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Abstract:  

This paper proposes and implements a thermoelectric waste heat energy recovery system for internal combustion engine 

automobiles, including gasoline vehicles and hybrid electric vehicles. The key is to directly convert the heat energy from 

automotive waste heat to electrical energy using a thermoelectric generator, which is then regulated by a DC–DC Ćuk converter 
to charge a battery using maximum power point tracking. Hence, the electrical power stored in the battery can be maximized. 

Both analysis and experimental results demonstrate that the proposed system can work well under different working conditions, 

and is promising for automotive industry. 
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1. INTRODUCTION 
 

Even a highly efficient combustion engine converts only about 

one-third of the energy in the fuel into mechanical power 

serving to actually drive the car. The rest is lost through heat 

discharged into the surroundings or, quite simply, leaves the 

vehicle as “waste heat”. Clearly, this offers a great potential for 

the further reduction of CO2 emissions which the BMW 

Group’s engineers are seeking to use through new concepts 

and solutions. The generation of electric power in the motor 

vehicle is a process chain subject to significant losses. Quite 

simply because the chemical energy contained in the fuel is 

first converted into mechanical energy and then, via an 

generator, into electric power. Now the BMW Group’s 

engineers are working on a technology able to convert the 

thermal energy contained in the exhaust gas gas directly into 

electric power. This thermoelectric process of recovering 

energy and generating power by means of semi-conductor 

elements has already been used for decades by NASA, the US 

Space Agency, in space probes flying into outer space. Until 

just a few years ago, however, such thermoelectric generators 

(TEGs) were unsuitable for use in the automobile due to their 

low level of efficiency. But since significant progress has been 

made in materials research in recent times, the performance 

and output of such modules has increased significantly.To 

generate electric power in the vehicle a thermoelectric 

generator is integrated in the exhaust gas manifold. While the 

electric power such a system is able to generate is still 

relatively small at a maximum of 200 W, rapid progress in 

materials research already makes the ambitious objective of 

generating up to 1,000 W a realistic and by all means feasible 

proposition. This energy regeneration system also offers 

additional effects, such as providing the engine or the heating 

system with extra heat when starting the engine cold. Hence, 

the thermoelectric generator is an ideal partner for Brake 

Energy Regeneration, one of the features of BMW Efficient 

Dynamics. For while Brake Energy Regeneration serves to 

supply energy in overrun and when applying the brakes, TEG 

offers its benefits when motoring is really fun, that is         

when accelerating and enjoying the power of the car. In              

future thermoelectric generators will be able to reduce         

fuel consumption under realistic, customer-oriented driving 

conditions by up to 5 per cent. 

2. REVIEW OF LITERATURE 

 

The utilization of waste heat energy from exhaust gas gases in 

reciprocating internal combustion engines (e.g. automobiles) is 

another novel application of electricity generation using 

thermoelectric power generators. Although reciprocating 

piston engine converts the chemical energy available in fossil 

fuels efficiently into mechanical work substantial amount of 

thermal energy is dissipated to the environment through 

exhaust gas gas, radiation, cooling water and lubricating oils. 

