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Abstract

In this study, a prototype that works in accordance with the working
principles of thermoelectric generator has been applied to the exhaust
system of an internal combustion diesel engine. The aim is to transform
heat energy that is discharged into the atmosphere into a usable
electrical energy. Two different fluids have been used in the systems in
order to create different temperatures that constitute the working
conditions of thermoelectric module. One of them is the exhaust gases
that are used to create a hot surface. The other fluid is cooling water
that enables to create differential temperature that is necessary for
thermoelectric module. 40 thermoelectric modules that are placed on
octagonal structure composed of aluminum alloy material are
connected to each other electrically. The performance of thermoelectric
generation systems has been examined in terms of changing speed and
load in the engine. At the same time, the vehicle battery has been
charged by transferring the electrical energy to converters.

Keywords: Waste heat recovery, Thermoelectric generation,
Diesel engine
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Bu calismada, termoelektrik jeneratorlerin ¢alisma prensiplerine uygun
olarak ¢alisan bir prototip gelistirilerek icten yanmali dizel bir motorun
egzoz sistemine uygulanmigstir. Amag, egzoz gazlariyla atmosfere atilan
1s1 enerjisini kullanilabilir bir elektrik enerjisine déniistiirmektir.
Termoelektrik modiillerin ¢alisma gsarti olan fark sicakliklarini
olusturmak amaciyla sistemde iki farkli akiskan kullanilmigtir.
Bunlardan ilki, sicak ylizey sartini olusturmak icin kullanilan egzoz
gazlaridir. Diger akiskan ise, termoelektrik modiillerde ihtiyag¢ duyulan
fark sicakliginin olusmasini saglayan sogutma suyudur. Malzemesi
aliiminyum alasim olan sekizgen yapiya yerlestirilen 40 adet
termoelektrik modiil kendi aralarinda elektriksel olarak seri
baglanmistir. Motorda degisen devir ve yiik durumuna gdore
termoelektrik jeneratér sisteminin performansi incelenmistir. Ayni
zamanda, termoelektrik jeneratér sisteminin lirettigi elektrik enerjisi
konvertére aktarilarak arag akiisti sarj edilmistir.

Anahtar kelimeler: Atik 1s1 doniisiimii, Termoelektrik jenerator,
Dizel motor

1 Introduction

Thermoelectric systems proposes a unique power generation
solution because they convert thermal energy into electricity.
The conversion of electrical energy from waste energy sources
is very important for vehicles. The presence of thermoelectric
generation (TEG) systems that can be alternative to alternators
in the point of electrical energy production in the vehicles is
important because TEG systems only use residual heat energy
of the engine. Thermoelectric module (TEM) that provides the
transfer of heat energy into electrical energy has got many
important advantages such as being quiet, lack of pollutant
impacts and moving parts and long working hours [1]-[3].

The performance of TEG systems are associated with the
combustion in the engine and exhaust gases. As we know, a
certain percentage of the energy obtained by using fuel-air
mixture in internal combustion engines becomes useful work.
A portion of the heat energy resulting from the burning is
thrown into environment by cooling water, exhaust gas and
radiation. Thus, a large percentage of the energy generated in
the engine is not used [4].

Combustion in the internal combustion engines is a
physicochemical process formed in the gas phase in a very
short time. Exhaust process starts with the opening of a specific
advance of exhaust valve at the end of the combustion process

