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ABSTRACT

With the growing emphasis on energy efficiencysuse of
environmental, political, and economic reasons #rel fact
there has been significant advances in thermo&leatiterials,
there is a renewed interest in using thermoelectisc waste
heat recovery. A mathematical model of a thernugtepower
system is developed from a heat transfer analyiss waste
heat recovery system. The model is validated lbgriag
design parameters of a small prototype thermodétesystem
that converts heat into electricity. A heated siream is
produced using an exhaust simulation test standpaoddes
the waste heat source for the prototype. The prno¢ois
designed to be able to change several system peansech as
different heat sinks, thermoelectric module couatg] module
configurations to better validate the developed ehodThe
model does predict the electrical performance witpical
accuracy of 30% error from the prototype over ageamwf
configurations and operating conditions. A fed#ibistudy
using the validated model was used to determinesrumdhat
conditions this technology will become economicaligble,
such as remote power generation with 20 year p&ybac

INTRODUCTION

In recent years, the cost of fuels has dramayidatireased.
With this, the world has become more concerned \likh
efficient use of energy. A large source of wastaedrgy in the
form of heat occurs in turbo machinery located nniredustrial
setting. Some of these machines, as is the cabe MECTRA
40 gas turbine, lose 60% of the energy input astevheat
which is expelled to the atmosphere [1]. This gtedamines
the feasibility of using thermoelectric (TE) modul® recover
energy from that waste heat, ultimately increassygtem

efficiency. Studies of waste heat recovery with mBdules
have been conducted [2, 3, 4] but have not stutliedfuture
feasibility of the technology.

Thermoelectrics are solid state devices with tvasid
modes of operation. The first mode, based on #igeP Effect,
requires the application of current through the atedwhich
causes the absorption of heat from one side ddi¢héce and an
expulsion from the other side. The generationadfl @and hot
faces of the plate makes Peltier devices ideah&ating and
cooling applications. Conversely, the Seebeck Effand
second mode of operation can be used for powerrggme
purposes. When a temperature gradient is apptismbsa a TE
module, an electric current is generated.

TE modules have been available off the shelf sithee
1960’s but have not been developed much on therialatend
because of low efficiencies (~5%). The typical mga of
efficiency for TE modules is the Figure of MeiT) [5], which
currently has a value around one. Figure of Merdalculated
by dividing the multiplication of the electrical mductivity and
the square of the Seebeck coefficient with the ntiaér
conductivity of the material. In the last decadewever,
attention has been drawn to power generation agjaits due
to advancement in nanostructures and semicondutterials
[6, 7]. These developments are expected to draatiyti
increase power generation efficiencies associatiéil tve TE
module with the Figure of Merits of new materiatsthe lab
exceeding two and the promise of even higher valuéalues
of 3-4 are typically assumed to be necessary fombules to
be competitive with current mechanical recoverytays.
Improvements are still being engineered in-lab; dnav,
industry anticipates these higher efficiency mosdute become
commercially available in the next five to ten year
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This research has two main objectives. The €ibgective

The accurate prediction of temperature distributamd

is to understand how TE modules can be used in powe therefore power generation of a hypothetical thedexiric

generation and how they operate in a large scaeisy The
second objective is to gain insight into when técainand
economic viability for waste heat recovery may acclio meet
these objectives, a system model was developeeldteran in-
house exhaust simulator to the Dresser-Rand VECTRA
turbine, a modular prototype was then built to fyetihe model,
and the model was then refined and used to coradigzsibility
study.

NOMENCLATURE
a module level effective Seebeck coefficient
(VIK)
Co Specific Heat (kJ/kg)
f inflation rate
i prime rate
I Electrical Current (A)
m Mass Flow Rate (kg/s)
Nmz Number of modules per Zone
q Heat Rate (W)
R Resistance(t or K/W)
T Temperature (K)
4 Figure of Merit
Subscripts
1 Hot surface of module
2 Cold surface of module
3 Heat flux through insulation
c Cold
cond2 Duct axial conduction resistance
ete TE electrical resistance
h Hot
i In
ins Insulation thermal resistance
j i element
load Load electrical resistance
o} out
thcz Cold plate thermal resistance
thhz Duct & fin thermal resistance
thte TE thermal resistance
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Figure 1: Visualization of thermal model

waste heat recovery system requires that a physioael be
developed which accounts for the two-dimensionahdfer of
heat within the prescribed system (Fig. 1).

