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Abstract. help energy matrix of all countries and minimizes th
overall environmental impacts, prioritizing the dew
This paper presents a study of the national elecpower, replace this by other renewable energy source [3].
showing the Brazil consumes electricity in a yead apw much To Brazil, the stakes are high for the energetic
you could save if thermoelectric modules were usedame exploitation of natural resources, as they aretexat

industries _and new cars and plane_s to_ capture and unevenly in various regions of the country. Oftéime
transformation of residual thermal energy into ét@al energy. Brazilian potential for generating energy through

The conclusion appears really attractive econontycaliven the . .
fact that many processes generate residual theenalkgy and renewable resources is touted as one of the lanyéise

also energy cogeneration using thermoelectric meslig totally Wc_)rld [4]. . .

clean, which prevents the emission of greenhousesgas the With the increasing need for clean energy sources,

environment. renewable energy from the thermoelectric phenomenon
has emerged as an alternative among the possibiliti

Key words This is due to the fact the thermoelectric modplessent

certain advantages, such as high durability, higlusacy
and low volume, besides being a way of Green Energy
Thus, this paper presents the advantages and aipqutis

of thermoelectric modules in the domestic marksing
the residual energy harvesting for power cogermrati
Thus, the analysis of their impact on the eledirisector
and improving the overall energy efficiency of éteal
systems will be shown, proving environmental and
economic benefits of the use of thermoelectric neslu

Green Energy, Energy Harvesting; MicrogeneratiorgelSeck
Effect and Thermoelectric Modules.

1. Introduction

As technological development and concern aboutajlob
warming, the quest for power generation through
alternative sources is increasing [1]. Today, eleity is a
pretty basic for the development of the populatiwhjch
improves the quality of life by providing social can

Currently we live in an energy crisis that has been o )
evidenced by the limits of energy supply required the The thermpelectrlcny is the conversion of thermaérgy_
demand of the development, which is based primariy into electrical energy through a temperature gradie

non-renewable sources [2]. Along with the great This phenomenon is reversible and is mainly based o
dependence of these types of sources, has also thethe Seebeck effect and the Peltier effect [2,5,6].

environmental impact, mainly due to the pollutibattis a The Seebeck effect was discovered accidentallysi 1
result of production activities that use these $yps by Thomas Seebeck, verifying that two conductors of
energy resources. different states at their tips and a temperatufferdince

In view of this, the energy issue has become Yialall between them, metal mater!als made with a needie th
countries of the world, are extremely importantéduce was between them was shifted [5]. Between 1822 and
dependence on fossil fuels, which today is the madtly 1823 Thomas Seebeck published his findings stdkiag

used form of generation, finding sustainable sohgito conductors (or semiconductors) produce a different
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voltage when they are united with the ends andesuhql

to a temperature gradient [7].

In 1834 Charles Jean Peltier discovered another
thermoelectric effect known as Peltier effect, whimlike

the Seebeck effect, when electric current (direstent)
flowing in the circuit made up of different condog
causes the conductors coupling the cool or warm,
depending on the direction of the current. The amhad
heat consumed is proportional to the current flgwimthe
conductors [1,5].

3. Thermodectric Modules

A thermoelectric module converts thermal energyo int
electrical energy and vice versa consisting of drimna
formed by multiple bimetallic junctions connected i
series to increase output voltage, and in partdleicrease
output current. [2]

These are able to operate as generators temperature

gradient or as generators of electricity in diratrent [2].
Each bimetallic junction element is constitutedaby-type
semiconductor and n-type, they are connected iassand
grouped in pairs surrounded by a sheath ceramias. T
ceramic plates have copper busbar that allows Agki
semiconductors electrically in series and thermafly
parallel [1].

Currently, we use many joints to maximize the
power delivered by the module. In Figure 1 presents
series of junctions grouped in matrix form, formiagset,
known thermoelectric module [1].

generated current ceramic substrate
A—

p-type material

n-type material

’ = - = = _.
applied heat {P ﬁ

{P N conductive metal
Fig. 1 — Thermoelectric modules

The modules are in their datasheet specificationd a
temperature information relating to voltage, cutrand
power modules can provide, beyond the dimensioms an
other characteristics necessary for their uses tthiserved
that as there is a high temperature gradient, #heeg of
voltage and current increase proportionally.

