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ABSTRACT

In this papera general idea about weare thermoelectric generator from the body heat
been discussed. First, a thermoelectric generatbich is usually used for industrial
purposes (Tellurex-G2-40-0329 series), was usedatmrexperiment to observe the output
results at the low-temperature difference (£1=6-18 K). At this temperature range, the
power output was approximately 0.0192-0.35 uW whigs very low for practical use.
Different configurations of TEG (single, doublenglie TEG with fin, etc.) were used to find
out the best one, which could generate maximum poweis found that a single
thermoelectric generator with a fin can harvestaximum power output of around 2.5 pW.
A list of low temperature-based, thermoelectri/pet and p-type materials was presented.
type 75% BiTes, 25% BpSe andp-type 25% BjiTe; 0.75% SbTe; (1.75%Se) were used for
numerical and finite element analysis for weardb&rmoelectric generator. A maximum |of
6.5 UW power can be harvested from body heat wioely bemperature is 37 °C and the
ambient temperature is considered as 25 AT £12 K) for this thermoelectric element.
Maple, FlexPDE, and SolidWorks were used for nuoarianalysis and finite element
analysis (FEA).

Keywords: Thermoelectric generator; wearable TEG; Seebeck effect; Figure of Merit,
thermal resistance.

1. INTRODUCTION

Over the last two decades, advancements in miawefeechanical system (MEMS) and
miniaturization of electronic devices have lowetleel consumption of electrical energy in the
range between miliwatts (mW) to microwatts (uW).vides which fall in to this level of
energy consumption are becoming more suitable tadssl in wireless sensor networks
(WSN) [1]. The chemical batteries which have atéidifetime and have biohazard impact on
the environment. On the other hand these batteeigsire extra labor for replacement [2].
Therefore, researchers are trying to overcome émisrgy management with alternative
energy sources (i.e., renewable energy sourcesyetdr, traditional renewable energy
sources are much larger in size, require costlfiainset-up, and are not suitable for
microelectronic devices [3]. Therefore, the thertaoic power generator (TEG) is one of
the most attractive solutions for fulfilling theywer demand of mobile electron devices.

From 2000 till to-date, a large number of reseasdieve been conducted and are still being
developed. The idea of this research is to deviepenergy harvesting technology through
TEG. The first practical thermoelectric module wasoduced in 1960s. Since then it has
been used for harvesting power, cooling, pumpirdjtegating applications [4]. The first TEG
that used body heat was fabricated and used inraigh2009 [5]. Over the last decade,
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starting from 2005, many researchers from all dter world have done many theoretical,
simulation-based and practical experiments on T&&®mrvest energy from the human body.

Leonov et al. [6] discussed the power generatiguabgity of the human body and found out
that the forehead is the most suitable locatiohawvest energy using TEG. The outputs of
their developed devices were 30-70 pW from the boelgt. Mitcheson [7] compared the
kinetic power generator and TEG and reported thetgeneration efficiency is better for the
kinetic energy harvester even though the thermtr&degenerator is suitable for wireless
sensors, powered by the body heat. The power gewsis 20 pW/crh during running,
whereas it was 10 pW/éuring walking. In 2010, Lossec et al [8] proposedmprove the
power generation by introducing a new fac#y,and using DC-DC converter for TEG. TEG
module TM-450.0.8.3.0 was used for their experirmearid showed that it can generate 7
uWicnf, with a heat sink while normal walking and 30 pwfcwhile running. Leonov
presented that human body has a high thermal aesist which has an effect on the design of
TEG [9]. After the close observations through thperiments, it was mentioned that thermal
resistance of the TEG should be hundreds Gk,

Jo et al. [10] proposed dispenser-printing techgwlofor TEG developed by a
polydimethylsiloxane (PDMS) substrate, which matdlexible and had a low thermal
conductivity. The power output of TEG was 2.1 pWi8tk. Suemori et al. [11] used very
light weight composite materials i.e., polystyreared carbon nanotubes as a thermoelectric
(TE) materials for their proposed TEG. It was depeld on polyethylene naphthalate film
using printing technology. The prototype can geteerd5 mW/m at 70 K temperature
difference. Kim et al. [12] designed a wearable TE@ich consisted of 12 couple of
BiosShy sTes and BpSe) 3Te, 7 materials those were fabricated on polymer baabdd. The
power and voltage outputs were 224 nW and 14.2 td6K temperature difference. Kim et
al. [13] designed a glass-fabric based flexible-Ti&hg printing process withrtype BiTe;
andp-type ShTe; TE materials. The power density of the prototyp8.B mW/crhat 50K.