For example, in a gasoline powered engine, approximately 

30% of the primary gasoline fuel energy is dissipated as waste 

heat energy in the exhaust gas gases; waste heat energy 

discharged in the exhaust gas gases from a typical passenger 

car travelling at a regular speed is 20-30 Kw. A comprehensive 

theoretical study concluded that a thermoelectric generator 

powered by exhaust gas heat could meet the electrical 

requirements of a medium sized automobile. It was reported in 

that among the established thermoelectric materials, those 

modules based on PbTetechnologies were the most suitable for 

converting waste heat energy from automobiles into electrical 

power. Wide scale applications of thermoelectric in the 

automobile industry would lead to some reductions in fuel 

consumption, and thus environmental global warming, but this 

technology is not yet proven. Since 1914, the possibility of 

using thermoelectric power generation to recover some of 

waste heat energy from reciprocating engines has been 

explored and patented. A schematic diagram showing this 

patent of converting waste heat into electrical power applied to 

an internal combustion engine using a thermoelectric power 

generator In this invention, the exhaust gas gases in the pipe 

provide the heat source to the thermoelectric power generator, 

whereas the heat sink (cold side) is suggested to be provided 

by circulation of cooling water. Schematic diagram showing a 

recent patent applied to an automobile for converting waste 

heat directly into electrical power using a thermoelectric power 

generator More recently, Taguchi invented an exhaust gas gas 

based thermoelectric power generator for an automobile 

application. A schematic diagram showing this recent patent 

applied to an automobile for converting waste heat available in 

exhaust gas gases directly into electrical power using 

thermoelectric power generator is shown in figure. In this 
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patent, a pump supplies cooling water through each of cooling 

water circulation paths. The cooling water circulation path 

includes a cooling water pipe arranged along the exhaust gas 

pipe to pass the cooling water. At stacks a plurality of 

thermoelectric generation elements are attached to the exhaust 

gas pipe and the cooling water pipe successively in direction 

from the upstream toward downstream of the exhaust gas gas.  

The cooling water pipe and the exhaust gas pipe pass the 

cooling water and the exhaust gas gas, respectively, inapposite 

directions so that the downstream stack has an increased 

difference in temperature between the exhaust gas pipe and the 

cooling water pipe, and the stacks provide power outputs 

having a reduced difference, and hence an increased total 

power output. This invention is proposed to provide increased 

thermoelectric conversion efficiency without complicated 

piping. 

 

3. THERMO ELECTRIC GENERATOR 

 

Electricity is no longer a luxury; it has become a necessity in 

our everyday lives. Have you ever had to live without 

electricity for an extended period of time? If so then we know 

what it is like to lose all the food in your refrigerator and/or 

chest freezer and shivering in the cold because we have no 

heat. Every year thousands, even millions have been in this 

position when a winter storm knocked out power over large 

areas. Not to mention rapidly rising energy costs and an 

uncertain economic future. Still many people have become 

complacent about their electrical energy needs. Solar panels 

are a great alternative energy source, but they only produce 

electricity during daylight hours. In addition their daily output 

is significantly reduced during winter months and cloudy days. 

Now, using a TEG in conjunction with solar and wind, their 

combined output can provide all off your home’s energy needs 

and depending on what state you live in, you will be getting a 

check from the electric company instead off a bill 

 

Thermoelectric Principle of Operation: 
 

The typical thermoelectric module is manufactured using two 

thin ceramic wafers with a series of P and N doped bismuth-

telluride semiconductor material sandwiched between them. 

The ceramic material on both sides of the thermoelectric adds 

rigidity and the necessary electrical insulation.  

 

 
Figure.1. Principle of operation of peltier effect 

The N type material has an excess of electrons, while the P 

type material has a deficit of electrons. One P and one N make 

up couple. The thermoelectric couples are electrically in series 

and thermally in parallel. A thermoelectric module can contain 

one to several hundred couples. 

Thermoelectric Materials: 

Thermoelectric materials (those which are employed in 

commercial applications) can be conveniently divided into 

three groupings based on the temperature range of operation. 

Alloys based on Bismuth (Bi) in combinations with Antimony 

(An), Tellurium (Te) or Selenium (Se) are referred to as low 

temperature materials and can be used at temperatures up to 

around 450K. The intermediate temperature range - up to 

around 850K is the regime of materials based on alloys of 

Lead (Pb) while thermo-elements employed at the highest 

temperatures are fabricated from SiGe alloys and operate up to 

1300K. Although the above mentioned materials still remain 

the cornerstone for commercial and practical applications in 

thermoelectric power generation, significant advances have 

been made in synthesizing new materials and fabricating 

material structures with improved thermoelectric performance. 