4. Thermodectric Generation

The thermoelectric power generation is based on the
Seebeck Effect. When heat is applied to the junctb
two different conductors, a voltage is generatetie T
temperature difference between the hot side and-ake
face is directly proportional to the voltage geteda

When heat is applied to a surface of the thermtrétec
generator, electrons from the n-type semiconduadrthe
gaps of the p-type semiconductor will move awayrfithe
heat source. This movement of electrons and hdlesg
rise to an electric current. The current direci®ppposite
to the movement of electrons, so in the same sbasehe
movement of the gaps. [3]

The performance of a system for generating eledtric
power using thermoelectric modules depends not only

the characteristics of the thermoelectric modulssdu,
but a number of factors directly influence , liker f
example the temperature gradient , the converted us
and charge on which to feed. [8]

The temperatures at which the system is exposed to
influence the overall yield of the system because t
greater the temperature difference, the greatethés
voltage output of the modules. In addition, theypeyate
oscillations in the output voltage of the thermaotie
modules, which will be mitigated by the converter
responsible for decrease or increase the outpuagel
This converter, in turn, also has certain incomat th
affects the system. The charge also influencesyitd,
since the maximum energy transfer is obtained vthen
electric resistance inside of the module is eqoathe
electrical resistance of the load.

5. Stateof the Art

With the discoveries made by Thomas Seebeck and Jea
Charles Peltier, a story about the thermoelectric
phenomenon began to be deepened and further studies
and research began to emerge. Due to the findihthgeo
ideal characteristics of a thermoelectric matesiatious
semiconductor materials have been investigated and
some alloys with higher efficiency have been cre:§5.

In the '60s, the thermoelectric phenomenon wadsat i
height when it was thought that soon all refrigierat
applications would be replaced by thermoelectric
modules [6]. But over the past five decades the
development was not expected because the coeffigfen
performance of devices for cooling by Peltier effex

still 4-5 times lower than that for conventionaloting
systems [7].

Even with the low performance considered, appliceti

for higher powers are growing, such as in autonesbil
airplanes and industries, and the results of ifgiegtion

are amazing, as will be shown below. The reasorihere
advantages such as high durability, high precisiod
small occupation space, besides being a totallgncle
source of energy.

A. Applications to Combustion Vehicles

In the car the reuse of part of the thermal enegtgased

in the exhaust began to be studied and show progres
recently. The first thermoelectric generator wadt lzund
published by Neild in 1963. In 1993, the Hi-Z susded,
after a series of improvements, generating 1068Vé in
truck [7].

In 2005, BMW was able to generate 500 Watts with a
temperature gradient of 207 ° C and 3000 engine
displacements. This power can be used to poweemsgst
such as air conditioning, radio, or even GPS. This
company claims that this technology can improveftie¢
usage up to 10% without producing any f&nissions
[7].

Based on results obtained by General Motors, thadu

of thermoelectric generators will replace the alé¢or of

the motor, and the next 3 years will appear tr&t fiars
without alternator [7].

Some studies indicate that using thermoelectric
converters with an efficiency of 5% would incredse
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6% (1% of the cooling system and the exhaust 5%) to
power a car [9].

B. Applications in the aeronautical industry

For higher powers the first applications of therfaotric
modules were in the Voyager | spacecraft developed
the National Aeronautics and Space Administration -
NASA, today several spaceships using this techryofog
their "space missions". As these missions requeceisty
and reliability for a long term energy and heatiofy
spacecraft nuclear batteries that convert heat
electricity via thermoelectric principle are usé@J.
Today, aviation also these generation systems seel.u
The applications of thermoelectric effects are egmeed

in the areas of refrigeration, air conditioning,oliog of
embedded electronics and power generation [11Hi&u

of Boeing Research and Technology show that the
application of modules is still limited due to eféncy and
cost, but show a reduction in weight of the airplaand a
reduction of more than 0.5% combustible [12].