Typical TEGs are used for industrial purpose wheese is a huge temperature difference
between two surfaces of the TEG. Therefore, theratda thermoelectric power generator
(WTEPG) is becoming a new platform for wirelessssemetworks to provide the green, less
costly, and energy efficient power. WTEGs are &itgcto the human body to harvest the
thermal energy and convert it into electrical egefdormally the human body temperature is
around 37 °C [9] whereas the ambient temperatuneti§ixed. It varies randomly around the

world and hourly basis as well. For this reseaitie, range of ambient temperatures is
considered from 19 °C to 31 °C. However, most ef TiEGs available in the market are
designed for high temperature (typicallyf > 50 °C), which is not suitable for harvesting
energy from body heat. Therefore, one of the objestof this research work is to determine
if the commercial TEGs are used for harvesting@né&om the human body what will be the

power output. Moreover, another objective is toestigate the properties of thermoelectric
materials, which are suitable at low temperatuiie=(6-18 °C) and analyze their behavior.

2. THERMOELECTRIC GENERATOR

TEG is a solid-state static device. TEG generaledrecal energy from thermal energy due

to the temperature difference across its two sedaclThomas Johann Seebeck first

discovered this technology in 1821 [14]. This emerfarvesting technology is

environmentally friendly. The size of the TEG varigom mili (m) to micro (1) range, no

maintenance cost is required, and has 20-30 yéas operational lifetime which has made
2
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this technology very popular nowadays. RecentlyG$Eare used in many applications
including micro self-powered wireless platformsdustrials areas, hot pipelines, aircrafts,
biosensors, automobiles, the human body, telem®tsgems, in the internal combustion
engine as a heat recovery device, and in smaltretfgc devices for various applications.
Especially, in coming decades, tracking, monitosegsors and surveillance system of health
are going to be expanded very quickly, which is oh¢he big largest platforms of mobile
sensor networks.

2.1 Wearable TEG

WTEPG is nothing but a specially designed TEG, Whises the temperature difference of
any living body and surrounding temperature to eanenergy. The human body is a great
source of energies such as heat, motion, and \ohrafhese energies can be used to convert
into electrical energy. Therefore, WTEG can be usedconvert this heat energy into
electrical energy.

2.2 Basic Principal

The fundamental principle of TEG is based on theb®ek effect of TE materials. It can
generate voltage if there is a temperature gradomtiveen two sides of the element.
According to the Seebeck effect, the generatedageltis directly proportional to the
temperature difference.

V =ahT (1)

where,a is the Seebeck coefficient of the materials. Adgpvalue of Seebeck coefficient of
commercially used n-type material Bismuth Tellur{@,Te;) is 287x10 V/K at 54 °C and
for p-type material Antimony Telluride (§bey), it is 101-161x18 V/K at room temperature
[15], [16].

A thermoelectric element consists of p-type angpetsemiconductors where p-type has
excess holes and n-type have excess electronsriotiba energy. Typically, a large number
of TE materials are connected electrically in set@increase the generation of voltage and
thermally in parallel for increasing the thermalndactivity. The standard size of TEG
modules is vary from 4 mm x 4 mmx 3 mm to aroundrBf x 50 mm x 50 mm [17]. Figure

1 illustrates a typical single thermoelectric cell.
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Fig. 1. Schematic diagram of a thermoelectric pair with n-type and p-type TE leg.

The thermal efficiency of thermoelectric materidispends on the figure of mer)( The
typical value forZT (dimensionless unifl is the temperature in K) is around 1 [18] for most
materials such as for Hies is 0.8 at room temperature [19]. This figure ofrinéepends on:

-2 2)

where,p is electrical resistivity andt is thermal conductivity. The Power generation from
thermoelectric module not only depends on thesarpaters but also depends on ara=(

A, + A, hereA is total areaA, is cross-sectional area of n-type materiéls,is cross-
sectional area of p-type materials) of the one, pairgth of the materials lad),( hot surface
and cold surface temperature of TEG moddlg @nd Tcs), internal electrical resistance of
the materialsR;,) and number of couples)(in one module as well.

2.3 Mathematical Modding of TEG

The difference between the rate of heat energyiagtéhe hot sid€y and going out from
the cold side of the modu(@c is the amount of generated powe) by the module.

