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Abstract

This paper presents an cxpcrimental research using so called "Auwwrmotive
Thermoelecttic Generator; Design and Building" which replaces the traditional
alternator as an alternative electrical energyv. Other goal of such device is
primarilytoreduce the amount offuelconsumed by the vehicle,throughthe exploitation
ofthermal energygencrated byfuel combustionin the engineto peneratecloctrical
energythar can be usedto power the elacirical devicesin the vehicle

1'o achieve the main goals of this paper, a svstem was builtusingS8thermoelectric
generators (TEG) fixed and mstalled ground the vehicle exhaust pipe. This system
converts waste thermal encrgyfrom the engine(relied on lemperature differences) into
electrical oneby $2amperesand 14.2volis. Theelectric powergencratedis sullicientlo
dispenss the traditionalgencratorin most ofthe operating conditions olthe engine and
vehicle, charpe the battervand power the other wehicle clectrical devices.

T'he measurement results indicated that the fuel consumptionwas reduced b8 .E5%,
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Chapter One

1. Introduetion

1.1 Introduction:

In light of the growing rise of oil prices, increasing demand of fuel, and the limited fuel
sources, therefore the need to develop new techmigues in order to improve the fuel economy
becomes greater, and the efficiency of wvehicle systems should be promoted to be more
environmentally friendly and ecomomic as posisible.

In the recent time the scientific rescarches tend to utilize the wasted energy (thermal and
mechanical) and convert it into another useful form,

In internal combustion engines the fuel efficiency docsn't exceed 30%. whereas around
40% of fuel energy is wasted in exhaust beat and 30% is rejected through engine coolant, figure
=]l

Viahicle Operation

o=

I 25% |
Mobility &
JAccessories,

i
\

o
100%

Combuslion

| Gasoline

r‘Tx
Friction &
Radiated

-

Figure 1.1: Fuel encrgy distribution.

After surveying the previous studics and scientific references which related to the subject
of this project, it's appeared that the thermal energy can be used by converting it to electrical one



using chemical propertizs of some matenials, This generaled electnical energy is vsed to operats

lectric apphancess 1n the vehicle.

To achieve this, & device driven by the thermal enerpy produced from comibustion can be
desigriad and installed around exhaust pipa 1o penerste eleciicnl energy whick can be considerad
an alretnative o the traditional altemator 10 the vehicle. This devies is ecalled thermaoelectric
generator (TEG)

I'hermoslecinic generators (also called thermogencrators) are devices which convert heat
empezature  differences) direcily into electrical energy, using a phenomenon cealled the
"Seebeck effect” or "thermoglectric effect’.

As it's known the traditional alternator consumes around 5% of engrine power. if it can he

remaoved or operate less, then the el consumption will ne reduced and engine power increases.

1.2 Previnus studies:

-
il

He idea of converting thermal energy into elecirical started since 1820s by homas
Johamn Sesbeck.

In 1963, this idea has been apolied for the first imes in the vehicles by Porche in "Porche
944" 1],

In the late 1990s. Nissan Motors published the resulls of its TEG which

ulitized thermoelectnie materials ena 2.0 liter gaseline engine in hill-climb mode at 60.0 km/h.

L=

Thermoelecrric: generator davelopment for autvmolive wasle heat recovery, Gregory P
Meisner, General Mators Gloha! Research & Development, 16thDirections in Engine Elliciency
ard Emrissions Research (DEER) Conference,

Detrait, Michigan, September 29, 2010,

Im 2007, a study of "Thermal design of automobile exhaust based thermocleetric
generator” done by K. M. Sagr and M. 5. Musa in department of thermo-fluid, faculiy of
mechanical engineering, universid leknologt Malysia |2].

-

A The main ohjectives of the project:

. The proiect has heen mainly selected o Aind another source of clectneal power 1o the vehicie
which doesn™t consume engine power unlike the allemaior dogs.
InCreasing engine power,




3, Decreasing fuel consumption.
4, Minor to decrease harmful emission.

1.4 The importance of using TEG:

The importance of using TEG 1 the vehicle eansists in finding a potential altermative energy
hecause of the followings,

Continuance increasing of fuel price.
Limited sources of fuel .
Pollution

L
)
1.5 Project description:

Building a svstem that converts the waste heat energy of internal combustion engine into
clectrical energy to he used lo operate electric appliances in the vehicle, and then remove or
reduee using the alternator which leads to reduce fuel consumption and emission and mcercase
engine brake power, figure 1.2

Electrical
output
Exhaust pipe Cold side
Heat source Heat sink

TEG

Figure 1.2: Electrical energy generation from heat.




1.6 Project stages scheduling

I'he priject stages can be summarized as follows

» Sufficient information have been collected abeul the themmovlectric genergtor svstem from
several references, including boaks, scientific papers. journals and specialized websies.

o Studving of marerials and their propesiies has been dome te choose (be optimal matenal
achieveas the goals ol the project.

o ‘The vehicle eleetrical loads have been measured Lo identify the voltape, carrent and power
required by the wehicle and whick the sysiem must supply.

s Fppine power. fuel consumption and emission of & sample car have been measured when
traditional charging system is used and when if's removed 1o simulate the project case in
order to prove the claimed project goals,

o Measuring of exhaust system remperature through exhaust pipe o idenlily be operaing
temperature and the place of installing the device which provide the requirements.