C. Residential Applications

Because of the need of conservation of energy,
increasingly often studies for the application of
thermoelectric modules. Accordingly, many altervedi
arise. In industries have not yet found such ssjdet the
sites of application are many, such as in ceramics,
thermoelectric plants, foundries, and others ttzat some
kind of system involving thermal differences.

One such application is in wood stoves where sastst
have been made. The first study ara this applicatias
developed by Hi-Z technology in 2002. The sameO¥/2
and capable of generating an output voltage Vcm fi@

to 14 [13].

Knowing that the tension generated by the systemtiven
feed loads or battery charging, this model of gatwgrcan
produce attractive results in energy savings. bustries
can be constructed models with larger powers aindes
the application sites are larger and varied. Isehglaces,
you can also find higher temperatures which in@edbe
efficiency of thermoelectric generators.

6. Proposal for Microgenerator

A thermoelectric microgenerator to energy harvestin
based on the Seebeck Effect with heat transferesyst
interchangeably. Composed of two heat transferegyst
one for capture of waste heat from industrial psses
consisting of a module called the heat -captor
interchangeably. This being responsible for makihg
convective heat transfer process to the heat gatdbck
where they are Thermoelectric modules. While theosd

it is a hybrid system consisting of cooling fingdarooling
block planned to improve the area of contact wite t
thermoelectric modules.

In Figure 2 we present the design prototype comckiv
microgenerator that is characterized by being a
Regenerative System Full aiming Cogeneration of
Electricity by capturing the waste heat (energybat) of
industrial processes transforming thermal energgctly
into electrical energy through the thermoelectffect.

into

Fig. 2 - Drawing of the proposed prototype micrcgrator

As can be seen in Figure 2 the prototype consfsta@
heat transfer systems, one for capture of wastefrma
industrial processes consisting of a heat transiedule

(3) and interchangeable heat sensor (4). Which is
responsible for making heat transfer (4) of theveztion
process to block heat transfer (3) where are the
arrangement of thermoelectric (5) modules.

The second system is in a hybrid system composed of
cooling fins (1, 7) and planned cooling (2, 8) do
improve the area of contact with the thermoelectric
modules. In the reservoir (6) is used cold water fo
cooling. This water can also be porveniente other
industrial open cases circulated to the coolingkda(2).
This thermal system developed also allows adaptatio
the process by replacing the heat sensor (4) aptigi
the thermal transfer to the microgenerator.

Subsequently, we have the electrical system that is
preconceived by a calculation methodology for the
design and dimensioning of electrical micro souroés
power generation based on the Seebeck effect, from
curves of theoretical performance of thermoelectric
modules and temperature gradients predetermindd sca
industrial processes enabling and determine theé bes
arrangement of thermoelectric modules (5) and signa
conditioning (voltage and power) is better suit the
operating condition of the load to be supplied, &nel
conditions of operation any industrial process
(temperature gradient), enabling the optimizatiérihe
thermoelectric power generation microgenerator.

As a product has been the design and sizing oktesy

of interchangeable heat transfer, which togethéh tie
methodology for calculating electric, results in a
thermoelectric prototype microgenerator based on
Seebeck effect to harvesting energy. It is notelwotthat

the thermoelectric microgenerator this is a new and
innovative development as the modular design and
reconfigurable topology microgenerator thermoelectr
harvesting energy

The Figure 3 shows a picture of the prototype dgped
microgenerator.

This thermal system developed allows its adaptation
the process by changing the sensor heat optimizéag
transfer to microgenerator. While the electricadteyn is
prearranged through a calculation methodology far t
design and dimensioning of micro electric power
generation sources based on the Seebeck effeomm, fr
theoretical performance curves of thermoelectricluhes

and temperature gradients predetermined processes
allowing industrial scale and determine the best
arrangement of thermoelectric modules and signal
conditioning (power and voltage) that best fits the



operating condition of the load supplied as wellths
operating conditions of any industrial process fierature
gradient), which enables optimization of power gatien
thermoelectric microgenerator.

N
Fig. 3 - Demonstration of the prototype developéedragenerator

How has the product design and scale of a heasferan
system that interchangeably with the methodology of
calculation results in electric prototype based on
thermoelectric microgenerator Seebeck effect toturap
residual energies for experimental validation.