P= n(.QH _.QC) (3)

where,
(.QH = I’1[a'|-|—Hs + K(THs _TCS) - 05l zRiﬂ] (4)
Qc =N Teg + K (Tys ~Teg) + 051 2R, ] ®)
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In equation (4) and (5)% = (an + ap), an @anday, are the Seebeck coefficientsretype andp-
type materials, respectively and the thermal cotatheeK is given by:

K=Ky tKplp (6)
where,
2
a,
k, =—2 7(a
" P @
ap
kp = 7(b
p ppzp ( )
_ Area _A
Y length 1 Ue

where, k, andk, are the thermal conductivitieg,,and y,are the ratios of the area to the

length, p, andp, are the electrical resistivitieZ, andZ, are the figures of merits oftype
andp-type materials, respectively. Internal resistaoicéne module is calculated by:

PP

R
" Vo

(8)

3. EXPERIMENTAL TESTSAND RESULTS

A commercial TEG module (Tellurex, G2-40-0329 s&riwas used for the experiment in the
lab. Bi-Te based thermoelectric materials are usethis module which is designed for
industrial purposes. It can generate maximum pawemn hot side temperature is 250 °C and
cold side is 50 °C. But for this lab experimenty iemperatures were used. The specification
and testing parameters are given in Table 1 and2Fpows the experimental setup.

Tablel. Parametersused for the Experimental test [20].
Specification Value

Hot surface temperaturéy 37°C

Ambient temperaturel 19-31°C

Module size 4 mm x4 mmx3.5mm
Internal Resistance of TER,, 3.1Q

Seebeck coefficient af-type,a,  225x10° V/IK

Seebeck coefficient gi-type,a,  230x10° V/K

Thermal resistivity of-type, p,
Thermal resistivity op-type,pp
Thermal conductivity on-type,k,
Thermal conductivity op-type,k;
Total area/\

Length,l,=Ip

Thickness of the copper plate
Gap between two lags

1.3x1(° ohmr-cm
1.27x1(°ohmr-cm
1.14 Watt/cm.}
1.14 Watt/cm.}
1.96 mmM

1.4 mm

0.3mm
1.08mm
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Number of Couples; 128
Load resistancdy 3.3Q

Thermo regulator

Circulating hot water

Single TEG with fin
Double TEGs
Single TEG

Heat exchanger
Millimeter

Thermometer

External circuit with
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Fig. 2. Experimental setup.

In this experiment, a thermo-regulator was usedcfarulating hot water through the heat
exchanger plate, which can be considered as a hbodn Different temperatures can be set
in the thermo-regulator to change the plate tentperebecause the ambient temperature is
fixed in the lab. The resistance of 3Bwas used as a load in the external circuit to matc
with an internal resistance of the module. A Mu#tier was used for measuring the generated
voltage and current. A thermometer was used for somgag the plate and ambient
temperatures. Three different cases were considerezkperimental tests and for comparing
the results to determine the optimum case for fsiirvg maximum power.

3.1 Single TEG Module

At first, only one TEG module was used for the expent. Figure 3 shows the single
module of Tellurex G2-40-0329 series.

Positive wire

Cold side of module

Negative wire

Hot side of module
Fig. 3. Single TEG module.

Figure 4 represents the experimental results of @peuit voltage and short circuit current at
different temperature gradients (6-18 °C). The opetuit voltage and short circuit current
increase with increasing temperature differencewben hot surface and the ambient
temperature. Therefore, the output power also aszs.
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194  Fig. 4. (a) Open circuit voltage and short circuit current and (b) output power with
195  respect to the temperature difference between the hot and ambient temperature for a
196  single module.

197

198  Figure 5 indicates the matched load voltage, laadeat and load power output with respect
199  to temperature differences. Comparing these grajthsFig. 4, it is clear that the voltage and
200 current output decrease after adding load resistand thus output power decreases.
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Fig. 5. (@) Load voltage and Load current, (b) Output power with respect to the
temper atur e difference between the hot and ambient temper atur e for a single module.

3.2 Double TEG Module

In this case, two back-to-back TEG modules wereneoted in series to increase the output
voltage. Figure 6 shows the configuration of douk#s modules. Same steps were followed
to get the open circuit voltage, short circuit emtr power and then load voltage, load
current, load power.
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215 Fig. 6. Double TEG modules.

