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A B S T R A C T   

With the current emphasis on electrified vehicles, the use of internal combustion engines (ICEs) as the main 
propulsion source is challenged, especially for passenger cars. Even though this is not yet the case for freight 
transportation and the internal combustion engine is still considered the short to mid-term solution, significant 
improvements in its efficiency and pollutant emissions are required. An energy distribution analysis shows that 
the internal combustion engine already has two important heat rejection sources representing approximately 
65–70% of the energy input: the exhaust gas system (~35–40%) and the radiator (~30%). Partially recovering 
some of this otherwise wasted heat can improve overall thermal efficiency. Compared to other thermal energy 
recovery methods (Organic Rankine Cycle, mechanical or electrical turbocompounding, etc.), thermoelectric 
generators have numerous advantages: environmentally friendly, no moving parts, little to no noise and vibra
tion, no working fluids, high reliability (when working temperatures are not exceeded), low maintenance, 
scalable, modular, ability to operate over a wide range of transient temperature conditions, and the direct 
conversion of thermal energy into electrical energy. This effort seeks to bring together all aspects concerning the 
use of thermoelectric generators for internal combustion engine waste heat recovery in a comprehensive over
view on the issue while aiding researchers and engineers in the development of efficient systems. This is 
accomplished by delivering two thorough summaries of both experimental and simulation results including, but 
not limited to the power output and parasitic losses, as well as the gain in efficiency and reduction in fuel 
consumption. Furthermore, this effort includes a recap of hot side heat exchanger design (e.g., external shape, 
internal structure, material, test temperature and gas flow velocity, etc.). As a result, the use of thermoelectric 
generators installed on the exhaust system and in other regions that can provide heat for power generation (i.e., 
radiator and exhaust gas recirculation) are fully described.   

1. Introduction 

According to the Lawrence Livermore National Laboratory [1], in 
2018 the amount of rejected energy resulting from the residential, 
commercial, industrial, and transportation sectors in the United States 
(U.S.) totaled 45.65 EJ, of which 23.63 EJ came from the transportation 
sector. This analysis shows the significant potential for energy recovery 
systems and that by recouping a part of this energy from internal com
bustion engines (ICEs), overall transportation efficiency could be 
meaningfully increased. 

Internal combustion engines are one of the largest fossil fuel 

consumers due to their widespread use in transportation along with 
stationary power units and industrial and agricultural machinery [2]. 
Despite significant technological advances and improvements, there is a 
limit to internal combustion engine efficiency, namely the efficiency of 
the constant volume cycle. Due to geometrical constraints, this effi
ciency is already below the reference efficiency for a heat engine oper
ating between high temperature and low temperature reservoirs, namely 
the Carnot efficiency. Consequently, it is impossible for an internal 
combustion engine to achieve the efficiency of an electric motor or fuel 
cell due to unavoidable irreversibilities. Partially recovering some of the 
otherwise wasted heat is important in improving thermal efficiency. 
Here, the waste heat recovery (WHR) process seeks to capture and 

Abbreviations: TEM, Thermoelectric module; TEG, Thermoelectric generator; ICE, Internal combustion engine; WHR, Waste heat recovery. 
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convert heat that would otherwise end up unused in the environment, in 
some other form of useful energy [3]. 

An internal combustion engine energy distribution analysis shows 
that approximately 65–70% of the energy input is lost through exhaust 
gases (~35–40%) and through dissipation in cooling circuits (~30%) 
[4]. In other words, the internal combustion engine already has two 
important heat sources: the exhaust gas system and the radiator. To 
further underline the potential and importance of waste heat recovery 
for internal combustion engines, a study performed by the Fiat Research 
Center [5] estimated that recovering 400–500 W of waste thermal en
ergy as electrical energy can lead to a reduction of carbon dioxide (CO2) 
emission values by 6–7 gm/km. Furthermore, simulations performed by 
Stobart et al. [6] in 2010 considering the technology available at that 
time for waste heat recovery predicted fuel savings of 3.9–4.7% for 
various passenger cars and up to 7.4% for a transit bus. 

There are numerous methods available for recovering a part of the 
energy otherwise wasted through the exhaust gases like the Organic 
Rankine Cycle, mechanical or electrical turbocompounding, thermo
electric (TE) generators, etc. However, if they are not properly designed, 
all these methodologies can also result in parasitic power losses (either 
directly or indirectly through the added weight of the system) that can 
become significant. Of these options, thermoelectric generation is a 
promising method since it uses solid-state devices with relatively low 
maintenance. Compared to other thermal energy recovery methods, 
thermoelectric generators (TEGs) have several advantages [7–9]: envi
ronmentally friendly, no moving parts, little to no noise and vibration, 
no working fluids, high reliability (when working temperatures are not 
exceeded), low maintenance, scalable, modular, ability to operate over a 
wide range of transient temperature conditions, and the direct conver
sion of thermal energy into electrical energy. Furthermore, the same 
thermoelectric module can be used for both cooling and heating along 
with thermoelectric generation. However, recovering high temperature 
waste heat also poses challenges concerning the reliability and dura
bility of thermoelectric generators devices like oxidation, sublimation, 
degradation of the thermal and electrical interface, as well as mis
matches due to thermal expansion [10–17]. The main limitations of 
thermoelectric generators for automotive applications are [7–9]: low 
efficiency, high cost, insufficient extraction and non-uniform heat dis
tribution on the hot side, insufficient (/inappropriate) heat dissipation 

(method) on the cold side, installation space, high added weight as a 
result of the low efficiency of each individual element, the unsteady 
nature of the heat source (in case of exhaust gas waste heat recovery), as 
well as a large number of required connections. 

As presented prior, the advantages of utilizing thermoelectric gen
erators in automotive applications are numerous with studies predicting 
even a possible replacement of the alternator in passenger vehicles [18]. 
Therefore, if enough electrical energy is generated, the added mass of 
the TEG system could be balanced by removing this device. Another 
possibility is to use thermoelectric generators as a replacement for 
currently available heating ventilation and air conditioning (HVAC) 
systems. Here, switching between heating and cooling is done by 
reversing the current while offering high control flexibility [19]. In 
addition, partially recovering waste heat as electrical energy could 
significantly benefit engine performance, efficiency, reliability, and 
design [20]. As a result, the stress on the battery could be lowered with 
the aim of increasing its lifetime. 

Currently, there are a few review papers that endeavor to summarize 
the literature for utilizing thermoelectric generators when recovering 
the waste thermal energy of internal combustion engines. Rodriguez 
et al. [3] cover several aspects of waste heat recovery using thermo
electric generators, namely the possible locations for thermoelectric 
generator installation, a description of the thermoelectric technology, 
the typical components used to build a thermoelectric generator, aspects 
of exhaust gas thermoelectric generator modeling required to predict 
power output, experimental results, and future trends. Zheng et al. [19] 
have a more general approach to the use of thermoelectric generators for 
recovering waste heat. In other words, these authors review the status of 
material development with respect to function, commercialization, and 
high efficiency thermoelectric generator development, as well as 
possible application areas in different industries. With respect to the 
automotive industry, the authors briefly present the use of the thermo
electric devices for climate control and waste heat recovery from 
exhaust gases. Shen et al. [4] perform a comprehensive review of ther
moelectric generators installed on the exhaust pipe of vehicles with 
respect to the country where the study was performed taking into ac
count the proposed research objectives, test conditions, system features, 
as well as study outcomes. In addition, these authors cover the chal
lenges of thermoelectric generator design like heat extraction and 

Nomenclature 

Abbreviations 
ACO Air coflow 
ACOU Air counterflow 
ATS Exhaust gas aftertreatment system 
B5 95% diesel + 5% biodiesel (V/V) 
B10 90% diesel + 10% biodiesel (V/V) 
BSFC Brake specific fuel consumption 
CFD Computation fluid dynamics 
CPM Constant property model 
DC Direct current 
DCTEG Direct contact thermoelectric generator 
DMPPT Distributed maximum power point tracking 
DPP Differential power processing 
EES Engineering equation solver 
EGR Exhaust gas recirculation 
EPA Environmental Protection Agency 
eTEG Electric turbo-generator 
FC Fuel consumption 
HEV Hybrid electric vehicle 
HVAC Heating ventilation and air conditioning 
HX Heat exchanger 

ICE Internal combustion engine 
ISG Integrated starter generator 
MPP Maximum power point 
MPPT Maximum power point tracking 
NEDC New European Driving Cycle 
NRTC Non-road Transient Cycle 
PCM Phase change material 
PEM Proton exchange membrane 
RDE Real driving emissions 
SASTEG Segmented asymmetrical thermoelectric generator 
STEG Segmented thermoelectric generator 
TC Thermocouple 
TE Thermoelectric 
TEG Thermoelectric generator 
TEM Thermoelectric module 
U.S. United States 
UDDS Urban Dynamometer Driving Schedule 
WCO Water coflow 
WCOU Water counterflow 
WHR Waste heat recovery 
WLTC Worldwide Harmonized Light Vehicles Test Cycle 
WLTP Worldwide Harmonized Light Vehicle Test Procedure 
WTVC World Transient Vehicle Cycle  
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dissipation, connection modes, available space, weight, and other items, 
but also present a summary of previous studies. The paper ends with 
proposed future directions. Alghoul et al. [21] focused on classifying and 
clarifying the differences between thermoelectric systems used for 
power generation with respect to design and performance, but also the 
test rigs employed by researchers. Aspects of thermoelectric generator 
use for automotive exhaust gas heat recovery are covered only briefly. In 
their review, Champier [8] reviews the possible application areas of 
thermoelectric generators in general; thus, only succinctly covering 
their use for automotive waste heat recovery . Saidur et al. [20] review 
the technologies that can be used to recover the exhaust gas waste heat 
of internal combustion engines, like thermoelectric generation, a 
six-stroke internal combustion engine cycle, or a Rankine bottoming 
cycle and turbocharging. With respect to thermoelectric generators, the 
authors cover some of their general aspects for the automotive industry, 
the main challenges, and a few advances in the technology. Yang [22] 
presents specific potential applications of thermoelectric waste heat 
recovery in vehicles and its potential to reduce fuel consumption. Patil 
et al. [23] begin with a description of thermoelectric materials, but then 
concentrate their study on the design of thermoelectric generators heat 
exchangers with respect to the heat transfer rate, temperature distri
bution, and pressure drop. Orr et al. [24] review the advantages and 
limitations of using heat pipes in conjunction with thermoelectric gen
erators as a means to improve the system efficiency. This is achieved by 
decreasing the pressure losses in the gas stream, thermal resistance, as 
well as allowing for a more flexible design and temperature control. Like 
Saidur et al. [20], Hatami et al. [25] start by covering waste heat re
covery technologies for internal combustion engines, but then they focus 
their review on the hot side heat exchanger design studies as a means to 
improve the thermoelectric generator system efficiency. 

In contrast to the presented literature, this effort seeks to bring 
together all aspects concerning the use of thermoelectric generators for 
internal combustion engine waste heat recovery to provide a compre
hensive overview on the issue while aiding researchers and engineers in 
the development of efficient systems. This is accomplished by delivering 
a thorough summary of experimental results that highlights the goal of 
the study, the applied test method and obtained temperature gradient, 
the design of the TEG system (thermoelectric materials, number of 
thermoelectric modules, system mass, hot side structure, and cooling 
method), the power output and parasitic losses, as well as the gain in 
efficiency and reduction in fuel consumption. A similar summary is also 
supplied for simulation studies. The authors have also included efforts 
covering the hot side heat exchanger design (external shape, internal 
structure, material, test temperature and gas flow velocity, average 
interface temperature, uniformity of temperature distribution, and 
pressure drop). Furthermore, it has been found that the focus of litera
ture is on TEG systems installed on the exhaust system due to high 
temperatures of the exhaust gases, simplicity and a relatively low in
fluence on engine operation (the last two reasons strongly depend on the 
design of the thermoelectric generator). In contrast, this review includes 
studies covering other regions that can provide heat for power genera
tion (i.e., radiator and exhaust gas recirculation). 