Chapter Two

2. Principle of Operation of Thermocouple

2.1 Principle of operation

Consider an alumbmum rod that is heated at ore end and cooled at the other end us shown
in Fizure 2.1. The elecrons in the hot region are energetic und therelore have greates velocities
than these in the cold region. Consequently there 15 4 nel diffusion of glectrons from the hot end
oward the cold end which leaves behind exposed positive metal ions in the hol regivn and
accumulates electrons in the cold region.

This situation prevails until the electne field developed between the positive lons 1 the
hot rezion und the excess electruns in the cold region provents further ciceton motion from the
ot to cald end. A voltage therelure developed between the hot and cold ends with the hot end at
nositive potential. The potential difference (AV) across a picce of metal due to 2 temperature
difTerence (AT) is called the "Secbeck cffect”,

lo gauge the magnitude of this cffect, a special cocfficient is defined as the poizntial
difference developed per unit iemperature difference [3].
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Figure 2.1: Electron motion under heat effect

Fundamental 1o the ficld of thermoelect=ic materials is the neeé to opimize a vancly of
conflicting properties. T'o mexipnize the thermoelectric figure of ment (£1), which s the
neriormunce 'of the thermoelestric marerials and shown in eguation (2.2). a lazge thermmopower




absaluic valuc of the Secbock cocfficiemt), high clectrical conductivity, and Jow therinal

conductivity are required

Where, Sesbeck coefficient (o). elecincal resistivity (p). and thermal conduvetivity (k) and
temperature (1) dependent materials properties.

As thess fransport characteristics depend on interrelated material properties, a pumber of
parameters need to be optimized 1o maximize £7T such as carrier concentration and effective

TASS.

2.2 Carrier concentration

[.ow carrier conmcentration insuiators and even ssmiconductors have large Seeheck

coelficients: see equation (2.3),

g
y L -2
BT, o e
= === —| )
AchT o

Where "n" is the carrier coneentration and "m" is the effective mass of the camer.
However. low carmier concentrution also results in low electmical conductivity: see equation (2.4)
vhere |1 is the carmier mohility

1
—=m=nen (2.4)
o

Pigure 2.2 shows the compromise between large thermopower (Sechack cocfficient) and
high ecleeineal conductivity in thermoclectric materials that must be struck 1o miaximize the
figure of ment £, where © 18 the thermal conduetivity. This peak typically ocours at carrier
soncentrations between 10° and 107 carriers per em’ (depending on the material syvatem). which
f2lls i between common metals and semiconductors — that is, poneenirations found in heavily

DODel Sermyeo nductors.
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Figure 2.2: Carrier concentration effect on thermal and electrical conductivity and Seebeck
coefficient.

23 Effeetive mass

large cffective masses produce high thermopower but low electrisal conduclivity as
showT in equations (2.3) and (2.4), Whereas heavy carriers will move with slower veloeitics. and
Serelore small mobilities, which in turn leads to low clectrical conduectivily.

A balance must be lound for the effective mass for the dominant charge carrier, formin f
¢ compromise between high effective mass and high mobility, High mobility and low effective
Tass is typically found in materials made [rom elements with small electronegativity differences,
whereas high effective masses and low mobilities are found in materials with narow bands such

& onic componnds.

It is not ubvious which effective mass is optimum; good thermoelectric materials can be
ound within a wide range of effective masses and mobilities: from low-mobility. high-effective
mass polaron conductors to high-mobility, low-effective-mass semiconductors 4]

PDepending on all those, it's clear that the best type of marterials is the semiconductors.
" here they have an aceeptable Seeheck coefficient, high clectrical conductivity and low thermal
sonductivity, and thercfore high figure of merit 7T,

T




Like an aluminem rod previously mentionod. when n-type semiconductor 1s heated at one
sqd and cooled at the other end. elevirons diffuse from hot to cold end, then the cold side is
aegative with respect to the hot side and the Secheck coefficient is negative

[f 2 p-type semiconducior, on the other hand holes would diffuse from the hot 1o the cold
sad. The cold side would he positive with respect to the hot side which would make Seebeck
coufiicient positive quantity |3 1.

A thermoelectric produces eleetrical power from heal Qow across @ temperature gradient.
A5 the heat fiows {rom hot 10 cold. free charge carmmiers (clectrons or holes) in the malerial arc
also driven 1o the cold end (Figure 2.2).

The resuliag voltage (V) is proportional to the temperature difference (AT) via the
Seeheck eoelficient, o.

Vo=agAl (2:5)

Bwv connecting an electron conducting (n-type) and hole condueting (p-type) material n

series. a nel voltage 15 produced thar can be driven through a lead A good thermgclectric
material Has o Sesbeck cocfficient berween 100 WV and 300 uV/K; thus, i order o achieve a
faw volts at the load. many thermoetectric couples of p=iype and p-type thermoelectnic conpected
clectrically in series and thermally in parallel 1o meke o thermaelectric generator. The flow of
heat drives the free electrons (e-) and holes (ot producing elecirical power from heat.




Heat rgaction

Figure 2.2: Thenmoelectric generator showing heat flow, direction of electrans and holes motion.
and current direction




\ thermoglectric generator converts heat () into clectrical power (P with efficiency 1.

i
= ||'.-'_..J

E
:

The amount of heat. Q, that can be directsd though the thermoeleciric materials
frequently depends on the size of the heat exchangers used to harvest the heat on the hot side and

reicct it on the cold side,

The efficiency of a thermoeleciric converler depends heavily on the temperature

differenice across the device.

