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Abstract: 

Today the world has advanced far enough to make our lives comfortable by performing intensive research work and implementing  

available technology. But, as for the positive effects gained from it, much negative pro spects have rose up in nearly last half century 

as a side effect of technological advancements. Pollution has become a major topic of interest as result of it. But pollution contains a 

major share-holder as Waste Energy in the form of Waste Heat, which was  isolated topic of interest for major time period but now has 

gained recognition due to its importance as an influencing factor in both pollution intensity and industrial work efficiency.  This paper 

discusses about Thermoelectricity as a method of Waste Heat recovery, its history and development over the course of years. 
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1.  INTRODUCTION 

 

Waste Heat, also known as Anthropogenic Heat is the low level 

heat generated due to human and machine processes. This heat is 

also known as Low Grade Heat because the temperature at which  

this heat is released is the range of 150℃ to 300℃. Though it 

seems that this heat may be of less importance, it holds major 

share of about 20% of proportion in Air Pollution which is the 

largest form of pollution in today’s world. Waste heat release not 

only causes increased pollution intensity but also increases the 

surrounding temperatures and decreases the efficiency of the 

processes involved. It is well established by the Second Law of 

Thermodynamics that any machine process will suffer 

inefficiency due to inefficiency in energy conversion. But as the 

technology is advancing forward, many alternate ways have been 

derived to control the Waste Heat release or many methods to 

recover it. Here discussion about the Waste Heat, its release, 

various methods and Thermoelectricity as a prospective method 

is done. 

 

1.1 Waste Heat or Anthropogenic Heat: 

Evidence on global climate change, being caused primarily by 

rising levels of greenhouse gases in the atmosphere is perceived 

as fairly conclusive. It is generally attributed to higher levels of 

trapped heat radiation by increasing atmospheric concentrations 

of gases such as CO2 (Carbon Dioxide) originating from power 

plants and fossil fuel consumption. However, the fate of vast 

amounts of Waste Heat rejected into the environment has evaded 

some serious research. For better understanding, it has been 

discovered that for 1kWh electricity generation in a typical 

condensing coal fired power plant, there is emission of 1kg of 

CO2. But also at the same time, this process results in emission 

of 2kWh energy into the environment as low grade heat. This 

low grade heat is basically termed as ‘Waste Heat’. The 

immediate effects of waste heat release from power production, 

heat originating and usage sources compared with radiative 

forcing by CO2 have resulted to be similar in various conducted 

experiments. Waste Heat is mostly released at low temperature 

ranges and prevails in the lowest 10% of the atmosphere. Waste 

heat not only indicates poor efficiency of process but also 

increased capital value. 

 

1.2 Sources of Waste Heat or Anthropogenic Heat: 

 Sources of Anthropogenic Heat lie in majority of energy 

applications. These energy forms typically include some 

combination of heating, ventilation, air-conditioning, mechanical 

energy and electrical power. Often these additional forms of 

energy are produced by a heat engine running on source of high 

temperature heat. A heat engine can never have perfect 

efficiency, according to the Second Law of Thermodynamics, 

therefore a heat engine will always produce surplus of low-

temperature heat. Th is is commonly referred to as ‘Waste Heat’ 

or ‘Secondary Heat’ or ‘Low Grade Heat’. The largest 

proportions of total waste heat are from power stations and 

vehicle engines. The single largest source is plant of electric 

generation, oil refineries and steel making plant. Some of the 

major sources of Waste Heat are discussed below. 

 

1.2.1 Power Generation  

 The electrical efficiency of thermal power plant is typically  

about 30%. Coal-fired power stations that transform chemical 

energy give only 36% to 48% electricity and remain ing 52% to 

64% as waste heat. Discarded or Waste Heat is considerably lost 

to atmosphere. 

 

1.2.2 Industrial Processes: 

Industrial processes such as oil refineries, steel making or glass 

making are some major sources of waste heat. 

 

1.2.3 Electronics: 

Although small in terms of power, the disposal of waste heat 

from microchips and other electronic components, represent a 

significant engineering challenge. This necessitates the use of 

fans, heatsinks, etc. to dispose off the heat. 
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1.2.4 Biological Sources: 

Animals, including Humans, create heat as a result of 

Metabolism. In warm conditions, this heat exceeds a level 

required for homeostasis in warm-blooded animals, and is 

disposed of by various thermoregulation methods such as 

sweating and panting. 

