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Abstract 
Increasing fuel prices, higher demands on “greener” transports and tougher international emission 

regulations puts requirements on companies in the automotive industry in improving their vehicle 

fuel efficiency. On a typical heavy duty Scania truck around 30% of the total fuel energy is wasted 

through the exhaust system in terms of heat dissipated to the environment. Hence, several 

investigations and experiments are conducted trying to find ways to utilize this wasted heat in what 

is called a waste heat recovery (WHR) system. At Scania several techniques within the field of WHR 

are explored to find the profits that could be made. 

This report will cover a WHR-system based on thermoelectricity, where several new thermoelectric 

(TE) materials will be investigated to explore their performance. A reference material which is built 

into modules will be mounted in the exhaust gas stream on a truck to allow for measurements in a 

dyno cell. To analyze new materials a Simulink model of the WHR-system is established and validated 

using the dyno cell measurements. By adjusting the model to other thermoelectric material 

properties and data, the performance of new TE materials can be investigated and compared with 

today’s reference material. 

From the results of the simulations it was found that most of the investigated TE materials do not 

show any increased performance compared to the reference material in operating points of daily 

truck driving. This is due to dominance of relatively low exhaust gas temperatures in average, while 

most advantages in new high performing TE-materials are seen in higher temperature regions. Still, 

there are candidates that will be of high interest in the future if nanotechnology manufacturing 

process is enhanced. By using nanostructures, a quantum well based BiTe material would be capable 

of recovering 5-6 times more net heat power compared to the reference BiTe material. Another 

material group that could be of interest are TAGS which in terms of daily driving will increase the 

power output with pending values between 40-80 %. It is clear that for a diesel truck application, 

materials with high ZT-values in the lower temperature region (100-350°C) must be developed, and 

with focus put on exhibiting low thermal conductivity for a wide temperature span. 
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1 Introduction 
 

1.1 Background 
Higher demands on fuel savings, “greener” transports and tougher emission regulations are some of 

the main reasons to increasing interest in finding ways to recover and utilize energy from vehicle 

wasted heat in the automobile industry. The capability of recovering energy from wasted heat is 

referred to as waste heat recovery, or simply WHR. Even though efficiency of today’s combustion 

engines has been considerably improved, a significant amount of the energy content in the fuel is still 

rejected as pure heat. This thesis aims to further developing of a Simulink model for a waste heat 

recovery system based on thermoelectric technology, in such an extent that performance of new 

thermoelectric materials can be investigated. The Simulink model is based on a WHR system 

developed and built into a Scania Euro 6 truck, equipped with two thermoelectric generators (TEGs) 

together with an external cooling system and control unit. The TEGs are installed in line with the 

trucks exhaust system at two different levels, and are designed to extract energy from the heat in the 

exhaust gases. At the first level, some of the exhaust gases pass through the EGR-system (exhaust gas 

recirculation) with high temperature but with limited mass flow. The rest of the exhaust gases pass 

through the second level in the ATS-system (silencer and a multi-step filtering of the exhaust gases) 

with lower temperature but high mass flow. Each of the TEGs carries a large number of thermo-

electric modules based on Bismuth Telluride, BiTe, which will be used as a reference material in this 

project.  

The thermoelectric technique has long been known and research has led to great improvements in 

later years, though thermoelectric power generation has not yet seen a major breakthrough in 

commercial applications due to low efficiencies and expensive manufacturing. Today, most scientists 

strive to find materials with higher efficiencies using nanostructure designs. Efforts are also put in 

finding cheaper materials and manufacturing methods in hope of expanding the scene of 

thermoelectric generators. 

This thesis will be conducted at the REP Pre-development department at Scania Södertälje as a part 

of a more comprehensive investigation in waste heat recovery using thermoelectric generators. The 

whole WHR-project is a cooperation with several parties involved but with all final tests based and 

performed at Scania. Previous thesis work has been carried out within the field of thermoelectric 

waste heat recovery, but never evaluated on a full sized truck. A main goal with the project is to 

achieve a fair net power output from the WHR system when all losses aroused due to additional 

components in the system have been subtracted. As a first step, the power produced will be used to 

feed the electrics on the truck, and hence put less stress on the alternator. If it turns out that the 

extracted power reaches levels excessive to what is produced by the alternator, other ways of 

consuming the power will be of interest in future work.  
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1.2 Aim 
The aim with this thesis is to evaluate the performance in, and possibilities seen by using new 

thermoelectric materials in a waste heat recovery system implemented on a heavy duty Scania truck.  

 

1.3 Objectives 
There are several aspects to take in count when evaluating the potential by using new thermoelectric 

materials in a waste heat recovery system. First of all, a comparison on different materials must be 

made. This can be accomplished by establishing a Simulink model covering the WHR system and 

running simulations on different TE materials. In order to evaluate new thermoelectric materials 

trustworthily, the results obtained in the Simulink model must be verified to measurements gathered 

from dyno test runs on a truck with a reference TE material. Various materials perform unequally 

well at different temperatures and the maximum heat they can handle without damage varies 

significantly from one type to another. It is therefore of highest interest to find materials suitable for 

the temperature ranges that may rise in a certain application, in this case the Scania Euro 6 truck’s 

exhaust system. Also, it is of great importance that the material exhibits high efficiency within this 

temperature region in order to produce a satisfying net power output. If too little energy is extracted 

from the exhaust gases, the material will show no interest of being used in a future WHR system. The 

thesis’ objectives could from this knowledge be summarized in the following objectives: 

 

 Create a Simulink model that produces results in accordance with measurements done in the 

dyno cell. 

 

 Compare new high efficient thermoelectric materials with a reference material and 

determine their power generating potential in different operating conditions. 

 

 Determine the potential of using thermoelectric materials in a WHR system installed on a 

Scania Euro 6 truck. 

 

1.4 Limitations  
The waste heat recovery system studied in this project is based on an application in a truck, hence 

the thermoelectric materials evaluated in this work will be in relation to properties and limitations in 

such a design. The model set up in Simulink to evaluate new thermoelectric materials, is done with 

regard to allowing transient conditions and fully controllable by-pass valves in both TEGs. The scope 

of this thesis will not cover the system control of these by-pass valves which has been designed in 

another thesis project. Also, the model itself will just cover the WHR system, other data such as 

engine speed and torque etc. are based on measured data. Finally, the new TE-materials will be 

compared in relation to their potential in generating power, therefore no further survey in 

environmental aspects or costs of material compounds will be made. 
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1.5 Approach 
To find information and data on various new thermoelectric materials an extensive literature study 

within the subject will be made. Focus will be put on materials with high efficiency in low to 

moderate temperatures. To evaluate the performance in new thermoelectric materials, a model in 

Simulink will be established to simulate the WHR system integrated in the truck. This model will 

cover calculations on heat exchangers and heat transfer, cooling system, TEG designs, models on 

thermoelectric modules etc. Thus, research and theory for these parts must be stated. To evaluate 

and tune empirical relations in the model, it will be compared to measurements made on a truck 

tested in a dyno cell. This procedure will be made in steps, starting with comparing and adjusting to 

stationary points, then advancing to adapting the model to handle transient conditions with 

significant accuracy. As the model coincides with measured data for a number of various engine 

speeds and loads, new material data may be implemented and evaluated. Finally, when all materials 

of interest have been evaluated in a number of operating points and for a set of steps, their 

individual performance and potential in a WHR system can be determined.  

 

1.6  Report structure 
The report is divided into six major parts. The first three chapters cover theory on thermoelectric 

materials and description of design and modeling of the WHR system. Results and discussion have 

been linked together to get a better view and understanding from the results. In the 6th chapter 

conclusions are established and in the two final chapters, future work is discussed and references 

stated.   

Theoretical background 

In the theoretical background theory regarding thermoelectricity is stated along with theories 

necessary to understand essential parts in a WHR system, such as heat exchangers, heat transfer and 

fluid dynamics. 

WHR system design 

In this chapter the outline of the WHR system installed on the Scania Euro 6 truck is described more 

in detail. It covers the design of ATS- and EGR-TEGs as well as the setup for the cooling system. 

Method 

This part will discuss the setup of models used to establish the Simulink model. Models of heat 

transfer, fluid dynamics and arrangements for modeling thermoelectric materials are some of the 

parts covered in this section.    

Results and discussion 

In this chapter the power generated in a sequence of operating points, material efficiencies and 

other interesting results will be displayed. The discussion has been linked together with the results in 

order to give the reader a better view and understanding to the connections found in the plots.  

Conclusion 

This is the section where the final conclusions to the objectives are made. It is held short to clearly 

state the outcome to the goal set up in the start of the project.     
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Future work 

In the end of the report, this chapter is established to discuss future work and further investigations 

that could be of interest to yield new findings within the study of waste heat recovery.   
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2 Theoretical background 
2.1 Waste Heat Recovery 
Today there are broad discussions about a changing climate around the world. Temperatures are 

slowly rising, air and oceans are more polluted than ever and the amount of commercial vehicles 

running on non renewable energy sources are constantly increasing in numbers [1]. Scientists and 

politicians put greater efforts in dealing with the consequences this brings. For scientist and 

engineers the biggest effort lies in finding new and more environmentally friendly ways to propeller 

cars, trucks, aircrafts etc. Though finding new resources and revolutionary ways that would solve the 

problems seen with increasing public transportation is not easy. This means that a lot of interest is 

put into improving already existing methods and propelling systems. The knowledge of how exhaust 

gases influences our environment is spreading around the globe and the impact increasing 

greenhouse gases has on our climate has seen explicit attention [2]. Even though there are many 

automotive manufacturers working with hybrid and fully electric vehicles, a majority of the branch 

still uses combustion engines in various kinds. The reason to this, is that the combustion engine can 

produce a high level of energy from a small amount of fuel but also due to the fact that it is fairly 

cheap to produce and have a considerably long life. Still, there is room for great improvements to the 

combustion engine, as it despite decades of commercial use, has a pretty low efficiency [3]. 

A typical heavy duty Scania truck equipped with a 323kW (440 hp) diesel engine, has a highest 

efficiency level of about 40%. In the automotive industry this is a fairly high number, though it tells us 

that the majority of the energy put into the truck goes away as waste. When a truck this size reaches 

maximum power, exhaust gas temperatures approaches 600°C and 0.6 MW of energy is rejected as 

waste heat to the surroundings, serving no purpose at all. This is why scientists strive to increase the 

efficiency in order to get as much transport work from as little fuel as possible [4].  

 

Figure 2.1: Losses in exhaust and cooling system. Around 30 % of the losses are wasted through the exhaust system [4]. 
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The losses seen as waste are mainly cooling and thermal loss, see fig 2.1. Around 30% of the power is 

wasted through the exhaust system in terms of heat dissipated to the environment.  

There are several ideas of how this wasted energy could be extracted and made use of. The problem 

to most of the ideas though, is that they are too complex or too expensive to be used in a practical 

manner. Today there are at least two models that can see practical use in future propelling systems. 

One of them is by making use of the Rankine cycle to extract the energy from heat in the exhaust 

gases. This is a well known principle with years of experience within many aspects. The 

disadvantages it brings, trying to implement it on commercial vehicles, is that it consists of several 

complex components, but also requires a high developed control system to work properly and with a 

high efficiency level [5]. Another way to make use of the energy stored in the exhaust gases would be 

to use thermoelectric generators (also named TEGs or thermogenerators). This is a quite new field of 

study for many companies within the automotive industry, and even though smaller steps have been 

made, the full potential by using thermoelectric generators has not yet seen daylight in this branch. 

The technique directly converts heat into electric energy and wherever unused heat appears, 

thermoelectric generators could be used to harvest this energy [6]. In a Scania truck this electricity 

could be used to reduce stress on the alternator, which produces around 600 W to operate all the 

electrics on the truck [4]. 

  

2.2 Thermoelectricity 

2.2.1 Thermoelectric effect  

Thermoelectric devices can convert thermal energy from a temperature gradient into electrical 

energy. The phenomenon was discovered in 1821 by Thomas Johann Seebeck and is based on what is 

called the “Seebeck effect”. Seebeck found that a circuit made from two dissimilar junctions at 

different temperatures would deflect a compass magnet. At first, Seebeck thought this was because 

of magnetism that was induced by the temperature difference and therefore must have been related 

to the magnetic field on Earth. Yet, further studies showed that this was not the case. The force, 

which was now called a Thermoelectric force, induced an electrical current and which in turn, 

together with Ampere’s law, gave rise to the magnetic field [7]. In short this means that the 

temperature difference produces an electrical potential (voltage) which can drive an electric current 

in a closed circuit, see fig. 2.2.  

 

Figure 2.2: Simplified diagram of the Seebeck effect. Material A is cooled at one end (blue color) with low temperature   
and heated at the other end (red colour) with high temperature     .    
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It has been found that only a combination of two different materials, a so-called thermocouple, 

exhibits the Seebeck effect. For two leads of the same material, no Seebeck effect manifests, as they 

will cancel each other out. A thermocouple is basically a temperature-measuring device, experiencing 

a temperature difference by different conductors (or semiconductors) [8]. Instead of just measuring 

the temperature, the electricity produced by the thermocouple could be utilized to power external 

loads, and the thermoelectric device is instead referred to a thermoelectric generator, or simply TEG.  

In the 100 years before the world wars, thermo-electricity was developed in Western Europe by 

academic scientists, with much of the activity located in Berlin. The reverse counterpart of the 

Seebeck phenomenon was discovered 1834 by Jean Charles Athanase Peltier and was named the 

Peltier effect. The Peltier effect is a temperature difference created by applying a voltage between 

two electrodes connected to a sample of a semiconducting material. This phenomenon can be useful 

when it is necessary to transfer heat from one medium to another on a small scale. According to 

Seebeck, the generated potential difference across two junctions is proportional to the temperature 

difference between them and can be expressed as 

               (2.1)  

where   is the thermoelectric voltage,    is the temperature gradient and   is the so-called Seebeck 

coefficient [7]. The higher the temperature gradient between the hot and the cold source is, the 

higher the induced thermoelectric voltage will be. The Seebeck coefficient   is a material related 

parameter and is measured in     . For example, iron has a Seebeck coefficient of 19      at 0°C, 

which means that for every 1°C difference in temperature, a positive thermoelectric emf (Seebeck 

voltage) of 19    is induced in iron at temperatures near 0°C [9].  