It is noteworthy that the thermoelectric microgeter it is

a novel development and innovative about the design
modular and reconfigurable topology of thermoelectr
microgenerator to energy harvesting.

7. Validation microgener ator

The prototype has been designed to be able to ywswppl
load of approximately 40W, the output voltage oD@

to a gradient of average temperature of 500 ° C.tkis

we used 40 inbCl-type thermoelectric modules
127.08HTS, Thermomanic the mark on the electrical
arrangement comprising twenty modules serial number
associated with two sets in parallel, and the mesldD are
arranged in two layers per side, where each lagasists

of 10 modules (thermal pool).

Assays were performed with the lower limit of opiEna

of the cogeneration desenvuelto (2000°C) systemhiaymts
due to safety laboratories and limitations of pumgpheat
(1000°C) system available.

A. No-Load Test

The no-load test consists of applying a certainpenature
gradient sobreos thermoelectric modules and medhkare
magnitudes thermal (hot and cold source tempefature
the voltage generated at the output terminals.

In Figure 4 the results obtained from the applaratof
thermoelectric modules model inbC1-127.08HTS, [nssi
to verify the ascending ramp gradient system teatpe
to its stability are presented.

Based on the data in Figure 4, it is seen thatviiage
generated varies constantly with the temperatuaelignt
generated by the system, emphasizing the needetaus
DC-DC converter on the output to maintain a fixettage
generated by system. Moreover, it is noticed the t
average voltage generated after entering the coggoe
system in steady state is about 29.07V for a teatpey
gradient of 62.81°C.

In order to have a benchmark was performed tegtieg
prototype using thermoelectric module TEC1-12706
model. Their results are shown in Fig 5.

inbC1-127.08HTS

Xt AOMO A MW

ource [°C]

Fig. 4 - Statement of the results obtained in thoad test (inbC1-
127.08HTS)

TEC1- 12706

-~V

. N\ e AV i M W A ah_A
» o AMAMAMIUNA UAU/ 1U’\J‘w'jup‘\l\j\1v' P

—— Temperature of the Hot Source [*C] ———Temperature of the Cold Source [°C]

Fig. 5 - Statement of the results obtained in thoad test (TEC1 -

12706)

Looking at Figure 5, we note that the voltage gatest

by the thermoelectric module TEC1-12706 model
behaves analogously to the thermoelectric mod@l€1n
127.08HTS model, varying with the temperature gradi
generated by the system. However, it is noticed tia
average voltage generated after entering the cogime
system in steady state was approximately 37.80\tHer
same temperature gradient of 60.84°C.

Therefore, it is stated that the thermoelectric ubed
TEC1-12706 model features a performance of gergrate
voltage higher than 30% when compared to model-InbC
127.08HTS, being subjected to small temperature
gradients.

B. Load Test

The load test is to apply a particular temperatweslient

on the thermoelectric modules and measure the #ierm
guantities (hot and cold supply temperature). Hawew

this essay, it is necessary to connect a load & th
terminals of the modules, so that the electricahpeeters

are also measured at the output terminals that fleed
load.

The purpose of this test was to measure the maximum
load that the system could supply without varyiheg t
voltage at the output terminals (10 V). Therefone
used a varistor 0-1@Dload as a variable, thus obtaining
the maximum power generated by the system as a
function of the temperature gradient.

The results obtained using the thermoelectric nedul
inbC1-127.08HTS model are presented in Figure 6.



inbC1-127.08HTS

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
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Temperature Gradient [*C] ——Output Power [W]

Fig. 6 - Statement of the results obtained durasging under load
(inbC1-127.08HTS)

Similarly, the results obtained for the model TETCA06
thermoelectric module shown in Figure 7, measufiog
the ascending ramp up the temperature gradienheén t
thermal stability of the prototype transfer.

Input Voltage [V] Input Power (W] Output Voltage [V]

TEC1- 12706

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

‘Time [minutes]

Temperature Gradient [°C]

Fig. 7 - Statement of the results obtained durasting under load (TEC1
- 12706)

From the results shown in Figure 6 and Figure ig seen
that the output voltage of the DC-DC converter rema
stable and fixed at 10V (yellow line) throughouecgtion

of the system, unlike the voltage generated (ordimgd

by the arrangement of thermoelectric modules, which
varies proportionally with the gradient system tengpure.
The only time that the output voltage remains fis¢d 0V
and when the tension is generated (orange linesssthan
5V, this occurs because the DC-DC converter was
designed to operate with input voltages from 5\35.