All surfaces, although each at a unique tempezatare
considered to be isothermal. It must be recognibed a true
temperature distribution across material surfacessdn fact
exist, however, for the simplification of analysisd purpose to
conduct a preliminary feasibility study; such afeef has been
neglected. The model also assumes that the sidé® aluct
are taken to be perfectly insulated. By insulating exposed
surfaces of the duct exterior, the heat transfer flarough this
third dimension is much smaller than that throudie t
thermoelectric modules themselves, and thus iteratesfrom
the calculation justifiable. With this in mind, tHest set of
equations averages the inlet and outlet tempeatofethe
exhaust and coolant fluids within a particular zone

Ty T

— hi(j) ho(j)
Ty = 5 1)

T.,..+T. .

— ci(j) co(j)
Tei) T o 2

Utilizing the method of electrical analogy, exmiess for
the hot and cold surface temperatures of the thelentric
modules are derived. These equations equate thlehteat flux
transferred through the duct and fin material itite modules
(or that transferred through the cold plate makerng the
cooling fluid), solving for the particular surfatemperature of
interest.

Ty = Thiiy = NinO Riohz 3

Toiiy = Teiy + NimAe(j) Rinez (4)

The thermal properties and flow conditions of éxaust
gas and cooling fluid allow for the calculation thie exhaust
outlet temperature and hypothetical coolant inkghgerature.
This is achieved by relating the thermal capacityhe fluid
through temperature drop and specific heat to tneesponding
heat flux either entering or leaving the modules.

N O

Thotiy = Thigiy _.mz—“) (5)
j i(j M.C,,
N e

Tat = Teaty =00 (©)
M.Cpc

With the knowledge of the exhaust gas inlet tempegato
a particular zone, the outlet temperature beconvadaale.
However, by the nature of the counter flow heathexger, at
the start of the calculation neither the inlet noutlet
temperature of the cooling fluid is known. This azdhtion
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requires a Kludge method, for which an initial guder the
outlet temperature is established and adjustedreantsly until
the proper inlet temperature is achieved.

Teg)
2 50)
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TE Power
o —»
Qh2(j) Rlns(])
T Tio A ghig) Reondg) R
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Figure 2: Thermal resistance circuit from exhaust & to
cooling water

By analysis of the thermal circuit presented ig.R, it
becomes apparent that

Oniiy = Yragj) T Gnzgi) F Ghajy ~ Gna(j (7)
Ty =~ To
— 1)) 2(j)
Oh2(j) _R'— (8)
ns
T1 i _Tl j+1
Oha() = () (i+1) (9)

Rcondz

ey = Geacjy + Gnag (10)

The following equations, based on the propertieshe
thermoelectrics themselves and developed from Bognd 9,
relate the thermal properties of the system to dhetrical
generation of the modules.

_To Ty 1, 11
Onay = IR( j_EljRereJ“"Tl(n'(j) (11)
hte
_hyy Ty L1,
Qexjy = R +§IJ&te+aTl(j)l(J) (12)
hte

| = a(Tl(j) _TZ(i))
: Rete+Road

It should be noted that the above governing setjohtions
has produced thirteen equations with fourteen uwkisofor
each zone. However, for the first zone -calculatighe
secondary dimension heat flux received into theezoray be
neglected, as there is no duct material precediagzone from
which a transfer of thermal energy may occur. Theach
iterative set of equations within a zone is wellsed and
solvable.

The solution to this equation set is accomplistedugh a
Gauss-Jordan iterative process using M&tlabftware, from
which the temperature distributions and power gatiwt are
plotted for each respective zone of the thermoeteaiaste heat
recovery system. Fig. 3 displays a graphical repregion of
the model output, illustrating the trend and effeictin quantity
with respect to the current and power generateé dtove
figure also offers insight to the effect of mulgpihodule zones,
allowing the user to determine when current or powe
generation drops below a predetermined value, rgakire
addition no longer a benefit to the system.

(13)

Figure 3: Model output for 8 Melcor modules per zoe at
200°C and 0.043 rils.

PROTOTYPE / FABRICATION

A modular prototype was designed to enable variess
configurations to verify the above analytical hdetnsfer
model. The ability to vary the number and typ& Bf modules,
geometry of the fins, and exhaust flow rates amiptratures
was critical to the design of the prototype. Thetgtype is
comprised of four main components, the duct, thenTdglules,
the cold plate, and the compression plate and istoacted
primarily out of aluminum to increase conductiomotigh the
duct wall to the TE modules.