 

1.3 Technologies of Waste Heat Recovery: 

Waste Heat losses arise both from the equipment inefficiencies 

and from thermodynamic limitations on equipment and process. 

Recovering industrial waste heat is achieved via numerous 

methods. The heat can either be reused within the same process 

or transferred to another of the processes. Some of these 

technologies are stated below. 

 

1.3.1 Heat Exchangers: 

Heat Exchangers are most commonly used to transfer heat from 

combustion exhaust gases to combustion air entering the furnace. 

Since pre-heated combustion air enters the furnace chamber at 

high temperatures, less energy is to be supplied by the fuel. 

Typical technologies used for air preheating include 

Recuperators, Furnace Regenerators, Burner Regenerators, 

Rotary Regenerators and Passive Air Preheaters. 

 

1.3.2 Power Generation: 

Generating power from waste heat typically involves using  the 

waste heat from boilers to create the mechanical energy that then 

drives an electric generator. While these power cycles are well 

developed, new technologies are being developed that can 

generate electricity directly from waste heat such as 

Thermoelectric and Piezoelectric generation. 

 

1.3.3 Direct Electrical Conversion Devices: 

Whereas traditional power cycles involve using heat to create 

mechanical energy and ult imately electrical energy, new 

technologies are being developed that can generate electricity 

directly from g iven heat. Some of them are discussed below. 

 

1.3.3.1 Thermoelectric Generation: 

Thermoelectric (TE) materials are semiconductor solids that 

allow direct generation of electricity when subjected to 

temperature differential. These systems are based on a 

phenomenon known as Seebeck effect, that is when two different 

semiconductor materials are subject to a heat source and heat 

sink, a voltage is created between the two semiconductors . 

Thermoelectric technology has existed for a long time but has 

seen limited use due to low efficiencies and high cost. Due to 

recent discoveries, efficiency of thermoelectric generators have 

been increased from 2%-5% to 15%. 

 

1.3.3.2 Piezoelectric Power Generation: 

Piezoelectric Power Generation (PEPG) is an option for 

converting low-temperature (200-300ºF or [100-150°C]) waste 

heat to electrical energy. Piezoelectric devices convert 

mechanical energy in the form of ambient vibrations to electrical 

energy. Several technical challenges associated with PEPG 

technologies are high internal impedance, complex oscillatory 

flu id dynamics within the liquid/vapor chamber, need for long 

term reliability and durability. Conversion efficiency of PEPG 

technology is very low (1%) and only heavy cascading leads to 

10% efficiency. 

1.3.3.3 Thermionic Generation: 

Thermionic Generation devices operate similar to those of 

thermoelectric devices, however, where thermoelectric devices 

operate on Seebeck effect; Thermionic devices operate on 

Thermionic emissions. In these systems the temperature 

difference drives flow of electrons through a vacuum from metal 

to metal oxide surface. However, applicat ions of these devices 

are limited to higher temperatures.  

 

1.3.3.4 Thermo Photo Voltaic (TPV) Generation: 

TPV Generators can be used to convert radiant energy into 

electricity. These systems involve a heat source, an emitter, a  

radiation filter, and a PV cell (like those used in solar panels). As 

the emitter is heated, it emits electromagnetic rad iation. The PV 

cell converts this radiation to electrical energy. The filter is used 

to pass radiation at wavelengths that match the PV cell, while 

reflecting remaining energy back to the emitter. These systems 

could potentially enable new methods for waste heat recovery. 

 

2.  THERMOELECTRICITY  

 

Thermoelectricity, also known as ‘Peltier-Seebeck effect’ is 

phenomena of direct conversion of heat into electricity or 

electricity into heat through two related mechanisms, the Seebeck 

Effect and Peltier Effect. 