Efforts have focused primarily on improving the material’s 

figure-of-merit, and hence the conversion efficiency, by 

reducing the lattice thermal conductivity. In all of the above 

mentioned TE materials, performance of the Bismuth-Telluride 

peaks within a temperature range that is best suited for most 

cooling and heating applications. 

 

 
Figure.4. Performance of Thermoelectric Materials at 

Various Temperatures 

 

TE-GENERATOR: 

Based on this Seebeck effect, thermoelectric devices can act as 

electrical power generators. A schematic diagram of a simple 

thermoelectric power generator operating based on Seebeck 

effect.   

 

 
Figure.8. Working of thermoelectric generator 

As shown in figure, heat is transferred at a rate of  Qhfrom a 

high-temperature heat source maintained at Th to the hot 

junction, and it is rejected at a rate of Qlto a low-temperature 

sink maintained at Tl from the cold junction. Based on Seebeck 

effect, the heat supplied at the hot junction causes an electric 

current to flow in the circuit and electrical power is produced. 

Using the first-law of thermodynamics (energy conservation 

principle) the difference between Qhand Ql is the electrical 

power output we. It should be noted that this power cycle 

intimately resembles the power cycle of a heat engine (Carnot 
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engine), thus in this respect a thermoelectric power generator 

can be considered as a unique heat engine. 

 
 

4. EXHAUST GAS HEAT RECOVERY  

 

Depending upon the type of process, waste heat can be rejected 

at virtually any temperature from that of chilled cooling water 

to high temperature waste gases from an industrial furnace or 

kiln. Usually higher the temperature, higher the quality and 

more cost effective is the heat recovery. In any study of waste 

heat recovery, it is absolutely necessary that there should be 

some use for the recovered heat. Typical examples of use 

would be preheating of combustion air, space heating, or pre-

heating boiler feed water or process water. With high 

temperature heat recovery, a cascade system of waste heat 

recovery may be practiced to ensure that the maximum amount 

of heat is recovered at the highest potential. An example of this 

technique of waste heat recovery would be where the high 

temperature stage was used for air pre-heating and the low 

temperature stage used for process feed water heating or steam 

raising.  

 

Heat Losses – Quantity  
In any heat recovery situation it is essential to know the 

amount of heat recoverable and also how it can be used. An 

example of the availability of waste heat is given below:  

• Heat recovery from heat treatment furnace  

In a heat treatment furnace, the exhaust gas gases are leaving 

the furnace at 900
o

C at the rate of 2100 m
3

/hour. The total heat 

recoverable at 180
o

C final exhaust gas can be calculated as  

Q = V x ρ x C
p 
x ΔT  

Q is the heat content in kCal 

V is the flow rate of the substance in m
3

/hr 

ρ is density of the flue gas in kg/m
3

 

C
p 
is the specific heat of the substance in kCal/kg 

o

C  

ΔT is the temperature difference in 
o

C  

Cp (Specific heat of flue gas) = 0.24 kCal/kg/
o

C  

Heat available (Q) = 2100 x 1.19 x 0.24 x (900-180) = 

4,31,827 kCal/hr 

By installing a recuperate, this heat can be recovered to pre-

heat the combustion air. The fuel savings would be 33% (@ 

1% fuel reduction for every 22
o

C reduction in temperature of 

flue gas.  

 

5. DESIGN AND CALCULATION 

 

SPECIFICATION OF TWO STROKE PETROL 

ENGINE: 

Type                 : two strokes 

Cooling System                  : Air Cooled 

Bore/Stroke                : 50 x 50 mm 

Piston Displacement : 98.2 cc 

Compression Ratio : 6.6: 1 

Maximum Torque : 0.98 kg-m at 5,500RPM 

 

CALCULATION: 

 

Compression ratio = (Swept Volume + 

Clearance Volume)/ Clearance Volume 

Here, 

Compression ratio = 6.6:1 

 ∴ 6.6  = (98.2 + Vc)/Vc 

 Vc  = 19.64 

 

Assumption: 
 

1. The component gases and the mixture behave like 

ideal gases. 