 

Figure 2.3: The thermoelectric generator is composed of a n-type and a p-type semiconducting material, connected 
electrically in series, through electrically conductive contact pads, and thermally parallel between ceramic ends. The top 
and bottom side of the TEG usually have heat sinks to improve heat absorption and rejection respectively. Inspired by TE 
technology [49].   



8 
 

Charge carriers in metals and semiconductors are free to move much like gas molecules, while 

carrying charge as well as heat. When a temperature gradient is applied to a material, the mobile 

charge carriers at the hot end, tend to diffuse to the cold end. The build-up of charge carriers results 

in a net charge. The thermoelectric couple in a TEG contain n-type (containing free electrons) and p-

type (containing free holes) thermoelectric elements wired electrically in series and thermally 

parallel. To isolate the thermocouple from the surrounding, a ceramic substrate is applied on each 

side. Further, it is common to install heat sinks to improve heat absorption and rejection on the hot 

and cold side respectively, see fig. 2.3 [10].  

 

Figure 2.4: Thermochain consisting of several thermocouples of n- and p-type semiconducting materials. 

Because in general, the power of a single thermoelectric generator (TEG) is very low, the output is 

enhanced by connecting several generators in series or in parallel. Such a circuit is called a 

thermoelectric module (TEM) or a thermochain, see fig. 2.4. The thermocouples are connected to 

each other with a high electrically conductive material and the series of couples is finally attached to 

a positive and negative conductor respectively, across which the thermoelectric voltage is induced 

[11].  

 

2.2.2 Thermoelectric efficiency ZT 

In 1911 the physicist Altenkirch discovered that the thermoelectric properties of a thermocouple are 

directly controlled by the electric conductivity,  , the thermal conductivity,  , the absolute 

temperature,  , and the Seebeck coefficient,   [8]. They can be summarized in a relation, referred to 

as ZT or the figure of merit, which is a dimensionless measure of the efficiency of the thermoelectric 

material. ZT may be used to compare performance in different thermoelectric materials at a certain 

temperature. The best thermoelectrics are semiconductors that are so heavily doped that their 

transport properties resemble metals.  

               
   

 
       (2.2) 

 ,   and   depend upon one another as functions of the band structure, carrier concentration and 

many other factors.   and   generally vary in a reciprocal manner, making any improvement in the 

figure of merit difficult (see fig. 2.5) [12]. In addition, the electrical conductivity and the Seebeck 

coefficient are inversely related making it hard to optimize the thermoelectric power factor (   ) 

above a particular optimal value. However, ideal thermoelectric materials would have a high 

electrical conductivity to allow conduction of electricity, which would yield a high potential across 

the sample. Also, the material should show low thermal conductivity to maintain the temperature 

gradient between the cold and the hot side [10].  
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Figure 2.5:    and   generally vary in a reciprocal manner, making any improvement in the figure of merit difficult. In 
addition, the electrical conductivity and the Seebeck coefficient are inversely related making it hard to optimize the 

thermoelectric power factor (   ) above a particular optimal value. Curve data collected from [10]. 

 

2.2.3 Thermoelectric module 

As the number of junctions must be high in numbers to generate any fair amount of power, a typical 

thermoelectric module has a size of about 5cm*5cm in surface area and a thickness of 3-5mm. The 

junctions in the module are covered by a ceramic casing, which act as an electrical insulator and can 

withstand high temperatures. Today the thermoelectric modules can be found in many different 

sizes and shapes, though the most common shape is the rectangular flat faced module, see fig. 2.6 

[13].    

 

Figure 2.6: Thermoelectric modules can be found in many shapes and sizes today. The most common shape is rectangular 
with a surface size of around 5cm*5cm and a thickness around 3-5mm [48].  

 

2.2.4 Temperature dependency of the figure of merit 

The material parameters - Seebeck coefficient together with thermal and electrical conductivity, 

exhibit different temperature dependencies. This gives each thermoelectric material a specific 

temperature at which the efficiency, or rather the figure of merit, is at its maximum, see fig. 2.7. The 

slopes on the left- and right hand side of this curve are quite steep, and the thermoelectric material 

must therefore be selected according to the temperature of the specific application [10]. 
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Figure 2.7: The material parameters - Seebeck coefficient together with thermal and electrical conductivity, exhibit 
different temperature dependencies. This gives each thermoelectric material a specific temperature at which the 
efficiency, or rather the figure of merit, is at its maximum.   

 

2.3 Use of thermoelectric materials 

2.3.1 Interest in thermoelectricity 

During and after the world wars, thermoelectricity was actively studied for use in valuable 

technologies, primarily cooling and power generation for military use. [14]. The political and 

economic importance of such devices made advances more difficult and slow to publicize, especially 

between the Eastern European and Western countries. By the 1950's, thermoelectric generator 

efficiencies values were found to be around 5%. Scientists and engineers thought thermoelectrics 

would soon replace conventional heat engines and refrigeration, which led to rapid growth of 

interest, and further research in thermoelectricity at universities and national research laboratories. 

However, by the end of the 1960's the pace of progress had slowed with some discussion that the 

upper limit of ZT might be near 1 and many research programs were dismantled [15]. 

New interest in thermoelectrics began in the mid 1990’s when theoretical predictions suggested that 

thermoelectric efficiency could be greatly enhanced through nanostructure engineering. This led to 

new experiments in hope of showing new high efficiency materials with help of nanotechnology. At 

the same time, complex bulk materials were explored and it was found that high efficiencies could 

indeed be obtained [10].   

 

2.3.2 Thermoelectric applications 

There are endless of applications in which thermoelectrics can be used. Home heating, automotive 

exhaust and industrial processes are just a few examples that all generate an enormous amount of 

waste heat that could be converted to electricity with thermoelectrics. Efforts are already underway 

to replace the alternator in cars with a thermoelectric generator mounted on the exhaust stream. 

Thermoelectric energy converters have many advantages compared to other energy generating 

solutions. They do not use any moving parts or face any chemical reactions, they are considerably 

environmentally friendly with a long life span of reliable operation and can adept to different kinds of 

heat reservoirs [8]. Still, their dual nature is what makes them so attractive for various applications, 

having the advantage of being used both as electric generators as well as for cooling/heating 

applications. Thermoelectrics therefore have even more fields where they are commonly used. We 

often see them in space applications like satellites and spacecrafts where they make up high value 

http://cvining.com/system/files/articles/vining/Vining-ICT92-1992.pdf
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components. It is also quite common to find them in consumer products, such as camping or wine 

coolers where Peltier coolers have been used for more than 50 years. There are also products to be 

found which can convert body heat into electrically usable energy and within the automotive 

industry we do not only see thermoelectrics in fuel saving applications but also in features like 

climate controlled seats [16, chapter 10.3]. Still, thermoelectric generation has not yet had a major 

breakthrough, even though the commercial use increases by the day. The main reason to this is that 

thermoelectric generators for a long time have been too inefficient to be cost-effective in most 

commercial applications [10].  

 

2.4  Finding new enhanced thermoelectric materials 

2.4.1 Groups of thermoelectric materials 

Since the day that the thermoelectric phenomenon was found and its practical use was shown to the 

world, the development and search for new thermoelectric materials and compositions have been a 

continuous process. Today there are endless numbers of different compositions that thermoelectric 

materials can consist of, each of which having their own special properties. They are often separated 

into groups based on their main constituents. So far, most of the materials used for thermoelectric 

generators are semiconductors of the 5th or 6th main groups in the periodic table with, among others, 

the heavy elements bismuth (Bi), antimony (Sb), telluride (Te), and selenium (Se).  

 

Figure 2.8: The composition of thermoelectric materials depend on the temperature range in which they will operate. For 
example in very low temperatures ~150K, elements of the 5

th
 main group in the periodic system are commonly used. 

Curve data collected from [16, chap. 6.1]. 

 

For low temperatures ( 150 K) elements of the 5th main group are preferable. For example bismuth 

(Bi) and antimony (Sb) are well suited. When bismuth is alloyed with antimony, the semiconductor 

bismuth antimonide (BiSb) forms. In room temperature, around 300 K, the semiconducting 

compound bismuth telluride (Bi2Te3) is used in most applications. In higher temperature ranges, 600-

1200 K, PbTe and SiGe alloys apply. For very high temperatures in range of up to 1300 K, SiGe alloys 
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are preferably used [16, chap. 6.1]. The reason to why different compounds perform better in a 

certain temperature region is all due to the compositions mechanical properties, see fig 2.8. Trying to 

apply a compound outside its optimum temperature range of operation may not only drastically 

decrease the efficiency of the material, but by applying too high temperatures lead to permanent 

changes in the crystal lattice.  

As mentioned, the efficiency of the thermoelectric generator increases with increasing temperature 

difference between the hot and cold side of the module, see eq. (2.1). Also, the efficiency increases 

with higher values of ZT. Due to the temperature dependency of the thermoelectric properties, it is 

not reasonable to use the same material in a large temperature range. To optimize, different 

materials can be connected in series so that a first material with high efficiency at higher 

temperature is followed by a second material possessing a high efficiency at a lower temperature. 

This way the materials can operate in their optimum temperature range [16, chap. 6.2].   

 

2.4.2 BiTe and PbTe based TE-materials 

Up until today, the most common thermoelectric materials are based on bismuth telluride, Bi2Te3, 

which is moderately rare in its mineral form. It is used in temperatures ranging from room 

temperature to temperatures of a few hundred degrees Celsius. Depending on composition and 

alloying of Bi2Te3 materials, its figure of merit varies, but usually maximum ZT values of around 1 and 

efficiencies in the range of 5-10 % are commonly seen [17]. Another known type of TE materials are 

those based on lead telluride, PbTe, compounds. PbTe thermoelectric materials are seen as the 

champions of high ZT with many materials reaching values of more than 1.7. It has been found that 

doping of PbTe can lead to significantly increase in the figure of merit, which is a reason to why 

research on this group of mixed crystals has been intensified in recent years. By doping PbTe with 

PbS and Na, nanostructure formations can be controlled while concurrently modifying the electronic 

structure, which in turn significantly enhances the thermoelectric properties. This has led to findings 

of PbTe materials with very high ZT values, PbTe07S03 for being an example with ZT values as high as 

2.2 at temperatures around 600 °C. In the zone from 400°C to 650°C, it holds a ZT value >2 and for an 

average ZT of ~1.56 it will reach a theoretical efficiency of 20.7% at the temperature gradient from 

0°C to 600°C [18].  

Alloying with Germanium in PbTe alloys has recently shown that high thermoelectric performance 

can be achieved at significantly lower temperatures, making GePbTe compounds more interesting in 

low- to moderate temperature applications. The compound                allows a ZT value of 

nearly 2 at just 300°C and with a peak of 2.1 at 370°C [19].  

Compared to BiTe materials, PbTe materials show high performance at slightly higher temperatures 

with peak ZT values at >500°C. A downside to the PbTe materials is that they contain a significant 

amount of Te, which is a scarce element in the crust of the earth. Hence the Te price is likely to rise 

sharply if Te based thermoelectric materials reach mass markets. Today a broad search is therefore 

focused on finding more inexpensive alternatives to alloy with [17]. 

 

2.4.3 Skutterudites     

The Skutterudite is a naturally occurring cobalt arsenide mineral. Its compounds are antimony-based 

transition-metal compounds RTE4Sb12, where R can be an alkali metal (e.g., Na, K), alkaline earth 
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(e.g., Ba), or rare earth (e.g., La, Ce, Yb)  [20]. The mineral’s crystal structure has seen applications in 

various fields with enhancing thermoelectric properties being one of them. The name itself comes 

from the Norwegian city Skutterud where several discoveries have been made [21]. What makes 

Skutterudites special is their crystal structure in which heat is conducted by means of wave like 

motion of vibrating atoms, also referred to as phonons. This inherently lowers the heat conductance 

and hence increasing the ZT value [22].  Skutterudites normally reaches maximum ZT values around 1 

at temperatures of ~400°C. Research on Skutterudites has shown that higher efficiencies can be 

achieved when doped with different compounds. For example, the more complex compound 

                          is a Skutterudite with a ZT value of ~1.66 at 580°C [23].    

 

2.4.4 Half-Heusler 

Another class of thermoelectric materials that is under investigation, is the class consisting of so 

called half-Heusler compounds. These are usually referred to when mentioning ternary intermetallic 

compounds of the general formula ANiSn (A=Ti, Zr, Hf). Half-Heusler materials have been around 

since 1903 and today, with a vast collection of more than 1500 different compounds, they are seen in 

both thermoelectric modules and some commercial applications. A problem with the half-Heusler 

compounds in thermoelectric materials is their relatively high thermal conductivity, which can be as 

high as 10W/mK. Even though high powerfactors can be achieved, many compounds do not reach ZT 

values of >0.5 [24]. Fortunately, it has nowadays been found that by using efficient dopants, 

thermoelectric efficiency could drastically increase, bringing thermal conductivity levels down to as 

low as 3W/mK. In ZrNiSn-based compounds a thermal conductivity of 3.1 W/mK was reached at 

room temperature. These advances in half-Heusler thermoelectrics has led to compounds with way 

higher ZT values. For example,                                   will reach a figure of merit of 1.4 at 

just 400°C and has a ZT value >1 at temperatures in the range of 225°C to 525°C [25]. 

 

2.4.5 TAGS 

Te/Sb/Ge/Ag (TAGS) materials with rather high concentration of cation vacancies exhibit improved 

thermoelectric properties as compared to corresponding conventional TAGS (with a constant Ag/Sb 

ratio), due to a significant reduction of the lattice thermal conductivity. The nanostructured 

compound                            exhibit ZT values as high as 1.6 at 360°C which is at the top 

end of the range of high-performance TAGS materials. In this material the cation vacancies has 

resulted in a material with low thermal conductivity but without significantly affecting the electrical 

conductivity [26].  