216

217  Figure 7 and Figure 8 represent open circuit veltatort circuit current and power, and load
218 voltage, load current and load power, respectiveiih respect to temperature differences.
219  The voltage, current, and power output is more giagle TEG module.
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Comparing Fig. 7(b) with Fig. 8(b), the power outjmi almost double at matched load at
maximum temperature difference. It is because of tack-to-back modules were connected
in series, which increases the thermal resistafidieomodules between two surfaces and
also increases the thickness of the module. Thexefloe temperature difference between two
surfaces was more than one module, which increteesutput power as well. Figure 9

shows the temperature difference between single camudble TEG modules with respect

temperature difference between hot side and ambient

=
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Double TEG modules

1.6

1.4

1.2

[N
\\\I\\\I\\\I\\\I\\\I\\\I\\\I\\\

Temperature difference between hot and cold surfaces of TEG ( °C)

I I L I L L I L L I L L
O'24 6 8 10 12 14 16

Temperature difference between hot side and ambié@) (

11



245
246
247
248
249
250
251
252
253
254
255
256

257
258

259
260
261
262

263
264

Fig. 9. Temperature difference between hot and cold serfalong with temperature
difference between hot side and ambient of singéedouble TEG modules, respectively.

3.3 Single TEG Modulewith Fin

Finally, a fin of size 45.97 mm x 45.97 mm x 9.0ehrwas attached to the cold surface of

TEG. Usually, the fin is used to increase the ligsgipation rate from any hot surface. The

thermal heat energy goes parallel from a hot sarfac cold surface and increases the
temperature of cold surface gradually. At the same, the heat dissipates from the cold

surface to the surrounding environment through eotion process. If the fin is attached then

this dissipation rate will be increased. Figuresh@ws the arrangements of the set-up of the
fin with a single module.

Fin

> TEG module
Fig. 10. Single TEG module with fin.
Figure 11 and Figure 12 illustrate voltage, curramd power output without and with load

resistance, respectively, against the temperatifferehces. It is noticeable that output
voltage, current and power is more than previousdases.
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Comparing these three different cases, the singl@ With fin is more suitable then only

single and double TEG configurations. Figure 13idatkés the output power for three
different cases at matched load. Considering wéardBG, it should be small, light, and

thin. In that case, double TEG configuration idaie as it is thinner but the output power is
not higher than a single TEG with fin configuratidfowever, the price of TEG module is
also quite higher than a fin. In the double modalegther problem may occur if one of the
modules becomes inactive then the output power lvaiome zero. Therefore, the single
TEG with a fin can be considered the suitable aepbwer harvesting from the human
body.

14
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292  Figure 14 Figure 15 show the experimental set-uptast results of TEG attached to the arm
293  at different conditions i.e., single TEG, single @beside window, single TEG with heat
294  sink, single TEG with heat sink beside window.

295

296

297

298 (@ (b)

299 Fig. 14. (a) single TEG and (b) TEG with heat sink attached to arm.
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4. ANALYSISOF THERMOELECTRIC MATERIALS

The module, which is used for the experiment, i$ soitable for a low-temperature
environment. Therefore, it is important to find dloeérmoelectric materials those have a good
material profile to work at low temperature, must lssed in TE module for the wearable
thermoelectric generator. Most of the caseg] &iand B}Se; are used for low-temperature
applications in TEGs [2]. Now researchers are trytim modify these material properties and
mixing with other nanomaterials to increase therggof merit 7).

4.1 L ow Temperature based Materials

There are different n-type and p-type semiconductaterials available to be used, but most
of the materials have a high-temperature profite. \Wearable applications, the temperature
range is4T=6-18 K, where the body and ambient temperatures3ar°C and 19-31 °C,
respectively. The hot side and cold side tempesatare considered as 310 K and 298 K.
Therefore, the average temperature of these twiacgs is 304 K, which is considered for
investigating the materials properties. To find ksunaterials for this temperature range,
different handbooks are studied and listed theablgtmaterials in Table 2.

Table2. Then-type and p-type TE material propertiesat low temperature[21], [22].