:I_n _"'I_n

This is beecause the thermoelectric generator, like all heat engines
greater thar that of a Camot oyvele.

AT

P ey

Ly

1 he efficiency of a thermoeleciric generatol is typically defined as

AT NE=gi—1
e
It AT T

e
1_'_..! i

., camnod have an officiency

(2,97

Where the fisst ter is the Carnot efficiency and ZT is the fipure of merit for the device,

—

When caleniating 7T of some semiconductors, figure

10

1.3 is produced.




0 200 400 600 800 1000
Temperature (°C)

Figure 2.3 Figure of merit of some samiconductors.

It's clear from the curves that the best materials [or operating temperature of the system
e bismuth telluride (Bi:Te:) and lead telluride (PhTc), the manufacturers ol thermo electric
modules provide hismuth telluride thermoelectric modules. So its will be usad W build the
sy __"_"|'|
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Chapter Three

3. Optimal System Design

3.1 Introduction

Buscd on the previons chapter, the properties of some materials can be used to build a
deviee that converts heat produced from combustion in the engine into electrical energy,

5.2 Thermoclectric module specifications

This device will be buill by ussemblage many pieces of bought thermoelectric modules,
ngure 3.1, to achieve voltage, carrent and power required by the vehicle.

Figure 3.1! Thermeelectric module.

Lach piece of this medule has a weight of 60 grams, dimensions as shown in figure 3.2

12




Gt L1 RRs 1R A1 L ETRTRIRARNI 1T

—ae{ T f——

Figure 3.2: Thermoelectric madule dimensions,

Tahle 3.1 : Thermoelectric module dimensions.( All dimensions in mm )

Top plate Botlom plate Height
A B C ! D 1
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Figure 3.3: TEG ourput vollage.
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Figure 3.4: TEG sutput curreal.
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Figure 3.5: TEG output power,
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As itwas shown in previous figures, each piece of [EG produces 4Volt, 4.9 Ampers and
19,6 Warr as maxunum values when maximum temperature difference i3 anplied (200 °C on het
side and 25 °C on cold side),

To identily the exact number of required TEG's. the rotal vehicle voltage, current end
power demands must be identified . and operating temperature difference must be measured.

3.3 Vehicle electrical loads
Vihnele elecimcal loads olassified as:

Comtinuous.
Projonged.
2. Idtermitent

Continuouy loads conrain ignition system, fuel injection system, and instrument. The
inads dismibution of these components ars shown in table 3.2

Tahie 3.2 Typical power reguirements of svme common vehicle electrical compinents

continuous loads) [6].

Cuntinuouns loads Pawer (w) Current at 14 V(A)
lenition ) 2 j
Fue! mjection 70 &
Tue! pump 70 5%

| Instruments 1 1

| Total | 180 ¥ 3

The el continuous londs are around 180 wats,

Prolonzed loads contain side and tal lights. headlights main and dip beam. and radio and
C D plaver and others as shown in (table 2.3}, With total nower of 260 watt.

‘able 5.8 Typieal power reguirements of sume common vehicle electrical components

srolonged loads) [6].

Prolonged Ioads Power (w) Current at 14 V{A) |
Side and tail luhts il 30 >
Number plate hights 10 1
Headlights main bgam | 200 5

| Hezadlights dip beam 160 [2

| Dashboard lights 25 | 2

| Radin\eagsatta'l’]) 15 i |

| Total {Av, main & dip) 250 | 16




Intermittent loads mclude ffont and rear wipers, intenor lights, hom, revérse hight and
others. Tts average power is calculared by summing of all loads power and then multiply it bya

fuctor of 0.1 (table 3.4}

Teble 24! Typical power reguiremems of some comunen vehicle cleewrical components
(Intenmittent loads) [6].

Intermiticnt loads g Power (w) | Carrent at 14 V(A)
Tleater | 30 ’ 3.5
Indicators | 20 35
Brake lights 44 3
Front wipsrs & f

AT WIDETS 2 3.3
Electric windaws 154} 11
Kadiator eoaling fan |50 _ | |
Heater blower motor & &
Heater rear window 120 g
[nrerior lights 18 ]
[ 1orms 40 3
Rear fog lighls 40 3
Reverse lights : 4 - 3 ——
Auxiiiany lamps i L
Crzareie henler 100 e
Headlight wazh wipe L0 7
Seat movenent 150 11
Sent heater 200 14
Sun-rocf motwor | 20 1
Llecaric mirrors 16 !

The average intermitteat loads when the factor i3 applicd equals around 170 watt.
'hesum: o all these loads 15
18042601 170=610 wati

From these mables, the vehicle neads 43 ampere at 14 volt in addition o the cumrsns
required 1o recharge the bantery (61,

['o insure that these values are correct actually, voliage-ampere measuring test has been
made to the car proseet which identified i appendix A, with maomumn possible clectneal load
= gpplied. The test shows around 30 Ampere current detnand with 14 Volt.

3.4 Operating temperature measuring

'To iceatify operaiing temperature, exhanst pipe temperature 15 measured under different
sonditiens, Afier measunng the new sxhiaust pipe temperature at different positions 25 shown in
Deure 3.4 [pures 2.5 and 3.8 for wdle speed and 3000 RPM respectively aze prodoced.

16



m.

Temperature [C]

Figure 2.4: Measuning lemperature positions on new exhaust pipe.