 

2.4.6 LAST 

In 2004, Hsu et al. found that high values of ZT could be achieved in PbTe based AgPbSbTe alloys. 

These are often recalled to as LAST from the abbreviation of the constitutive elements. The main 

contribution to high ZT values in LAST alloys, is due to their nanostructure features which allows 

reduction in thermal conductivity and concurrently not greatly affecting the electrical conduction. 

Recent studies have shown that optimization of grain sizes and boundaries are effective for even 

further ZT enhancement [27]. Reducing grain sizes is a general approach to lowering the thermal 

conductivity and it has also been reported that grain refinement could lead to increasing the Seebeck 

coefficient in some thermoelectric materials, due to an enhanced energy filtering effect at grain 
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boundaries [28, 29]. The compositional optimization in LAST alloys enables ZT values up to 1.54 at 

450°C which has been seen in               [30].     

 

2.4.7 Nanotechnology 

A ZT-value of   1 is the limit for when thermoelectrics are considered solid, and values of at least 3 

to 4 are considered to be essential to compete with mechanical generation and refrigeration in 

efficiency. Especially new thermoelectric materials and device structures can play a crucial role since 

nanostructural materials can lead to ZT-values which are approximately at least twice as high when 

compared with conventional solutions [16, chap. 10]. Over nearly one century the ZT-value remained 

no higher than 1. However, the improvements in nanotechnology related approaches, show that 

substantially higher values of ZT can be met, as shown in fig. 2.9.  

 

 

Figure 2.9: Advantages in nanostructure in recent years show that way higher values of ZT in TE modules could be 
achieved by developing thermoelectric materials built up by very thin layers in a superlattice. Curve data collected from 
[16, chap. 10.1].   

The basic mechanism behind the improvements in ZT using nanotechnology is the reduction in 

thermal conductivity, whereas the electric conductivity is kept nearly constant [16, chap. 10.1]. It has 

been found that the highest development potential among all the nanoscaled materials, has been 

attributed to the superlattices (a periodic structure of layers of two or several materials). Their stacks 

of individual layers are normally just a few nm thick. The thermal conductivity may be lowered 

through these thin layers while the electric conductivity is kept high. In principle the heat and the 

charge can be transported perpendicularly or parallel to the layers. During the transport normal to 

the layers the movement of the electrons is not affected and so the electrical conductivity is 

unchanged. By using thermoelectric nanocomposites there is also a way to reduce the thermal 

conductance.  

More or less ordered nanoparticles or nanocrystalline precipitates exist in a thermoelectric matrix. At 

present, researchers in the US and China are trying to compress nanoparticles under high pressure 

and temperature to nanocomposites which can be used in conventional thermocouples. Despite 

present technological difficulties due to recrystallization effects during compacting, it is expected to 
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increase conventional thermoelectric devices with 20-30 % using nanocomposites [16, chap. 7.1]. The 

potential of thermoelectric materials or nanostructures is far from being exhausted. Based on 

technology developed at the Fraunhofer Institute of Physical Measurement Techniques, Germany, a 

project was started with the aim of increasing cooling power from thermoelectric devices of the 

conventional 10 W/cm² to 500 W/cm². The difficulty to conquer the mass market with thermoelectric 

nanostructures is restricted only by high costs for the quality of the material. If one is successful in 

producing thermoelectric nanostructures in masses of kg, and with high efficiencies, the commercial 

use of nanostructured thermoelectrics would soon increase drastically [16, chap. 7.2].  

 

2.4.8 Quantum Wells 

A field in thermoelectric technology where nanotechnology is used, is the one covering the so called 

quantum wells. Quantum wells (or potential wells) are areas in which potential energy in a field is 

lower than of its surroundings, making it impossible for a particle to escape unless it is externally 

influenced. As a comparison, in a gravitational field it can be thought of as a hole in the ground from 

which objects cannot escape unless lifted by someone or something. Quantum wells are used 

commercially in diode lasers but are seeing increased utilization in thermoelectric materials. They 

force particles to move in a 2D-plane and hence it is possible to create very thin layers of 

thermoelectric materials, in some cases as small as just a few atom radii in thickness. The thin layers 

make great improvements in ZT possible (see fig 2.9), due to enhanced properties of the thermal 

conductivity [31].  

With implementation of quantum wells, ZT-values as high as 3-4 have been observed in laboratories 

on nanostructured BiTe. According to the thermoelectric company Hi-Z, even higher performance 

gains are possible [32]. Problems arise during the manufacturing process however, which is still 

complex and expensive, which in turn prevent any widespread commercialization of the materials yet 

[33].   

 

2.5  Heat exchangers 
Heat exchangers, HEs, are used in a wide range of applications such as cars, refrigerators and heating 

systems. The purpose of a HE is to transfer internal thermal energy from one medium to another. 

Common for most applications, the fluids are separated by a heat transfer surface. In the waste heat 

recovery, WHR system the heat transfer surface consists of a hot sink and a cold sink with the 

thermoelectric module between them.  Different types and flow arrangement of HEs are used 

depending on application. 

There are three basic flow arrangements of the fluids in a HE, parallel flow, counter flow and cross 

flow. Required effectiveness of heat transfer, space, temperature levels and fluid flow paths decide 

the most suitable flow arrangement for each application. In parallel flow HEs the fluids enter at the 

same end, flow parallel to each other and exit at the other end. This type of flow offers the lowest 

heat transfer effectiveness. A counter flow arrangement refers to a HE where the fluids enter and 

exit at opposite ends and flow parallel but in opposite directions. This setup offers the highest heat 

transfer effectiveness. In confined spaces or where fluid flow routes do not allow for parallel flow, 

cross flow arrangements are utilized where the fluids flow normal to each other.  Fluid flow in cross 

flow HEs are of either single or multipass type. The fluid is considered to have made one pass once it 
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flows through an entire section of the HE. In multi pass setups the fluid is rerouted to make one or 

more passes through the HE. Multipassing techniques are used to increase the HE thermal 

effectiveness over the individual pass effectiveness [34]. With sufficiently many passes the overall 

flow arrangement approaches that of counter flow [35].  

The WHR system utilizes different configurations of compact HEs. Compact HEs are characterized by 

high heat transfer surface area per unit volume, making them suitable for use in applications where 

space and low fluid heat transfer coefficient are an issue. The high heat transfer surface area per unit 

volume is achieved by extended surfaces. Secondary surfaces, usually fins are attached to a primary 

surface, extending the overall surface area. The materials of these surfaces affect the efficiency of 

the heat exchanger [36]. Materials with high thermal conductivity, such as aluminum, brass or 

copper will yield a high fin-efficiency but impose thermal limitations. High temperature applications 

require heat resistant alloys, such as stainless steel which often has a negative effect on fin-efficiency 

due to low thermal conductivity [34]. Fin layout and reduction in fin thickness can reduce these 

negative effects. The high strength of ferrous alloys allow for designs with very thin fins, 

compensating for poor thermal conductivity.  Other parameters affecting material selection is 

operating pressure, type of fluid and weight restrictions [35]. 

Tube fin and plate fin are two common construction types of a compact HE. The tube fin type is 

widely used in the industry where one fluid is at significantly higher pressure levels or has a much 

higher heat transfer coefficient, such as gas to liquid exchangers [35]. Gases generally yield a lower 

heat transfer coefficient than liquids [36]. Fins are fitted to the gas side to compensate for the lower 

heat transfer coefficient by increasing the surface area. In this type of HE, round, rectangular and 

elliptical tubes are usually used with fins equipped on either the inside or the outside. External fins 

on individual or on an array of tubes are the most common configuration. Car and truck radiators are 

an application where this type of HE has almost become a standard [35]. Plate fin HEs consist of 

parting sheets with fin corrugations in between brazed together as a block. This design offer a very 

compact and light weight HE with a high area density. Depending on application different fin 

geometries are used, plain triangular, plain rectangular, wavy, offset strip, louver, perforated or pin 

fin as these offer different properties. With plain fins the boundary layer gradually builds up as the 

fluid flow along the long passages resulting in thick boundary layers and low heat transfer 

coefficients. The smooth uninterrupted flow tends to contribute to a lower pressure drop over the 

heat exchanger. Offset strip fins are rectangular fins with a short length mounted at an 50% offset to 

each other. This fin geometry offers higher heat transfer coefficients than plain fins. The boundary 

layer growth is interrupted as the flow profile is dissipated in the wake after each fin. This results in a 

periodic growth of laminar boundary layers at each fin, promoting heat transfer. This also increases 

the friction factor which in turn generates a higher pressure drop. The fin thickness also contributes 

to an increase in pressure drop due to an increase in drag from the offset setup. Hence, there are 

advantages and disadvantages with all fin geometries [35].  
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2.6  Heat transfer 
Energy exists in various forms, such as kinetic energy, potential energy and thermal energy or heat. 

Thermal energy refers to the internal energy present in a system due to its temperature. A definition 

of heat transfer is thermal energy in transit due to a spatial temperature difference [34]. Heat 

transfer can occur in three different modes or processes, conduction, convection and radiation. In 

most heat exchanger designs conduction and convection are the two modes that drive heat transfer.   

Conduction occurs within gases, liquids and solids or between stationary substances. Transfer of 

energy occurs from more energetic to less energetic particles of a substance through diffusion due to 

interactions between particles [34]. Higher temperatures are related to higher levels of thermal 

energy. In the presence of a temperature gradient, heat transfer by conduction occurs in the 

direction of decreasing temperature [36].  

With a fluid in motion adjacent to a solid surface and the two at different temperatures, convection 

is the mode responsible for heat transfer [34]. Energy transfer by convection is governed by two 

mechanisms, diffusion of energy and the bulk or macroscopic motion of the fluid. The interaction 

between the solid surface and the moving fluid create a region called boundary layer where the fluid 

velocity varies from zero at the surface to the velocity associated to the flow. Diffusion, conduction is 

the dominant mode of heat transfer at and near the surface due to low velocities. The fluid motion 

causes the boundary layer to grow as it flows along a solid surface. Thermal energy conducted to or 

from the boundary layer is eventually transferred to or from the region outside the boundary layer 

[36]. Convection is classified into two classes, natural and forced convection. In forced convection the 

fluid is set in motion by an external force, such as a fan or a pump. In natural convection buoyancy 

effects from density variations caused by different temperatures is responsible for inducing flow [34]. 

The third mode in heat transfer is radiation. All substances with internal energy emit energy through 

electromagnetic waves. Surfaces, gases or liquids at different temperatures with no adjacent matter 

between them to cause the onset of any of the two other modes transfer heat through radiation 

[36]. 

In order to study the heat transfer within a control volume the first law of thermodynamics is often 

essential, the law of conservation of energy. This law dictates that the only way the amount of 

energy can change within a control volume is if energy crosses the boundaries [34]. There are three 

ways in which energy can cross the borders of a control volume. Mass carrying energy entering and 

leaving the control volume, called advection, heat transfer through the boundaries and work done on 

or by the control volume [36]. A heat exchanger is a perfect example of such a control volume. The 

mechanisms responsible for transfer of energy across the boundaries in such a system are advection 

and heat transfer. This gives a statement which is well suited for use in heat transfer analysis of a 

heat exchanger over a time interval   . 

                                                                                                             

                                                                                          

                                                                                                                 

                                                                        

This expression states the relation between the accumulated thermal energy and transfer of energy 

over a specific time interval    meaning that all terms are expressed in joules,  . Since this statement 
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is based on the first law of thermodynamics which must be valid at all time instances,  , the 

statement must also be valid at every  . Therefore the expression can be rewritten in terms of 

change in energy rates with all entities expressed in watts,  . 

                                                                                                         

                                                                                                  

                                                                                                                        

                                                                               

With the above expression for rate of accumulated energy expressed in symbols the following 

expression is obtained: 

    
 

  
                                  (2.3) 

where         is the amount of energy within the control volume,            is the rate at which energy 

is carried in and out of the control volume by mass flow and                is the rate at which energy 

is removed or added through heat transfer.  

Generally the left hand side of eq. (2.3) is a sum of mechanical and internal energy. The mechanical 

energy consists of kinetic and potential energy. In heat transfer analysis these are very small and are 

often neglected. The internal energy consists of several components as well, but for studies of heat 

transfer, only the latent and sensible components are of interest. Together these two form the 

concept of thermal energy. The sensible part is associated with temperature gradients and the latent 

with phase transformations. Naturally, with no changes of phases present the sensible part alone 

describe the thermal energy [36]. 

When efficiency of a heat engine is of concern the second law of thermodynamics becomes involved. 

A thermoelectric module is an example of a heat engine. Through a heat exchanger the thermal 

energy is converted into work. Several but equivalent interpretations of the second law of 

thermodynamics exists, the Kelvin-Plank statement declares; It is impossible for any system to 

operate in a thermodynamic cycle and deliver a net amount of work to its surroundings while 

receiving energy by heat transfer from a single thermal reservoir [36]. As result, any heat engine must 

exchange heat with at least two reservoirs in order to convert thermal energy into work. Thus, it is 

impossible to convert all the energy from a higher temperature reservoir into work. This gives an 

expression that describes the power produced by a heat flux through a heat engine, a thermoelectric 

module for example: 

                     (2.4) 

where     is the heat flux transferred from the more energetic reservoir and      the heat flux 

extracted to the less energetic reservoir from the heat engine. This transfer and extraction of heat 

occur through a thermal resistance, affecting the effectiveness of heat transfer through the heat 

engine. The thermal resistance is associated with the mechanisms responsible for heat transfer, 

conduction, convection and radiation. In the case with a thermoelectric module, heat exchangers 

optimized to favor heat transfer can be utilized to help improve the effectiveness. With the type of 

heat exchangers used in the waste heat recovery system, conduction and convection are the two 

active mechanisms of heat transfer. 
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In heat transfer analysis the heat flux is quantified with rate equations. In conduction processes heat 

flux is quantified by Fourier’s law. One-dimensionally, this law states that the heat flux, given a 

temperature distribution      is described by the following expression [34]: 

          
  

  
      (2.5) 

The heat flux q is the rate of heat transfer     in the x-direction through a specific cross sectional 

area,  , perpendicular to the direction of flow. The thermal conductivity,  , is a material property 

determining the material’s ability to transfer heat       . The minus sign comes from the fact that 

thermal energy is transferred in the direction of decreasing temperature. With conduction as the 

active mode of heat transfer, Newton’s law of cooling is the rate equation that quantifies heat flux 

[34]. 