and it ends with the closing of the exhaust valve [5]. The heat
energy of gases that leave the cylinders in a certain speed and
temperature is an important potential. For this reason, the
works in the field of recovery of waste energy are gaining
importance day by day because the comfort provided by the
vehicles is increasing day by day depending on the demands of
the customers and progress of the technology. The energy
consumption in the vehicles is increasing in parallel with the
increased comfort. This increase provides vehicle alternators to
increase the power generation capacity. For this reason, the
alternative power generation production should have adequate
quality to meet this increase [6]. In recent studies, the systems
and equipment on transferring the waste heat energy have
been discussed. The method of using the waste heat is an
alternative solution in order to meet the need of electricity. In
the case of installing a system based on exhaust system, the
continuity of the energy will be provided and the emissions of
greenhouse gases in the environmental dimension will be
reduced. In many studies, it has been discussed that the
electrical energy produced by thermoelectric generators may
have an important effect to meet a part of the energy produced
by the alternator [7]. In the study conducted on this basis, 18
TEG modules have been placed on the system that
geometrically has rectangular structure. Three bulbs that have
25 W as electrical load and one bulb that has-15 W have been
connected to the system. The vane hasn’t been used for
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exploitation of the energy of exhaust gases in the system. It is
thought that the using of vane increases the back-pressure of
exhaust gas and it affects the engine negatively [8]. In many
studies, the effect of the heat on pressure decrease of gas flows
has been emphasized as a negligible level. Therefore, there are
no serious pressure changes when the pressure values of
exhaust gases in the engine with TEG system are examined
[12]-[14]. Significant improvements in the recycling of exhaust
gases and thermoelectric systems produced for vehicle
applications have been obtained. The system where the
temperature of exhaust gas is 600 °C and output power is 125
W has been adapted to single-cylinder engine [15].
Thermoelectric systems expressed by the academic studies
have put the firms in a competitive environment commerecially.
It is possible to meet a great number of modules in different
models and brands on the market for sale. In another study, it
has been obtained that TEM that has got TEP1-1264-1.5 model
has produced maximum 3 V voltage, 0.637 A current and
1.91 W power in the temperature of 200 °C and the module with
TMG-450-0.8-1.0 has produced maximum 8.97 V voltage,
0.41 A current and 3.742 W power in the temperature of
200 °C. In addition, it has been observed that the different
electrical loads have been applied to the modules and different
output power has been formed [16]. In another study, the losses
generated by thermoelectric generator system that will be used
in internal combustion engines have been discussed. Fans and
pumps used for additional cooling system are considered as a
loss in thermoelectric systems. An internal combustion engine
used with TEG system that provides energy recycling has been
developed by Modelica Library-based model. In this model,
useful power values have been determined for two different
thermoelectric modules used for commercial. Electrical power
values created by Bi:Tes and PeTe based thermoelectric
modules have been found as 180 W and 310 W [17].
Commercial software package programs that have been
analyzed by using finite element method of TEM contribute to
the studies in this field [18].

The flow-type in thermoelectric system is also extremely
important. In another study carried out in this field produced a
maximum power of 63.18 Win a 5-layer counter flow prototype
[19]. Recently, the thermoelectric power generation has
become one of important research topics. The power
generation system based geothermal resource has been
designed using thermoelectric generator (TEG) modules. This
system assembled with TEG modules had an installed power of
1 KW. But, an output power of over 160 W has been generated
under a temperature difference of 80 °C [20].

1.1 Thermoelectric

Thermoelectric is the science that examines the electrical
potential that is composed on the materials due to the
temperatures of the liquid or solid materials. Thermoelectric is
the transformation of the temperature energy into electrical
energy or electrical energy into temperature energy. The sub
conducts have different temperatures when the electric current
that passes through the circuit that is composed of the chemical
procedures of the two different sub conductible materials that
are connected to each other. The sub conductible that has two
different points which have different temperatures, at the same
time produce an electrical voltage [9]-[11]. The semi
conductible that has different temperatures at the same time, a
variety of effects occur. These are the Seebeck, Peltier,
Thompson, Joule and Fourier effects. The physical principles,
that make up the foundation of thermoelectric goes back to the

1800’s. The scientists that have worked in this field up until
today have insisted on the maximum material factor value (ZT).
This factor consists of the consideration of materials’
conductibility of electric and temperature when producing
electricity from heat. The Seebeck effect is described as the
transformation of various heats into electricity [21]-[22]. TEG
is composed of two ceramic plates that serve as a foundation,
providing mechanical integrity, and electrical insulation for
n-type (heavily doped to create excess electrons) and p-type
(heavily doped to create excess holes) semiconductor thermo
elements. The structure of a typical one TEM is shown
schematically in Figure 1. The Electrical power output depends
upon the temperature difference, the properties of the
semiconductor materials, and the load resistance.
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Figure 1: Thermoelectric couple [20].