Knowing that the distance between X and X; is 60 em and between X and X515 100

1-3'3'|
'160
14(]-
120
100

BO

60

40

20

Time [min]

Figure 3.5: Exhaust pipe temperaturc at various positions at idle speed.
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Figure 3.6: Exhaust pipe temperatare af various posttions at 3000 rpm.

The picees can be installed hetween position | (X)) and position 2 (X;) on Lhe square
exhaust pipe. such that the temperature of X at 3000 RPM 1s 300 °C and X is 250 °C,

By reference to the specification curves of TEG in figures 2.3 and 3.4. it's clear that TRG
produces 3.6 volt and 4.7 ampere at 300 °C and 3 volt and 4 ampere at 250 °C.

The average produced current between the lwo positions i= 4.35 ampere.

To get the 14.2 valt required to charge the hattery. 4 pieces of TEG should be conneeted
in series 1n first two branches ( where the temperatures are 300 *C and 295 °C and output

voltages are 3.6 and 3.55 volr), and five pieces of TEG should be connected in series in other
brunches, see ligure 3.7. This conneclion produces an average current of 4.25 from each hranch.
the hirst two branches produce more than 14.2 volt and other branches produce more than13
voltl. Which 1 enough ta charge the battery.

18
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Figure 3.7: TEG's positions on the exhaust pipe and their voltage.

To get the 50 ampere demanded by vehicle electrical loads, 12 branches are required Lo

Figure 3 8:Installation of TEG's on exhaust pipe.

connect in parallel as shown in figure 2.9, with total number of TEG's of 58 Piece .
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Chapter Four

4. Protection Systems and Control Circuits

TEG network shoule be protected trom overheating on both sides, hot and eold. and the
battery should be protected from being overcharezed.

I'his chapter discusses protection methods and their control eircuits.
4.1 Regulation of the vutput voltage

As iU's mentioned in previous chapter and shown in figure 3.8, the voltage of gach hranch
is larger than 14.2 volt, and it may be more than this value when the temperaturs increases, So
the branch voltage should be cut ofT 10 14.2 volt,

TEG weltage should be regulated in erder o

L. Prevent the vehicle batery from being overcharged.
Supply clectromie system with sccurate voitage contral.

Figure 4.1 shows a flow chart which represents the action of the regulztor, showing how
the TG voltage is switched off as output voltage Increases and then back on apain a5 output
voitage [alls,

o
=
chaok T2
Wk CE
I
Fagiies
%, 3
NG _{f ]
7 imerkans
4 8=y .-: N
-L_E'\EH :_I.l.-"f.
W kel
k! = "

charging CiH Sharsig oFF

Figure 4.1: Flow chart of voliage rezulator action.
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Vuoltege regulator
Voliage repulator ean be made Lo

Semse [he hatlery voltage.
Sense the T'EG oupur voliage.

133 P e
« i H

Combingtion of the two,

Tvs selected 1o sense TEGs output voltage. The regulator circuit and its components ars
showm in figure 4.2,

Resisrors — =
Tt weltage jlﬂ. F
o Zener | KI:

diode Z " Switching
—“——I{I’I trarss o

Iem;:r
dicda

Figure 4.2: Vollage repulator circuit.

4.2 Owverheat preventing safety system

To save TEG's from overheating and damaging, the exhiaust aases can be prevented
passing ziong them and passing through hypass when the temperature exceeds 300 °C.

The bypass iz 2 pipe connecled in paralle]l wilh the section of exhaust pine that comtaing
TEG picces, figure-4.3,




figure 4.3: Main exhaust pipe and bypass.

This bypass should have two throtile valves, onc is normally apen and the other is
normally closed. to control gas flow in main pipe and bypass, figure 4.4,

i & 1
I

'.F . - . ] I:éd'i I c'f
/ . a" xhaust Gas

?_/' [ 7\ Flow

bypass

Figure 4.4: Exhaust pas bypass schematic diagram and hot side temperature monitoring,
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The Dypass valves arc operated by temperature controller (TC), identified in appendix B,
which measures exhaust pipe lemperature using a thermocouple conneeted on the pipe 4nd sends
signals to the valve motor.

Throttle valves are a throttling plate connected 1o electrical motor which is operated by S
volt received from temperature controller. figure 4.5,

Figurc4.5: Electronic throttle valve.

On the other hand, the cold side temperature of TEG mustn't exceed 180 °C or it will be
damaged. But in this system, cold side temperature is preferred to be lower than 100°C in order
to guarantee high performance.

To achieve that, cold side must be provided by cooling system which may be a watcr
jacket around the TEG's or an air cooling system.

4.2.1 Water Jacket cooling system

A water jacket is a waler-filled surrounding a device, typically a metal sheath having
mtake and outlet vents to allow water 1o he pumped through the void. The flow of water to an
external heating or cooling device allows precise temperature control of the device|8].

Exhaust pipe and its settled TEG's can be shielded by water jacket to reduce cold side
tempcrature, higure 4.6,
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; A ;}’3? ;,ff;_*f}, = Coolant Inlet
tﬂlet "rf’_.::r’_;ﬁ""f i ':ﬁf

Coolant Outlet

Figure 4.6: water jacket cooling system.

Using this system needs an additional radiator (heat exchanger) to cool water trom 90 *C
(engine coolant temperature) to 25 °C, which is very difficult to be achieved. As well as adding
extra amount of coolant creates an additional load to the water pump thus to the engine. So this
cooling method will be neglected.