2. Mixture obeys the Gibbs-Dalton law 

Pressure exerted on the walls of the cylinder 

by air is P₁  
 

 P₁ = (M₁RT)/V 

Here, 

 M₁ = m/M =(Mass of the gas or air) 

/(Molecular Weight) 

 R= Universal gas constant=8.314 KJ/Kg mole K. 

 T₁ = 303 ºK 

 V₁ = V=253.28 x 10¯⁶ m³ 
 

Molecular weight of air =Density of air x V mole 

 Here, 

Density of air at 303ºK  = 1.165 kg/m³ 

V mole   = 22.4 m³/Kg-mole for all 

gases. ∴Molecular weight of air = 1.165 x 22.4 ∴P₁  = {[(m₁/(1.165 x 22.4)] x 8.314 x 
303}/253.28 x 10¯⁶ 
P₁  = 381134.1 m₁ 
Let Pressure exerted by the fuel is P₂ 
 P₂ = (N₂ R T)/V 

Density of petrol = 800 Kg/m³ ∴P₂ = {[(M₂)/(800 x 22.4)] x 8.314 x 
303}/(253.28 x 10¯⁶ 

 P₂ = LM324.02 m₂ 
 

Therefore Total pressure inside the cylinder 
 

         PT  = P₁ + P₂ 
  = 1.01325 x 100 KN/m² ∴381134.1 m₁ + LM324.02 m₂=1.01325 x 100  
 

5.1 Calculation of air fuel ratio: 

 Carbon  = 86% 

 Hydrogen = 14% 

 

We know that, 

1Kg of carbon requires 8/3 Kg of oxygen for the complete 

combustion. 

1Kg of carbon sulphur requires 1 Kg of Oxigen for its 

complete combustion. 

(From Heat Power Engineering-Balasundrrum) 

Therefore, 

The total oxygen requires for complete combustion of 1 Kg of 

fuel 

  = [ (8/3c) + (3H₂) + S] Kg 
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Little of oxygen may already present in the fuel, then the total 

oxygen required for complete combustion of Kg of fuel=

 { [ (8/3c) + (8H₂) + S ] - O₂} Kg 

As air contains 23% by weight of Oxygen for obtain of oxygen 

amount of air required=100/23 Kg ∴Minimum air required for complete combustion of 1 Kg of 

fuel= (100/23) { [ (8/3c) + H₂ + S] - O₂} Kg 

So for petrol 1Kg of fuel requires =(100/23) { [ (8/3c) x 0.86 

+ (8 x 0.14) ] }= 14.84 Kg of air ∴Air fuel ratio=m₁/m₂= 14.84/1 14.84 ∴ m₁ 14.84 m₂-------------------------- (2) 

Substitute (2) in (1) 

1.01325 x 100 = 3.81134 (14.84 m₂) + LM324.02 m₂ ∴m₂  = 1.791 x 10¯⁵ Kg/Cycle 

Mass of fuel flow per cycle= 1.791 x 10¯⁵ Kg cycle 

Therefore, 

Mass flow rate of the fuel for 2500 RPM 

[(1.791 x 10¯⁵)/3600] x (2500/2) x 60 

= 3.731 x 10¯⁴ Kg/sec 

 

Calculation of calorific value: 

 

By Delong’s formula, 

Higher Calorific Value =33800 C + 144000 H₂ + 9270 S=
 (33800 x 0.86) + (144000 x 0.14)  

HCV = 49228 KJ/Kg 

Lower Calorific Value = HCV – (9H₂ x 2442) 
  = 49228 – [(9 x 0.14) x 2442]

 = 46151.08 KJ/Kg 

LCV = 46.151 MJ/Kg 

 

Finding Cp and Cv for the mixture: 