To obtain a good electric conductor, the electrodes are usually
made of metals or their alloys. When hot exhaust from the
engine passes through an exhaust TE, the charge carriers of the
semiconductors within the generator diffuse from the hot-side
heat to the cold-side. As shown in Figure 2, a typical
thermoelectric module contains both n-type and p-type
thermoelectric materials connected in series. Thermoelectric
couple is consists of two ‘pellets’ materials usually made from
Bismuth Telluride. These are arranged electrically in series and
thermally in parallel. When a temperature difference is created
between the hot and cold junctions of two dissimilar materials
(metals or semiconductors) a voltage is generated [23]-[25].
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Figure 2: Termoelectric module [32].

Thermoelectric modules are used to convert thermal energy
from different temperature gradients existing between hot and
cold ends of a semiconductor into electric energy [23]-[25].

The performance of thermoelectric materials can be expressed
as;

a2

== ©

Z

Where Z is the thermoelectric material figure-of-merit, a is the
Seebeck coefficient given by, R is the electric resistivity and k is
the total thermal conductivity.
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Av
a= AT (2)
Heat transfer is towards cold surface from hot surface while the
effect of thermoelectric, some events such as Kelvin relation,
Joule statement and Fourier heat transfer statement have been
developed. It is possible to express these effects in the below
equations. These assumptions give the following

thermoelectric (TE) equations for the heat released on the cold

side, Qc, the heat absorbed on the hot side, Qh, and for the
generated electrical power P [27]-[31].

Qn= . Tnl - 0.5 2R + KAT (3)
Qc= a.Tcl +0.512R + K.AT 4)
o = |an| + |ap| (5)
R=pn(Ln/ An) + pp(Lp/ Ap) (6)
k=An(An/Ln) + Ap(Ap/Lp) (7
AT=Ty-Tc (8)

I=(XAT/(R+R0) (9)
Where P is electrical power (W), I is current (A), Vis voltage (V),
heat flow Quis heat surface (W), heat flow Qcis cold surface (W),
R is internal electrical resistance of TEM (), Ro is load
resistance, p is p/n type material density. Ln, Lp and Sn, Sp are
respectively the leg length and cross-sectional area of the
pellets.

P= ¥ (a.l.Tsh —a.l.Tsc) e (10

The efficiency of a thermoelectric module for power generation
can be found by;

P
J “on (11)

The exhaust gas system of an engine is used to discharge the
expanded exhaust gas through the exhaust manifold.
Thermoelectric modules are applicable at the exhaust pipe,
exhaust muffler, exhaust manifold and catalytic converter. In
this study, the effect of diesel engine that is operated in
different speed and load on TEG system has been researched.
One of the most important points is the design of TEG system
because the design of the system directly affects the efficiency
of TEG systems [26]. The design should not create any negative
effect on the engine. From this point, the important aspect in
the design of the system is as follows:

*  Thermal forces need to have the ability to distribute
and manage as compared to a more planar design,

*  Heat exchanger should be applied to the cold side in
order to ensure the thermal conductivity, electrical
insulation and water tightness,

*  Exhaust gases have edge length that will not increase
the surface and the opportunity to benefit from TEM,

* Input and output nozzles have been created in order
to ensure the entry and exit of the exhaust gas flow. In
this way, the negativity of sudden contraction and
expansion has been prevented,

*  Similar properties are considered to be important
parameters in the selection of this geometry.

2 Experimental setup

Experiments are carried out by using Cussons P8602 brand
engine dynamometer (test cell) bench and Fiat Doblo 1.9
Multijet brand diesel engine with 4 -cylinders and 4-stroke.
Hydraulic dynamometer that controls the speed and load
values of diesel engine is connected in order to determine the
performance of TEG system placed between exhaust manifold
and muffler. The objective is to determine the effect of engine
on TEG system. The engine that is operated at different speeds
has been run in 3 different loads as 50, 75 and 100 N.m. The
output and input temperatures of exhaust gases have been
recorded by measuring TEM top and low surface temperatures
and voltage and current values. The features of internal
combustion diesel engine connected to the test stand are given
in Table 1.

Table 1: The engine's features used in the experiments.