4.2.2 Air cooling system

The envirormentsal air can be used 1o cool the other side of the TEG's, but it's nccessary
10 increase the surface area of TEG's cold side in order to increase cooling efficiency. That can
be achieved by using a heal exchanger which may be aluminum fins scitled on the TEG's cold
side, figure 4.7.

Figure 4.7: fins heat exchanger.
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The recuired surlace area ol [ins 1o guarantes temperature of 25 °C iz caleulated as
foillowe

¢ - Conduetion heat transfer through TEQG material.

Q. : Canvection heat transfer threugh aluminum material.

U_rVelazity oftair, 1 ._:'II.'IIE_
=

a2

R : Reynolds number.
N - Mussell aumber,
H_: Coefficient of heat convection.
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These caleulations show that the required-arez is 1.29 pr, 5o the actual used area is 2 m
of aluminum fins.

These caloulations based on airspeed of 30 Kmv'dh (11,71 mv's), the average driving spead,
bul when the spegd dzcreases or wher the vehicle stops the efficiency of cooling decreases, so
the TEC s should be prevented from cold side averheating.

When temperature of cold sids increnses and sxceeds 100 °C, the byvpass valve operates
by temperatars eontroller (TC) to prevent the gas flowing along the TEG's and allow it to flow

through bypass pipe. figure 2.8,

W

1 ' o 00

)

—_—

4 -=-$-=l£ &) Es

il "
,/ ;’IF j_?ﬂ:}.- Exhaust Gas
5 4 PL:\. E ID“’
k 4/ NC
bvpass

Figure 4.8: Exhaust pas bypass schematic diagram and celd side temperature monitoring.

4.3 Hyvbrid system

Hybrid svstem 15 used 0 compensate TEG shorlage when low lemperature difference is
applicd by wsing the traditional alternator 1 provide the rest voltage and current.

The alternator operation cun be controlled by an electncal control unil depending on

TEG's output voltage. figure 4.9.
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Fimre 4 9: Alternator operating control cirguit,

The everall schematic diagram of the sysiem is shown in hgure =10
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Figure 4.10: Overall system schemanc diagram.

Where!
]. Woliage reguiator.
2. Fxhavst pipe iemperature sensol.
1. Thermoclectric generator.

TEG cald side lemperature sensor.



4.4 Charging system operating modes

1 When the TEG voltage is less th

from the batrery to (he vehicle loads The cuzrent mus!

1o the TEG using diodes asshown in figure 3.8, As W
providing required current.

). When the TEG output voltage is grester than the hatiery

barery {if necessary) and to the vehizle loads.
Control schematic diagram is shown in fige 4.11.

Figurz 4.11: TEG's conirol

G

an the batery, The direetion ol the current flow muast be

d flowing from the batiery
hare

he prevente

&ll as the altérnatior Inast S

Cygrear must flow from TEG to the

i,

gchematic dizgram.



Chapter Five

5. Building the System

To build this svstem, TEG's with the following proprieties have been uscd instead of that
mentioned in the previous chapter, figure 5.1

Figure 5.1: Thermoelectric module.

Each piece of this module has a weight of 20 grams, dimensions as shown in figure 5.2
and table 5.1 and ourput voltage as shown in figure 3.3

Figure 5.2: Thermoeleetric module dimensions.
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Tahle 3.1 Thermoelectric module dimensions { All dimensions in mm )

Top plate

Voltage [V]

A
40

B

C

Bortom plate

Height

D

H

40

40

a0

4

100

150

200

250
Temperature [C]

300 350 400

Figure 5.3: TEG output vollage when cold side temperature is 10 °C,

Each TEG can produce & volt as shown in figure 5.3 and up to 0.5 ampere.

When 70 pieces of TEG are installed in new exhaust pipe, figure 5.4 and figure 5.5, and
driving the vehicle on the road at speed of 50 Km'h and engine speed of 2000 — 3000 RPM, the
output voltage of each picce is shown in table 5.2.

FER mumber

I Square exhanst

pipc

A 4 LL T i a4 M v i i '

:n :-'- o f | an B L o 3 2l [

% &7 i 8 w8 ¥ = ] .. y i

i} a5 = -
| i
Cross = . 1 {0 |
- L] - .

section TEG connaction

Figure 5.4; Positions of TEG's on the square exhaust pipe,
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Figure 5.5: Compound exhaust pipe and TEG's and heat exchanger.

Tablc 5.2: Actual TEG's output voltage at driving speed S0Km/h and 2000-3000 RPM
cngine spead,

TEG number Qutput voltage (V)
1 — 40 3
4 —49 _ 4
50 -58 27
| 5970 3

To get the 14.2 volt required to charge the battery, the 70 TEG's are connected as shown
m figure 5.6.

Each branch in this circuil produces 14 volt al least and (0.5 ampere, 30 ¢ach branch is
protected by 0.5 ampere fuse, thus the whole circuit produces 14 volt and 10,4 amperc.