The exhaust duct of the prototype is broken irtree
distinct zones to mitigate isothermal effects amivjgle insight
on how temperature changes down the length of tiee. dTo

Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



exaggerate the temperature gradients down theheoigthe
duct, insulation is placed between the mating sedaof each
segment. Each segment is also broken in half lawadasy
access and swap out of the internal heat sinkspaodde a
compressive force minimizing contact resistancetheffins to
the duct. The different fin inserts are matedhe inside of
each duct segment half with a dovetail joint. Theet sections
in a fully assemble state with the fins removedmexploded
view can be seen in Fig. 4.

Figure 4. Segmented duct assembly with three zones
(compression/cold plates are not shown)

Three brands of TE modules were selected for nsthe
prototype. Twelve Tellurex G1-1.4-127-1.14 modul&st
Melcor HT8-12-40 modules, and 6 Hi-Z HZ14 modulesrev
selected to allow for module layout variance anddube
property variance, a summery of module propersegiven in
Table 1. The thermoelectrics are mounted on tke f&f the
duct using a highly conductive thermal paste to immire
contact resistances at the interface. The modnlesach zone
are wired in series with the other modules in #ate.

Table 1: Thermoelectric module properties

Melcor Hi-Z Tellurex
Power Max [W] 3.3 13 5.6
Current Max [A] 1.2 8 1.5
Voltage Max [V] 2.8 1.65 3.7
Internal Resistance [Q] 2.3 0.15 2.66

Cold plates were the selected method for cooliagabse
of the heat removal properties of water. The maxim
temperature gradient possible across the TE modagedesired
so a liquid cooling system was selected to achtbeehighest
rate and most controllable source of cooling pdssibwo cold
plates were implemented in the prototype, one &mheface of
the duct, and are connected in parallel with eattero The
cold plates also distribute the compressive formess the TE
modules.

The final major component of the prototype is the

compression plates. These plates provide the asajwe force
required to minimize contact resistance on the reodaces.
The modules are rated at 175 to 300psi of compmedsirce
for optimal performance. Belleville disk springseaused on
both ends of each compression bolt to mitigate ntlaér
expansion effects on pressure of the duct on thenbHules.
The assembly is supported by a set of jacks toewveli

misalignment and pressure variations that wouléhndeced by
bending stresses.

Thirty-four thermocouples are mounted at variotisical
locations along the duct to provide data to be cmexb to the
analytical model. Sixteen thermocouple probesnaoented in
channels on the duct surface beneath the hot aaedf the TE
modules. The remaining thermocouples are wirartbeouples
that are taped to the surface of the cold platenéasure the
cold side temperature.

The prototype is mounted to the test stand witiva bolt
automotive exhaust flange / end tank combinatidrhe end
tanks provide a transition from the 2 inch diamegst stand
piping to the 5x2 inch rectangular duct of the ptgpe. An
overall exploded view of the prototype showing hbwe Melcor
modules are mounted to the duct can be seen irbFig.

Figure 5: Complete Prototype Assembly Drawing

ELECTRICAL

For each configuration of the prototype and eadwfl
profile, the electrical power generated by theeysheeds to be
measured and analyzed. This is accomplished thrasg of a
test fixture that dissipates the electrical powerdpiced by the
thermoelectric modules, through several high porkeostats,
which are simply variable, wire-wound resistors.

The thermoelectric modules are distributed alorgléngth
of the prototype duct in three thermal zones. dohezone the
modules are placed thermally in parallel, but eleally in
series. The series circuit consisting of the tlomiectric
modules in each zone is terminated by one of thkegtats in
the test fixture. The voltage dropped across lie@stat as well
as the value of the rheostat’s resistance is recbeshd used to
calculate the power dissipated by the rheostatrdowp to the
following relationship:

_ VT2
R,

The use of a rheostat in this application is aitibecause it
allows the test resistance to be changed on deinaodier to
match the internal impedance presented by the thaautric
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modules in the circuit. It is important to matttistimpedance
because that will ensure maximum power is delivéoetthe test
load.