Engine Diesel P8602 Fiat Doblo

Engine technology MultiJet 2, Turbocharged
Fuel System Common Rail

Number of cylinders 4

Cylinder volume 191

Maximum torque 2000 rpm, 280 N.m

2.1 Design of TEG

Thermoelectric generators are an intriguing way to generate
renewable energy directly from waste heat. However, their
efficiencies are limited owing to their thermal and electrical
properties that are dependent on each other. Thermoelectric
generation is shown in Figure 3. TEG should consist of the
following components: heat exchanger, cooling system, thermal
grease, Direct current to Direct current (DC/DC) converter and
battery. The TEG module with 252 pairs of TE legs employed in
this application. Hot side is rated to a maximum of 320 °C
continuous. The weight of a single thermoelectric module is
60 grams. The dimensions of TEG are seen in Table 2.

Table 2: The dimensions of TEG.

System Dimensions
Components

Length:150 mm, Shrinkable cross-
Nozzle sectional diameter: 57 mm,
Height: 144.8 mm, Thickness: 2 mm

Octagon Length: 300 mm, Height: 14.48 mm,
channel Thickness: 2 mm
Cylinder tube  Length: 300 mm, inner diameter: 180
mm, Thickness:15bmm
TEM 56 mm x 56 mm x 5 mm (Width, Length
and Thickness)
Total volume 53448 mm3

octagon

The sensitivity to the coolant temperature is especially high
since the thermoelectric efficiency increases with the
decreasing cold side temperature. In the experiments, plate and
cylinder tubes that consist of 6061 aluminum material have
been used. The material selection has been done by considering
the machinable features, corrosion resistance, lightness,
flexibility and heat transfer parameter. Originally, aluminum
plate that is cut in the measurement of 300 x 480 x 2 mm has
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been turned into an octagonal structure in the specific bending
machine in order to make the angle of it as 135 degree. Fins are
used to affect performance of the engine at system. The
dimensions of TEG system are given in Table 2. Octagon
provides to range the thermoelectric modules that their
measurements are 5.6 x 5.6 x 5 mm side by side. Totally, 40 TEM
have been connected between them as being 5 pieces in each
surface in the experiments, as shown in Figure 3.

Figure 3: Thermoelectric generation.

The heat of exhaust gases in the octagon channel enable an
opportunity to create hot surface of TEM. Water has been used
in order to create the cold surface of TEM in the system. The
three dimensional views of TEG System are shown in Figure 4.

Cooling Water inlet
Exhaust Outlet
—

Cooling Water Outlet

Figure 4: 3-dimensional view in the Solid Works program of
TEG system.

Internal wall has been created with a thickness of 0.4 mm
galvanized sheet between TEM’s by using cold water that flows
parallel with the exhaust gas flow. The objective is to prevent
the damage of TEM by avoiding its contact with the water.
Thermal paste used in order to recover the heat transfer and fill
the microscopic gases on both surfaces of TEM. The input speed
of cooling water is stable and 2 m/sec. in all working conditions.
The one changing feature of cooling water is input heat. TEG
cooling system consists of cooling radiator, hoses, tank and
electric pump with 12V DC voltage. DC/DC converter is in
between TEG and battery as an electrical circuit. DC/DC
converter under the brand of Mean Well brand with the number
of SD-1000L-12 that enables to charge the battery in a certain
voltage was used as damper to prevent the power fluctuations
and transfer the electrical power. The distance of working
voltage of convertor is between 19-72 V. The output voltage can
be set to 11-15 volts. Thermocouple with the type of k was
utilized in the heat measurements. The electric current
generated by the modules was measured with a multimeter.
Testing set that was used in the workshop of Automotive
Engineering Department of Technology Faculty in Firat
University is shown in Figure 5 schematically. TEG cooling
system consists of cooling radiator, hoses, tank and electric
pump with 12 V DC voltages. Hydraulic dynamometer that
controls the speed and load values of diesel engine is connected
in order to determine the performance of TEG system placed
between the exhaust manifold and the muffler.

Electric connection of the 40-piece thermoelectric modules
mounted on the octagon structure made from Aluminium 6061
material is made in series. The electrical circuit diagrams of TEG
are shown in Figure 6.
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Figure 5: A typical waste heat energy recovery system.
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Figure 6: The electrical circuit diagrams of TEG.