2. Fundamentals of thermoelectric generators 

A thermoelectric generator module is a solid-state device that con
verts thermal energy directly into electrical energy based on the Seebeck 
principle (the creation of an electric potential between two connected 
semiconductors when these components are subjected to a temperature 
difference). The reversed process of transforming electrical energy into 
thermal energy is also possible and is based on the Peltier effect. These 
effects happen by using charge carriers (electrons and holes) moving in 
the material, which are particles with the ability to transport heat and 
electric charge. Their movement requires an energy input, but when 
they recombine, energy is released. A thermoelectric module (TEM) 
consists of many thermocouples (up to hundreds) positioned between 

two (usually) ceramic plates that serve as electric insulators and thermal 
conductors. Throughout this effort TEG is used to refer to the system 
made up of one or more thermoelectric modules (operating as thermo
electric generators) and (but not always) hot and cold side heat ex
changers. Considering Thot the temperature of the hot side junction and 
Tcold the temperature of the cold side junction, under open circuit con
ditions, the Seebeck voltage (VOC) is: 

VOC = α⋅ΔT = α⋅(Thot − Tcold) (1)  

where α = VOC / ΔT is the Seebeck coefficient that is specific to the 
material and it can be either positive or negative. For the rest of the 
paper, α designates the junction Seebeck coefficient, unless otherwise 
mentioned. 

The Peltier effect is the reverse of the Seebeck effect, namely it is the 
conversion of current flow into a temperature difference between two 
dissimilar materials and is defined by the Peltier coefficient (πP): 

πP =
Qh/c

I
(2)  

where Qh/c is the rate of heating or cooling and I is the current. The 
Peltier effect is undesirable for thermoelectric generation since it causes 
an increased transport of heat from the hot side to the cold side; thus, 
decreasing the temperature gradient. An additional effect that must be 
considered for thermoelectric generators is the Thomson effect (defined 
as the heating or cooling of a current-carrying material when subjected 
to a temperature difference). In device modeling, this effect is regarded 
as minor compared to the Joule effect (discussed next) and is often 
neglected. Here, some authors [26,27] have shown that it does not alter 
the internal resistance, but can reduce the thermoelectric generator 
power output by hindering the voltage output. 

The Joule effect correlates heat and electrical energy as follows: 

QJ = I2⋅Rcond (3)  

where Rcond is the conductor resistance, while QJ is heat released along 
the length of a conductor when electric current flows through it. The 
Joule effect is independent of the current flow direction, which is 
thermodynamically irreversible and accounted for as a heat loss [26,27]. 
The Seebeck, Peltier, and Thomson (τ) coefficients are connected 
through the Kelvin relationships: 

πP = α⋅Tjunction (4)  

τ = T⋅
dα
dT

(5)  

where Tjunction is the temperature of the junction and T is the average 
temperature of the material. Consequently, the amount of heat trans
ferred due to the Peltier effect is: 

Qh/c = α⋅I⋅Tjunction (6) 

In general, three scenarios exist for operation of a TEG system: 
constant heat, “dynamic” heat and constant temperature. The constant 
temperature scenario requires maintaining steady temperature values 
for the hot and cold side. This is accomplished by varying the amount of 
energy input by heat with respect to changes in electrical load. One way 
of achieving this situation is by employing phase-change materials (see 
Section 7.2) that can release the stored heat at variable rates corre
sponding to the electrical and thermal operating conditions. The con
stant heat scenario is usually found in waste heat applications, where 
there is a uniform amount of energy input by heat, while the tempera
tures of the hot and cold side can vary depending on parasitic effects 
driven by the load current. Finally, the “dynamic” heat scenario varies 
the amount of energy input by heat in a timeframe shorter than the 
thermal time constant (i.e., response) of the TEG system. For automotive 
applications all these scenarios are possible. For example, exhaust gas 
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waste heat recovery is typically of the type “dynamic” heat, whereas 
radiator waste heat recovery is often the constant heat variety. 

3. Efficiency 

3.1. General considerations 

The primary parameter used to describe the potential of thermo
electric devices is the figure of merit (Z) [8]: 

Z =

(
αp − αn

)2

(
̅̅̅̅̅̅̅̅̅̅κp⋅ρp

√
+

̅̅̅̅̅̅̅̅̅̅κn⋅ρn
√

)2 (7)  

where ρ is the electrical resistivity and κ is the thermal conductivity 
which consists of two parts: lattice thermal conductivity (κL) and elec
tronic thermal conductivity (κe) [28]. The subscripts p and n indicate the 
corresponding two materials of the thermocouple (p-type and n-type, 
respectively). To characterize the material thermoelectric performance, 
the dimensionless figure of merit (zT) is used. For simplification, it is 
often assumed that ZT (device figure of merit - see Eq. (7)) and zT 
(material figure of merit) are equal [29]; thus, leading to: 

ZT =
α2σ

κ
T =

α2

ρκ
T (8)  

where T = (Thot +Tcold)/2 and σ is the electrical conductivity (σ = 1/ρ). 
The efficiency of a thermoelectric module operating as a generator 

[8] is defined as the ratio of the electrical energy output (Welectric) to the 
thermal energy supplied to the hot side (Qhot): 

ηTEM,generator =
Welectric

Qhot
=

Thot − Tcold

Thot
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
+ Tcold

Thot

(9) 

As an example, the variation of thermal efficiency for a thermo
electric generator installed on the exhaust pipe or exhaust gas recircu
lation cooler when the cold side is cooled with engine coolant (the 
coolant average temperature is considered to be 353.15 K [30]) is pre
sented in Fig. 1, where C is the Carnot efficiency and 0.5, 1, 2, and 5 are 
example ZT values. Depending on engine load, the temperature differ
ence can reach values as high as 650 K [31,32]. In such cases the effi
ciency would range between 9.2% for a ZT of 0.5 and 33.5% for a ZT of 
5. It is important to note here that the current (market) state of the art ZT 
for thermoelectric materials is less than 2 [33]. However, limiting the 
discussion to a value of 2 will mitigate the importance and potential of 
research in this field [33]. Previous research [28,34–36], as well as 
ongoing research projects, like the Horizon 2020 project UncorrelaTEd 
[37] showed that it is possible to decouple the Seebeck coefficient and 

the electrical conductivity, thus allowing for an increase in the power 
factor by a factor of 4 or more [38]. Consequently, the limit of 5 pre
sented in Fig. 1 was chosen to highlight the importance of developing 
high performance thermoelectric generators, considering the high en
ergy efficiency that can be achieved in these conditions. Currently, 
commercially available, and widely used thermoelectric modules use 
bismuth telluride (Bi2Te3) that have a ZT of approximately 1, subse
quently leading to a conversion efficiency of ~2–10% (based on the 
scenarios presented prior and the references presented in Tables 6 and 7 
in Section 10). Some researchers estimate that reaching a ZT value of 2 
can lead to an approximately 9–10% improvement in fuel consumption 
[39]. 

As indicated, to be useful in thermoelectric applications for internal 
combustion engine waste heat recovery, a material should have a large 
ZT value. Considering Eqn. (8), this means the material must have a high 
power factor α2σ and a low thermal conductivity. Here, the power factor 
characterizes the heat to electricity conversion of the charge carriers. 
Maximizing these characteristics is a difficult task since it involves a 
compromise between parameters that are interdependent (although 
there are studies [28,34–36,38] which have shown that it is possible to 
overcome these barriers): i.e., Seebeck coefficient, electrical conduc
tivity (or electrical resistivity), and thermal conductivity (see Eqs. (4) 
and (5)). The low thermal conductivity requirement also conflicts with 
the heat flux requirements and ultimately with the power output of the 
system [40], which represents a percentage of the heat flux through the 
thermoelectric devices. As a result, decreasing the thermal conductivity 
of the thermoelectric material to increase the ZT negatively impacts the 
heat flux through the devices, thus limiting the amount of power it can 
produce. Subsequently, to recover this power, more thermoelectric de
vices are required resulting in an increase in the overall size and weight 
of the system that can be detrimental to fuel economy of the vehicle. 

To determine overall TEG system efficiency, more factors beyond 
just the specific thermoelectric module efficiency have to be included 
(see Eqs. (1) and (2) from [4]). This includes the efficiency of the hot 
(ηHX,hot) and cold side (ηHX,cold) heat exchangers (HX), needed for auto
motive waste heat recovery applications, along with the efficiency of the 
electrical converter and its ability to optimize the electrical load (not 
included here) [41]: 

ηTEG,system = ηhot HXηTEMηcold HX (10) 

It must be noted that, generally, heat exchangers are evaluated ac
cording to their effectiveness, but Fakheri has showed in his work [42] 
that, if the effectiveness is known, it is possible to determine a corre
sponding heat exchanger efficiency. Furthermore, contact resistances 
between the heat exchangers and the thermoelectric module (accounted 
for by the coefficients ζhot HX-TEM,contact loss, ζTEM-cold HX,contact loss) must be 
added (to Eq. (10)) along with the additional heat losses from the side 

Fig. 1. Theoretical variation of ηTEG for different ZT values when Tcold = 353.15[K] (specific to exhaust gas thermoelectric generators with coolant cooling) – heat 
exchanger efficiency and other practical losses are neglected. 
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surfaces of both the heat exchangers and the thermoelectric module legs 
(accounted for by the coefficients ζhot HX,side and ζTEM,side): 

ηTEG,system =ζhotHX,side⋅ηhotHX ⋅ζhotHX− TEM,contact⋅ζTEM,side⋅ηTEM ⋅
ζTEM− coldHC,contact⋅ηcold HX

(11) 

If the heat exchanger on the cold side is operating at temperatures 
above the ambient, heat losses to the ambient could improve the tem
perature gradient and heat flux through the thermoelectric device; thus, 
improving its efficiency. 

3.2. Analysis of efficiency 

As described in the previous section, the findings illustrate that there 
are significant differences in the presentation of the underlying equa
tions for thermoelectric generation. Furthermore, the analysis also 
highlighted numerous situations where it was not clear how the equa
tions were obtained. In both cases, it is possible to cause confusion and/ 
or the arrival of the reader at erroneous conclusions (this is also valid for 
Sections 5 and 9). With respect to the efficiency of thermoelectric de
vices, research and innovation should be focused on the identification of 
new solutions, technologies and materials that can further improve the 
figure of merit to reach a value of at least 5, although even a lower value 
might suffice for internal combustion engine waste heat recovery ap
plications. By doing so, the efficiency of the devices will be significantly 
increased, thus making them more attractive for vehicle manufacturers, 
especially for heavy-duty vehicles used in road transport. Achieving this 
target requires solutions to break the correlation between the three 
factors influencing ZT: Seebeck coefficient, electrical resistivity, and 
thermal conductivity. 

4. Thermoelectric modules design 

4.1. Materials 

When it comes to thermoelectric materials, the main challenges for 
researchers and manufacturers alike are: growth of material operating 
range to work at higher temperature differences, improvement of ZT, 
and/or development of low-cost materials to counteract the effects of 
low efficiency [8]. Other technological challenges involving the use of 
thermoelectric generators for high temperature operation (not only 
automotive), like the diffusion of atoms at the boundary of the semi
conductor and the metal, control of the mechanical stress, etc., are 
presented by Yazawa and Shakouri [43]. Note that there are several 
literature reviews regarding thermoelectric materials that deliver 
excellent classifications, thermoelectric properties, and material struc
tures [3,19,33,44]; hence, their comprehensive presentations are not 
presented in this effort. 