Typ Material Seebeck coefficient,  Electrical Figure of
e 10°® (V/K) resistivity (10° merit (10° K"
ohm-cm) Y
75% B,Tes, 25% B,Se;  -159.2 1.0z 2.0
n-  Bismuth telluride -110 6 0.23
type (Biy.7sTe3.25)-sulfur ball
milled
25% BpTe; 0.75% 201 1.03 3.47
tp' ShyTe; (1.75%Se)
YPE  AgsbTe 204.2857 4.9 1.13

16
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325
326
327
328
329
330
331
332
333

334
335
336
337
338
339
340
341
342

Sio.7Ge 3 221.1111 4.02 0.19

TAGS-85-(AgSbTg1- 78.08 0.68 0.68
85,(GeTe)85

Antimony telluride 120 0.002 0.82
(SkyTes) sulfur ball

milled

From Table 2, n-type 75% Hie;, 25% BpSe; and p-type 25% Bie; 0.75% Sbhles
(1.75%Se) were considered for further numerical fawite element analysis due to their high
figure of merit for wearable TEG.

4.2 Numerical Analysis

According to Egs. (4) and (5), the rate of heawflging in and out from the TEG surface is
given by:

.QH = n[alTHs + K(I—H's _TCS) ] 2Rin] (4)

(.QC = n[a'ITCs + K(I—Hs _TCS) + 05l 2Rin] (5)

In these equations, almost all parameters are knewgeptTys and Tcs temperatures.
Actually, Ty is not equal to the hot side temperaturdpfand similarlyTcs in not equal to
Tair, Which is the cold side. Theoretically, the rat&eat flow at the hot side must be equal to
the rate of heat flow at the hot surface of theneliet and similarly for the cold surface.
However, practically there is some heat loss a$ ¢mavection, which also must be equal to
the rate of flow of heat from the hot surface te ttold surface of the element. Figure 16
illustrates the schematic diagram of a practicahacio of heat flow from hot side to cold
side of a TEG.

17
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Copper
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Convection of heat
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Temperature, Ty
343
344 Fig. 16. Schematic diagram of heat flow in and out from a TE element.

345

346  For the simplicity of numerical analysis of the m&] following assumptions are made:

347 (i) The whole system is in steady state;

348 (i) The properties of the TE materials are indefmt of temperature changes;

349  (iii) The size and dimensions of all n-type and/p& elements are identical;

350 (iv) The TE elements are connected in series aatft@vs parallel from hot to cold side;

351  (v) The surroundings of the n-type and p-type male(left, right and the gap between them)
352 are adiabatic.

353

354 Now considering the heat convection process, tite o& heat flow from hot side to hot
355  surface of the element and cold surface to amidgnperature are given by:

356

.QH =mA(Ty —Ths) €)

.Qc =hy Ay (Tes — Ty ) (10)
357
358 According to Egs. (4), (5) and Eqgs. (9), (10), tike of heat flow is rewritten as:
359

Qu =Ty + K (Tys ~Tes) - 051 2R, ] = A (Ty ~Te) (11)

Qc = MatTos + K (Tys ~Tes) + 051 2Ry ] = Mo Ay (Te ~ Ty ) (12)
360
361  where, h; (assumed for numerical analysis 0.5 inand A; (0.054 mm) are the heat

362 transfer coefficient and surface area of the ummgper plate, respectively. Similarli,
18



363
364
365
366
367

368
369
370
371
372
373
374
375
376
377
378
379
380

381
382

383
384
385
386
387
388

(assumed 0.035 W/k) and A, (0.0392 mm) are the heat transfer coefficient and surface
area of the lower copper plate, respectively. Whei; = h, A; = infinity only that case
Th=Tus and Tcs=Tar Which is not practically possible. Solving the E@$1l) and (12),
unknown parametefBys andTes can be found as:

(K -nat +hA)(0.51°R, +hAT, ) +(0.51°R, +hAT, )nK
Hs ™ (hA +nK +nal)(nK - nal +h,A,) - (nk)?
nK (-0.5n1°R, ~h AT, ) +(-hA, - K -nal)(0.51°R, +h,AT, )

o (A +nK +nal )(nK —nal +h,A,) = (nK)* (14)

(13)

Substitute Egs. (13) and (14) into Egs. (4) andt¢S¢alculate the heat flow rates and then
output power can be easily calculated from Eg. @&)r numerical analysis, material
properties were taken from Table 2, and the sizk dimensions are taken from Table 1
where, T4=310 K, T4;,=298 K. The whole numerical analysis was carried iauMaple
software to get the power. Figure 17 illustrates dutput results in the output power with
respect to the load current. The temperature diffeg betweenlys and Tes (i.e., the
difference was around 3 K calculated from theoadt@malysis) was very low which was one
of the main reasons of low power output (UW lev@lpe output power increases with
increasing electrical current. However reaching pibak value, the power output decreases
with further increasing of current. The theoretigaximum power is calculated to be 6.5 pW
at 0.015 A withyfT of 3 K.