3 Results and discussion

After TEG system whose connection with engine exhaust
system and measurement device was accomplished is ready to
operate, it has been aimed that the engine should operate in
15 minutes in order to reach the operating temperature of the
engine. It has been observed that there was no failure by
reviewing the system at the end of this process. After the engine
runs at low speeds, the measurements have been in the range
of 1500, 2000, 2500, 3000 and 3500 rpm. The effect of the
changing engine speed and loads on TEG system was observed
by running the engine in the loads of 50 N.m, 75 N.m and 100
N.m in each speed. The amount of filler and heat energy
produced shows an increase. As a result of this, the exhaust gas
temperatures increases. The input and output temperature of
exhaust gases are shown respectively in Figure 7 and Figure 8.
When the results are examined, maximum exhaust gas
temperature is obtained by running the engine in 100 N.m load
and in 3500 rpm.
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Figure7: The input temperature of exhaust gases.
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Figure 8: The outlet temperature of exhaust gases.

The temperature of exhaust gases in TEG system have been
decreased as a result of convective heat and cooling fluid in TEG
system. Exhaust gas temperatures in TEG systems have
increased with the increase of the speed and load of the engine.
The important parameter for this system is the heat of cool side
because the electrical power produced with the increase of the
difference of heat tends to increase, too. Therefore, the water-s
that is circulated with the help of electrical pump in the system
has helped the cold surface temperature to reduce. The
increase of input temperature of the cooling water is prevented
with the help of the cooling fan and heat exchanger. Exhaust gas
heats caused the heat of cooling water to increase in parallel
with the number of speeds and loads of the engine.

The input temperature of cooling water that varies for
depending on different working hours are given in Table 3.

Table 3: The input temperature of cooling water.

Engine Speed Engine Load
(rpm) 50 N.m 75 N.m 100 N.m
1500 23.5°C 26 °C 30°C
2000 33°C 36.8°C 40°C
2500 43.2°C 45°C 48°C
3000 50.4 oC 52 °C 53.1¢C
3500 550°C 57.20C 60 °C

As shown in Figure 9, Figure 10 and Figure 11, continuously
changing exhaust gas temperatures have caused different
temperatures to be created in both surfaces of TEM. The
maximum module temperature that occurs when the engine
runs in 3500 rpm and 100 N.m load has been measured as 258
oC in hot surface and 105 °C in cold surface. Even if the
temperatures of both hot and cold surfaces change for TEM
performance, it passes to the steady state after a set of certain
state structures. In the study, temperature measurements have
been recorded with the help of thermocouples placed on the
surfaces of TEM. The temperatures on the hot surface of TEM in
50 N.m engine load and the speeds of 1500, 2000, 2500, 3000
and 3500 rpm are respectively 80 °C, 120 °C, 168 °C, 196 °C and
235 oC. It has been measured respectively as 40 °C, 56 °C, 65 °C,

80 °Cand 90 °C in the engine speeds of 1500, 2000, 2500, 3000
and 3500 rpm in cold surfaces for 50 N.m engine load . The
increase in the load of the engine has increased both the top and
low surface temperatures of TEM. The temperatures on the hot
surface of TEM in 75 N.m engine load and the speeds of
1500, 2000, 2500, 3000 and 3500 rpm are respectively 89 °C,
134 ©oC, 170 °C, 200 °C ve 240 °C. It has been measured as
respectively 44 °C, 60 °C, 69 °C, 83 °C ve 95 oC in the engine
speeds of 1500, 2000, 2500, 3000 and 3500 rpm in cold
surfaces for 75 N.m engine load. Finally, The temperatures on
the hot surface of TEM in 100 N.m engine load and the speeds
of 1500, 2000, 2500, 3000 and 3500 rpm are respectively
95 °C, 153 °C, 180 °C, 220 °C ve 258 °C. It has been measured as
respectively as 49 °C, 61 °C, 74 °C, 88 °C ve 105 °C in the engine
speeds of 1500, 2000, 2500, 3000 and 3500 rpm in cold
surfaces for 100 N.m engine load.
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Figure 9: The temperatures on the surface of TEM in 50 N.m
engine load.
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Figure 10: The temperatures on the surface of TEM in 75 N.m
engine load.
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Figure 11: The temperatures on the surface of TEM in 100 N.m
engine load.