 

2.1 Concept: 

When two metals are p laced in electric contact, electrons flow 

out of one metal in which the electrons are less bound and into 

the other metal. The binding is measured by the location of so 

called ‘Fermi Level’ of electrons in the metal. The higher the 

Fermi level, lower is the binding. The Fermi Level represents the 

demarcat ion in energy within conduction band of a metal 

between the energy levels occupied by electrons and those that 

are unoccupied. The energy of an electron at the Fermi level is ‘-

w’ relative to a free electron outside the metal. The flow of 

electrons between the two conductors in contact continues until 

the change in electrostatic potential brings the Fermi levels of 

two metals (w1 andw2) to the same value. This electrostatic 

potential is called Contact Potential ‘ᶲ12’ and is given by                               

[eᶲ12=w1-w2] where ‘e’ is 1.6x10
-19 

coulomb.  If a closed circuit is 

made of two different metals, there will be no net electrostatic 

force in the circuit because the two contact potentials oppose 

each other and no current will flow. There will be current if the 

temperature of one of the junctions is raised with respect to 

another. There is net electromotive force generated in the circuit, 

as it is unlikely that the two metals will have same Fermi levels 

with identical temperature dependence. To maintain temperature 

difference, heat must enter the hot junction and leave the cold 

junction to be consistent with the fact that current can be used to 

do mechanical work. The generation of thermal electromotive 

force at a junction is called the Seebeck Effect (after German  

physicist Thomas Johann Seebeck). The electromotive force is 

approximately linear with the temperature difference between 

two junctions of dissimilar metals, which are called a 

‘Thermocouple’. The absorption and release of heat at a junction 

in which there is an electric current is called Peltier Effect (after 

French physicist Jean-Charles Peltier). Both the Seebeck and 

Peltier Effect also occur at a junction between two 

semiconductors or between a metal and a semiconductor. The 

development of semiconductor thermocouples (eg : n-type and p-
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type bismuth telluride) has made the Peltier Effect practical for 

refrigeration. Sets of such thermocouples are connected 

electrically in series and thermally in parallel. When an electric 

current is made to flow, a temperature difference, which depends 

on the current, develops between two junctions. If temperature of 

the hotter junction is kept low by removing heat, then second 

junction can be tens of degrees colder and act as refrigerator. 

Peltier Refrigerators are used to cool small bodies, they are 

compact, have no mechanical moving parts, and can be regulated 

to maintain precise and stable temperature.   

 

2.2 Thermoelectric Generator (TEG) Module: 

Thermoelectric Generators have emerged as a feasible option of 

generation of clean energy, main ly because of development of 

new semiconductor materials and their commercial availability 

in the market. TEGs  allow direct generation of electricity d irectly  

based on thermoelectric effect and has no practical moving parts 

in its assembly. The schematic diagram of a thermoelectric 

generator is shown in figure 1. 

 
 

 Figure. 1. Schematic diagram of a TEG module.  

 

As shown above, the TEG consists of two dissimilar materials, n-

type and p-type semiconductors, connected electrically in series 

and thermally in parallel. Heat is supplied to one end, i.e hot 

junction at a high temperature while the other end, that is the 

cold junction, is maintained at a lower temperature by a heat 

sink. As a result of temperature difference, an output voltage is 

generated so that the current flows through the external 

connected load. The power output depends on the temperature 

difference, the properties of semiconductor and the application 

load.  

 
 

Figure. 2. Equivalent circuit of a TEG module.  

 

Figure 2 depicts the equivalent circuit of a TEG single 

thermocouple composed of thermal generated voltage source and 

a series intrinsic resistance. TEGs are stacked together to form 

group or array to provide desired output voltage and current. 

2.3 History of Thermoelectricity and Thermoelectric 

materials: 

Based on Thermoelectric effects mentioned above, one can build 

a thermoelectric module for power generation. The efficiency of 

thermoelectric module is based on its material’s Figure of Merit. 

Figure of merit is given as  

ZT= Ke + Kl) 

Where   is the electrical conductivity, S is Seebeck  coefficient, 

T is mean operating temperature and K is thermal conductivity. 

The larger the figure of merit , the better the efficiency of the 

thermoelectric cooler or power generator. Therefore, there is 

significant interest in improving figure of merit in thermoelectric 

materials for many industrial and energy applications. The 

history of applications of thermoelectric materials is strongly 

associated with their efficiency. The early application of the 

thermoelectric effect is in metal thermocouples, which have been 

used to measure temperature and radiant energy for many years. 