                           (2.6) 

Unlike eq. (2.5)   is the convective heat flux between two mediums given a specific surface area,  . 

      and        are the temperatures of the solid surface and the fluid respectively. The parameter   

is the convective heat transfer coefficient         and quantifies the amount of convective heat 

transfer. The convective heat transfer coefficient is determined by the condition of the boundary 

layer, which in turn is affected by the fluid motion and the geometry of the solid [36]. 

Depending on the geometry of the solid adjacent to the fluid in motion, different methods to 

determine the convective heat transfer coefficient   are used. In heat exchangers, fin geometry and 

the nature of the fluid motion play a vital role in determining  . Two common fin geometries in heat 

exchangers are the plain fin and offset strip fin design, previously treated in the section regarding 

heat exchangers. 

Flow through plain fin arrangements have similar pressure drop and heat transfer characteristics as 

flow through small bore tubes. As a result standard equations for tube flow can be used, provided 

the Reynolds number    is based on the equivalent diameter   . The convective coefficient when 

dealing with pipes, is dependent on the Nusselt number,   , the fluid conductive coefficient,       , 

and the equivalent or hydraulic diameter    [36].  

       
         

  
      (2.7) 

The equivalent diameter,    is commonly used to allow flow calculations through non circular 

objects to be handled in the same way as flow through pipes.    is defined by eq. (2.8) [34]. 

        
               

          
     (2.8) 

where                is the cross sectional area of the flow path and            is the circumference 

of the same. 

The Nusselt number,   , is the ratio of convective to conductive heat transfer across a boundary. 

Several empirical correlations to determine this dimensionless number exists.    is dependent on 

the nature of the flow, type of fluid and the geometry associated with the flow [34]. For laminar flow, 

       ,    can be defined as in eq. (2.9). 
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    (2.9) 

For flow in the turbulent region,        ,    can be defined as in equation 2.10. 

        
              

                       
    (2.10) 

The Prandtl number,   , is defined in the following equation, where   is the dynamic viscosity of the 

fluid and    is the specific heat. 

        
   

      
      (2.11) 

The fin geometry in the offset strip fin design generates rather complex flow characteristics. Thus, 

several empirical correlations to describe flow and heat transfer have been developed for over 60 

years [37]. One such correlation for determining the convective heat transfer coefficient in offset 

strip fin layouts is presented by [38]. The proposition utilizes the Colburn modulus or the   factor, eq. 

2.12 in connecting the geometry and flow to heat transfer. 

 

Figure 2.10: Offset strip fin schematic displaying dimensions. 

 

                                                                                     

(2.12) 

Where  ,   and   are geometrical aspect ratios and given by equations 2.13 to 2.15. See fig. 2.10 for 

a definition of the dimensions. 

       
                    

              
 

  

  
    (2.13) 

       
                      

             
 

  

  
    (2.14) 

       
                      

                    
 

  

  
    (2.15) 
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   is the Reynold’s number and is based on a modified equivalent diameter,   , which account for 

both the vertical and lateral fin edges. 

        
       

                      
    (2.16) 

With the Colburn modulus,  , the convective coefficient for use in Logarithmic Mean Temperature 

Difference, LMTD, calculations can be obtained by the following formula. 

                   
         (2.18) 

Together with the number of transfer units, NTU, explained later in this section, the convective heat 

transfer coefficient is obtained by the following expressions. 

       
    

             
             (2.19) 

         
                  

    
    (2.20) 

Many heat transfer problems are time dependent with the solution, or rate of heat transfer, varying 

with time. This transient, or unsteady, behavior occur when the boundary conditions varies, such as 

altering temperatures and fluid flow entering a heat exchanger. Such an analysis calls for continuous 

partial differential equations to accurately describe the rate of heat transfer. Several methods exist 

to reduce the otherwise complex heat equations. One such method is the lumped capacitance 

model. This model reduces the system to a number of discrete lumps, with a spatially uniform 

temperature difference. That is, the temperature is uniform within each lump but varies with time 

[36]. 

In heat transfer calculations it is often convenient to form an overall heat transfer coefficient 

containing all contributions from both convection and conduction. 

     
 

 
  

 

  
   

   

  
      (2.21) 

Where    is the convective contribution of object   and    the conductive contribution of object   

through a distance    .   

A common method to use in determining the outlet temperatures of the hot and cold fluids of a heat 

exchanger is the       method, or effectiveness     [1]. This method eliminates the need for 

time consuming iterations that other methods impose, such as     . With this method the total 

heat transfer rate from the hot fluid to the cold fluid,   is expressed as in equation 2.22. 

                                       (2.22) 

where      is the smaller heat capacity rate,      of either the hot fluid or the cold fluid. Together 

with the temperature difference between the two fluids,      defines the maximum heat transfer 

rate capacity.   is an dimensionless parameter that defines the effectiveness of the heat exchanger.  
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This parameter depends on    ,    and the flow arrangement.     or number of transfer units 

defines the heat transfer size or thermal size of the heat exchanger. 

         
  

    
      (2.23) 

where   is the overall heat transfer coefficient of the heat exchanger and   is the area. Together 

they state the rate at which heat can be transferred in the heat exchanger through either mode of 

heat transfer. 

   is the ratio between the maximum and minimum heat capacity rate and is defined as in equation 

2.24. 

       
    

    
 

                               

                               
    (2.24) 

Depending on flow arrangement, counter, parallel or cross flow, the effectiveness parameter is 

defined in different ways. For a cross flow arrangement   is defined as in equation 2.25. 

         
 
                      

  
 
    (2.25) 

The actual heat transfer rate defined in 2.22 can also be expressed through an energy balance 

between hot and cold fluids.  

                                                                      (2.26) 

Together with equation 2.22 and equation 2.26, expressions for the outlet temperatures of the hot 

and cold fluids are obtained. 

                     
     

           
     (2.27) 

                       
     

             
    (2.28) 

 

2.6 Fluid dynamics 
Fluid flow is often confined by solid surfaces affecting the flow characteristics. The interaction of 

fluids and solids create a wide variety of fluid flow problems. Fluid flow in the waste heat recovery 

system is internal; the fluid is confined by pipes, valves and ducts. These enclosures affect flow 

behavior significantly, especially by frictional effects making the flow viscous [36]. The viscous forces 

associated with friction together with fluid velocity also affect the nature of the flow. Some flows are 

orderly and smooth while others are chaotic. A highly ordered fluid motion characterized by smooth 

layers is called laminar. Laminar flow is often associated with highly viscous fluids at low velocities. 

High fluid velocities are often characterized by large velocity fluctuations, making the fluid flow 

disordered. This type of flow is called turbulent [34]. Fluid flow is also affected by other entities such 

as density. Density in turn, is affected by temperature and pressure. Depending on the variation of 

density during flow, fluids are classified as either compressible or incompressible [39]. The densities 

of liquids are essentially constant, and thus the flow of liquids are often approximated as 

incompressible. Other fluids, such as gases on the other hand are highly compressible. In many cases, 
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compressible fluids can be treated as ideal gases and the ideal gas law can be used to determine the 

density [34].  

Study of fluids and the forces acting on them is called fluid mechanics. Fluid mechanics is divided into 

fluid statics, study of fluids at rest; and fluid dynamics, the study of effects from forces acting on 

fluids in motion. In fluid dynamics there are a number of basic laws that govern fluid motion [36]. 

 Conservation of mass 

 Newton’s 2nd law 

 1st law of thermodynamics 

Not all of these basic laws are necessarily required to solve a specific problem, but on the other hand 

are constitutive equations, or equations of state, needed to describe the behavior of physical 

properties in fluids. Several methods of applying these laws for solving fluid dynamics exists, one 

such method is the lumped parameter approach [40]. This approach is often used in calculations of 

electrical circuits built up by combinations resistances  , inductances  , capacitors   and other 

circuit modules. By considering an electric-fluid analogy, where electric current is analogous to net 

volume flow rate and voltage drop to pressure drop,     and   can be applied to fluid dynamics. 

A fluid flow resistance    is connected to electrical resistance in a way that both are responsible for 

energy dissipation. The resistance to flow is caused by mechanical friction in the interaction between 

the solid and the fluid. A flowing fluid has stored kinetic energy due to its density and velocity which 

introduces inertia effects to a system. In the lumped parameter approach these inertia effects are 

called fluid inductance,   . In electrical systems a capacitor can be seen as an electrical storage 

element. Fluid capacitance,   , is also a form of energy storage due to the fluid’s bulk modulus. 

Energy is stored in the fluid by volumetric changes due to pressure variations [40]. 

By assuming a so called 1-dimensional flow in which the pressure and velocity are uniform over the 

area perpendicular to flow, the complexity and computational effort in solving fluid dynamics 

problems are drastically reduced. This assumption results in space wise average values of the 

pressure and velocity but not time wise. In many situations are primarily average values of interest. 

The basic equations used to determine the characteristics of fluid flow with the lumped parameter 

approach is obtained by considering a control volume with an inlet,   and an outlet, 2. Mass enters 

the control volume at a rate of      and leaves it with     , where   is the fluid density,   the cross 

sectional area and      the average velocity. Since the conservation of mass, 
  

  
  , must be true 

for this control volume the difference between mass flow in and out must equal the additional mass 

stored in the control volume over a time interval   . By treating the density   as constant within the 

control volume, corresponding to a constant operating point of pressure and temperature during   , 

the conservation of mass is the same as conservation of volume. Volume change due to changes in 

pressure is governed by the bulk modulus,   [40]. 

               
 

 
    

  

 
         

  

 
    

    
   

  
 

 

  
          

 

  
           (2.29) 
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Eq. (2.29) defines the pressure drop across the control volume due to changes in volume flow, where 

   is the pressure difference across the control volume,      is the volume flow rate and    the fluid 

capacitance.    

Newton’s 2nd law,     , states that the difference in force at the inlet,   and outlet,   of the 

previous control volume must equal the fluid mass within the control volume times its acceleration. 

The forces acting within the control volume are the pressures    and    times the cross sectional 

area   and frictional forces associated with volume flow   [40]. 

                     
   
  

   
   
  

   

           
  

 
 
   
  

      
  

 
     

    
   

  
 

 

  
                 (2.30) 

Equation (2.30) describes changes in volume flow due to pressure changes across the control volume 

and frictional losses.    is the fluid inductance associated with inertia effects and    is the flow 

resistance. As previously mentioned the flow resistance is caused by friction from the interaction 

between solids and the fluid in motion.    is a lumped parameter where all entities within the 

control volume that contribute to frictional losses are gathered. The general expression for the 

pressure drop,    , caused by the flow resistance is given by eq. (2.31). 

          
 

  

   

 
      (2.31) 

where   is the flow length,    the equivalent diameter previously described in the section regarding 

heat transfer,   is the average velocity and   the fluid density.   is a friction factor determined by 

several factors, such as geometry and nature of the flow. The friction factor for flow through a heat 

exchanger core with plain fins is given by the empirical relationships below [41]. 

For laminar flow,        : 

       
                  

  
 

 

  
    (2.32) 

This correlation factor is determined by geometrical ratios of the heat exchanger, spacing between 

fins,   , and height of the fins,   . 

                                      (2.33) 

                   (2.34) 

                  (2.35) 
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The aspect ratio,  , is defined as follows: 

      
  

  
            (2.36) 

      
  

  
            (2.37) 

In the turbulent flow region,        : 

       
 

                 
     (2.38) 

The friction factor for the more complex flow through an offset strip fin heat exchanger core is given 

by another empirical equation [37, 38]. 

             
                     (2.39) 

 ,   and   are geometrical ratios of the height   , spacing   , thickness    and length    of an 

individual fin, see figure 2.10 for a definition of these dimensions. 

        
  

  
      (2.40) 

        
  

  
      (2.41) 

        
  

  
      (2.42) 

The power-law coefficients and    depends on the nature of the flow, laminar or turbulent. 

Power law coefficient Laminar:        Turbulent:             
                                                                 
                   
                   
                                                                 
                   

 

where the reference Reynolds number     is given by the following expression [46]: 

          
  

  
 
    

 
  

  
 
    

            
  

    
 
    

 

  

   (2.43) 

   is the modified hydraulic diameter previously discussed in section     regarding heat transfer. 

In addition to the friction factors presented in eq. 2.32, 2.38 and 2.39 other friction factors for 

common phenomena such as bends, area reductions and valves are readily available in most fluid 

mechanics handbooks.  
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3 Waste heat recovery system 
The thermoelectric modules, TEMs are utilized to harvest heat wasted through the exhaust system 

and produce electricity. The TEMs are used in two separate locations in the exhaust system of a Eu6 

6-cylinder Scania diesel engine; behind the after treatment system, ATS and in the exhaust gas 

recirculation, EGR system. To maintain a cool side temperature of the TEMs, necessary to produce 

electricity coolant is circulated to cool the TEMs. The ATS is responsible for purification of the 

exhaust gases and must operate within a given temperature span. The ATS-TEG will reduce exhaust 

gas temperatures significantly and must therefore be placed behind this system. The Scania Eu6 6-

cylinder diesel engine is equipped with an EGR-system to lower combustion temperatures which in 

turn reduces the amount of NOx. Lowering the combustion temperatures is achieved by recirculating 

a portion of the inert exhaust gases into the combustion chamber, typically 10% to 25% of the total 

amount of exhaust gases. See fig. 3.1 for a schematic layout and positioning of the TEGs. 