Protection systems and control eircuits are s shown in chapter four.
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Chapter Six

6. Experimental Results and Conclusion

Uhis chapter discusses pereentage of reduced fuel consumntion for eptimal design dnid
acteal design. and discusses system disadvantages and their solution and conclusion vl project
resiilis)

6.1 Percentage of reduced fuel consumprion of optimal design

When epplving the optimal desian of this project and gencrating 50 ampere at 14 volt, the
aliernator operation can be reduced to minimurn pussible mate,

The experimental tests showed that the engine, when running ut idle speed. consumes
32.18 ml of gasoline per minute when the alternator is providing 50 ampers, and 22 28 mlimin
when it's removed (assuming TEG systen is churging the banery),

From these numbers. it's clear thar the altermator consures 9.9 mlimnin when operares at
maximum load (30 ampere),

Enewing that the fus! consumed ¢ by ullernator (9.9 mlamin) is conzlant at all enzine
speeds and loads at 50 ampere current demand from this vehicle, it may differs slightly for other
vehicles,

To caleulate the pereentage of reduced fuel consumption, the equation (6.1 is nsed

=

(%-X) ] ... :
Percentaze of fuel saving = []T Jxl’.ll."-‘/u (6.1)
Where:

Xy consumed fuel when the altemator is operated at full load.

A7 vonsumed fael when the alternator 1= remaved (assumi ng the TEG's are
charging the battery)

Lo measurs the amount of consumed fizel when the altersiator is in operation, the vehicle
hias been driven for 10 minutes at average spesd of 50Km/h, and then driven for the same period
al the same speed but when the alternator is removed . The fuel consumptions were 1 12 liter
and 1.03 Liter respectively

Substituting Lhase x'alues 1n equation (6.1) gives thal the pereentape of reducing lue!
consumpries is aboul 1046, as tollow:




e e————

: (EI-108)T .
Percentage of fuf!szvngzl T_ w100 = B 85%4 (6.
Repsssal

i
12

S

6.2 Percentage of fuel consumption of actual design

In actual design. the TEG sysiem supplies aound 10 ampiere. 5o to caleulate the
percentage of reduced luel corsumption, equation (6.1 is used.

Such that X1 is the amount of consumed fue! for 10 minates at 25 ampere supplied b
the alternutor, and X i the ameunt of consumed fuel also for 10 minutes at 15 ampere supplied
by the aliernator and 10ampere supplied by TEG's.

The test shows that X is 1.04 liter and X- 15 1,02 liter,

T
=
LY ]

e

___[{L04-102) :
Percentage of fuel saving = T x100% = 1.92%

6.3 Economie feasibility of the system

AR iT's previously mentioned, the new system reduces fie! consumntion, and this is one of
the main objectives of the praject, whereas it reduces the slternator foad.

To prove the efficiency of TEG syslem. sconomic feasibility enalvsis 15 done for the car
Lest after and before new svstem s installed.

6.4 Cush flow of money alter and before TEG system is installed

Based on a questionnaire disiributed in Hebron city. elarifi=d in 2 appendiy C, the average
time of engine running is 3 hours per dav. which means that the alternator consumes around
1.782 Titers per day (9.9 m] =60 minutes * 3 hours), and 352.4 liters per vear (310 days when the
holidays are acglected). and the price of a liter of gasoline is 1.965. il consumes 10858 pur year.

The average of alternator price is 1508, and it costs ground 30§ per year lor maintenance,
with life time of 5 years.

On the other hand, TEG doesn't need any dollar to drive it doesn’t nead mainienance,
and its 1ife time i3 10-13 yeuars, with initial cost of 46408 as well as the price of the aliernater.

Representing these elements on cash flow line after and before umstalling TEG system
for ten years and minimum attractive rate of return (MARR) of 10%, which is tahken from table
of appendix D. prowduces Figures 4.1 and 4.2 [8].
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Figure 6,1: Cash [low line before installing the system,
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Figure 6.2: Cash tlow hne alier instathng the system

Worth of maney caiculation afler installing the system is done as follow

Present worth of money = =150 = (1083507 (PLAL 10%0, 100 — 154 * (P/F, 10%; 5)

=150 -1133 F 8,145 — 150 % 0.621

=779

Worth of money calewiation before installing the svsiem is done as [ollow:

Presenl worth ol money = -4640 — 150

= -47908

10 Year



Depending on these calculations, it's elsar thatthe TEG is more economic and wiil
ICCUVET it costs after less than six YEars,

6.5 Working obstacles
During working in the project. there are many obstacies have been faced. somie of theimn-

I. Maimain TEG cold side remperature in the accepable range and tinding the appropriate
mnethod 1o achieve that

Designing and building the new vxhausi pipe and bypass and their valves without
alTecting gas wave propagation,

3, The new exhaust pipe is lower than the original one which limits the number used TEG'S,
4. Ihe bought TEG's didn't orovide the excepted current,

[
¥

0.6 Disadvantages of the system
This project as any other project. has mary problems und disadvantages. some of them:

L. Powerto weipht rutio,
Adaditional parts which have been added 1o vehicls have law power to weiaht ratio, hur
this problem can be oversome by using higher efficiency heat ex changer with lighter weigh:,
=. Unsuitable for rough road
Whereas the new exhaust pipe 15 lower than the original one because of heat exchanger.
And this problem can be overcome by design a whole exhaust pipeic be suitshle for
tremilar roads,

L

The dirt of road and envirenment like mud which reduces cooling efliciency

6.7 Conclusion

4. Percentage of reduced [uel consuaphion mav reach 10%, and differs from vehicle o anather
and atfected by driving mods, but it depends basically on vehicle elecirical Toads.

i

[his technolowy is expeeted 7o be used at most of future vchicles especially as the price of
fucl 1y continuous!y i nereasing. And il can be inciuded in vehicle production Fnes which will
ot cost huge amount of money

6. It should be noted thar major vehicle manufacturers sre making smdics. research and tests t
apply 1his systein in firture vehicles

6.8 Recommendations

1. This technology is one aof altemative cnergy formes, so it's & good idea to use it in fature
vehicle.

2. This technalogy is expacted 1o take 2 wide zunge i the future, so 1's 3 good idea to
imprave this project in upcomming graduation profects in Palestine Polytechnic L niversity.