We know that, 

 Air contains 77% N₂ and 23% O₂ by weightBut total 
mass inside the cylinder= m₁ + m₂ 
= 2.65 x 10¯⁴ + 1.791 x 10¯⁵ Kg 

= 2.8291 x 10¯⁴ Kg 

(1) Weight of nitrogen present =77%  

=0.77 Kg in 1 Kg of air ∴In 2.65 x 10¯⁴ Kg of air contains,   

=0.77 x 2.65 x 10¯⁴ Kg of N₂ 
=2.0405 x 10¯⁴ Kg 

 Percent of N₂ present in the total mass 

 =(2.0405 x 10¯⁴/2.8291 x 10¯⁴) 
 =72.125 % 

 

(1) Percentage of oxygen present in 1 Kg of air is 23% 

Percentage of oxygen present in total mass 

=(0.23 x 2.610¯⁴)/(2.8291 x 10¯⁴) 
=21.54 % 

(2) Percentage of carbon present in 1 Kg of fuel 86% 

Percentage of carbon present in total mass 

=(0.866 x 1.791 x 10¯⁵)/(2.8291 x 10¯⁴) 
=5.444% 

(3) Percentage of Hydrogen present in 1 Kg of fuel 14% 

Percentage of Hydrogen present in total mass 

=(0.14 x 1.791 x 10¯⁵)/(2.8291 x 10¯⁴)= 0.886 % 

Total Cp of the mixture is =∑msiCpi 
Cp=(0.72125 x 1.043) + (0.2154 x 0.913) 

+ (0.54444 x 0.7) + (8.86 x 10¯ ³ x 14.257) 

Cp=1.1138 KJ/Kg.K 

Cv = ∑msiCvi 
=(0.72125 x 0.745) + (0.2154 x 0.653)+ (0.05444 x 0.5486) + 

(8.86 x 10¯ ³ x 10.1333) 

=0.8 KJ/Kg.K 

(All Cvi, Cpi values of corresponding components are taken 

from clerks table)  For the mixture  

=(Cp/Cv)     

=1.11/0.8   

n=1.38 

 

Pressure and temperature at various PH: 

  P₁ = 1.01325 x 100 bar   

              = 1.01325 bar 

T₁ = 30ºC =303 K 

 P₂/P₁ =(r)ⁿ¯¹ 
Where, 

P₁ =1.01325 bar 

r=6.6 

 n=1.38 

 ∴P₂= 13.698 bar 

T₂=(r)ⁿ¯¹ x T₁ 
 

Where, 

T₁  = 303 K ∴T₂  = 620.68 K 

 

Heat Supplied by the fuel per cycle 

Q  = MCv 

  = 1.79 x 10¯⁵ x 46151.08 

Q  = 0.8265 KJ/Cycle 

0.8265  = MCv (T₃ - T₂) 
T₃  = 4272.45 K 

(P₂ V₂) / T₂ = (P₃ V₃) / T₃ 
Where, 

V₂  = V₃ ∴P₃  = (T₃ x P₂)/T₂ 
Where, 

P₃ =94.27 bar 

P₄  = P₃ / (r)ⁿ ∴P₄= 6.973 bar 

 

T₄  = T₃ / (r)ⁿ¯¹ 
2086.15 K 

 

POINT 

POSITION 

PRESSURE  

(bar) 

TEMPERATURE 

POINT-1 1.01325 30 ºC 303 K 

POINT-2 13.698 347.68 ºC 620.68 K 

POINT-3 94.27 3999.45 ºC 4272.45 K 

POINT-4 6.973 1813.15 ºC 2086.15 K 

      

6. CONCLUSION 

 
In this project we understand a exhaust gas gas heat recovery 

power generatior. Thus the eco-friendly power generation 

method can be implemented for domestic and commercial use 

at an affordable cost. Since this system requires less power 

input, it can also be used as a portable refrigerator. The 

thermoelectric generator can be used in remote areas where 

powersource is not possible to get.  
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