 

Figure 3.1: Schematic layout of the exhaust system of a Scania Eu6 6-cylinder diesel engine and the positioning of 
thermoelectric generators [42]. 

The waste heat recovery, WHR system was developed in conjunction with two other companies 

responsible for the TEGs. Eberspächer GmbH was responsible for design and manufacture of the ATS-

TEG and TitanX AB for the EGR-TEG. 

 

3.1  ATS-TEG 
The ATS-TEG is mounted on the outlet of the ATS unit, see fig. 3.2a. The ATS-TEG consists of 14 

modular units stacked on top of each other, each containing 16 TEMs, making it a total of 224 TEMs. 

As can be seen in figure 3.2b, exhaust gases passes through 2 rows of TEMs on the top and bottom of 

the module. The coolant is flowing perpendicular to this flow in a u-flow configuration. Heat is 

transferred from the exhaust gases to the TEMs through a compact offset strip fin heat exchanger 

and a similar heat exchanger is used to transfer heat to the coolant.    
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a) 

 
 
 
 
 
 
 
 
 
 
 

b) 

Figure 3.2: a) ATS-TEG mounted on the side of the ATS unit [43]. b) Modular unit of the ATS-TEG, also displaying the flow 
path of the exhaust gas and coolant [44].  

 

3.2  EGR-TEG 
The EGR-TEG is a separate unit connected to the EGR system, see fig. 3.3a. The principle of heat 

transfer is similar to that of the ATS-TEG. Heat from the exhaust gases is transferred to the TEMs and 

dissipated to a coolant through a set of heat exchangers. Unlike the ATS-TEG, plain rectangular fins 

are utilized in the EGR-TEG. The core, seen in figure 3.3b contains 15 ducts, each associated to 16 

TEMs which constitutes to 240 TEMs in total.     

 

 
a) 

 
 
 
 
 

b) 
Figure 3.3: a) Design of EGR-TEG unit [45], b) Design of EGR-TEG core [45]. 
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3.3  Cooling system 
The coolant fluid fed to both TEGs is supplied by a cooling system connected parallel to the truck’s 

cooling system. The proportion of coolant flow to each TEG is directed by a three-way valve, and 

according to previous investigations a flow distribution of 60% to the ATS-TEG and 40% to the EGR-

TEG is suitable [1]. The coolant is circulated by a separate electric water pump and passed through an 

extra radiator to further lower the coolant temperature and ensure that the cold side temperature is 

as cold as possible. The location and arrangement of this extra radiator will affect the net power 

output of the WHR system. Placing the TEG radiator in front of the other radiators in the truck 

provides the lowest coolant temperatures and increases power output from the TEGs, but induce 

losses. By locating the TEG radiator in front of the charged air cooler, CAC, the CAC’s performance is 

affected and results in an increase in intake air temperature which impairs engine efficiency. 

Previous investigations show that the most promising setup, in terms of compromises between 

increases of power output and losses, is a combination of two radiators [47], shown in fig. 3.4a. Due 

to limited space, this setup is not possible without extensive remodeling of the truck’s front end. 

Therefore the less ideal setup, shown in figure 3.4b is mounted in the truck.         

 
a) 

 
b) 

Figure 3.4: Two different TEG radiator setups. The TEG radiator is mounted in the front, followed by the CAC. Behind the 
CAC the engine radiator is located and finally the cooling fan which sucks the air through the radiators. a) The most 
promising setup in terms of power output and power losses [47]. In this setup the TEG radiator is split into two smaller 
radiators with one located in front of the CAC and on behind the CAC b) The setup incorporated in the truck [47]. In this 
setup the TEG radiator is mounted in front of the CAC. 

   

3.4  Bypass valves 
The flow of exhaust gas through both the EGR-TEG and ATS-TEG is regulated via bypass valves. In 

some operating conditions the engine is producing exhaust gases with very high temperatures which 

could result in overheating the TEMs. Controlling the amount of flow is therefore necessary to 

prevent damage to the TEMs. The flow of exhaust gases creates a pressure drop across the TEGs 

which in turn will result in an increase of backpressure in the exhaust system, leading to losses 

induced by the WHR system. Via the bypass valves, losses associated with backpressure is controlled 

to ensure a maximum amount of net power output. 
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3.5  Control 
The coolant flow and amount of exhaust gases routed through the ATS-TEG and EGR-TEG are 

governed by a control system. This control system utilizes a function for net power-point tracking to 

find an operating point that generates the maximum net power output. Development of this control 

strategy was undertaken in a previous master thesis. To ensure that the TEMs are operating in the 

maximum power point, MPP, a set of 8 DC/DC converters are used. A TEM’s MPP is roughly achieved 

when it is loaded to a point where half its open load voltage is met. The DC/DC converters are also 

responsible for ensuring that the output voltage match that of the truck’s electrical system. 

Development of these DC/DC converters was performed as a part of a Ph.D. at KTH.   

3.6  System overview 
Figure 3.5 display a system overview with all previously explained components of the WHR system 

mounted on a Scania truck.  

 

Figure 3.5: Overview of the WHR system mounted on a Scania truck.  
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4 Method 
The waste heat recovery, WHR system is modeled with MATLAB and the Simulink toolbox. The 

purpose with the model is to determine the net power output of the WHR system. To establish the 

net power, power delivered from both TEGs and all losses associated with the system needs to be 

calculated. These results are used to investigate the potential of new and future TE-materials by 

comparing output levels between current BiTe modules and new materials.  

The system is divided into 6 major parts, TEG fluid dynamics, TEG heat transfer, cooling system fluid 

dynamics, cooling system heat transfer, TEM and the control system. Development of the control 

system is beyond the scope of this thesis work and has been developed during a previous master 

thesis. The model built in the simulation environment is based on the model used in development of 

the control system. 

 

4.1  TEG fluid dynamics 
The fluid dynamics of the ATS-TEG and EGR-TEG is investigated with a dynamic model of each 

system. The dynamic models make it possible to study the transient behavior of the dynamics in the 

TEG systems. The objective with these models is to calculate the pressure drop across each TEG and 

the volume flow through them, which is regulated by bypass valves. The pressure drop is used to 

calculate the work needed to pump the exhaust gas through the TEG, which adds up to power losses 

generated by the WHR system. Since the exhaust gas must be considered a compressible fluid, the 

pressure drops, together with static pressures, are also of great importance in finding the exhaust 

gas density.  

With the electrical analogy covered in section 2.6, an equivalent electrical scheme over the flow in 

the TEG systems is presented below.  

 

Figure 4.1: Equivalent electrical scheme over the TEG system. The resistances,  , are associated with frictional losses, 
inductances,  , with inertial forces and capacitances,  , with the bulk modulus. 
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The flow paths through the TEG and bypass valve are parallel in both the ATS-TEG and EGR-TEG. The 

resistances,  , are associated with frictional losses, inductances,  , with inertia and capacitances,  , 

with the fluid bulk modulus. From the electrical scheme, fig. 4.1 the differential equations describing 

the volume flow through the TEG,      and the pressure drop associated with that flow,       is 

obtained. Since the pressure drop       also depends on the flow through the bypass valve, a 

differential equation for        is needed as well. The layout of both TEG systems allows for the 

assumption that the pressure drop across TEG and valve is equal,              . In both the ATS-

TEG and EGR-TEG the exhaust gas flow into the same space after passing through the heat exchanger 

and bypass valve. This reduces the complexity of the differential eq. (4.1), (4.2) and (4.3).  

    
     

  
 

 

    
                          (4.1) 

    
       

  
 

 

      
                            (4.2) 

    
      

  
 

 

           
                       (4.3) 

       is the total exhaust gas volume flow arriving to either TEG system.      and        are 

associated with pressure drops caused by the inertia of the moving exhaust gas, explained in section 

2.6.  

       
           

              
     (4.4) 

Where        is the exhaust gas density,       is the flow length through the TEG and                is 

the cross sectional area of the TEG flow ducts. Due to the compressibility of the exhaust gas the 

exhaust gas density is pressure dependent. This is handled by treating the exhaust gas as an ideal gas 

and making use of the ideal gas law. 

            
     

  
      (4.5) 

The ideal gas constant   is based on air and   is the molar weight of air,      is the absolute 

pressure upstream of either TEG and   is the temperature of the exhaust gas.  

     and        are the fluid capacitance of the exhaust gas in the TEG and bypass valve. The fluid 

capacitance is connected to losses from volumetric changes due to changes in pressure. 

        
 

 
      (4.6) 

  is the volume of the flow path in either TEG or bypass valve and   is the bulk modulus. 

The pressure drop connected to frictional losses,                and                 , is connected to 

the previously mentioned flow resistance  . This flow resistance is governed by the design and fin 

layout of the TEG, described in section 2.6. The general expression used in calculating the pressure 

drop caused by friction is as follows: 

                
            

 

 

     

  
         

    (4.7) 
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The friction factor   is dependent on the geometry and flow nature of the hot sink in the TEG. 

Depending on the type of heat exchanger the friction factor is determined in different ways, 

explained in section 2.6.        is the mean velocity of the exhaust gas flowing through the ducts in 

either TEG. Again,       is the flow length and        the density.    is the hydraulic or equivalent 

diameter. The definition of the equivalent diameter is covered in section 2.6 and is used to associate 

the flow through the ducts to pipe flow. 

The flow through the bypass valve is determined by calculating the flow resistance in the valve. This 

resistance varies as the plate in the butterfly valve pivots. A fully open plate reduces the flow 

restriction to small values, while a fully closed valve causes the resistance to approach infinity. This 

butterfly valve is modeled as a sharp edged circular orifice.       

As the flow through the ATS-TEG increases, a greater backpressure loss will be seen. This is a direct 

power loss caused by the WHR-system and must be taken in consideration when determining the net 

power produced. 

                 
                           (4.8) 

 

4.2  TEG heat transfer 
Each TEG is modeled as a heat exchanger with the thermoelectric module, TEM, acting as a separator 

between the hot and the cold fluid. Heat is transferred from the exhaust gas to the hot sink, through 

the TEM, to the cold sink and to the coolant. This way, the temperature on the hot and cold side can 

be calculated, which in turn will determine the power output from each TEM. Each TEM is modeled 

individually but connected to others through boundary conditions. 

 

Figure 4.2: Principal structure of the model of a layer of 8 TEMs. Exhaust gas enters from the top side and exits at the 
bottom. The temperature out from the upper row of TEMs acts as input to the lower row. Coolant enters at the lower 
left TEM and exits at the upper left TEM. The out temperature from a TEM act as in temperature to the TEM next in line 
in the flow arrangement.  

8 TEMs are connected to each other, creating 1 layer in either the ATS-TEG or EGR-TEG. Each layer in 

the TEG is assumed to be equal and receive and generate the same input and output data. This 

assumption reduces the computational effort needed to simulate the WHR system. Further, the 
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system is considered adiabatic, meaning that no heat transfer with the surroundings occurs. The flow 

arrangement in both the ATS-TEG and EGR-TEG with exhaust gas flow perpendicular to coolant flow, 

calls for modeling of the TEGs as a cross flow heat exchanger. The exhaust side utilizes a single pass 

setup and the coolant side a multipass setup where the fluid passes the layer of TEMs twice through 

a u-flow configuration. See fig. 4.2 for the principal structure of the model of a layer of TEMs. 

The heat transfer taking place in the TEGs is modeled as a dynamic system. To simplify the otherwise 

complex differential heat equations, the so called lumped capacitance method is used. As previously 

mentioned each TEM is studied individually, this is done by visualizing a system boundary defining a 

control volume. This control volume, or lump, consists of 1 TEM, a portion of the hot and cold sink 

connected to that TEM and the fluid flow associated with these. This is illustrated in fig. 4.3. 

 

Figure 4.3: The control volume used in heat transfer calculations using the lumped capacitance model. The control 
volume consists of 1 TEM, a portion of the hot and cold sink connected to that TEM and the fluid flow associated with 
these.  

        is the heat capacity, ability to absorb heat in each layer of the lump. The heat capacity in any 

layer is expressed as: 

                (4.8) 
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where   is the mass and    the specific heat of the fluid or material,   is the thermal resistance and 

  is the heat transfer rate between two adjacent layers. By identifying the energy balance between 

each node in the control volume, the system of differential equations describing the heat transfer is 

established and together with the lumped capacitance method the average temperature in each 

layer is determined. These temperatures are used to calculate the output power of 1 TEM.    
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                 (4.15) 

The heat transfer rates between all layers can be rewritten in terms of thermal resistances,  , 

described in section 2.6. The rate at which heat transfers from the exhaust gas,     depends on the 

exhaust gas mass flow,      and the specific heat,      . 

                                
 

  
                  (4.16) 

where      and      are the mass flow and specific heat of the exhaust gas respectively.        and 

        are the inlet and outlet temperature of the exhaust gas. Since eq. (4.16) is dependent on both 

the inlet and outlet temperatures it must be rewritten. This is done by incorporating a mean 

temperature and rewriting it. 

     
              

 
                                        

         
 

  
                 (4.17) 

The rate of heat transfer from the exhaust gas to the hot sink,        is driven by the difference 

between the mean exhaust gas temperature,     , and the average hot sink temperature,     , and 

governed by the thermal resistance,   . 

                            
 

  
              (4.18) 

The equivalent thermal resistance    is connected to the UA-value       of the hot sink and 

consists of both convection and conduction.     and     is the overall heat transfer coefficient 

        and total surface area of the hot sink. The flowing exhaust gas transfers heat to the hot 

sink through convection and heat is transferred in the hot sink by conduction. The UA-value depends 
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on the type and geometry of the heat exchanger. Details concerning the definition of this value is 

covered in section 2.6. 

       , the rate of heat transfer from the hot sink to the TEM hot side occur by conduction driven 

by the difference in temperature between the hot sink,     , and the TEM hot side,      . 