“

3. It's possible to apply this technology in other applications which produce waste heat

encrgy like factories and thermal fumaces,

4. This technology needs o be adopted by national scientific associations ta sce the light.

Figurc 6.1: Ready TEG system installed at the vehicle,
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Figure 6.2: Ready TEG system installed al the vehicle,
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Appendix B

INSTRUCTION MANUAL
KMicro-computer based digital indicating controller SJCS-33A

NeJCSZTET 200407
(o prevent BOCIHEREE -ATEIR g fram the Misus e of thie S&MToler, olsass ansure tha oot Ao e cedres thiz manual

/N SAFETY PRECAUTIONS

- To ensure safeang consd Lse, onoughiy read anc. Lhcardsnc thismanel before LEng Misinstmm sl ]

= Thiz instrament is iNended 1o o weed for Indusrial machiney, machine 1o0ls and meazirng eqlipm el Wity
coned Lsage =TT consMing puitoss o7 Use vt our agency of mEn ofce. Never ue s instrumert f
meclica auraosss it which hraman ves e invdved. )

= bdemd protecion de-ices such 35 prdtedion soupment sasind exessive tampsetire rge, sto mugt be
instaled, 22 malneton o this araoder could fe st In maouE dEmace 10 the sydoem e njunyto permnned
Afzoproper pariodic maimenance = requirad

. T.1f InstrLim aod must e UEed Lndls the Coniithors anG ANWMNmen cescibed in s manusl - Shinke Teonos

Lo, Loel, doasnst accat febiley B ary nfary, 122 oflie o daimacs SEibng due 1o the ingument being ussd

Uncber o boms ret offisrese abed 0tk anLsl

Clal.litm sith repect o Exgporl Trade C ootrol Ondirance

To el il Insiner t o being wsed HE 8 L pOnerT iry, o e oging Wilz=d inths manigachue of yweapmons
of e desf raction (1.2 miliisre splicstionres, miiley e 1.J,Jrlu:=|1 eie ), pesss nwedicde the enc ussrs and the
vl L o B inatr et |0 the cass of resals, ersure B his iredim et s o ll=galy Sgpcrtsd

[.5 Caution

= T irsaument should be wevd aocoreng to the soec Icati ong aesctibed in the manuial .
iti i nx weed according fothe siedfcations, R mey mahanction or causs fire.

= B= aur=to Dikovkihe wemimngs, caltnne and notices. W doiroy S0-couid: CaLs & ee RS irury o mafirction

» Soedificsions oithe JC3-034 angd he corterts ofthis instrudhion manual ake subjes 1o chamse witou ndics

v This instument & & chemigriss o be inctalied in acontrol panel. 111 = nol, messures must be takents snsy's
ek the ‘lF'ﬂ'ﬁ’f"ﬂ'l';ﬂ‘lrﬂf TOGT oot Tarmirmal s o athat fich yoitans s_nauji-;n:.

= B= aire o tum the powier sUppied jothe indrument OFF betore cleanimg this indrimean,

* lze a =00, dry doth woen Ssssingtae insoamsnd
(Al cohal nesed msences mae cowise tarnishing or defacement of the uni:)

= &z e dispiey sedion iz winermabie de not Srive or scratet t with'as hatd object

= By uniattinorioeo tran e or copwing of thir document, in et or in whol s 12 prakibied,

» Sinkn Technios T LTD jsna sle for ary demages or Secardary damage: nourrd as a ==l of
uging this provud, inckuding any indiredt damacss,

1. Model name

1.1 Moded name

3 A e (e D—:lf[:l EIlEEE E =arieE name JO SIS w B4 TE85min”
corticl actionn | 5! FID
Py B _:____ Alerm aotion oan De seleokd b Keyoad, "1
T B3 Faisy contad: 12
Sl e 5 Noo-contax voltage (for SSR arive] 1277 DC
HeaRE arpet 1) 5 ~ 1L =t 310 mADC
Irpd Thd Mulflcange =3
Supply MoRace I 20 BN S5
L 452 A 2 (A2 =
[ W ST H rEnE Hrﬁ 15?#
.'ﬁ'ﬂi.ﬁ_.g_ Lo o | TALEm adr e e
W IGA) | esterunamelam e ek 20k
WA TAEA] — 5 ET ra’_els_:lt ':éreﬂt a0k
— T2 Hlestingfiecdin | Mon-canted Feiay
Ciptinn T Bl st ui]g | :
(o] Ter Comm oo (RE4ES)
T =N EVE extemal Zeledion
LA Lorop broak sl=mmn
BE Color Bach
TG I=rminal cower

*1alam sdions (83 1ypss and No alem adion] ene EnerizedDesnsnsied o ks sseded by keyoss
2 Thamacouole ST DO eurmert, sne 0T witsgs car e ssietisc Dy ey Operstion.
wEEuay selteae 100 I:] M0 AT e g-mard mihenondedng 28 ACDT, enfer™ "elertie inout cos