According to Zheng et al. [19], there has been no significant break
through in developing commercially available materials with high ZT 
values that are capable of replacing Bi2Te3 or other materials that are 
currently in use. The main causes identified are:  

• Tested materials have been manufactured in form factors specific to 
some type of specialized testing equipment, thus limiting testing;  

• Testing of thin film (1–10 μm) samples may require a difficult and 
time-consuming correction of end values to account for surface dis
locations, substrate interactions or even stress-induced effects;  

• Test errors and/or the use of inadequate equipment;  
• Measuring individual properties at large time intervals. Since these 

can vary in time and/or due to exposure to the test conditions, the 
resulting ZT value may be incorrect; 

• Measuring just two of the properties, with the third being extrapo
lated or chosen from literature, which can also lead to incorrect ZT 
values. 

Although peak ZT values of common thermoelectric materials vary in 
the range of 1–2.6 (Fig. 2 - top), one must be aware that these values are 
also a function of temperature. Typically, values provided in the liter
ature are mainly the peak values but their change with temperature is 
equally important to consider (Fig. 2 - bottom) [3] since in many ap
plications, like internal combustion engine exhaust waste heat recovery, 
the temperature of the heat source varies over a wide range. With 
respect to automotive applications, primary material requirements are: 
large ZT values, high reliability, low producing cost, high availability, 
low environmental impact, and large-scale manufacturing capabilities 
[45]. 

4.1.1. Thermomechanical properties 
Mechanical properties of thermoelectric materials are essential to 

consider along with their thermoelectric properties. Overall, to resist 
different external forces (bending, shaking, compression, etc.) and 
ensure long-term reliability of thermoelectric materials, a high elastic 
modulus is required [46]. Generally, thermoelectric generator modules 
used in automotive applications for waste heat recovery have to resist 
over 10,000 thermal cycles (i.e., variable thermal gradients from the 
cold start and the hot stop of the engine, temperature variations caused 
by the variable engine load) along with withstanding the mechanical 
vibration and shocks generated by the internal combustion engine, 
moving parts of the transmission, and unevenness of the road surface [4, 
47,48]. Since most thermoelectric materials are brittle, fracture strength 
(σf) is crucial to evaluate mechanical failure. Other mechanical prop
erties, such as Young’s modulus (E), hardness (HV), toughness (KC), 
Poisson’s ratio (ν), thermal shock resistance (Rth,shock), and coefficient of 
thermal expansion (αth,exp) are required for optimal design of thermo
electric modules [22,47]. 

4.1.2. Cost 
LeBlanc et al. [49] generated a comprehensive analysis of the ma

terial, manufacturing, and system costs for 30 thermoelectric materials 
with respect to the conversion efficiency. The authors estimated the cost 
of power generation in $/W by considering material, manufacturing, 
and heat exchanger costs for five scenarios involving different temper
atures (thermoelectric cooling – T = 10 ◦C, low temperature heat re
covery – T = 60 ◦C, solar thermal generator – T = 135 ◦C, automotive 
exhaust – T = 275 ◦C, and industrial furnace heat recovery – T = 425 ◦C). 
Furthermore, an appropriate device geometry is determined with 
respect to cost and performance. Note that the dominant design pa
rameters consider the ratio of the total area covered by the active 
thermoelectric material to the plate area, designated as the fill factor (F) 
and the leg length (L), respectively. Since there is a trade-off between 
material volume and power output, it can be concluded that an optimum 
geometry can be determined for minimum costs and maximum power 
output. The results for each of the scenarios involving power generation 
are presented in Table 1. Specific discussion involving the advantages 
and disadvantages of the materials provided in Table 1 can be found in 
the works of Yang et al. [33], Liu et al. [50], and Wei et al. [51]. 

In a different study, Ouyang and Li [52] analyzed the 
cost-performance ratio and the corresponding power output density and 
efficiency of multiple materials (with operating temperatures in the 
range 300–1000 K) from the following categories: skutterudites, 
half-Heusler, SiGe alloy, and chalcogenides. The authors modeled 
various segmented thermoelectric generators by considering tempera
ture dependent material properties, as well as electrical and thermal 
contact resistances for every interface between thermoelectric elements 
and between the thermoelectric element and the electrode. They arrived 
at the conclusion that thermoelectric materials exhibiting high power 
factors (e.g., half-Heuslers and Yb filled skutterudites) are preferable for 
applications where the cost is not a major concern. However, if there are 
cost limitations, the use of segmented thermoelectric generators that 
include thermoelectric materials with a high ZT can lead to a 
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Fig. 2. Peak ZT values (top – adapted from [33]) and comparison of state of the art ZT (bottom) in 2008 (marked with dashed lines (p-type) and dotted lines (n-type) – 
adapted from [29]) and 2017 (marked with continuous lines – adapted from [33]). 

Table 1. 
Cost of different thermoelectric generators with respect to material, manufacturing type and mean temperature [49].  

Scenario Mean temperature [◦C] Materials with lowest cost Manufacturing type Cost 

Low temperature 60 Bi2Te3 

Bi0.52Sb1.48Te3 

Bi0.52Sb1.48Te3 

Bulk 
Bulk 
Nanobulk 

< 100$/W 

Medium-Low temperature 135 Bi0.52Sb1.48Te3 

Bi0.52Sb1.48Te3 

AgPb18SbTe20 

Bulk 
Nanobulk 
Bulk 

< 20$/W 

Medium-High temperature 275 (Na0.0283Pb0.945Te0.9733) 
(Ag1.11Te0.555) 
AgPb18SbTe20 

Yb0.2In0.2Co4Sb12 

Zr0.25Hf0.25Ti0.5NiSn0.994Sb0.006 

Nanobulk 
Bulk 
Bulk 
Bulk 

< 6$/W 

High temperature 425 (Na0.0283Pb0.945Te0.9733) 
(Ag1.11Te0.555) 
AgPb18SbTe20 

Mg2Si0.6Sn0.4 

Zr0.25Hf0.25Ti0.5NiSn0.994Sb0.006 

Nanobulk 
Bulk 
Bulk 
Bulk 

< 6$/W  
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cost-performance ratio of approximately 0.86 $/W, an efficiency of 
17.8%, and a power density of 3.0 W/cm2. This makes them a possible 
solution for internal combustion engine exhaust gas thermoelectric 
generators. 

To estimate the power generation cost (G) on a $/W basis, the LeB
lanc et al. [49] applied the same equation as Yee et al. [53]: 

G =
C
Pel

=
4

α2σ(Thot − Tcold)
2
(m + 1)2

m

[
(
CM,B +CB

)
ρmatL

2 +
(
CM,A

)
L+

CHXhT L
F

]

(12)  

where C is the overall cost in $, Pel the output power in W, and m =
RLoad/RTEG. Here, CB is the cost associated with the bulk material, CM,B 
the manufacturing cost associated with processing the bulk material 
while ρmat is the density of the active material. The sum of CM,B and CB is 
designated as volumetric cost. CM,A represents the cost that scales with 
the area of the module, or areal module costs. Finally, CHX is the cost of 
both heat exchangers and hT their overall heat transfer coefficient. 

Hendricks et al. [54] expanded on the works of Yee et al. [53] and 
LeBlanc et al. [49] by removing key assumptions and constraints to 
account for heat exchanger heat flux effects and differences in thermal 
characteristics of the hot and cold side heat exchangers. This was 
accomplished while invoking the cold to hot side heat exchanger 
conductance ratio (≥10) developed in [55] to arrive at a more detailed 
cost equation:  

where AHX,TE_interface is the interface area between the heat exchanger 
and the thermoelectric element, UAHX the UA value of the heat 
exchanger, and KHX,hot the thermal conductance of the hot side heat 
exchanger. Using this equation, Hendrix [56] established the de
pendency of the optimum cost and fill factor on heat exchanger per
formance and heat exchanger flux. They concluded that, for the overall 
TEG system cost to drop below 3$/W, heat exchanger costs must be 
lower than 1$/(W/K) in comparison to thermoelectric material and 
manufacturing costs. Other efforts by Anderson and Brandon [57] 
concluded that it is unlikely that a reduction in material cost will 
contribute to a significant reduction in the overall cost, due to the high 
costs associated with module manufacturing (also supported by [19]). 

Finally, Hendricks et al. [54] determined for internal combustion 
engine exhaust gas TEG systems that the costs are usually determined 
by:  

• exhaust gas temperature,  
• ratio of the cold side to the hot side junction temperature,  
• ZT of the thermoelectric module (mainly the thermal conductivity 

and separately the module power factor),  
• hot side thermal conductance and the ratio of the cold side to hot side 

thermal conductance,  
• heat exchanger cost factor expressed in $/(W/K), and  
• parasitic thermal losses. 

Reviewing the literature presented in this section finds efforts 
regarding a system cost analysis for thermoelectric generators installed 
on the exhaust gas recirculation system or on the radiator with both as 
possible heat sources (see Section 6). 

4.2. Design and manufacturing 

The material covered in Sections 2, 3, and 9 of this effort highlights 
that the typical metrics for thermoelectric generators are its figure of 
merit (usually reported based on the material properties), efficiency, 
and power output. However, a thermoelectric module is comprised of 
more than just the thermoelectric conversion material and, therefore, a 
device-level discussion is required. According to Liu and Bai [58], the 
final assembled module can be split with respect to the key materials 
involved: thermoelectric conversion materials (used for the conversion 
of thermal to electrical energy), thermoelectric interface materials (used 
for ensuring a reliable transport of heat and electricity between the 
electrode strip and the thermoelectric elements with a minimum loss of 
energy), package material (used to prevent the evaporation of the 
thermoelectric conversion material and/or as thermal insulation), 
housing material (used to provide structural support as well as electrical 
insulation), and brazing or soldering material. This leads to multiple 
challenges that must be overcome to ensure durability and the desired 
module operating performance (e.g., the stresses that an automotive 
exhaust gas waste heat recovery thermoelectric generator must with
stand as discussed in Section 4.1): the development of a corresponding 
contact layer with respect to the thermoelectric material (since the 
thermomechanical stress at the semiconductor-metal interface is one of 
the main failure mechanism [59]), mitigating contact issues due to the 
mismatch of thermal expansion coefficients, appropriate packaging, etc. 
[60]. Considering these aspects, the manufacturing process that depends 
on the thermoelectric material employed becomes of particular impor

tance. For bulk materials, the traditional manufacturing process in
volves the following steps [61,62]:  

• Ball milling powders of the constituent elements followed by mixing,  
• Hot pressing or spark plasma sintering of the thermoelectric material 

into ingots,  
• Dicing of the ingots to form thermoelectric elements (legs) – for this 

step, the material brittleness is of great concern because any chipping 
or cracking of the thermoelectric element influences its thermal and 
electrical resistance [61],  

• Metallization,  
• thermoelectric element dicing,  
• Brazing or soldering of electrode strips and thermoelectric elements, 

and  
• Module assembly. 

Regarding thermoelectric module design, Glatz et al. [63] suggested 
that there are three approaches, depending on the heat flow through the 
device and the layout of the thermocouples: 

(a) Planar design – lateral heat flow with laterally fabricated ther
mocouples have the advantage of flexibility in terms of thermo
couple thickness and length (an increased length increases the 
thermal resistance and consequently the temperature gradient), 
as well as suitability for thin film deposition [64],  

(b) Vertical design – vertical heat flow with vertically fabricated 
thermocouples are the most commercialized type due to their 
simplicity, high thermocouple integration, and high output 
voltage [64], and  

(c) Mixed design – vertical heat flow with laterally fabricated 
thermocouples. 

G =
4

α2σ(Thot − Tcold)
2
(m + 1)2

m

[
1.1⋅κ⋅AHX,TE interface⋅F

KHX,hot
+ L

]2[(
CM,B +CB

)
ρmat +

CM,A

L
+

CHXUAHX

AHX,TE interfaceL⋅F

]

(13)   
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A more thorough presentation of thermoelectric modules design and 
manufacturing can be found in the effort of He et al. [60], where the 
authors discuss the following architectures: flat bulk, cylindrical bulk, 
thin- and thick-film, as well as flexible. Additionally, their effort covers 
thermoelectric generators used in wearable applications, thermoelectric 
generators with hot side pn junctions, as well as devices with orthogonal 
heat and electrical current flux directions. 