           
        

    
              

 

  
               (4.19) 

The conductive coefficient,     ,  is governed by the contact between hot sink and TEM.       is 

the surface area of the TEM and      the thickness of the hot side. The conductive properties of the 

contact area between TEM and hot sink form the equivalent thermal resistance   . 

The heat transfer rate         , depends on the conductive properties,     , of the TE material. 

            
        

     
               

 

  
                (4.20) 

The heat transfer rate          , is governed by the same conductive coefficient,       as 

         but driven by other temperatures.   

             
        

     
                

 

  
                (4.21) 

As with         the rate of heat transfer between the cold side and cold sink,          is governed 

by the contact between them. 

            
         

     
               

 

  
                (4.22) 

The rate of heat transfer from the cold sink to the coolant,        is similar to       . As with 

      , the heat transfer rate is governed by geometrical features, such as fin geometry and design 

and the nature of the fluid. Details regarding the thermal resistance,   , is covered in section 2.6. 

The temperature gradient that drives the heat transfer between the cold sink and coolant originates 

from the difference in      and     . 

                            
 

  
               (4.23) 

    is the overall heat transfer coefficient         of the cold sink and     is the total surface area 

of the cold sink. 

The rate at which heat is absorbed by the coolant,    , is dependent on the mass flow,      and the 

specific heat of the coolant,      . As with     the coolant exit temperature is affected by the rate at 

which heat is absorbed. Again this is solved by expressing the exit temperature in terms of a mean 

coolant temperature,     .  

     
              

 
                          

                              
 

  
                (4.23) 

where    is the equivalent thermal resistance       of the coolant fluid. 
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Together with eq. (4.17) to (4.23), the system of differential equations, eq. (4.9) to eq. (4.15), 

describing rate at which the temperature in each layer varies, can be rewritten in terms of 

temperatures and thermal resistances. 
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4.3  Cooling system fluid dynamics 
In modeling of the flow behavior of the cooling system, the same principle of the electrical analogy 

used in the dynamics of the exhaust gas is used. In fig. 4.4 a electrical analogy scheme of the coolant 

system can be seen. 

 

Figure 4.4:  Equivalent electrical scheme over the coolant system. The resistances,  , are associated with frictional losses, 
inductances,  , with inertial forces and capacitances,  , with the bulk modulus. 

 As with the TEG and bypass valve in the exhaust gas dynamics, the coolant flow across the ATS-TEG 

and EGR-TEG are parallel and converge into the same pipe. This results in an equally sized pressure 

drop across the TEGs.   

                          (4.31) 
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The flow from the pump,       is calculated by determining the operating point of the pump at the 

current rpm and system pressure. The pressure in the cooling system is calculated with the following 

equations: 

     
     

  
 

 

   
               (4.32) 

     
    

  
 

 

   
                       (4.33) 

Since the coolant pump is an extra component necessary in the WHR-system, the power it consumes 

must be considered as a loss when evaluating the net power produced. The pump losses are directly 

related to the coolant flow and the pressure required in the coolant system. Also, the pumps 

efficiency,      , will affect the magnitude of the loss. 

          
     

       

     
     (4.34) 

4.4  Heat transfer cooling system 
As described in section 3 the TEG cooling system has a separate radiator to lower the coolant 

temperature in order to increase the temperature gradient over the TEMs. The radiator is of the type 

finned tube heat exchanger with a cross flow configuration described in section 2.5. To obtain the 

temperature of the coolant that cools the TEGs, the heat transfer in the TEG radiator needs to be 

calculated. This is performed with the       method described in section 2.6.  

 

Figure 4.5: Sketch displaying the principal layout of the TEG radiator and CAC setup. The left image show the radiator and 
CAC from the top. The right image show the CAC and radiator from the front. 

Since the TEG radiator is positioned in front of the charged air cooler, CAC, it affects the out 

temperature of the charged air. Due to transfer of heat from the coolant to the ambient air, the TEG 

radiator increases the temperature of the ambient air that meets the CAC and thereby increases 

output temperatures. Higher charged air temperature is detrimental in engine performance. As a 

rule of thumb, fuel consumption increases by       for each      increase in charged air 

temperature [6]. Thus, the increase in charged air temperature is calculated as well. See fig. 4.5 for 

the basic layout of the CAC and TEG radiator setup mounted on the Scania heavy duty truck. 
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The mass flow of ambient air passing through the radiators is based upon experimental data, 

dependent only on driving speed and engine fan speed. Accurately determining the mass flow of 

ambient air that meets the truck and passes through the radiators is very difficult. Type of truck cab, 

optional hardware in the engine compartment and environment, such as wind speed and humidity, 

have a large impact on mass flow. 

In order to calculate the output temperatures of the TEG radiator and the CAC, they are split into 

several parts. The TEG radiator is split into an upper and a lower part, fig. 4.5 to handle the u-flow 

arrangement. The CAC is split into 3 parts, an upper, middle and a lower part. The upper part is 

unaffected by the TEG radiator while the middle and lower part are affected by the upper and lower 

radiator parts respectively. These parts are divided into smaller, equally sized elements in the 

direction of flow to improve accuracy. The       method is applied to each of these elements 

where the result in internal temperature from each element serves as input to the element next in 

line. 

By eq. (4.35) and (4.36) the coolant exit temperature,         
       , and the ambient temperature behind 

the TEG radiator,         
       , is calculated.  

            
               

        
        

   

          
    (4.35) 

            
               

        
        

   

          
    (4.36) 

The mass flow of charged air in the CAC,      , is divided among the three parts according to their 

relative size to the entire CAC,       ,         and       . The temperature out of the CAC is 

obtained by mixing the temperatures out of the 3 parts,       ,         and       . 

                                                      (4.37) 

The 3 out temperatures of the charged air in the CAC,         
   are calculated in the same manner as 

        
       . 

            
          

   
        

   

     
     (4.38) 

The effectiveness,     ,     , and the maximum heat absorption rates     
    and     

    in eq. (4.35), 

(4.36) and (4.38) are calculated according to the       method described in section 2.6. The 

overall heat transfer coefficient for both radiators,      and      needed in the calculations are 

obtained from experimental data.  

To obtain the increase in charged air temperature and thereby the power losses, the calculations are 

performed in two steps; one calculation where the air that meets the CAC is affected by the TEG 

radiator and one calculation without the TEG radiator’s impact. 

        
          

             
              (4.39) 

Together with the previously introduced rule of thumb for power losses due to increased charged air 

temperatures [47], the TEG radiator’s impact is determined by the following eq. 
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      (4.40) 

As mentioned in section 3 this radiator setup is not optimal in terms of losses versus power gains due 

to increased temperature gradients. Hence this setup is only modeled for validation purposes and 

would give very conservative net power output estimations. To accurately investigate the potential 

of new TE-materials the intended radiator setup, also explained in section 3 is modeled as well. The 

methodology for this is the same as previously described in this chapter.  

4.5  Thermoelectric module 
To evaluate the power produced in a thermoelectric module, some basic formulas must be 

established. From Ohm’s law an expression for electrical power is obtained: 

               (4.41) 

               (4.42) 

Eq. (3.51) and (3.52) can then be rewritten as an expression in terms of power as a function of the 

modules open load voltage, U0, and internal resistance, Ri. 

               
  

   
    (4.43) 

Values of internal resistance and open load voltage are dependant of the modules hot and cold side 

temperatures. These values can be found in the manufacturers data sheets of a specific module. A 

problem is that these sheets only specifies the relation for a few number of different cold side 

temperatures. Therefore it is necessary to adept new curves or polynomials that will cover voltage 

and resistance for each given hot and cold side temperature respectively.   

                               
       

             
       

             
       

   

           (4.44) 

                                 (4.45) 

where coefficients    
and    are achieved through interpolation and curve fitting in Matlab using the 

given material data. Except from these parameters, data knowledge regarding size, density, specific 

heat and heat flow across the module are data properties that must be extracted from the 

manufacturer’s data sheet.  

 

4.6  Evaluation of new thermoelectric materials 
As mentioned in 3.5 some specific data must be known to evaluate a TE-material in a TE-module.  

The reference module used in the truck’s WHR-system is the Thermonamic BiTe module, TEP1-1264-

3.4. Most of the new thermoelectric materials that will be examined do not exist in any commercial 

module. It is therefore convenient to use the TEP1-1264-3.4 module as a base, with size and other 

relevant parameters held fix for every tested material.  

The materials that will be examined are the highest performing individuals from each TE-material 

group (as discussed under section 2.4) and whose temperatures lies within the range of interest for 
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the application (as mentioned in section 2.1 the truck will never show exhaust gas temperatures 

above 600°C). The materials to be modelled are represented in table 3.71 together with necessary 

material data. The heat flow across the TE-module is related to a thermal conductivity at a 

temperature gradient of         .  

  

Type Composition Heat flow  
[W] 

Specific heat 
[J/kgK] 

BiTe        113 154 

BiSbTe/BiTeSe                             183.1 195 

                  79.9 193.8 

                                       84.5 315 

               65.7 328.5 

                                84.5 228.9 

GePbTe                           65.7 248.6 

                                               258.3 365.5 

Quantum Wells        Nanostructured 56.35 154 

 
Table 4.1 High performing TE-materials to be examined in the model. The table show each materials compositions 
together with material specific properties of heat flow across the TE module and specific heat [17, 18, 19, 23, 25, 26, 30  
32]. 

 

Apart from this, it is imperative to utilize a dependence of the figure of merit, ZT, as a function of 

temperature for each material composition (similar to description in fig. 2.4). From data of new TE 

materials, covered in section 2.4 and implementation in Matlab, a curve fitting tool can be applied to 

plot the curves of ZT necessary to the model. This is visualized in fig. 4.6  for materials with low to 

moderate values of ZT and in fig. 4.7 where nanostructured quantum wells are also displayed. By the 

use of these curves it is possible to extract a value of ZT for any given temperature.    
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Figure 4.6: ZT value at different temperature for moderately high ZT-materials. In this image the reference BiTe material 
is marked with pink. Data based on information in [17, 18, 19, 23, 25, 26, 30].  

 

Figure 4.7: ZT value at different temperature for reference BiTe and high performing TE materials such as Quantum 
Wells. Data based on information in [17, 19, 32]. 
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The efficiency in a TE-material is dependent on the ZT-value as well as the hot and cold temperatures 

on the module and can be calculated from eq. (3.71). 

         
          

    
 

        

       
     
    

    (4.46) 

where    is the module mean temperature and is defined as: 

        
          

 
     (4.47) 

By setting the cold side temperature to 50°C and varying the hot side temperature in a range from 

50°C to a maximum temperature of 600°C, and simultaneously using eq. (4.46) together with the 

data on different ZT-values in TE-materials, plots with varying efficiencies as a function of hot side 

temperature for the chosen TE-materials can be obtained. These plots are shown in fig. 4.8 for low to 

moderate efficiencies in TE materials, and in fig. 4.9 nanostructured quantum well BiTe is also 

displayed.  

 

Figure 4.8: Material thermoelectric efficiency as a function of hot side temperature for moderately high ZT materials in a 
comparison to the reference TE-material. The cold side temperature is here set to 50°C. (Thermoelectric efficiency 
calculated from data presented in figure 4.6). 
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Figure 4.9: Material thermoelectric efficiency as a function of hot side temperature for TE-materials with high ZT values 
in a comparison to the reference TE-material. The cold side temperature is here set to 50°C. (Thermoelectric efficiency 
calculated from data presented in figure 4.6 and 4.7). 

To compare the performance of a new TE-material to the reference BiTe module, a powerfactor,   , 

is introduced.    

        
        

           
     (4.48) 

The powerfactor is a ratio of the new TE-material’s efficiency,         , to the efficiency of the 

reference BiTe-material,            . The powerfactor consequently becomes a value of how much 

the efficiency is increased or decreased for any given cold and hot side temperature of the module. 

To relate this to the power produced by the WHR-system, a relation of net power is established. The 

net power produced by the reference BiTe material is the power produced in the ATS and EGR 

thermoelectric generators respectively and then subtracting the losses that arise in the system.  

                                (4.49) 

To make expression 4.49 valid for any given TE-material, it is multiplied with the powerfactor,   . 

When modelling the reference material the powerfactor is set to a fix value of 1.  

                                (4.50) 

The losses, as mentioned in previous sections, arises due to increased backpressure, increased CAC 

temperature and power consumed by the water pump in the cooling system. 

                       
         

          
       (4.51) 
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4.7  Long Haulage Cycle (LHC) Operating Points 
To evaluate the model, a set of Operating Points (OP) must be defined. These points will be the base 

for evaluating and comparing the performance of today’s BiTe material with new TE-materials. A 

total of 9 OP’s has been chosen to capture the most common operating ranges in a long haulage 

cycle (LHC), or daily usage, for a Scania truck. Operating in and between these points give a span of 

exhaust, EGR, coolant and CAC flow together with temperatures, pressures and other relevant 

parameters. The engine test data is gathered from a dyno test cell, see chapter 4.8. The OP’s that will 

be tested are presented in table 4.2. 

Operating point Engine speed [RPM] Relative load [%] 

1 1000 25 

2 1000 50 

3 1000 100 

4 1150 25 

5 1150 75 

6 1300 25 

7 1300 50 

8 1300 75 

9 1300 100 

 
Table 4.2 Operating points, OPs, covering common engine speeds and relative loads of operation during a Long Haulage 
Cycle, LHC. 

The points presented in table 4.2 only consider regions in which a truck may be driving during a LHC. 

What is of greater interest, is to find points of more common operation during a LHC. As the truck 

only faces parts of its load and engine speed spectra for a very short period of time during a LHC, 

some OPs are not of substantial interest. Rather, the new TE-materials should have satisfying 

properties in the more common regions of operation, but still be able to survive without damage in 

more demanding points. To determine points of common operation, measurements has been made 

on a truck during a LHC trip from Södertälje to Norrköping and back. By limiting the sequence to four 

OPs, it has been found from the measurements that operating in a sequence between points 1 – 4 – 

6 – 7 will be a good choice of OPs for daily truck driving.    