In order to determine the total internal impedantdhe
TEG modules two measurements need to be taken. Opea
Circuit Voltage (OCV) of the module series circuaitust be
measured. Then the voltage across the test loaxh ithis
connected to the series circuit must also be medsutJsing
these values the unknown value of the moduled tojgedance
can be calculated as follows:

V,
I:alnternal = I:'2T X (VLTC _1j

(15)
where \h¢ is the open circuit voltage measured at the teafsin
of the module series. It is important to allow ainfor the
module OCV to reach steady state before the measuteis
taken as the OCV will initially increase from thmé the circuit
is initially opened. This time does not seem tgnsicantly
vary between module types. Therefore, the accundcthe
internal impedance measurements will depend oncaarate
reading of the open circuit voltage.

TEST STAND

The test stand used to run the prototype for ghigect is
an automotive exhaust simulation stand. Hot exhasis
simulated by blowing air through a piping systemichih
includes a control valve, flow meter, 10kW heatend
temperature measurements. Prototype cooling isasepplied
from a storage tank where it passes through ternpera
measurements, a flow meter, and a radiator to dine@xcess
heat. The test stand provides output data on thearad
prototype cooling water flow rates, air temperasubefore the
heater, between the heater and prototype and dfter
prototype, and water temperatures before and afiter
prototype. A schematic of the test stand can lem s Fig. 6
where the red solid lines represent the hot exhgidstand the
blue dashed lines represent the cold water lines.

Reservoir

Radiator |

Knife Valve

Flow Meter Compressor

Figure 6: Test Stand Flow Schematic

TEST PROCEDURE

A test procedure was developed to provide guidémcthe
specific tests to be conducted for model verifmati As
discussed in the prototype description section, ghatotype
was designed to provide multiple physical configiorss to
give the model several points of verification. Thest
procedure breaks down these different configuratiato three
main groups with subtasks under each group.

The three main groups represent the three brarfids o

thermoelectrics selected for testing. For each utedype,
three fin configurations were analyzed, 7 fin insdfor 14 fin

total), 4 fin inserts (for 8 fin total), and no $§in Each fin
configuration was tested twice for each module, t@séto vary
temperature with constant flow rate and the set¢ondry flow

rate with constant temperature. The 14 fin totalfiguration is
represented by the 28 fin configuration in the nhodaoubling

the number of fins in the model is to account feathtraveling
symmetrically from the center of the fins to theside surface
of the duct.

Testing began once the prototype has been assirinibbe
the desired configuration and installed into thet t#éand. From
this point the flow conditions were set and thegenature was
ramped up slowly to the test point to avoid damggire heater.
Once the test stand and prototype reached steaidy data was
collected using a custom LabVIEW™ GUI that colle®$
prototype temperature readings, five test standpésature
readings, test stand air flow rate, test standiegakater flow
rate, and the three thermoelectric zone outputigek.

RESULTS

The first configuration for the prototype testedsathe 14
fin configuration. Under this configuration no mues were
placed on the prototype to allow for thermal resise Rpp,
and Ry, testing. This thermal resistance testing wassssary
to experimentally characterize the resistance fraumvection
from the air stream to the fins, conduction throubk fins,
contact resistance between the fins and the dodtcanduction
through the duct. The value found experimentaliy \wlaced in
the model instead of having the model calculatecthavection
coefficient and all of the resistances.

The first module configuration tested in the ptgpe was
the Tellurex modules. Twelve total modules weredusvith
four modules per zone, two modules on each hathefduct.
The modules were placed side-by-side across theercehthe
duct with 6.4 mm gap between the modules for th&t fand
third zones. Modules were configured differentlyr fthe
second zone with the modules staggered cornerritecon a
diagonal with 6.4 mm gap between module corners.

The Tellurex setup achieved an overall maximuntesys
power output of 27.6W at 176 and 0.043 ffs. An
unexpected outcome for the power output was thadrebzone
produced more power than either first or third zométh an
output of 11.5W compared to 7.8W and 8.3W for tingt find
third zones, respectively. This higher power otitjsumost
likely due to the module configuration. In the ggjared
configuration the importance of heat spreading wess
important so each module was able to have a grbatrflux
and hot side temperature compared to the configurathere
the modules were more closely packed.
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The second module configuration tested was thecdfel
modules. Twenty four modules were used with eigbtules
per zone and four modules per face.
arranged in a 2x2 square pattern on each zonenisitd.2 mm
spacing gaps between modules.