Further details concerning the manufacturing process, both tradi
tional and alternative, can be found in the works of LeBlanc [61], 
El-Desouky et al. [62], Jaziri et al. [64], and Du et al. [65]. With respect 
to device-level challenges, the efforts of He et al. [60], Liu and Bai [58], 
and Aswal et al. [66] provide thorough analyses. Finally, Araiz [67] 
discusses synergistic efforts regarding the assembly of thermoelectric 
generators and how it can impact their performance. 

4.3. Commercially available thermoelectric generators 

A selection based on operating temperature and output of commer
cially available thermoelectric modules is presented in Table 2 to 

provide an understanding of current TEM technology. For each manu
facturer, only thermoelectric modules with a power output greater than 
8 W were included. The price evaluation was done considering 50 $ a 
respectively medium price level. 

4.4. Multistage and functionally graded thermoelectric generators 

4.4.1. Segmented thermoelectric generators 
The strong correlation between the figure of merit and temperature 

limits the thermal stability of thermoelectric generators to a narrow 
temperature range and ultimately its use in internal combustion engine 
exhaust waste heat recovery applications considering that the exhaust 
gas temperature depends on the operating conditions (e.g., city traffic 
versus highway travelling). A possible solution to this issue is to use a 
series of segments (layers) made of different types of thermoelectric 
materials that work in narrower temperature ranges [78]. When these 
segments are in thermal and electric contact, they form a segmented leg 
(aka segmented thermoelectric generator or STEG [79]) that is able to 
work with a larger thermal gradient, subsequently producing greater 

Table 2. 
Selection of commercially available thermoelectric modules.  

Manufacturer Designation Material No. 
of 
TCs 

Size (width x 
length x 
height) [mm 
x mm x mm] 

Continuous / 
max power 
[W] 

Tc / Th for 
continuous 
power [◦C] 

Maximum 
allowable 
temperature 
[◦C] 

Efficiency at Th- 
Tc for 
continuous 
power [%] 

TEM 
Mass 
[g] 

Price 

Custom 
Thermoelectric  
[68] 

1261G-7L31- 
24CX1 

(Bi, 
Sb)2(Te, 
Se)3 

126 56 × 56 × 5 19.1 25/320 320 N/A 60 high 

European 
Thermodynamics 
[69] 

GM250-241- 
10-12 

N/A N/A 40 × 40 × 3.4 9.32 30/250 250 N/A N/A high 

European 
Thermodynamics 
[69] 

GM200-127- 
28-12 

N/A N/A 62.5 × 62.5 
× 4 

15.6 30/200 200 N/A N/A medium 

European 
Thermodynamics 
[69] 

GM250-127- 
28-10 

N/A N/A 62.5 × 62.5 
× 4 

28.3 30/250 250 N/A N/A high 

Everredtronics 
Limited [70] 

TEG126-60A (Bi, 
Sb)2(Te, 
Se)3 

N/A 56.5 × 56.5 14.6 30/300 400 ~ 4 N/A N/A 

Hi-Z Technology 
Inc. [71] 

HZ 20 (Bi, 
Sb)2(Te, 
Se)3 

71 74.68 ×
74.68 

20 / 36 50/250 350 ~ 5 102 medium 

Hi-Z Technology 
Inc. [71] 

HZ 14HV (Bi, 
Sb)2(Te, 
Se)3 

126 61.05 ×
71.05 × 7.87 

17 / 25 50/250 350 ~ 3 66 low 

Marlow Industries 
Inc. [72] 

TG12-8-01 N/A N/A 40.13 ×
44.70 × 3.76 

7.95 50/200 230 ~ 5 N/A low 

P&N Technology 
Co. Ltd. [73] 

TEG-127020- 
40 × 44-200 

N/A 127 40 × 44 × 3.3 8.5 30/200 250 N/A 23 medium 

TEGpro [74] TE-MOD- 
22W7V-56 

(Bi, 
Sb)2(Te, 
Se)3 

N/A 56.5 × 56.5 
× 5 

21.6 30/330 400 N/A N/A medium 

TEGpro [74] TGMT-19W- 
4V 

(Bi, 
Sb)2(Te, 
Se)3 

N/A 56 × 56 × 5 19.3 30/330 400 N/A N/A medium 

TECTEG MFR [75] TEG1-12610- 
4.3 

Bi,2Te3 126 40 × 40 × 4.3 5.2 30/300 320 N/A N/A low 

TECTEG MFR [75] TEG1-24111- 
6.0 

Bi,2Te3 241 56 × 56 × 6.0 17.6 30/300 320 N/A N/A medium 

TECTEG MFR [75] TEG1B- 
12610-5.1 

Bi,2Te3 126 40 × 40 × 5.1 7.1 30/300 320 N/A N/A low 

TECTEG MFR [75] TEG1-12611- 
8.0 

Bi,2Te3 126 56 × 56 × 8.0 13 30/300 320 N/A N/A high 

TECTEG MFR [75] TEG1-12611- 
6.0 

Bi,2Te3 126 56 × 56 × 6.0 14.7 30/300 320 N/A N/A medium 

Thermonamic [76] TELBP1- 
12656-0.45 

(Bi, 
Sb)2(Te, 
Se) 

N/A 56.5 × 56.5 21.7 30/350 400 N/A N/A N/A 

TXL Group [77] TXL-199-02Q (Bi, 
Sb)2(Te, 
Se) 

199 40 × 40 × 4.4 N/A 30/200 200 N/A 21 low  
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power as compared to an unsegmented thermoelectric generator under 
the same thermal condition [78]. A typical example of a segmented 
thermoelectric generator is shown in Fig. 3. Generally, in the case of a 
segmented thermoelectric generator, the pairs of two p and n legs consist 
of two or more segments made of different types of thermoelectric ma
terials. For example, skutterudite can be used for the 
medium-temperature segment and combined with bismuth telluride for 
the low-temperature segment [80]. However, to obtain the highest 
possible efficiency of segmented thermoelectric generators by ensuring 
the proper temperature range for each segment, it is necessary to 

consider the operating conditions of the internal combustion engine and 
its application (e.g., a truck travelling at constant speed on the 
highway). 

For a segmented thermoelectric generator, the length ratio of the 
different segments that form the legs can affect its performance. 
Consequently, to achieve enhanced performance, differentiated seg
mentation of the p-leg and n-leg is needed because of their respectively 
dissimilar thermal conductivity values. Generally, the parts of a 
segmented thermoelectric generator are connected both thermally and 
electrically in series. Subsequently, the same current and comparable 

Fig. 3. A typical segmented thermoelectric generator.  

Fig. 4. Method to mitigate the compatibility conflict in the direction of flow.  
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conduction of heat flows through each segment [81]. When the opti
mum power output of the individual segments forming the segmented 
thermoelectric generator appears at different current densities, a 
compatibility issue occurs. In the case of severe incompatibility, certain 
segments can actually deliver negative power output at a current that is 
optimal for other segments [82]. To avoid this problem, Snyder and 
Ursell [81] introduced a compatibility factor (Eq. (14)) as the value of 
the relative current density u (= J

κ∇T) where the thermoelectric gener
ator reaches its highest performance: 

s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
− 1

αT
(14) 

If the compatibility factors differ by a factor of 2 or more, the 
maximum efficiency of the segmented thermoelectric generator might 
decrease [81]. 

To mitigate this compatibility issue, Crane and Bell [82] recommend 
to vary the aspect ratio of individual segments by keeping their cross 
sections constant and varying their length until the value of the current 
matches the value for the best power output (Fig. 4). This way, the 
temperature difference for each segment can be set to a near-optimum. 

4.4.2. Cascaded thermoelectric generators 
Another potential solution to the energy conversion efficiency-heat 

source temperature issue is to use several independent thermoelectric 
modules installed in two or three cascade stages (Fig. 5). This design has 
the benefit of a respectively simple structure and easier manufacturing. 
Furthermore, it is recommended for high temperature heat sources like 
the exhaust gas of internal combustion engines. 

Each stage is made of thermoelectric modules adapted to the input 
temperature. The main challenge in manufacturing cascade thermo
electric generators is the appropriate choice of thermoelectric modules 
(usually made of different materials) since their combination affects the 
overall energy conversion efficiency [83]. In this area, Zhang et al. [83] 
analyzed two- and three-stage cascaded thermoelectric generators. For 
the first stage (the low temperature stage), the authors used Bi2(Se,Te)3 
and (Bi,Sb)2Te3 at a working temperature of 523 K. The second stage 
(the mid-temperature stage) materials were NaxCo2O4 and SLTO that 
worked with a relatively hot side temperature of 825 K. For the third 
stage (the high temperature stage), the authors chose TiO1.1 and ZnAlO 
as suitable materials for temperatures as high as 1223 K. For the 
two-stage thermoelectric generator, the efficiency was 13.2%; whereas, 
for the three-stage thermoelectric generator it increased to 13.5%. Since 
there is only a small difference between the two, they state it is prefer
able to use the two-stage design due to lower costs and a simpler build. 

4.5. Analysis of thermoelectric modules design 

Analyzing the findings described in the previous section, it can be 
concluded that materials are the basis for increasing thermal to electrical 
energy conversion efficiency, but one must also consider the device- 
level integration. Improvements in this area can also increase the 
number of potential applications for thermoelectric devices. Conse
quently, it is necessary to continue researching new materials, technical 
and manufacturing solutions that will allow improving efficiency, 
reducing the costs and the specific weight, while also eliminating 
polluting solutions that are currently used (like thermoelectric modules 
using lead). Additionally, considering the added cost of the system and 

Fig. 5. Cascaded thermoelectric generator design.  
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therefore the long periods for recovering of the investment, the use of 
thermoelectric generators for vehicle waste heat recovery requires the 
evaluation of the mechanical and thermal stress in specific conditions of 
vehicle operation for a better assessment of the thermoelectric generator 
durability and maintenance requirements. Multistage and functionally 
graded thermoelectric generators have proven to provide superior 
conversion efficiency, but they also require additional optimization 
effort and have higher costs. Therefore, research should focus on a new 
design approach that combines the benefits of segmented and cascaded 
segmented thermoelectric generators for a further increase in efficiency 
while ensuring the optimal temperature operating range for each 
component. 

5. Electrical and thermal characterization of thermoelectric 
generators 

5.1. Electrical characterization of thermoelectric generators 

For a constant temperature gradient across the thermoelectric 
module, at steady state, there is an almost linear relationship between 
electrical parameters. This allows for an electrical circuit analog 
modeling of the thermoelectric module as a series connection between a 
Direct Current (DC) source and an internal resistance (see Fig. 6). It must 
be noted that the internal resistance (RTEG) and the voltage of a ther
moelectric generator depend on the temperature gradient and the 
average temperature. More specifically, for a given temperature 
gradient, T should be as low as possible to minimize the influence on the 
internal resistance and consequently, on the voltage and power output 
[84]. When connecting a load (Fig. 6) the current passing through the 
circuit and the output will be: 

ILoad =
VOC

RTEM + RLoad
=

α⋅ΔT
RTEM + RLoad

(15)  

where VLoad is the load voltage. Finally, the power of the load (PLoad) is: 

PLoad = VLoad⋅ILoad = RLoad⋅I2
Load = RLoad

(
α⋅ΔT

RTEM + RLoad

)2

(16) 

Often, thermoelectric generators used in automotive exhaust waste 
heat recovery applications are made of many thermoelectric modules 
(Fig. 6 – right) to increase the output. However, since the temperature 
gradient across the thermoelectric generators (Fig. 7) is often not uni
form [86,87], this can cause circulating currents in the array of ther
moelectric modules that decreases system efficiency. 