Considering the other points, left outside the simulating sequence, they may still be of interest and 

will therefore also be examined. Point 3 and 9 for example, are expected to have elevated 

temperatures due to high relative load, and may therefore result in high TEG power generation. On 

the other hand there is a risk that these points will produce greater losses due to high mass flows, 

implying higher CAC and backpressure losses. Hence, these points could be of great concern in 

finding high power output, but of less interest in a wider perspective. 

 

4.8  Evaluating the model 
To evaluate the Simulink model that will be used to determine the performance of new TE materials, 

a dyno session with a special WHR-system equipped Scania Euro 6 truck will be performed. This truck 

has, as discussed in previous sections, the reference BiTe material built into the ATS- and EGR TEGs 

respectively. It also utilizes an extra cooling system as described in section 3.3 and a DC/DC converter 
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to handle the voltage output from the TEGs. The dyno cell allows all kinds of testing of the truck 

without driving on public roads. The prop shaft is detached from the rear axle and mounted to an 

electric motor which can act as either motor or generator to handle any possible scenario. From a 

control room, a great number of parameters are easily manipulated, such as engine load and speed. 

The temperature in the cell may also be regulated and is during test runs set to the coldest possible, 

which is the outside air temperature. To provide plenty of air flow cooling without putting stress on 

the engine by using the motor fan, the cell is set to cool the truck with an airflow speed of 90 km/h, 

keeping the motor fan disengaged at all times.    

As briefly mentioned in section 4.7, the test runs in the dyno cell gives a span of logged data that will 

be necessary when evaluating the Simulink model. For every operating point (table 4.2), measured 

data such as exhaust gas flow, temperatures and pressures etc. in TEGs and cooling system are 

collected.      

 

Figure 4.10: Dyno session run on a Scania Euro 6 truck established to receive data necessary when evaluating the 
Simulink model [48]. 

The Simulink model is built up such that it can handle any operating point or transient step between 

two points. Still, the model has to be tuned such that it will yield trustworthy results when new TE-

materials are investigated. This is done by running a series of different test runs in the dyno cell and 

carefully adjusting the models empirical relations in heat transfer and pressure equations, to fit the 

measured data. At first the model is tuned against the 9 static operating points, leaving all transient 

behaviours outside of the modelling. As the empirical relations are tuned more accurate, a few steps 

will be ran to further improve the behaviour of the model and enable transient conditions. By the 

time the model displays satisfying behaviour in both static points and transient steps, the sequence 

of OPs 1-4-6-7 will be set up to be ran in the dyno. By final adjustments in the empirical relations a 

concluding model can be obtained where the modelled and dyno tested data are compared in fig. 

4.11. Each point displayed is ran for a period of time to approach a steady state condition.  
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Figure 4.11: Generated power from the ATS-TEG and EGR-TEG, measured in dyno cell and simulated in the model for the 
operating sequence of points 1 – 4 – 6 – 7. 

In the dyno runs, the measured output power from the EGR-TEG and ATS-TEG is obtained at the 

input channels of the DC/DC converter. The power of interest on the other hand, is the power that 

the DC/DC converter outputs. To compensate for this, an expected efficiency of 98 % in the DC/DC-

converter is applied on the TEGs power outputs. Due to low temperatures and limited flow of 

exhaust gas seen in some points in the EGR-TEG, the DC/DC-converter in the dyno runs will not reach 

full capacity in some regions. Hence, the resultant measured power output in the EGR-TEG will be 

underestimated in these regions, see fig. 4.11.    
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5 Results and Discussion 
The results presented in this section are obtained with the SIMULINK model of the WHR system. All 

required inputs to the model are data collected from various dyno sessions at Scania technical 

centre, STC. All results are based on data from the same dyno session, unless otherwise noted. The 

control system, briefly mentioned in section 3.5, is not incorporated to the WHR system during any 

of the dyno sessions from which data is collected. The parameters intended to be controlled by this 

system are instead manually determined.     

5.1  Reference material results 
Figure 5.1 presents the conditions for power generation for both the EGR-TEG and ATS-TEG; exhaust 

gas mass flow and temperature into each TEG during the previously discussed operating sequence 

(operating point 1 – 4 – 6 – 7). These data are not results produced by the SIMULINK model but 

logged during a dyno session and serves as input to the model. In fig. 5.1b temperatures at the hot 

side of a TEM in each TEG are presented as well. These temperatures are determined with the 

SIMULINK model. Operating point (OP) 1 is logged between   and      , OP 4 between       and 

     , OP 6 between       and       and OP 7 from       to      . No exhaust gas mass flow is 

bypassed from either TEG in any of these 4 OPs.  

 
a) 

 
b) 

Figure 5.1: Conditions in operating points 1 – 4 – 6 – 7. Exhaust gas mass flow through ATS-TEG and EGR-TEG in image a. 
Gas temperature in to ATS-TEG and EGR-TEG together with TEM hot side temperatures in image b. 

Fig. 5.1a shows that the mass flow to each TEG increases as the engine rpm and/or load increases. 

Between     and     of the total exhaust gas flow is re-circulated through the EGR-system. 

Initially, in OP 1 and 4, the EGR gas is cooler than the exhaust gas that enters the ATS-TEG. The 

temperature of the EGR gas rapidly increases to exceed that of the ATS-TEG as OP 7 is initiated, fig. 

5.1b. The TEM hot side temperatures seen in fig. 5.1b serve as basis for discussions in this chapter. 

These are average temperatures meaning that higher temperatures are found locally.   Some 
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deviations from these temperatures are expected as different TE-materials are investigated but the 

accuracy is deemed to be enough as a baseline for discussions.   

Fig. 5.2 contains all power gains and losses associated with the WHR system, which together yield the 

net power output. The results in fig. 5.2 are based on the existent BiTe modules currently mounted 

on the Scania truck serving as reference to which results with new TE-materials are compared.   

 

Figure 5.2: Power gains and losses with the BiTe modules mounted on the Scania truck in operating points 1 – 4 – 6 – 7. 

Together with fig. 5.1, fig. 5.2 shows that power from both TEGs increases as exhaust gas mass flow 

and temperature increases. Power generation by the EGR-TEG is constantly lower than the ATS-TEG 

due to lower mass flows and moderate temperatures. The rapid increase in EGR gas temperature in 

the OP 7 region, fig. 5.1b, reduces this difference. Backpressure losses are fairly low through OP 1 – 4 

– 6 but increases to about       in OP 7. This large increase is connected to the high rates of mass 

flow through the ATS-TEG in OP 7, fig. 5.1a. CAC losses are also quite low in OP 1 – 4 – 6 but increases 

as OP 7 is initiated. The higher engine load in OP 7 increases engine power and since the CAC losses 

are related to engine power, eq. (4.40), they will also increase. As can be seen in fig. 5.2 pump losses 

are constant throughout the sequence. Pump rpm is kept constant and not optimized in any way but 

set sufficiently high to ensure proper flow through the TEGs and to avoid local boiling. The WHR 

system generates positive net power throughout this sequence, ranging between       and      . 
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5.2  New thermoelectric materials 
In fig. 5.3 and 5.4 net power outputs from new TE-materials are compared to the current BiTe 

material. The different TE-materials are those previously discussed in section 2.4. No changes other 

than varying materials are made in the simulations with new TE-materials. 

 

Figure 5.3: Net power output from the WHR system with different TE-materials in operating points 1 – 4 – 6 – 7. 

As seen in fig. 5.3 most new TE-materials offer lower net power outputs than the current material 

with this operating sequence. TAGS is the only class of TE-material offering higher output levels in all 

operating points. GePbTe materials also offer net power gains but generate slightly lower net power 

in OP 1 and 4 than the reference material. In OP 7 PbTeS also generates higher net power but comes 

short in OP 1 – 4 – 6. 

By comparing the results in fig. 5.3 with the information in fig. 4.6 and 4.8, regarding figure of merit 

and efficiency of different TE-material classes, it becomes evident that it is not only those factors that 

determine power generation of a TEM. BiSbTe/BiTeSe materials display higher ZT than BiTe up to 

       and higher TE efficiency up to       . Since the TEM hot side temperature span seen in fig. 

5.1b is well within this region, these two factors alone indicate that BiSbTe/BiTeSe should produce 

more electric power than BiTe materials. The net power outputs presented in fig. 5.3 show that this 

is not the case. By studying heat flows across modules with different TE-materials in table 4.1 it 

appears that this factor is just as important in assessing power generation. With a temperature 

gradient of       , heat flow across BiSbTe/BiTeSe is      , while       across BiTe modules. 
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With unchanged conditions the higher heat flow will reduce the temperature gradient between the 

hot and cold side, impairing the TE-material’s ability to produce power. 

Information in fig. 4.8 and 4.9 indicate that the efficiency in converting heat into electric power of 

TAGS materials is similar to that of BiTe materials up to       . Still higher net power compared to 

BiTe materials is seen throughout the entire sequence in fig. 5.3. Again this appear to be explained by 

the material’s thermal conductivity. TAGS display lower heat flow rates than modules with BiTe 

which results in larger temperature gradients across the modules. Thermal conductivity is probably 

also the explanation to net power gains in OP 7 with PbTeS and GePbTe materials, fig. 5.3, and 

despite their lower efficiency below       , fig. 4.8 and 4.9, net power outputs are higher.  

The high thermal conductivity in Half Heusler material and fairly low TE efficiency, fig. 4.8, in this 

temperature region, fig. 5.1b, probably explains the unsatisfactory results seen in fig.    . The poor 

results seen with LAST materials are most likely explained by low efficiency in the current 

temperature range, as they would show increased TE efficiency in higher temperature regions.         

In fig. 5.4 net power with classes of TE-materials from fig. 5.3 with positive net power generation is 

presented together with nano structured quantum wells.   

 

Figure 5.4: Net power output from the WHR system with different TE-materials in operating points 1 – 4 – 6 – 7. 

The quantum well material class offers a substantial increase in net power generation throughout the 

whole operating sequence. The net power of Quantum Wells ranges between        and       , 

compared to       and       with the current BiTe. As previously mentioned the TAGS class also 

presents promising net power outputs, between       and      . 
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The large advantage in net power outputs of Quantum Wells is partly explained by superior ZT, fig. 

4.7 compared to other investigated materials, fig. 4.6. The high ZT provides high efficiency in 

converting thermal energy into electric power, which is seen in fig. 5.4. Low heat flow across modules 

seen in table 4.1 indicates a high resistance to conduct heat in quantum wells. As previously 

discussed this promotes TEG power generation as well.   

In fig. 5.5 the difference in net power generation between the new TE-materials in fig. 5.4 and the 

reference material is quantified in percent.  

 
a) 

 
b) 

Figure 5.5: Proportion of net power increase with new TE-materials compared to current BiTe modules in operating 
points 1 – 4 – 6 – 7.  

As previously noted, the GePbTe and PbTeS classes generated less net power compared to the 

reference material, hence, displaying an initially negative ratio in fig. 5.5a. In OP 7 the GePbTe class 

generates gains of      and PbTeS around     . The TAGS material class offers between      and 

     in net power gains throughout the sequence. With quantum well TE-materials, net power 

levels are between 5 and 6 times higher than the current BiTe material, fig. 5.5b. 

To summarize the results found in fig. 5.3 to 5.5, differences in net power with new TE-materials 

compared to the reference material, are presented in table 5.1. Net power gains are seen in green 

coloured cells, while a reduction in net power is marked with orange colour.      

                 
              -24 % -24 % -24 % -35 % 

     -107 % -100 % -90 % -78 % 
             -18 % -19 % -16 % -3 % 

      -22 % -18 % -6 % 59 % 
     33 % 32 % 35 % 79 % 
       -5 % -1 % 11 % 86 % 

             -106 % -103 % -101 % -134 % 
              532 % 506 % 492 % 676 % 

 
Table 5.1: Net power gains in OP 1, 4, 6 and 7 with new TE-materials compared to the current BiTe material. The gains 
are expressed in percent. Green cells mark gains in net power and orange cells mark a reduction in net power 
production.    
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The images in fig. 5.6 display power generation from the ATS-TEG and EGR-TEG with different classes 

of new TE-materials together with the reference material. No losses associated with the WHR system 

are accounted for in these results. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 5.6: Power generation in the ATS-TEG and EGR-TEG in operating points 1 – 4 – 6 – 7. BiTe compared to other TE-
materials in image a to d. 

The PbTeS class of materials, fig. 5.6a display increased power in OP 7, especially from the EGR-TEG. 

Power levels in OP 1 – 4 – 6 are similar in the EGR-TEG but lower in the ATS-TEG. This behaviour is 

similar with the GePbTe class of materials, fig. 5.6b, except that the power gains are larger in OP 7. 

With TAGS, power levels are higher than the reference in all OPs, fig. 5.6c. The power generated by 

the EGR-TEG in OP 7 is somewhat lower with TAGS than with GePbTe. Fig. 5.6d show large increases 

in power generation by both the EGR-TEG and ATS-TEG with quantum wells. These power levels are 

much higher than produced by any of the other materials. 

Increases in power from both the ATS-TEG and EGR-TEG are explained by the previous line of reason 

in this section. Studying fig. 5.6a-d further illustrates the importance of low heat flow rates across 

modules when it comes to power generation. Despite higher EGR gas temperatures in OP 7 the TEMs 

hot side in the EGR-TEG are cooler than the ATS-TEG, fig. 5.1b. As a result power generation with 

BiTe modules is lower than by the ATS-TEG, fig. 5.6. With PbTeS, GePbTe and quantum well materials 

the power levels the EGR-TEG are instead higher in this OP. Heat flow rates across these modules, 

found in table 4.1, are lower than in BiTe modules and in TAGS as well. Lower thermal conductivities 
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raise the TEM’s hot side temperature by reducing the amount of heat being transferred to the cold 

side and coolant fluid. Lower heat transfer rates also means lower cold side temperatures which 

further promote power generation due to larger temperature gradients. The effect of thermal 

conductivity in hot side temperatures is presented in fig. 5.7. Hot side temperatures in both TEGs are 

higher with quantum wells which display lower heat transfer rates. Thermal conductivity has a larger 

impact in the EGR-TEG due to lower mass flow rates and thereby a lower supply of thermal energy, 

implying the importance in conserving heat.       