From late 1950’s research on semiconducting materials and 

thermocouples appeared, and these devices have been applied in  

terrestrial cooling and power generation and later in space power 

generation along with small scale electric power generators. By 

1990’s many thermoelectric refrigerators could be found in the 

market. Starting around 2000, thermoelectric technology has 

been used to enhance the functions of automobiles like 

thermoelectric cooled and heated seats. However, low efficiency 

(ZT<1) of thermoelectric devices has limited its applications. But 

with increasing value of ZT and discovery of newer materials, 

many new potential applications of thermoelectric technology 

have opened up. Its promising application in clean energy is a 

particular one. The increasing popularity of the technology could 

be observed by simply counting the number of research papers 

published on Thermoelectricity and thermoelectric materials. 

There were two instances of high rise of interest in this field  i.e  

during the period of 1955 to 1965 and from 1990 onwards. This 

is shown by figure 3. 

 
Figure .3. Trend of papers from 1955 to 2007 on TEGs.  

 

2.4 Potential Materials for Thermoelectricity: 

 

The electronic structure of a material influences the Figure of 

Merit of that material. It is well known from an electric point of 

view that many materials can be classified as metals, 

semiconductors and insulators. These three different classes of 

materials can be characterised by zero, small and large band gaps 

respectively or alternatively by free charge carrier concentration. 

The comparison of thermoelectric properties of metals, 

semiconductors and insulators is given in the figure 4.  
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Figure. 4. Comparison between metals, semiconductors and 
insulators considering Seebeck coefficient S, electrical  

conductivi ty , and factor of S
2

 

 

Comparison above is shown at a temperature of  00 .  t is clear 

that metals have very good electrical conductivity     10
6
 Ω

-1
cm

-1
). 

However they have very low Seebeck coefficient and large 

thermal conductivity do not make them most desirable materials 

for thermoelectricity. For insulators with large band gap, 

although they have good Seebeck coefficient, they have 

extremely low electrical conductivity. The optimal 

thermoelectric materials with large value of S
2  

is located in the 

region near the crossover of metals and semiconductors with 

optimized carrier concentration of about 1x10
19

cm
-1

. Above 

discussion is presented with simplified picture without 

considering detailed band structure of materials. Moreover, the 

lattice thermal conductivity over these materials is considered to 

be similar for further simplicity. Th is simplification is done to 

quickly narrow down the region for better thermoelectric 

materials. 

 

2.5 Thermoelectricity for Waste Heat recovery: 

As discussed above, thermoelectricity is being considered as one 

of the most potential sources in clean energy. On the subject of 

Waste Heat recovery, thermocouples are very suitable 

applications. The low temperature heat give out as waste heat 

can be directly supplied to the hot junction of the thermocouple 

to maintain a good temperature differential. Here Waste Heat 

provided to thermocouples directly gets converted into electrical 

energy which can be used for various purposes, near the heat 

source as well as away from it. This not only increases the 

efficiency of mechanical processes but also reduces the loss in 

material handling, which otherwise would have to be provided to 

compensate the inefficiency of given process. Earlier, the 

applications of thermoelectricity were limited due to poor 

efficiencies. But now due to technological advancements and 

discovery of new thermoelectric compatib le materials, the future 

of thermoelectricity is bright and is estimated to be major source 

of clean energy by the year 2020. 

2.6. Advantages of Thermoelectricity: 

 

1. Thermoelectricity is environmental friendly. 

 

2. Scalability is available with sizes of thermocouples which 

mean application could be provided for any size of heat source. 

 

3. Thermoelectricity results in clean energy at lower production 

costs. 

 

4. Thermoelectricity can use Waste Heat as heat source for hot 

junction who results in decreased pollution and increased 

efficiency. 

 

2.7 Disadvantages of Thermoelectricity: 

 

1. Research progression over this topic is still suffering a slow 

pace. 

 

2. Limited applications due to requirement of constant  heat 

source to the hot junction. 

 

3. Low energy conversion efficiency rate causes lack of 

awareness and attraction of market towards the technology. 

 

3.  CONCLUS ION 

 

In this paper, significance of Waste Heat towards pollution and 

thermal efficiency is discussed. Major sources of Waste Heat 

generation are also mentioned.  Also various methods of its 

recovery are mentioned. Discussion on technology of 

Thermoelectricity as one of the most promising methods of 

waste heat recovery and its present and future impact on electric 

generation and clean energy are discussed. Optimal material 

selection for thermocouples and its history of development is 

also stated. 
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