5.2. Thermal characterization of thermoelectric generators 

The heat flow through the thermoelectric generator device is gov
erned by its electrical and thermal conductivity. To maintain a tem
perature gradient across the module, the thermal conductivity must be 
respectively low [88]; however, this conflicts with heat flux re
quirements. As mentioned in Section 3, a low thermal conductivity de
creases the heat flux through the devices and limits its power output 
[40]. In the case of a system with a minimum required power output, 
this can increase the number of thermoelectric modules and conse
quently the total weight, which, for automotive waste heat recovery 
applications would reduce the net output of the system. In addition, 
electrical conductivity influences the temperature gradient by means of 
the Joule effect (see Section 2, Eq. (3)). To minimize this influence, 
electrical conductivity should be as high as possible. Neglecting the 
spreading thermal resistance and contraction thermal resistance be
tween the thermoelectric modules and the heat exchangers, as well as 
the fin efficiency, Fig. 8 shows the equivalent thermal circuit of a ther
moelectric generator installed on the exhaust system of an internal 
combustion engine, which consists of a hot side heat exchanger, a 
thermoelectric module, and a cold side heat exchanger with coolant 
cooling. 

If a load is connected to the module, the Thomson effect and the heat 
transferred from the hot side to the cold side around the legs are 
considered negligible; however, the Peltier (Eq. (6)) and Joule (Eq. (3)) 
effects cannot be neglected. Hence, the amounts of energy transferred by 
heat at the two junctions are: 

QTEM, hot = KTEM ⋅(Thot − Tcold) + αIThot −
1
2
I2RTEM = KHX,hot⋅

(
Thot,source − Thot

)

(17)  

QTEM, cold = KTEM ⋅(Thot − Tcold) + αITcold +
1
2
I2RTEM

= KHX,cold⋅
(
Tcold − Tcold,sink

)
(18)  

where KTEM is the thermoelectric module conductance, while KHX, hot 
and KHX, cold designate the thermal conductance of the hot side and cold 
side heat exchangers, respectively. 

5.3. Analysis of electrical and thermal characterization 

The complexity and multitude of physical parameters that govern the 
operating efficiency of thermoelectric generators requires a thorough 
understanding of the interactions between their thermal and electrical 

Fig. 6. Equivalent electric circuit of a thermoelectric module (left) and generalized structure of thermoelectric generators (right) (adapted from [85]).  
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characteristics and the conflicting requirements for achieving high 
performance. This section sought to present these aspects with an 
adequate level of detail, as means of underlining the importance of 
interdisciplinary research for thermoelectric generator development. 
Possible research directions can arise from the primary parameter used 
to describe the potential of thermoelectric materials: the figure of merit. 
This links the Seebeck coefficient, electrical conductivity, and thermal 
conductivity or, in other words, the electrical and thermal characteris
tics. Consequently, to overcome the low efficiency barrier of thermo
electric generators, future research should focus on decoupling the 

Seebeck coefficient and the electrical conductivity to increase the power 
factor without negatively influencing thermal characteristics. With 
respect to the thermal conductivity, additional research is required to 
determine the optimum compromise between a large temperature 
gradient across the thermoelectric generator and a high heat flux. 

6. Design considerations for automotive thermoelectric 
generators 

A general schematic of a TEG system is presented in Fig. 9 and 

Fig. 7. Differences in temperature gradient across different modules of a thermoelectric generator.  

Fig. 8. Equivalent thermal circuit of an automotive exhaust gas thermoelectric generator.  

Fig. 9. General schematic of a thermoelectric generator system.  
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consists of the following [85]:  

• Hot side heat exchanger – used to extract the maximum possible 
amount of heat from the heat source to ensure a high temperature on 
the hot side of the thermoelectric modules. 

• Thermoelectric generator – the material and number of thermo
electric modules, as well as the size of the thermoelectric generator 
are chosen considering the operating temperature range and 
required power output. 

• Cold side heat exchanger – used to reject heat to ensure a low tem
perature on the cold side and, therefore, a significant temperature 
gradient across the module.  

• Power management system – processes the electrical output of the 
thermoelectric generator and delivers the resulting electrical power 
at a suitable voltage level for the loads. Generally, it consists of a DC- 
DC converter and a control algorithm responsible for maximizing or 
stabilizing the electrical power delivered to the loads.  

• Energy storage device – usually a battery that must compensate for 
any mismatch between the load demand and the generated power. 

When considering the use of thermoelectric generators for waste heat 
regeneration from an internal combustion engine, one important ques
tion that arises is whether the thermoelectric generator system is 
compatible with the original design of the heat source (i.e., exhaust 
system, exhaust gas recirculation, radiator, etc.) regarding the amount 
of heat that can be supplied to the thermoelectric generator, or does the 
latter have to be modified to allow for an optimum heat transfer to the 
thermoelectric generator [21]. Here, a suggested TEG system design 
approach [8] is the following:  

• Research thermoelectric materials to achieve the highest possible ZT 
through the operating temperature range of the thermoelectric 
generator, 

• Analyze heat exchanger designs and their coupling to the thermo
electric modules,  

• Examine the possible connection modes (series / parallel / mixed) 
and the algorithm (maximum efficiency point tracking or maximum 
power point tracking) employed to optimize the thermoelectric 
generator operating point and transfer maximum power to the load,  

• Complete numerical studies to optimize the thermoelectric 
generator. 

One key factor in this process is acknowledging the fact that, in 
practical applications, the power generated by a specific module for a 
certain temperature gradient may differ from the datasheet specifica
tions. One reason for this dissimilarity can be the testing method (i.e., 
the lack of a standard testing method [89–91]). Sometimes testing is 
done under vacuum and, in this case, convection losses are lower 
compared to testing in air; hence, the reported thermoelectric generator 
performance is higher. Consequently, it is recommended to test one 
module using application specific conditions to determine any discrep
ancies with the datasheet [85]. 

Another important factor is the specific cost per W of the TEG system 
(see Eqs. (12, 13)) and the rate of return. A series of studies performed by 
FIAT and Chrysler as part of the HEATRECAR (reduced energy con
sumption by massive thermoelectric waste heat recovery in light-duty 
trucks) project [92] estimated a specific cost per W of electrical power 
of approximately 8.4€/W of which approximately 20% is the cost of 
Bi2Te3 and 73% the manufacturing cost. The same study underlined a 
maximum accepted cost for thermoelectric generation depending on 
vehicle type:  

• Personal car or gasoline-hybrid taxi: 0.5€/W  
• Light-duty truck or freightliner in USA: 0.7€/W  
• Light-duty diesel truck or freightliner: 1.5€/W  

• Conventional diesel taxi: 3€/W 

A more recent study performed by Heber and Schwab [93] showed 
that at peak power output it is possible to achieve a cost as low as 
1.2€/W but this is not always achieved during normal vehicle operation. 
The authors also highlighted that the thermoelectric modules currently 
available on the market cannot be used to achieve an amortization 
period of less than three years. In another study, Kober [94] demon
strated that it is possible to achieve both a high performance and low 
cost of the thermoelectric generator by applying a holistic approach that 
demands a highly integrated thermoelectric generator design, consid
eration of all system interactions, weight, and installation space, opti
mization of the thermoelectric generator in driving cycles, as well as cost 
modelling. Using this method, he was able to achieve a cost-benefit ratio 
of 81.3€/(g/km) (or 2.9 CO2 g/km) for a conventional vehicle and 
54.8€/(g/km) (or 5.4 CO2 g/km) for a hybrid vehicle over the World 
Harmonized Light Vehicles Test Cycle (WLTC). 

Reviewing the literature and the efforts of Schock et al. [95] and 
Zheng et al. [19], it was found that there are several challenges to 
overcome before thermoelectric generators can become viable for 
automotive usage:  

• Developing thermoelectric materials with high efficiencies and an 
appropriate cost to power ratio for the defined operating tempera
ture ranges [52],  

• Ensuring an appropriate heat transfer on the hot side (Section 7) and 
an appropriate cooling solution (Section 8) with minimum parasitic 
losses [96,97] (see also Table 4), 

• Mitigating engine/road induced vibrations that influence thermo
electric generator components [19],  

• Improving robustness, since failure of a single coupling leads to 
failure of the entire module [60,95] (see also Fig. 9), and 

• Diminishing interface failures from mismatches in thermal expan
sion coefficients and/or poor bonding [95]. 

In addition to these general challenges, the use of thermoelectric 
generators installed on the exhaust pipe, exhaust manifold [98], or the 
exhaust gas recirculation system of an internal combustion engine poses 
the following issues:  

• Temperature of the exhaust gases can be as low as 90◦C while also 
possibly exceeding 1000◦C (see Figs. 16 and 17 as well as Table 3),  

• Both the exhaust gas mass flow and temperature are influenced by 
load and speed, which are further influenced by the driving condi
tions and/or style [19,93],  

• Gas temperature decreases along the exhaust pipe (see Fig. 7),  
• Exhaust pipes are usually annular (consequently, high compatibility 

and performance would require an annular thermoelectric generator 
[99]), and  

• Due to the high temperatures involved, thermoelectric generators 
are prone to sublimation issues [19,95]. 

For radiator thermoelectric generators, the main additional issue is 
that the source temperature is relatively low (80–100 ◦C [30]) and 
consequently the temperature gradient is small. This leads to lower ef
ficiencies as compared to thermoelectric generators using exhaust gas as 
energy source. 

Another critical issue of thermoelectric generators for automotive 
applications is its added weight that negatively impacts fuel consump
tion. According to Rowe et al. [100], the power penalty is approximately 
12 W/kg, meaning that the power output of the TEG system must exceed 
this value, otherwise it will lead to an undesired increase in fuel 
consumption. 

Considering the prior mentioned factors, TEG system development 
should focus on: 
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• Stabilization and uniform distribution of temperature on the hot side 
to avoid fluctuations and overheating of the thermoelectric modules 
(see Section 7);  

• Appropriate selection of thermoelectric materials with respect to 
operating conditions to lower costs and achieve the maximum 
possible efficiency (good thermomechanical properties, environ
mentally friendly, low cost, high figure of merit, investigation of 
segmented legs and cascaded thermoelectric generators, etc. – see 
Section 4);  

• A holistic approach for the thermoelectric generator optimization 
together with the consideration of all system interactions, weight, 
and installation space, optimization of the thermoelectric generator 
in driving cycles, as well as cost modelling [94],  

• Testing of the TEG system under the thermal and mechanical stresses 
caused by driving conditions with the aim of providing optimum 
thermal conductivity and a long lifetime [19,93]; and  

• Lightweight thermoelectric generator development (see Section 6.2). 

6.1. Installation position and operating conditions 

For automotive applications, several factors must be considered 
when choosing TEG system installation position: 

• Ensuring the maximum possible performance of the system (tem
perature and mass flow rate must be considered) [19],  

• Space limitations (depending on the installation location) [19,93],  
• Design of cooling system (depending on the type of cooling fluid) 

[101–103],  
• Avoiding thermoelectric generator damage from exposure to high 

temperatures [95], and 
• Mitigating the negative effect of the TEG system on internal com

bustion engine performance and aftertreatment devices (see Section 
6.2). 

There are several possible locations where the exhaust pipe appears 
to be the most attractive due to high temperatures (Figs. 10 and 11 – it 

must be noted that the temperature values presented in these figures are 
specific to compression ignition engines; in contrast, the temperature 
values encountered in the exhaust system of spark ignition engines are 
usually higher) and mass flow rates. However, this poses some 
challenges:  

• The variable nature of vehicle internal combustion engine operation 
leads to unsteady exhaust gas temperatures and mass flow rates. 
Consequently, the temperature on the hot side of the thermoelectric 
generator elements varies constantly. Two issues arise from this:  
○ Fluctuation of generated power – note: this can be addressed with 

the control algorithm (see Section 9),  
○ Under specific engine operating conditions, the temperature of the 

exhaust gas may exceed the maximum threshold of the thermo
electric generator, thus damaging it; this issue can be solved with a 
bypass (see references [104,105]), heat pipes (see Section 7.1), or 
phase change thermal storage (see Section 7.2).  