 

Figure 5.7: Hot side temperatures of TEM with BiTe and quantum well TE-materials in operating points 1 – 4 – 6 – 7.  

TEM hot side temperatures range between        and        in the ATS-TEG and        and 

       in the EGR-TEG with BiTe. Quantum wells show an increase of these temperatures to values 

ranging from        to        in the ATS-TEG and        to        in the EGR-TEG. As in fig. 5.1b 

these are average temperatures which means that higher temperatures are expected locally.  
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The proportion of power recovered from the heat flux through the exhaust pipe outlet is quantified 

by comparing the net power generated and heat flow through the exhaust pipe without the WHR 

system. The proportion of power recovery is presented in fig. 5.8. 

 

Figure 5.8: Proportion of power recovered from wasted heat in operating points 1 – 4 – 6 – 7. 

The WHR system recovers roughly       of the heat flux that escapes through the exhaust pipe 

outlet, with the current BiTe material. With TAGS the average recovery is increased to approximately 

      . Through OP 1 – 4 – 6 the performance of GePbTe and PbTeS is similar to BiTe and 

comparable with TAGS in OP 7. With quantum wells the proportion of recovered power is much 

higher, reaching levels between     and    .  
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Fig. 5.9 is similar to fig. 5.2, instead of the current BiTe material TAGS are incorporated to the WHR 

system.   

 

Figure 5.9: Power gains and losses with TAGS TE-materials in operating points 1 – 4 – 6 – 7. 

Compared to fig. 5.2 the power gains are higher with TAGS. Power losses are not affected by change 

of TE-material. 

Fig. 5.10 presents the power generation, losses and net power with quantum well materials.  

 

Figure 5.10: Power gains and losses with quantum well TE-materials in operating points 1 – 4 – 6 – 7. 
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As in fig. 5.9 power losses are identical to those in fig. 5.2. With quantum wells the net power gains 

are even higher compared to TAGS. Even though power losses are unaffected by change in materials,  

compared to the current BiTe and TAGS, fig. 5.2 and 5.9, power losses seem almost negligible with 

quantum wells.     

Stationary conditions, power losses and power gains with current BiTe, TAGS and quantum wells for 

the 9 OPs, discussed in section 4.7, are found in table 5.1. The WHR net power production by each 

material class is also presented in this table. Pump speed is constant in all OPs, explaining the 

constant pump losses. These results are based on data collected from separate dyno loggings, still 

the results for OP 1, 4, 6, and 7 in table 5.1 are similar to the approached steady-state conditions 

seen in fig. 5.2, 5.9 and 5.10. 

                                       
                                                                               
                                                                               
                                                                  
                                                               
                                                          
                                                 
                                                     
                                             
                                         
                                                           
                                                           
                                                                          
                                                         
                                                          
                                                                          
                                                      
                                                       
                                                                         

 
Table 5.1: Conditions, power gains and losses in stationary operating points 1 to 9 with the current BiTe, TAGS and 
quantum wells. 

In OP 3, 5, 8 and 9 a portion of the exhaust gases are rerouted from the ATS-TEG due to high 

backpressure losses and/or dangerously high TEM temperatures. This lowers power generation by 

the ATS-TEG but is necessary to avoid damage to the TEMs and to increase net power.  The EGR-TEG 

does not contribute to any backpressure losses and TEM temperatures appear not to be an issue in 

these operating points, meaning that no EGR gases are rerouted.  

In OPs with low engine loads, OP 1, 4 and 6, the CAC losses are very low compared to other OPs with 

higher engine loads. In high load OPs, CAC losses are the main source of power losses. Reducing or 

eliminating these losses would yield higher net power outputs in all OPs, as these losses are not 

directly connected to power generation by the TEGs. 

Losses displayed in table 5.2 associated with the coolant pump are fairly high. As previously 

mentioned the pump rpm was set to ensure sufficient coolant flow to avoid local boiling. Lowering 

the pump speed would lower pump losses but could also lower power generation due to a reduction 

in coolant flow. 

Power generation by the TEGs is governed by the exhaust gas mass flow and temperature. As mass 

flow and temperature increases, power generation increases as well. The trend seen in fig. 5.6c and 

d, higher power outputs with TAGS and quantum wells, are also found in table 5.2. Gains in power 

are seen in all OPs, especially with quantum wells. The effect of bypassing exhaust gases from the 
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ATS-TEG is visible by comparing OP 5 and 8. Despite identical temperature and higher mass flow in 

OP 8, ATS-TEG power generation is lower with all three TE-materials. This is explained by a higher 

amount of bypassed gases in OP 8. 

Net power generation with the current BiTe modules is positive in all OPs except in OP 3 and 9. These 

two are full load OPs producing high engine powers leading to large CAC losses. These high CAC 

losses are responsible for the negative net power output by the WHR system. The highest net power 

is found in OPs with moderate load levels where CAC losses are kept low. This trend is also found 

with TAGS, except that net power is positive in all OPs. Net power with quantum wells is inclined to 

follow this pattern as well but substantial power gains by both TEGs in full load OPs overcome the 

large CAC losses, and large net power gains are seen in these OPs as well.  

 

5.3  Further discussion 
The methods used in modelling the WHR system appear to produce results in good conformity with 

data collected from various dyno sessions. To achieve the agreement between power outputs seen in 

fig. 4.11 minor modifications to empirical equations are made. These equations are relations based 

on previous experiments, and adapting these are therefore done in good conscience. Even though 

good agreement between measured and simulated data is achieved, some uncertainties regarding 

the accuracy in power measurements create a source of error.  

Some degree of uncertainty regarding exhaust gas pressure drop measurements across the TEGs 

exists as well. These pressure drops are very small, in the region of          , making them very 

hard to measure accurately, even with high precision equipment. This imposes a degree of 

uncertainty regarding mass flow calculations since these are validated through the pressure drop 

measurements. 

Hot and cold side temperatures are also hard to measure accurately and in addition, these 

temperatures vary depending on location and/or position at the TEM. Because of this, the simulated 

hot and cold side temperatures cannot be validated by directly comparing them to measurements. 

Instead, good agreement in power generation, points towards accurately simulated hot and cold side 

temperatures.         

Despite these doubts, the precision and credibility of the model is considered to be sufficient in order 

to investigate the potential of new TE-materials. However, it should be noted that specific heat and 

heat flow across modules for new TE-materials are based on pure material data, while module data is 

used for the current BiTe. Nevertheless, heat flow comparisons between pure BiTe materials and 

complete modules display only small differences. Specific heat on the other hand, is based upon 

estimates from levels of different TEM constituents. Therefore, future modules intended for specific 

materials might alter the results found in this report.  

As can be seen in table 5.2, the CAC loss is a major source of losses in the WHR system, especially in 

OPs with higher engine loads. The dependency on engine load in the rule of thumb used in 

calculating the CAC losses [47], is believed to be overestimated, at least in higher engine loads. Still, 

as previously mentioned, reducing or eliminating these would yield significantly higher net power 

outputs. Unfortunately, these losses cannot be eliminated by simply removing the separate radiators 
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as this would affect TEM temperature gradients and thereby hurt power generation. One solution 

could be to relocate the radiators to the top of the truck cab. This would eliminate the effects on CAC 

temperatures, and due to a closed system layout, no major increase in pump loss would arise.  

Unfortunately, this would probably generate other forms of losses. Placing a radiator on the roof 

could lead to increased drag and consequently increase fuel consumption. 

As previously mentioned, pump speeds are not optimized, which is also the case with the amount of 

bypassed exhaust gas. By continuously calculating the optimal state of these parameters, increased 

net power gains should be experienced in all operating conditions. 

The new TE-materials are incorporated to the WHR system under completely similar conditions to 

current BiTe modules. Neither pump speed, amount of bypassed gases or heat exchangers are 

altered in any way. Changing these conditions would probably yield even higher gains with TAGS and 

quantum wells, and perhaps gains with materials that previously showed no promise could be 

achieved.  

Temperature limitations of the new TE-materials are currently unknown, as these are not 

incorporated in modules. Modules with quantum wells, or any other material found in fig. 4.8 and 

4.9 with low thermal conductivity, capable of withstanding higher temperatures, would generate 

more power in OPs with active bypass valves due to increased TE efficiency at higher temperatures. 

This requires monitoring of backpressure losses to ensure maximum net power output.  

The hot side temperature could also be raised by altering the design of the HEs rather than increasing 

the amount of gas flow. Currently the HE in the EGR-TEG utilizes plain fins. By using the more 

effective offset strip fin design [35], it is possible to increase heat transfer to the TEM and raise hot 

side temperature. Both existing TEGs contain 2 rows of TEMs in the direction of exhaust gas flow. 

This means that the second row of TEMs are met by cooler exhaust gases. Redesigning the TEGs with 

only 1 row in the direction of flow would ensure that all TEMs are met by the hottest gases. This 

would raise the overall hot side temperature and increase average TE efficiency, resulting in higher 

power output. All of this requires TEMs with low thermal conductivity to prevent higher levels of 

thermal energy from being transferred to the cold side and coolant fluid. 

Another way to raise the overall TE efficiency in TEGs, is to utilize varying types materials at different 

temperature levels. As mentioned in section 2.4, efficiency can be optimized by using several 

types  of materials. Applying this principle to the TEGs, could ensure that each TE material operates 

in its optimal temperature range. 

The poor results of materials with high thermal conductivity seen in fig. 5.3 could be improved by 

increasing the thickness of the module. Increased thickness would reduce heat flow rates across the 

modules, and thereby having the outcome of lowered heat transfer from the hot to the cold side. 

Unfortunately this requires more space, and hence less modules could be fitted in a given volume. To 

justify this, the modules must have higher TE efficiency compared to modules with lower thermal 

conductivity. 
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6 Conclusions 
The model of the WHR system created in Simulink generates satisfactory results that are in good 

agreement with measurements performed in the dyno cell. The accurate model provides a useful 

tool in evaluating new thermoelectric materials and their performance in different operating 

conditions. Evaluations of several features that are hard to investigate individually are significantly 

simplified with the Simulink model. Subsequently, these features are easily applied to determine a TE 

material’s potential of producing high levels of power in a WHR system.  

Results provided by the model indicate that TE materials with high figures of merit in the intended 

temperature range, in combination with low thermal conductivity generate high levels of power. In 

common operating points during long haulage, TEM hot side temperatures varies between        

and       . Locally these temperatures can be even higher. Quantum wells are TE-materials that 

exhibit promising values in this temperature region, with ZT-values ranging between   and   and 

heat flow rates at     . In typical operating conditions during long haulage the WHR system delivers 

between        and        in net power with this material. This is way higher than the net power 

experienced with the BiTe material currently fitted to the WHR system. With identical operating 

conditions these modules deliver no more than       to       net power. BiTe TE materials 

display ZT-values between     and     in a similar temperature range and heat flow rates at      . 

TE materials show good potential for use in WHR systems. Compared to other means of recovering 

wasted heat, TE materials offer a relatively simple solution and power is delivered as soon as a 

temperature gradient is experienced. TE-materials should contribute to a durable WHR system with 

low service needs due to the lack of moving parts. Unfortunately, the efficiency of TE materials in 

converting thermal energy into electric power still is relatively low. Even with high performing 

quantum wells, this efficiency only reaches between     and      in this application. However, 

comparing the amount of power extracted with quantum wells to the amount seen with BiTe, clearly 

displays that development is heading in the right direction. With BiTe about       of the heat flow 

through the exhaust pipe outlet is recovered, while this figure is increased to       with quantum 

wells.  

A Scania truck equipped with a WHR system using quantum well materials would deliver net power 

levels that far exceed the current need of      . Future needs of electric power will probably 

increase drastically and hence, for TE materials to be a viable option in WHR systems, further 

development must be seen. For use in this very application, focus should be put in developing 

materials with even higher values of ZT in the        to        temperature range, and at the same 

time exhibit a very low thermal conductivity. Manufacturing process is another important field where 

major progress must be made since many nanostructured TE materials currently are too expensive to 

produce.      
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7 Future work 
Evaluations of the TE materials are currently performed under controlled conditions. During the dyno 

sessions, the truck is held at a number of fixed engine speeds and loads, with occasional steps 

between them. During a real long haulage cycle, these conditions are rare as the engine speed and 

load will fluctuate at all times. In order to evaluate the WHR system and TE materials properly in such 

conditions, a fully operational control system is needed. Future studies in the potential of new TE 

materials should include evaluations in full long haulage cycles. Required data for such simulations 

should be collected from dyno sessions in a climate dyno cell or from proper road tests. 

As discussed in a previous section, altering the setup and design of the heat exchangers could 

potentially increase efficiency and power production by the WHR system. Efforts should be made in 

finding the optimal HE layout and design for interesting TE materials. During early stages of this 

thesis project, the intention was to perform such an analysis. Hence, the Simulink model is partially 

prepared for such investigations. 

Findings regarding CAC losses indicate that these and the underlying source should be investigated 

further. As large improvements in net power levels are expected with these eliminated, alternative 

positioning of the separate radiators will be of highest interest.   

TE research is a continuous process and findings in new high efficient TE-materials in the future, will 

have great significance in establishing a WHR system with distinctly higher net power output. Efforts 

could also be made in a try to influence the direction of development towards TE materials suitable 

for use in this type of WHR systems.     

To handle and take advantage of potentially higher power outputs in future WHR systems, means of 

storing or using this energy should be investigated. WHR systems could possibly be incorporated in 

hybrid systems where the electric power could be stored in accumulators or sent to electric motors.  
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