The Melcor tests achieved the highest power outputhe
prototype. Power output that was actually measweasi51.9W

at 200C and 0.043 rifs. This output was actual power not

maximum power output for the configuration due foe t
inability to match loads. The rheostats used &sigate the
produced power were undersized because initiallywats
thought that the modules would be connected inrallehand
series combination in each zone thus lowering #séstance in
each zone. It was decided not to run the parsdlgds
combination as this could result in back feed ié garallel leg
was at a lower voltage than the other. This walih result in
lower power output and lower system efficienci@he internal
impedance and open circuit voltage for each zone wead to
extrapolate out to the maximum power. It was fotimat the
ideal maximum power output under the given testddammns
would be 60.4W.

The last module configuration to be tested wasHR&

The modulese we

The results of the experimental testing can be gedable
2. The data in Table 2 is broken down such thatpibwer for
each module type is displayed for each zone oprbtype in
addition to the overall power for that particulastt case. The
power results for the Melcor modules are listed arntivo
difference headings, actual and matched. The laptuger is
the dissipated power measured across the rheosié the
matched power was calculated using the calculateelrial
impedance. This was necessary as the rheostatd oot
provide enough voltage drop to match the intereaistance of
the modules. To verify that the internal impedammever
calculation method was accurate, all three rhepstate wired
in series to provide enough resistance to matchnibdules
which demonstrated the method was consistent with t
experimental procedure.

The temperature of the air could not be raised tagker
due to several limiting factors. The first limigifiactor was that
the test stand is not capable of heating the a@ast much
beyond 210C at 0.043 nis because the heater is limited to
10kW. In order to achieve higher temperatures i test
stand it would be necessary to lower the air flate rbut at the
expense of reducing the convective coefficient.er€fore less

modules. Six modules were used for this configonatiue to

the significantly larger size of the Hi-Z modulekem compared
to the Melcor or Tellurex, one module per face aoae for a

total of two modules per zone. The first and tticthes had the
modules located close to the connection joint t® $econd
zone to keep the modules under the cold plates.

The Hi-Z modules achieved the lowest power outguhe
three configurations with a total power output df.®V at
200°C and 0.043 fits. The power output of each module is
significantly below the 14W rated power output ftire
modules. The reason for this is the 14W maximurtputu
rating is achieved at a hot side temperature of @4ghile the
hot side temperature of the module during the west 140C.
The discrepancy between the test temperature df2@ad the
actual measured hot side temperature of €48 due to thermal
resistance. The test temperature is the temperatuthe hot
exhaust air entering the prototype and does notialgt
represent the temperature of the TE surface.

heat would be transferred and the desired temperatould
still not be achieved. The second limiting facter test stand
operational temperature was the thermal paste wsedhe
prototype for reducing contact resistance. Thésrtial paste is
limited to continuous maximum operating temperatwe
200°C.

Verification of the model began by matching thpuits to
the model to one of the individual test cases. iroelel was
then run and the outputs for power and temperapuodiles
were compared with the experimental data. If thedeh
differed significantly from the experimental datahet
experimentally collected thermal resistance valaes \mputted
to the model. This allowed for quantification dfet error
induced by the convective correlations used in mthedel.
Results of the verification tests for the model paning the
Melcor experimental data can be viewed in TabldrBgeneral
the model tended to under predict the actual system
performance for all module type configurations.

Table 2: Experimental Results for 14 Fin Test Confjuration

125C (0.043m%s) | 150C (0.043ms) | 200T (0.043m%s) | 200C (0.035m?s) | 200T (0.024 m¥/s)
Zone 1| Zone 2| Zone 3| Zone 1| Zone 2| Zone 3| Zone 1| Zone 2| Zone 3| Zone 1| Zone 2| Zone 3| Zone 1| Zone 2| Zone 3
Tellurex Power NA | NA ] NA ] NA LT NA ] NA L 78 115 83| 74 [101] 71 [ 58 | 76 | 50
Tellurex Power gy 12.2 17.8 27.6 24.6 18.4
Melcor Pagual 65 | 51 | 43 | 102 | 83 | 68 | 209 | 167 | 143 | 188 | 147 | 118 | 143 | 95 | 74
Melcor Ppached 74 | 58 | 49 | 122 ]| 96 | 77 | 242 | 196 | 166 | 218 | 172 | 138 | 166 | 11.3 | 86
Melcor Proaiacual 15.9 25.3 51.9 45.2 31.2
Melcor Progimatched | 18.0 29.5 60.4 52.7 36.5
Hi-Z Power 20 | 16 | 15 | 35 | 29 | 25 | 67 | 80 | 53 | 60 | 59 | 45 [ 46 | 50 | 30
Hi-Z Power gy 7.3 8.9 20.0 16.4 12.6
6 Copyright © 2008 by ASME
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Table 3: Model Verification Comparison Data for Melcor
14 Fin Experimental Data