• Interference with the exhaust gas aftertreatment system (ATS). The 
use of thermoelectric generators before the exhaust gas aftertreat
ment system can cause a significant decrease of the exhaust gas 
temperature and hinder the operation of catalytic converters, par
ticulate filters, etc. This can be avoided by either limiting the amount 
of extracted heat or by installing the thermoelectric generator after 
the exhaust gas aftertreatment system. 

A good overview of manufactured and tested exhaust gas thermo
electric generator systems can be found in the efforts of Shen et al. [4] 
and Orr et al. [24]. It must be noted that there are studies which high
lighted the benefits of using thermoelectric generators with an exhaust 
gas aftertreatment system. For example, a recent study performed by 
Massaguer et al. [106] showed that it is possible to use the energy 
recovered with the TEG system to improve the performance of the 
exhaust gas aftertreatment system during cold starts events. A different 
study, performed by Wan et al. [107] illustrated that the thermoelectric 
generator, catalytic converter, and muffler could be combined to form a 
single unit with benefits in terms of temperature distribution uniformity, 
as well as weight. 

Table 3 
Maximum temperature slopes for different engines  

Engine / Fuel Exhaust gas temperature at idle [◦C] Exhaust gas temperature at high load [◦C] Maximum temperature slope [◦C/s] 

SI / Gasoline 90 1000 [110] 45.50 
SI / Ethanol 90 775 [111] 34.25 
SI / CNG 90 900 [112] 45.50 
SI / LPG 90 765 [113] 33.75 
SI / H2 90 450 [114] 18.00 
CI / Diesel 90 850 38.00 
CI / Biodiesel 90 600 [115] 25.50  

Fig. 10. Example of TEG installed on the exhaust pipe of a compression ignition engine – peak temperature values.  
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Approximately 30% of the energy rejected by the internal combus
tion engine (Section 1) is lost through dissipation in the cooling circuits; 
hence, other possible waste recovery locations exist. Such a potential 
location is the radiator, where the coolant containing the larger part of 
the heat rejected through the cylinder walls is cooled. The main 
advantage is that there is no need for an additional heat exchanger. 
However, one must consider the lower temperatures of the coolant as 
compared to the exhaust gas. 

As one of the main means to reduce nitrogen oxides (NOx) emissions, 
modern engines employ exhaust gas recirculation. In this case, a part of 
the hot exhaust gases (high pressure exhaust gas recirculation) is 
directed back into the cylinder through an exterior pipe that connects 
the exhaust manifold with the intake pipe. Furthermore, to allow for an 
additional NOx reduction, cooling of these exhaust gases is employed by 
using an exhaust gas recirculation cooler. Since hot exhaust gases (with 
temperatures on the order of 600–850 K [95]) pass through a heat 
exchanger (the cold side is ensured by the coolant), this becomes an 
attractive installation location for the thermoelectric generator. 

6.2. Thermoelectric generator systems installed on automotive internal 

combustion engine exhaust 

One of the biggest challenges when using thermoelectric generators 
installed on the vehicle exhaust pipe is to determine the optimum trade- 
off between heat extraction and power loss (due to an increased exhaust 
backpressure, as well as its added weight). In the case of forced con
vection liquid/air cooling systems, the additional power consumption of 
the pump/fan must also be included. Moreover, if engine coolant is used 
as the cooling fluid, this puts additional stress on the radiator due to the 
increased heat input (i.e., extracted by the thermoelectric generator 
from the tailpipe and rejected to the coolant), which could ultimately 
increase the power consumption of the radiator fan. This is of critical 
importance for a correct evaluation of the efficiency benefit to recover 
wasted thermal energy. In this sense, Ezzitouni et al. [108] find that by 
using current thermoelectric materials there is only a limited operating 
range where the use of a thermoelectric generator can lead to an in
crease in global efficiency. 

Considering that the measured power output of the thermoelectric 
generator is PTEG, the net power Pnet produced by a coolant-cooled sys
tem can be expressed as [101–103]: 

Pnet = PTEG − Pwt loss − PΔp loss − Ppump loss − Pother loss

= PTEG −
WTEG⋅froll⋅vvehicle

ηtransm
− V̇exh⋅Δp − Ppump loss − Pother loss

= PTEG −
WTEG⋅froll⋅vvehicle

ηtransm
−

ṁexh

ρexh
Δp − Ppump loss − Pother loss

(19)  

where Pwt_loss is power loss due to the added weight of the thermoelectric 
generator, PΔp_loss is the power loss due to the pressure drop across the 
hot side heat exchanger of the thermoelectric generator, Ppump_loss the 
cooling pump power consumption (for a forced convection air-cooled 
system, this becomes the fan power), Pother_loss the additional power 
losses that can be caused by increasing the heat input to the radiator 
(and/or power requirement of power electronics [61]), V̇exh the volu
metric flow of exhaust gas, Δp the pressure drop across the hot side heat 
exchanger of the thermoelectric generator, ṁexh the mass flow of exhaust 
gas, and ρexh the density of exhaust gases. Since installing the thermo
electric generator usually involves a change in the cross-section of the 
exhaust pipe, the pressure drop can be expressed as:  

where hL_total is the total head loss (comprised of expansion, friction, and 
contraction losses), KL_inlet and KL_exit are the loss coefficients for the inlet 
and exit section respectively, f is the Darcy–Weisbach friction factor, 
LTEG,HX, DTEG,HX, vTEG,HX the length, hydraulic diameter, and average 
exhaust gas flow velocity inside the TEG heat exchanger, respectively, 
while vinlet and vexit are the average flow velocities at the thermoelectric 
generator heat exchanger inlet and exit, respectively. 

The efficiency (ηe) of an internal combustion engine can be expressed 
as: 

ηe =
Pe

ṁf ⋅LHV
(21)  

where Pe is the brake power of the engine in kW, ṁf the fuel consump
tion in kg/s and LHV the lower heating value of the fuel in kJ/kg. The 
amount of fuel burnt to produce the electrical power Pel by using the 
alternator can be expressed as: 

ṁf alt =
Pel

ηaltηeLHV
(22) 

For example, Massaguer et al. [109] determined that, for a mid-size 

Fig. 11. Example of thermoelectric generator installed on the exhaust pipe of a compression ignition engine – mean temperature values.  

Δp =
ṁexh

ρexh
⋅hL total⋅ρexh⋅g = ṁexh⋅

(

KL inlet⋅
vinlet

2

2
+ f

LTEG,HX

DTEG,HX

vTEG,HX
2

2
+KL exit⋅

vexit
2

2

)

(20)   
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vehicle under the WLTP cycle, the fuel burnt due to alternator usage can 
be as much as 4.26%. By using an exhaust thermoelectric generator with 
34 bismuth telluride thermoelectric modules and water cooling they 
were able to achieve a 0.53% improvement in fuel consumption. 

When installing a TEG system, the amount of fuel burnt to produce 
the same amount of electrical power depends on the pressure loss across 
the hot side heat exchanger of the thermoelectric generator: 

ṁf TEG =
PΔp loss

ηeLHV
(23) 

By extracting enough electrical energy to replace the alternator 
(assuming the same weight for the TEG system and the alternator), the 
efficiency of the internal combustion engine can be improved. For the 
same amount of fuel burnt, the efficiency of the engine (see Eqs. 
(19–23)) can be expressed as (Eq. (24)): 

ηe TEG = ηe⋅
(

1+
Pnet

Pe

)

(24) 

One other challenge in automotive systems is the dynamic modula
tion in exhaust pipe surface temperature and the peak surface temper
ature. For example, an internal combustion engine can rapidly switch 
from idle to high loads; thus, leading to dramatic temperature changes. 
Based on exhaust gas temperatures usually encountered for various 
engine types, assuming the time interval to achieve maximum operating 
temperature is 20 s, the estimated maximum temperature slopes for 
several engines are given in Table 3: 

Chen et al. [116] analyzed, among others, the simulated influence of 
temperature oscillation (sinusoidal) at the hot side surface on the per
formance of thermoelectric generators. Their findings showed that the 
power output can increase when the temperature fluctuates, especially 
under low temperature gradients. The efficiency was found to either 
decrease (negligibly) or remain constant. Shittu et al. [117] arrived at 
similar conclusion, but they used a rectangular pulsed heat input. In 
contrast, Fan and Gao [118], found that for an annular segmented 
thermoelectric generator, if the total heat flow is constant, a pulsed heat 
input improves only the peak power output values without any change 
to the mean values. However, this increases the von Mises stress and 
affects its reliability. In another study, Chen et al. [119] determined that 
thermoelectric generator performance is not influenced by the period of 
fluctuation, but only by the amplitude; i.e., the higher the amplitude, the 
greater the output. Furthermore, the authors analyzed only a single p-n 
coupling. In case of a TEG system, temperature fluctuations decrease 
performance since there will be modules performing under different 
(lower temperature gradient) operating conditions; thus, leading to an 
electrical mismatch of the interconnected thermoelectric modules. 

There are solutions proposed to solve this issue, like the adaptive 
removal and revival method proposed by Chen [120] or the dynamic 
reconfiguration of thermoelectric modules proposed by Baek et al. 
[121], both of which are covered in more detail in Section 9. 

The exhaust pipe peak surface temperature has a significant influ
ence on TEG system design decisions, since it allows the system designer 
to estimate the maximum heat flux, as well as identify the worst-case 
operating temperature situation. For example, test cycles like the 
NEDC are inadequate [122] because the engine load and, consequently, 
the exhaust gas temperature are well below the optimum values 
(Fig. 12). 

6.3. TEG systems for other engine components (radiator, exhaust gas 
recirculation path, and oil pan) 

Kim et al. [123] and Baatar and Kim [124] investigated the possi
bility of replacing the radiator with a thermoelectric generator using 
engine coolant as the heat source and air-cooling for heat rejection. The 
thermoelectric generator uses a sandwich structure that comprises a hot 
side block through which coolant flows and two cold side blocks with 
128 integrated heat pipes connected to air-cooled heat sinks. The ther
moelectric generator has a width of approximately 80 mm, a height of 
250 mm and a length of 740 mm, thus allowing 72 40 mm x 40 mm 
Bi2Te3 modules to be installed. For the study, the system was integrated 
in a vehicle with a 2.0 L engine, which itself was part of a vehicle 
simulator. The tests were performed at idle and at a vehicle speed of 80 
km/h. At idle, the measured hot-side temperature ranged from 90 to 
95 ◦C; whereas, the cold side temperature was approximately 70 ◦C. In 
this case, the authors determined a maximum output power of 28.5 W 
(30 V and 3.8 A) for a module efficiency of 0.9%. At 80 km/h, the hot 
side temperature increased to 95–100 ◦C, while the cold side tempera
ture decreased to approximately 45 ◦C. In this case, the system gener
ated 75 W (50 V and 6 A) for a module efficiency of 2.1%. The overall 
efficiency was estimated to be around 0.3%. 

More recently, Abderezzak and Randi [125] investigated the po
tential of a Bi2Te3 radiator thermoelectric generator using three analysis 
methods: simulation (one-dimensional steady state model), experi
mental work on a vehicle (the thermoelectric module installed between 
the radiator and an additional heat sink), and experimental work on a 
test bench (the thermoelectric module is installed between two water 
HXs in controlled conditions). The experimental results showed a 
maximum output power of 1.68 W for the vehicle test and 1.79 W for the 
test bench test. In contrast, the calculated power was 1.88 W. The au
thors noted that the peak efficiency was 3.85%. 

