T
System weight (Kilograms) 4.4
Weight of other materials (shunts, substrates, C
sealants, wiring) (Kilograms)

Total system weight (Kilograms) 4.6
Volume (Liters)

Power density (Kilowatts/liter) 2.26
Specific cooling power (watts/gram) 0.7¢7

Peak efficiency (COP) 4. v
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Liquid to Air TL ®
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Liquid to Air Heating Performance

-20C Air, -20C Liquid, De Air =18.5, Liquid Flow 10 L/ min, Air Flow
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Waste Heat Recovery Using
Thermoelectrics to Increase
Fuel Efficiency
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Thermal Management.
Thermoelectric Generator.
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System Modeling

Electrical power output of the TGM (for NEDC)
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Summary & Conclusions

Amerigon’s Climate Control Seat has validated the application of
thermoelectrics in the automotive industry with over 1,000,000 devices
sold in 2005 and scheduled volume increases in the next several years

New applications are in development at Amerigon and BSST that achieve
improved performance by employing thermal isolation and high density
design and construction

1. Performance is improved by about 90% by employing thermal isolation with
thermodynamic cycle

2. TE material usage is reduced by a factor of 4 by;
a) Using stack design
b)  Design optimization to reduce unnecessary parasitic losses

Compact, light weight, efficient cooler/heater/temperature devices can be
produced with up to at least 5,000 thermal watt output

A thermoelectric waste heat recovery has been modeled to demonstrate
10% fuel economy improvement and key systems will be built and
tested this year
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