Number of engine speed and unit time as well as number of
speed and piston speed increase in internal combustion
engines. Together with these increases, it caused the exhaust
has temperature and the exhaust gas flow rate to increase. In
the experimental studies, the exhaust flow rate and the
temperature is in proportion with the engine speed number.
Looking at the results, the situation of the engine load is
excessive on the exhaust gas temperatures. The electrical
energy production shows a parallel increase with the waste
exhaust gas energy.

3.1 Battery charge with the produced electrical power

It is important to store the electrical power in maximum power
of battery. As in the alternator system, electrical circuit
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elements are needed to charge the battery in our study.
Maximum battery charge has been achieved by using DC-DC
converter. It has also been used in order to reduce DC voltage
and stabilize the electrical energy. The system has been
connected to the car battery that has a volt capacity of 12 with
the help of DC/DC converter. Thus, the values of current and
voltage have been determined in the electrical load of TEG
system. DC/DC converter requires setting 14 V value in order
to charge the battery. However, output voltage of TEG should
be the value between working voltage of convertor in order to
charge the battery. When we examine the results of the
experiment, battery charging hasn’t been realized for 1500 rpm
of the engine because the output voltage of TEG is lower than
19 V. This is about the features of convertor. Battery charging
current has been recorded as 1.02, 2.17, 4.81 and 8.53 A in the
speeds of 2000, 2500, 3000 and 3500 rpm in the engine load of
50 N.m. It has been recorded as 1.21, 2.44, 5.79 and 9.12 A in
the speeds of 2000, 2500,3000 and 3500 rpm in the engine load
of 75 N.m. This value has been recorded as 1.87, 2.96, 7.31 and
9.51 A in the speeds of 2000, 2500, 3000 and 3500 rpm in the
engine load of 100 N.m. The Battery charging current and
voltage as a function engine speed for 50 N.m, 75 N.m and 100
N.m Engine loads are shown respectively in Figure 12, Figure
13 and Figure 14. Maximum power storing and balancing have
been provided with the help of DC/DC convertor. An amount of
power reducing has taken place because of the losses in the
circuits. When the results of the experiment are examined we
can say that DC/DC convertor runs with 85% efficiency.
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Figure 12: The Battery charging current and voltage as a
function engine speed for 50 N.m Engine load.
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Figure 13: The Battery charging current and voltage as a
function engine speed for 75 N.m Engine load.
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Figure 14: The Battery charging current and voltage as a
function engine speed for 100 N.m Engine load.

TEG systems can be more useful for the evaluation of waste heat
like vehicle radiators, stoves, natural hot springs, gas water

heaters and sun rays. It can be thought as an alternative
charging system for the battery charge in hybrid electrical
vehicles. The catalytic converter system reduces a large portion
of CO and HC emissions that occur during the driving. But its
performances are limited by the operating temperature. The
system cannot work properly until reaching the working heat.
Working heat occurs after 1 or 2 minutes and the system starts
to work more effectively. The device with thermoelectric can
increase the working heat of catalytic converter by reducing the
cold start emissions. The studies in the field of internal
combustion engines contribute the using of TE materials that
provide the energy in exhaust gas into electric energy. The
electric produced by these systems can be used effectively by
combining with hybrid systems (photovoltaic, piezoelectric). It
is not possible for vehicles to work in maximum power while
the maximum recover of energy can be provided in the
maximum output power of the engine. For this reason, it is
possible to conduct some studies in the condition of real way in
order to obtain more useful data about the recovery of the
energy.

4 Conclusions

Thermoelectric power production is a form of converting the
waste heat energy into the electric energy. In other words, it is
converting the heat between the hot and cold surfaces of semi-
conductor into electric energy. Testing apparatus has been
designed according to this explanation. The one disadvantage
of the system is electric energy that is spent for TEG cooling
system. The pump and fan have spent electric energy with total
of 20 W. In this study, recovery of waste heat has been realized
with the help of TEG system connected to exhaust system of
diesel energy under different speed and loads. In the study,
maximum current and voltage have been obtained as a result of
working under 100 N.m load and 3500 rpm. Maximum energy
of TEG system has been measured as maximum
156.7 W. This study has revealed that alternator can be
alternative energy source in supplying electric energy for
receivers such as air conditioner, heater and lamps in the
vehicles.
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