As regards the powers generated (gray line) by the
arrangement of the modules and the power deliveeréae
load (dark blue line), there is a small decreaspdwer
load for the power generated by microgenerator.s Thi
variation is owed to the performance of signal ¢ooning
(DC-DC converter) system, ranging from 0.92 to 0.98
causing some difference between the powers.

In Figs 6 and 7, it is also possible vizualisar ithereased
power output (gray line) with increasing temperatur
gradient (light blue line), that is, the greatere th
temperature difference between the hot and coldcssy
proportionally greater the net power provided b th
system.

The microgenerator developed with thermoelectridni®
model inbC1-127.08HTS could provide a power of abou
17.46W, with a temperature gradient of 46.33°Cc&ithe
microgenerator developed with the thermoelectricote
TEC1-12706 model generated a power of approximately
24.81W, with a temperature gradient of 46.18°C.

When comparing the results obtained under test thi¢h
theoretical results (present in the datasheet)clwior a
temperature gradient of 50 ° C we obtain 40W of @ow

Input Voltage [V] Input Power [W] OutputVoltage V]~ —— Output Power [W]

one realizes that the microgenerator developed with
thermoelectric module inbC1-127.08HTS model has a
value lower than expected performance.

It is noteworthy that this range of values is dnelarge
part, by varying the temperature at the contadiasarof

the modules possess a temperature difference db up
7°C from one end to the other.

Therefore, given the different actual weatheringvtoch

the system is exposed both in the generation artein
signal acquisition system, means that the resbiiaied

are suitable for an experimental prototype benct an
which in turn demonstrate the functionality and
effectiveness of the proposed microgenerator.

8. Analysisand Discussion of Results

In initial tests in order to prove the values oftage and
current in a circuit with a combination of sources
series and parallel, we could see that the resadt also
validated for thermoelectric modules, and when they
associated in total range of their values when the
potential difference and are associated in parathed
same has the current split circuit between them in
proportion to their voltages.

The test to validate the application of the cogatien
system, some difficulties were encountered. Fitlsg
temperature gradient was not so high due to lifitatof

the bench system, and when the temperatures have
stabilized the difference between the hot side #mal
cold side was close to 46°C. Even so, with this
temperature difference, the answer regarding tis¢éesy
voltage was done as expected, since with the teatyrer
read each module generated about 1.32V, as prdsente
the manufacturer's datasheet, generating a surfitatal
voltage feed the DC-DC converter used.

Thus, it was proven that the system serves to oaptu
losses in industrial processes and generate eliggtto
power small loads. Analyzing broadly, the thermotele
microgenerator proposed, if implemented on a large
scale, can help improve the energy efficiency of
processes and reducing energy consumption.

9. Final Considerations

Based on the research and informations exposed, it
clear that cogeneration power using thermoelectric
modules is a promising source and presents results
feasibly economical with their use, especially if
implemented on a wide scale. The results were very
significant, considering that only a few systemseha
been analyzed in this model can be applied coggoera

It is also considered that studies and researaleesade
constantly to improve their efficiency and the
requirements for reducing emissions of gases thase
global warming, as well as the need to use renewabl
sources are increasing, making the applications of
thermoelectric modules become increasingly intergst
and most sought after because arouses the intdrts
government and industries to utilize this technglog

It is noteworthy that it is possible to achieve the
application of the proposed microgenerator in u&io
processes may well achieve high levels of poweth wi



the implementation of a cogeneration system indlatple
and high temperature gradients. It is known toden the
application of these thermoelectric modules androfted

to use in cooling systems, but they also bring eotn
returns when used for power generation by capturing
losses.

Ends up emphasizing that there are other industvits
great potential to capture energy waste to energy
cogeneration. Among these are the power plant®4&b
the national power generation) processes, foundiies
potteries, and especially the fleet of buses amzks:.
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