Output Power (W)

N L L L

O\\\\I\\HI\H\IH\\I\\\\I\\\\I\\H
10 15 20 25 30 35

Current (mA)

o
[¢)]

Fig. 17. Theoretical result of the power output with respect to current.
4.3 Finite Element Analysis (FEA)

Finite element analysis was done in FlexPDE softwasing the materials properties and
geometry. Figure 18 shows the mesh analysis ofl&@ent. In this analysis, an external load
19
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413

was added at the bottom to complete the cycle.eldwrical resistance of the load was equal
to the internal resistance of the thermoelectritema.

Hot side- 309 K
vt o COLOOO0000K] U
PAVAVAVAVAY AV ¥i¥i = T“ » Ppercopper
2% ATV, LT AFLY, FEVa connector
Gap
between

| ————3 n-type material
lags !

p-iype material

rs

VLY VAV, VaVa VAV Favay]
ar. %A »‘/z‘\% Lower copper

. connector

>  External load

Cold side (air) - 306 K

Fig. 18. Mesh analysisof TE element.
4.3.1 Governing Equation for FEA

The governing equations for electric field  produced in the thermoelectric element due to
the temperature differencel) and heat flow §) through the elements due to the Peltier

effect, are given by:
J = o(E-aAT) (15)
q=aT J-kAT (16)
here, J, o, a, k are current density, electrical conductivity, Semb coefficient, and

thermal conductivity, respectively. According tcetleonservation principle of energy and
current:

0.q=J.E=q 17)
0.J=0 (18)

According to the definition of electric potentialectric field is given by:
E=-0V (19)

Figure 19 represents heat flow, current densityilpgoof designed TE pair. Figure 19 (a)
shows that the heat flows from hot surfatg£310 K) to cold surfaceTes=306 K) but not
flowing through the gap between legs, sidewalls, mot also through the load, as it is not the
part of the TEG.
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418 Fig. 19. (a) heat flow profile and (b) current density profile of asingle TE module.
419
420 5.CHALLENGESOF GENERATING OPTIMUM POWER
421

422  Most of the wearable TEGs generate power of migrowatt range even less than this. It
423 becomes a challenge to generate optimum energgwerpup the mobile electronic devices
424  from this green technology. Some existing challsraye discussed below:

425 (i) Low Thermal Resistance [23]

426 (i) Low figure of merit of TE materials [2]

427  (iii) The flexibility of Module: Flexibility of themodule is another big problem. The TEG
428 modules that are available in the market have @ figpdy at the top and bottom side.
429  However, the human body is not a plain surface. Obdy has different shapes and curves.
430  Figure 20 shows an overview of the human curved/bwith a rigid TEG. Therefore, TEGs
431  are not attached to the body very tightly whichuess heat flow from the body to the hot
432  surface of the module. Figure 21 presents a fleXli#G module designed in SolidWorks.
433

TEG
e
== Curved body
434
435 Fig. 20. Typical TEG module attached on body
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Fig. 21. Theflexibility of wearable TEG.

5. CONCLUSION

In this paper, both theoretical and experimentalyses have been described. Experimental
work was carried out using an existing TEG modAlenaximum output power of 0.35 pW
was measured for the single module at matched Dadble and single modules with fin
were also tried for the experiment. Therefore, @swfound that the among these three
configurations, single TEG with a fin has a highweo output of around 2.5 pW, which is
nearly 7 times greater than a single module. lorétgcal analysisn-type 75% BiTes, 25%
Bi»Se; and p-type 25% BiTe; 0.75% SbTe; (1.75%Se) were used. The theoretical result
shows that TEG with these TE materials generatpsoapnately 6.5 pW whed T is 3 K.
Finite element analysis of n-type and p-type matershows their heat flow and current
density profile when the hot surface and cold sigfeemperature are 310 K and 306 K,
respectively.

Now flexibility and high power output are two maiancerns for the further developments of
WTEG for researchers. To optimize the output poavet make the WTEG module more
flexible and thin, the existing challenges mightcbesidered to overcome the problems as a
future work.
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