Similar low thermoelectric generator efficiency was found by Schock 

Fig. 12. Load and speed range covered by different test cycles.  
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et al. [95] who implemented a skutterudite thermoelectric generator in 
the exhaust gas recirculation cooler of a Cummins ISX engine equipping 
a class 8 truck. A 10 module thermoelectric generator was developed 
which, when operated under a temperature gradient of 550◦C, produced 
50.12 W of power. The measured module efficiency was 4%, while 
overall efficiency of the thermoelectric generator was estimated at 0.7%. 

Analogous work done by Lan et al. [105] studied a TEG system 
mounted in the exhaust gas recirculation path of a CAT C6.6 heavy-duty 
engine. To avoid subjecting the thermoelectric generator to damaging 
temperatures, the authors modified the exhaust gas recirculation valve 
operation to control the exhaust gas flow rate. Four thermoelectric 
modules connected in series were mounted on both sides of the hot side 
heat exchanger. The cold side temperature was maintained using chilled 
water. Based on engine test bench data, the authors validated a simu
lation that predicted output power of 170–224 W for a thermoelectric 
generator using 20 thermoelectric modules. The authors also noted that 
optimizing the hot side heat transfer can increase system power output 
by as much as 25.8%. Here, it is worth noting that thermoelectric gen
erators installed in exhaust gas recirculation coolers (EGR-TEG) have a 
significant advantage compared to exhaust gas pipe thermoelectric 
generators in terms of cost, since the components required for a TEG 
system (e.g., hot side heat exchanger, coolant flow) are already present. 

Interestingly, Aljaghtham and Celik [126] find that it is possible to 
recover waste thermal energy from the oil pan. Using Multiphysics 
simulations (without experimental validation of the TEG system), the 
authors analyzed three oil pan geometries (flat, with a single step, and 
with multiple steps) with and without fins. Furthermore, they performed 
an optimization study to identify the optimum thermoelectric module 
size, number of thermoelectric modules, and the design (shape and size) 
of the oil pan. The cooling of the thermoelectric modules was accom
plished using the air flow caused by the movement of the vehicle 
(standard passenger car and heavy-duty vehicle). Considering a constant 
engine oil temperature of 110 ◦C, 192 thermoelectric modules installed 
on the multiple steps oil pan with cooling fins and a vehicle speed of 120 
km/h, the authors showed that it is possible to achieve a output power of 
751 W at an ambient air temperature of 0 ◦C and 453 W at 25 ◦C, 
respectively, for the passenger car. The efficiency of the thermoelectric 
generator ranged between 5 and 9% for temperature gradients of 43 to 
76 ◦C. Additionally, the authors analyzed a 6-cylinder compression 
ignition Cummins ISX engine with 2100 thermoelectric modules. At a 
vehicle speed of 110 km/h, the peak output power was 2713 W at 0 ◦C 
and 1636 W at 25 ◦C. Furthermore, the authors predicted an emission 
reduction of 11 g CO2/km for the passenger car and 38 g CO2/km for the 
heavy-duty vehicle. It must be noted that removing this much heat from 
the oil pan can cause unintended adverse effects on internal combustion 
engine operation due to a decrease in oil temperature which leads to a 
higher viscosity. This will then cause a lower engine efficiency, as well as 
increased pollutant emissions due to lower combustion chamber surface 
temperatures. The solution proposed by Aljaghtham and Celik [126] 
could be combined with the one proposed by Lan et al. [127] that sug
gests a thermoelectric generator can operate both as waste heat recovery 
system and a heat pump to reduce the engine warm-up time. By oper
ating the thermoelectric generator in engine warm up mode, they were 
able to illustrate through simulations a 7 ◦C higher oil temperature in the 
first 100 s after start as compared to the baseline. Their study also 
showed that the engine oil reached 100 ◦C at 188 s (25%) and 88 ◦C at 
431 s (38%) earlier than the baseline over the NEDC. However, to 
recover the energy used during the warm-up phase, longer waste heat 
recovery operating durations are required. 

6.4. Analysis of design considerations for automotive thermoelectric 
generators 

The use of thermoelectric generators for waste heat recovery in ve
hicles requires multiple compromises and optimizations, which opens 
numerous possibilities for further research and innovation. In this sense, 

it necessary to continue researching low impact solutions (tested in real 
driving conditions) that solve the conflict between the efficient use of 
thermoelectric generators for exhaust gas waste heat recovery and the 
operation of the exhaust gas aftertreatment system. For example, one 
possible solution for fast catalyst heat-up is to employ a close-coupled 
three-way catalyst, which reduces heat losses and ensures high 
exhaust gas temperatures during the engine cold start. However, after 
the warm-up phase has ended, the close-coupled catalyst is subjected to 
high temperatures that can cause sintering of the active material; thus, 
limiting the amount and type of material used and ultimately its effi
ciency. Consequently, a thermoelectric generator, with a bypass, could 
be installed before this catalyst to extract a part of the thermal energy 
contained in the exhaust gases before it reaches the catalyst. This will 
help control the exhaust gas temperature and, at the same time, generate 
electrical energy. A similar approach could be applied before the 
exhaust gas recirculation cooler, which could allow for reducing the 
stress on the cooling system. 

The low efficiency of the system and the lack of efficient solutions for 
vehicle waste heat recovery is also owing to the nonuniform tempera
ture distribution, the large overall dimensions of thermoelectric gener
ators, as well as the negative impact on internal combustion engine 
operation (increasing heat exchanger efficiency comes at the cost of 
increased backpressure). Consequently, research efforts should be 
directed in these directions as well. Additional benefits could be ob
tained by solving the issue of thermoelectric module efficiency at low 
temperature gradients, which would make it possible to extend the use 
of radiator thermoelectric generators. Finally, considering that city 
traffic leads to large periods of exhaust gas recirculation operation and 
that there are significant efforts to increase the operating range of 
exhaust gas recirculation for highway vehicles, more effort should be 
directed towards the use of EGR thermoelectric generators. The main 
advantage of these solutions is the presence of the exhaust gas recircu
lation cooler that uses coolant for lowering exhaust gas temperature and 
therefore providing all required elements in one location. As described 
in the previous section, the use of the engine oil pan as a heat source has 
shown potential but strongly depends on the vehicle velocity and the 
ambient temperature. 

7. Heat extraction and temperature distribution on the hot side 

For some applications, direct exposure of the thermoelectric modules 
hot side to the heat source can be difficult or even impossible without a 
major system redesign. Therefore, an additional element, usually a heat 
exchanger, is required to extract thermal energy from the heat source 
and transfer it to the hot side of the thermoelectric modules. As a result, 
not all available heat is transferred to the hot side of the thermoelectric 
modules. The amount of heat transferred between the heat source and 
the thermoelectric material, and ultimately the system efficiency, de
pends on the heat exchanger efficiency. In other words, system effi
ciency cannot be predicted solely based on the efficiency values of the 
modules or the corresponding materials (see Eq. 11) [41]. In this sense, 
even if commercially available thermoelectric modules have an effi
ciency of 5–10%, system efficiency will be lower. Consequently, the heat 
extraction ability of the hot side heat exchanger is decisive for system 
operation. 

Another critical factor for thermoelectric generator operation is the 
temperature distribution [87]. More precisely, a uniform temperature 
distribution is desired since TEG systems are usually comprised of an 
array of thermoelectric modules connected to a single power converter. 
As more thermoelectric modules are added, the surface area covered by 
the thermoelectric generator increases, and the position of the modules 
relative to the thermal energy source becomes asymmetric. As a result, it 
is possible for the thermoelectric modules to be subjected to different 
temperature gradients [86]. The possible causes of the uneven temper
ature distribution are thermal variability of the heat source (exhaust 
gases), uneven distribution of the mechanical clamping force among the 
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modules, or different conduction coefficients of the modules. 
Considering a given number of identical thermoelectric module 

working in the same environment and with the same cold side temper
ature, if the temperature distribution on the hot side is not uniform, this 
leads to a different temperature gradient across each thermoelectric 
module (Fig. 7). Using Eq. (9) to determine the efficiency, it can be 
stated the efficiencies of the considered thermoelectric modules will be 
different. Furthermore, having dissimilar temperature gradients across 
each thermoelectric module leads to different power outputs [128,129] 
and this, combined with the connection mode, can cause a system output 
lower than the sum of the individual thermoelectric module outputs (see 
Section 9). 

The heat extraction method on the hot side (with respect to the heat 
transfer mechanism) strongly depends on the heat source. For automo
tive applications, it can be both conduction (hot surfaces of the engine 
block, radiator, oil pane etc.) and convection (exhaust gases). For 
exhaust gas waste heat recovery systems, one challenge is to overcome 
the relatively large thermal resistance between the exhaust gases and the 
hot side of the thermoelectric generator. This is a result of the low heat 
transfer coefficient, specific to the gas-solid heat transfer, the thermal 
resistance of the heat exchanger and the contact resistance between the 
surfaces of the hot side heat exchanger and the thermoelectric generator 
hot side. In combination with a relatively small heat transfer area, the 
ability to extract heat is therefore limited. As a result, a temperature 
gradient between the hot exhaust gases and the hot side of the ther
moelectric generator is established, which reduces the possible contri
bution to the power output and efficiency of the thermoelectric 
generator. 

There are various methods of reducing the thermal resistance be
tween the exhaust gases and the hot side of the thermoelectric generator: 
e.g., heat pipes (see Section 7.1), improved heat exchanger materials 
and/or design etc. For example, Kempf and Zhang [130] studied the use 
of silicon carbide (SiC) for the heat exchanger and found that it has a 
25% higher efficiency than a stainless steel heat exchanger. In parallel, 
Jang and Tsai [131] studied the influence of heat exchanger wall 
thickness noting that increased thickness can favor axial heat conduc
tion and the surface temperature distribution on the hot side. Other 
studies, like the one of Liu et al. [132] found that, if the hot side heat 
exchanger is placed between the catalytic converter and the muffler, the 
pressure drop is at its lowest and the temperature is uniformly distrib
uted. In a different heat exchanger design study, Stobart et al. [96] 
started with an open-pipe design using computational fluid dynamics 
(CFD), but ended up adopting a plate-fin design, specific to that of 
exhaust gas recirculation coolers equipping heavy duty engines due to 
their respectively high power output (2–3 kW/kg). Using eight ther
moelectric modules, the authors analyzed ten cases in terms of hot gas 
mass flows and temperatures, coolant mass flows and temperatures, as 
well as ZT values. Their design led to a 90% decrease in the pressure 
drop compared to a conventional exhaust gas recirculation cooler under 
normal operating conditions. The thermoelectric generator with 
plate-fin HX resulted in a power output of 139.1 W and a temperature 
gradient of 86.1 K as compared to the thermoelectric generator with 
open-pipe HX with only 13.3 W and 35.0 K. With respect to the use of 
fins for enhancing HX performance, He et al. [133] showed that the 
spacing and height of the fins have a greater influence than their 
thickness. Marvao et al. [134] arrived at a similar conclusion while also 
highlighting the importance of having a small fin thickness both from a 
thermal point of view and via thermoelectric generator net power 
output. Furthermore, the authors showed that heat exchanger optimi
zation alone is not enough to achieve the maximum net power output, 
rather it must be combined with optimization of thermoelectric mod
ules. In a different study, Karana and Sahoo [135] investigated the use of 
a twisted tape as a means of improving the heat transfer. They showed 
that geometric parameters, like the pitch ratio, twist ratio, and tilt angle 
have a significant influence on HX performance. Of the studied designs, 

the authors selected a pitch ratio of 8, twist ratio of 4, and tilt angle of 
60◦, for which they obtained a 0.65% improvement in the brake specific 
fuel consumption (BSFC). Other authors like Lou et al. [136] have 
sought to improve thermoelectric generator performance by using a 
convergent HX design. Using simulations, the authors concluded that for 
mass flows greater than 37.25 g/s, an inclination angle of 2◦ provides 
the optimum trade-off between the power output and pressure drop 
across the HX. With this design, the net power increase was 5.96%. A 
later simulation study of Lou et al. [137] further improved on the 
concept and achieved, at an inlet temperature of 500 K and a mass flow 
rate of 30 g/s, a net power increase of 20.2% over the conventional 
thermoelectric generator design. Another important aspect has been 
highlighted by Bou Nader [21] who found that, in addition to ensuring a 
sufficient and efficient supply of heat, heat exchangers must also allow 
for the expansion of thermoelectric modules with respect to their weight 
and occupied space and be dynamically stable. In this regard, there have 
been numerous studies for the improvement of heat exchangers covering 
design (geometry, size, and weight), materials, installation location, and 
cooling methods among other parameters. 