1.2 How i read the mndal aeme fabel wﬁ e gl
Koce e eishes as atached £ JO SR Rt I-'\-J:y_*:-l:-_'-taéd o et brrange input
10 thes case mno the e assanbly 2o e s b i e P
Fior = agter bup oot s oo s 1 fpmn ) Heagter burpowr glarm cutputd 2040
T rates] curvant ia withen Inthe .
bradkat Fi—fHo

I | Mcrjgri rame (2 Optien, supply vilac g (" "lsertered orly for 24Y ACDCY
(2] Serag rumher (Dink on inner ey



2. Name and functions of the sections

(1) PY display Indicatss te ot waluz with aret LED
i - (21 SV display Indicates the sefing vaius witha green LED.
| | (T SV indicalor 4oreen LED Hgiwes yp wnen BY1 18 indicasd
onthe SY display

e o 15
l:-gll__ B S R ||_d] -'T:}!E"

4 [ 2EE 5 F.’!" oy L L) (47 5V2 incicator: & yelow ED llghts up when 52 12 indomed

an the 5% disglay

51 OUTY indicatar VWhan OUT 1 o heafing output 15 Qi

= e oy O (R el IT
! %1 o g % : agreen LED lights wo (For A7 0wy,
- | dogbiokaye bl pomy - (H) = : " i y
(1= - D (e | / i fiashes soresponcing 1o the manipulaiad
O = '“":‘":‘“E'J? <) vanabl= 0 3 028 sacond sydE)
i B T amy * . " i ruchi CITE P ] L2 :
||| LABYYE ;—:'}5'%.} 11 0 (61 QU T2 indicator "'"_‘f"’_'f“ _iLl. Zloetion D7) is O, 2 veliow
, :_k 5T T s Bl LED Tights i
L s e (73 A1 indicator : Vehen A1 oulput e 0N, 2 red LED lohts up.
. { - (81 EYT indicator, When Evert altp (midion: &3, LA o)
1y 42 13 (04 iz 0Ohl, arad L[S0 lights uie
(@) AT indicator - vWhan autotuning o gnoreaet 15 keing
Fig. 241) pertomed @ yeliow L ED 1ashas

(10 TXRE irdicator | AyelowlE D fasqas during serial commun eion output rarsmiting
(117 Increase key (2] © Inoreesssihe numenc vallus
1 Z) Decrease { ). Deciessas the numenic value.
45 Mode key () Seleds ths s=iiing mode or registersthe s=ting value.
By pressing the Mode ke, the setting value o salected vaius can be reqedered)
(141 OUTOFF key (I3 | The contral output ONFOFF function or Autedhanusl sortrol funcion can be
soitched. (To cencel the cortrol outplut OMADFF undion fress e
QUTOFF kay agsin for spprax. 1 SEcon.

/\ Notice

Vivhen seftine the speciicstiors snd fundions ofthis contraller connect temminais 1 a7 Z for poyer
snumoe fret then sstthem refernng to Chapter "5, Setup” befors serfoming "3, M ounting 10 cormrol perel”
Al 9. YW connection”

3. Mounting to control panel
3.1 Site sodection
This intnuement is infended to be used under thefollowing environimenial conditions
(ECE10101): Dveruoltape category I Pollwtion degree 2
Spaure the mounting location coresponds 1o the fullcwng conations:
v & mintmum ol dust. ane an absence of corodyve gases
« g flammable, explosive gescs
= Fevmankanical viprions of Socs
« Mo esposuse bo direst sunligs, an ambisnt iemasratas 07019 50 5 S (o
thal does not chande rapidy
« Ly amnbiert non-condensing humiditv of 35 te 35%R=
- No'ange capscily elegromagnetic swaches of cabesthrough whichiares curent iz fowng
s Mo viatar, ofl or chemicals of whers the vepors ot these sibslances Gan came o gired
cortars weth the controller

3.2 External dimensions
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3.3 Panel cutout

| | 1 i ] b
i &9 =
R R B e —e )
. " I 4 Lateral cigse mouring
5 {8 e Jamms nt Mumaer of unts mountes
i I 4 5= e nx & :
, | 4 ACaution: If lateral close mourting is ussd for the
' ; contoller, (P86 spedficetion will not 2 Witiec
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Fig. 3.9-1)
&5 Mounting
WMourt the controller vediczlly to ensure £ adheres o the Dus-prootDnproof sped fcstion (IPEE)
tourtzhle penel thickness: Within 1 1o 15mm
Ir=ert the cortroller from the ot dde of the pane|
Sitanch the mourting brackets oy the hdes &t the top and bottorm ofthe case and secure the contrallsr
in place vih the sarews

A\ Warnin g
As the ¢case is made of resin, do not uee excessive fTorce while scresing inthe
mounting bracket, or the ¢ ase o screwtype mounting bracket could be darmaged.
The torgue is approximately 0.42H1m
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Appendix D

Compound Interest Table for 10% MARR

. ]

{ s rnmpﬂuml [rilerest Fartoes 168%

Single Pavment Linfiorm Paymeni Series Artthnvetic G radient

Compound Prosent Sirking Capital Compound Presend Gradient Gradient
Amount Warth Fund Rernvery Amaou Woirth Lotform Present
Factor Factor Factor Tactor Factor Factor Serhes Warth
Find £ Fnd & Find A4 Find 4 Find £ Find P Fird 4 Find P
Glven P Given F Given F Given P Given 4 Given 4 Civen Given G
i /P PIF AF AP FiA PiA AiG FlG n
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