125¢C 150C 200C 200C 200C

(100CEM)| (100CEM) | (100CEM)| (75CEM) | (S0CEM)
Ptotalmatched 18.0 29.5 60.4 52.7 36.5
Pmodel 12.3 19.6 39.6 38.0 29.6
Protal %0€rTO1 317 33.6 34.4 27.9 19.1

FEASIBILITY STUDY

To gain insight into the economic viability of ugin
thermoelectrics for waste heat recovery in an itréhissetting,
a feasibility study was conducted based upon tres§ar Rand
VECTRA Gas Turbine. The model used for the feaisyhditudy
allows for the adjustment of the module figure afrinand the
number of modules incorporated in the system bgrialy the
number of modules in a particular zone as well has tbtal
number of zones. A separate code calculates thbdost of the
system, making assumptions for initial and opegatinsts and
projected interest rates and time value of moneith \this
information, the optimal number of modules to miiziencost
per kWh may be projected for a particular systesnyell as the
necessary figure of merit to lower the averagegneost of the
system below that of competitive alternatives.

For the analysis, an equation was formulated taucaghe
projected cost associated with implementing susiiséem. The
total cost equation was constructed by breaking nddhe
system cost into four main categories, then furtlesessing the
major contributors to cost within each categoryr Erample,
modules, sensors, and power handling units wererfa into
material cost, heat sinks and insulation into mail# cost,
cooling pumps into operating cost, as well as tapland
shipping into miscellaneous cost.

The time value of money is based upon the conéegptthe
dollar today is worth more than the repayment af tollar in
future years. To determine the present value coatsystem, a
compounding interest equation is applied to the itabp
investment as well as an annuity geometric gradisries
equation to the operating costs. The operatingsco$tthe
cooling pump will experience the effects of the npri
borrowing interest rate and inflation of a giveragewhile the
capital investment cost is evaluated at a fixed.réhe assumed

prime, i, and inflation ratef, are 5% and 4.25% respectively,

while the combined interest and inflation rate,is calculated
to be 9.46%.

As stated above, the feasibility model also requoatput
parameters of the system numerical model associsitbdthe

VECTRA Gas Turbine. These parameters allow for the

adjustment of the module figure of merit and thenbar of
modules incorporated in the system by altering rthmber of
modules in a particular zone as well as the totahler of
zones. From this information, an optimal configimatmay be
evaluated.

Once an initial capital investment has been caledlaa
straight line depreciation method was chosen teapthe cost
equally over the lifetime of the system. With thatat cost
matrix spanning twenty years, the output power bé t
numerical model is used to calculate yearly kildvaatur power
generation (assuming the system is run continuahsbughout
the entire life of the system) and the optimal eystcost per
kilowatt hour is established (Fig. 7). As can bersfrom Fig.

Figure 7: Graphical Comparison of Cost vs. Figure bMerit

7, based on the assumptions made, the economiidityiaib TE
waste heat recovery systems are questionable ipamd to
standard electric power generation options. TBesys are
potentially attractive for remote power applicasomhere
$0.10-0.20 is economically competitive. As thetgosr unit
power for TE modules decrease by about a factoroxppately
four, there is potential for TE waste heat recoveygtems to
compete against standard power generation techieslog

CONCLUSIONS

An analytical model in addition to a physical mbéas
been developed to gain insight into how thermoedteatodules
operate in industrial systems. This insight andwedge then
lead to the development of a feasibility study &edmine the
payback rate and possible timeframe for when thetewtric
modules will be economically viable.

The physical model and the analytical model wdre o
show how heat flow from the hot exhaust gas andtrital
power generation can be affected by the numberoafules and
configuration of modules in each zone. Modules bawe a
parasitic effect on neighboring modules if placed tlosely.
This parasitic effect will lower the hot tempera&uheat flux,
and ultimately the power generating potential ofhbmodules
which will have negative effects on system efficign

The feasibility study was able to show how module

configurations and the figure of merit of a modcda affect the
investment costs of a thermoelectric project. Asgs continue
to decrease and materials improve for thermoeteatitodules
with an increase in current energy prices could theeadvent
for cost effective use of thermoelectrics in wdstat recovery.
This will become feasible in applications in remateas were
the cost of energy is already much higher thancsipgrid

prices.
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