Table 4 presents the results of several literature studies concerned 
with heat exchanger design and thermoelectric generators. It must be 
noted that not all materials used in these studies are directly suitable for 
the conditions found in the exhaust system of internal combustion en
gines (specifically the high temperature of exhaust gases). However, 
these studies can be useful to understand ways to obtain a more uniform 
temperature distribution when designing heat exchangers. Furthermore, 
considering that pressure drop is a significant concern in the exhaust of 
internal combustion engines, these studies can provide useful insight 
into what pressure drops are encountered by heat exchangers designed 
for thermoelectric generators. 

7.1. Heat pipes 

Heat pipes (Fig. 13) are solid state devices with a relatively high 
thermal conductivity (potentially higher than heat exchangers) used for 
transporting heat remotely with minimal losses. From a design point of 
view, a heat pipe is a metallic pipe sealed at both ends partially filled 
with a working fluid at near vacuum pressure. This causes the fluid to 
change phase at low temperatures. A heat pipe can be divided in three 
main sections: evaporator, adiabatic section, and condenser. Applying 
heat to the evaporator section causes the working fluid to evaporate and 
travel towards the condenser section. Since the condenser section is 
colder, this causes the fluid to condense back to liquid, which returns to 
the evaporator section through a wick using the capillary effect [24]. 

Heat pipes can be used with TEG systems installed on the engine 
exhaust pipe to: eliminate the need for a direct contact between the 
thermoelectric generator elements and the exhaust pipe (as a result, the 
installation location of the thermoelectric generator can be freely chosen 
[4]), improve heat extraction from the hot exhaust gases (reduced 
thermal resistance) while lowering the pressure losses, ensure a 
quasi-constant temperature of the hot side (see reference [150]), and 
improve uniformity of the temperature distribution. Consequently, 
effort can be redirected towards designing waste heat recovery systems 
with increased efficiency, without altering/redesigning the structur
e/build of the exhaust system. 

The main issues associated with using heat pipes for exhaust gas 
waste heat recovery are [4,24]:  

- Heat pipes have a maximum rate of heat transfer; hence, for high 
heat transfer rates, the system can become impractically large,  

- Increased attention must be paid to the heat extraction side design to 
avoid high pressure drop values,  

- The working temperature needs to be limited to avoid damage due to 
high pressure inside the pipe; for temperatures higher than 300 ◦C, 
fluids other than water need to be used and this can increase the cost 
significantly, 
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- Designing heat pipe systems is a complex process that must consider 
system particulars,  

- Due to the unsteady nature of internal combustion engine operation, 
it is not possible to ensure high exhaust gas temperatures and mass 

flows in all cases; this leads to areas with decreased efficiency as 
compared to classical systems,  

- Added weight of the heat pipes, which ultimately reduces the net 
output of the system. 

Table 4. 
Literature studies of thermoelectric generator hot side heat exchangers.  

Ref. External shape Internal structure Material Test conditions Average interface 
temperature 

Uniform temperature 
distribution 

Pressure 
drop Δp Tgas wgas 

◦C m/s ◦C  kPa 

[138] Hexagonal-prism Plate- 
shaped 

Maze-shaped baffles Fishbone- 
shaped baffles 

Brass 
Brass 
Iron 

300 sim. 
300 sim. 
+ exp. 
300 sim. 
+ exp. 

20 sim. 
20 sim. 
+ exp. 

120 
>240 
>200 

ref. 
++

+

N/A 

[87] Plate-shaped Parallel-fin-shaped baffles 
Fishbone-shaped baffles 

N/A 300 sim. 
+ exp. 
300 sim. 
+ exp. 

15 
15 

~172 
~177 

ref. 
+

0 
0 

[139] Rectangular Square with fins 
Square with fins + slopping block 

Al 300 sim. 
+ exp. 
300 sim. 
+ exp. 

12 
12 

~200 
~240 

- 
+

N/A 

[132] Plate-shaped placed after, 
between and before TWC 

Two small fins at inlet and small 
fins disorderly set further back 

N/A 350 sim. 
+ exp. 
350 sim. 
+ exp. 
350 sim. 
+ exp. 

20 
20 
20 

210 
270 
280 

ref. 
+

++

ref. 
127 
695 

[140] Plate-shaped Fishbone-shaped 
Accordion-shaped 
Scatter-shaped 

N/A 400 sim. 
+ exp. 
400 sim. 
+ exp. 
400 sim. 
+ exp. 

20 ~295 
~287 
~278 

ref. 
- 
– 

N/A 

[141] Plate-shaped Fishbone-shaped baffles 
Chaos-shaped baffles 

Brass 350 15.2 ~244 
~252 

ref. 
+

N/A 

[142] Plate-shaped Scatter-shape inserted fins 
Dimpled surface  

Brass 290 sim. ~20 ~214 
~215 

ref. 
+

1.697 
1.348 

[143] Rectangle Empty cavity 
Muffler like structure with pipes, 1 
in, 2 out 
Muffler like structure with pipes, 
2in, 2 out 

N/A 400 exp. N/A N/A ref. 
- 
+

ref. 
1.004 
2.157 

[144] Rectangle Empty cavity 
Bafflers at 10◦

Bafflers at 20◦

Bafflers at 30◦

Bafflers at 40◦

Al ~519 
exp. 

17 N/A ref. 
++

+

+

- 

0.045 
0.067 
0.113 
0.251 
0.675 

[2] Rectangle Waffle type labyrinth 
Offset strip fins 

N/A 
N/A 

300 sim. 
N/A 

20 
N/A 

~250 
N/A 

ref. 
- 

1.2 
2 

[145] Rectangle longitudinal 
Rectangle transversal 
Hexagonal 
Cylindrical 

Fins Cu 550 N/A N/A ref. 
+

– 
- 

0.268 
0.182 
0.775 
0.753 

[146] Rectangle Fishbone, Config. 1 
Fishbone, Config. 2 
Fishbone, Config. 3 

N/A 500 N/A 299.6 
296.2 
294.8 

ref 
- 
+

1.29 
0.91 
0.78 

[147] Rectangle Cylindrical grooves 
Random distributed inserted fins 
Empty cavity with 2 deflectors 

N/A 400 N/A 117.83 
127.83 
110.3 

- 
ref 
– 

1.300 
2.187 
1.190 

[148] Rectangular octogon Fishbone type 1 
Fishbone type 2 
Clip type fins 
Labyrinth type fins 

Brass 340 sim. 20 229.6 
227.9 
228.4 
240.2 

ref 
+

+

++

N/A 

[149] Octagon Empty cavity 
Parallel fins 
Perpendicular fins 
Skewed fins 
(streamwise arrangements) 

N/A 327 sim. 22.6 209 
265 
255 
271 

ref. 
+

+

++

N/A 

ref – represents the reference heat exchanger for the study. For all other heat exchangers “+” marks an improvement while “–“ a decrease compared to the reference 
case. 
N/A – not available 
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With respect to the use of heat pipes and TEG systems, Cao et al. 
[151] showed, both experimentally and through simulation, that TEG 
system efficiency increases, especially for high exhaust gas temperatures 
and mass flows. The authors were able to achieve an efficiency of 2.58% 
for a temperature of 300 ◦C and a mass flow of 80 kg/h. To control the 
heat transfer temperature, Brito et al. [152] designed and tested a var
iable conductance heat pipe. The authors added an expansion tank to 
control the pressure inside the pipe, and consequently the fluid boiling 
temperature. By controlling the pressure, the authors modulated the 
active length of the condenser that causes thermoelectric modules to 
operate at optimal temperatures. Using a Yanmar L100N DI compression 
ignition engine and a thermoelectric generator with 12 bismuth telluride 
modules, the authors were able to extract approximately 38 W at a heat 
pipe temperature of approximately 168 ◦C and a cold side (water cooled) 
temperature of approximately 28 ◦C. In contrast, Jang et al. [153] 
proposed a different design with a wickless loop heat pipe (loop ther
mosyphon) for waste heat recovery in hybrid vehicles. In their effort, the 
evaporator section (designed with fins to improve heat extraction) is 
placed inside the exhaust pipe; whereas, thermoelectric modules are 
placed between the plate-shaped condenser section (made of copper) 
and an aluminum block cooled with air. The authors found that the 
power output of this solution is lower than that of a system installed 
directly on the exhaust pipe with convective heat transfer, but it has the 
advantage in that it can transfer heat to remote locations; thus, 
bypassing the space limitations. The authors have also analyzed the 
influence of the volume of working fluid on the system output. Of the 
analyzed cases (20, 30, 40 and 50% filled volume of the total volume), 
they found that the best performance is obtained when the working fluid 
fills 30% of the total available volume. In a more recent study, Pacheco 
et al. [154] embedded corrugated exhaust pipes and variable conduc
tance heat pipes (to act as a thermal spreader) in a cast aluminum ma
trix. The authors simulated the output of the TEG system (with 64 
commercially available thermoelectric modules – GM250-49-45-25 in 
the first case and GM250-127-28-10 in the second case) installed in a 
generic light-duty vehicle (1400 kg, 1.6 L engine with 118 hp) under two 
cycles: a custom highway cycle and a standard WLTC Class 3 cycle. The 
results showed that, at high exhaust gas inlet temperatures, the setup 
can offer an improved temperature distribution, protection of the ther
moelectric modules against overheating, as well as high power outputs 
(888 W for GM250-49-45-25 and 1536 W for GM250-127-28-10). The 
main disadvantage was the high pressure drop across the thermoelectric 
generator, but this can be solved by utilizing a by-pass valve. Finally, the 
authors estimated 5.4% savings in fuel consumption and CO2 emissions 
over the highway cycle and 4.2% over the WLTC Class 3 cycle. 

7.2. TEG systems with phase change materials 

In general, optimal performance of a thermoelectric generator is 
strongly linked to a quasi-constant temperature on the hot side. This is 
difficult to obtain for internal combustion engine waste heat recovery 
applications due to its unsteady nature. This can be partly compensated 
by using systems with phase change materials (PCMs). The operating 
principle of a phase change material can be described as follows: when a 
respectively high temperature is supplied, the material starts to melt/ 
vaporize, thus storing thermal energy; as the temperatures drops, the 
material needs to release heat to solidify/liquify again. The main criteria 
for choosing an appropriate phase change material are highlighted in 
[155] and include: type of phase change (solid-liquid or liquid-gas), 
phase change temperature (application specific), amount of stored 
heat, heat conductivity, volume variations during phase change, specific 
cost of phase change material, and environmental impact. Furthermore, 
Huang et al. [156] showed that it is important to consider a longer 
heating duration when including phase change materials in the ther
moelectric generator design. 

Using this principle in thermoelectric generator applications, heat 
can be extracted from the hot exhaust gases and stored in the phase 
change material as internal energy. When the temperature of the 
exhaust gases decreases, the phase change material releases heat on the 
hot side of the thermoelectric generator, thus leading to a quasi-constant 
temperature (it must be noted that the damping depends on the phase 
change material accumulator’s thickness [157]). Furthermore, the 
phase change material can provide thermal protection in case of tem
perature extremes that could damage the thermoelectric generator [4, 
155]. For example, Klein et al. [155] experimentally showed the benefits 
of using a phase change material in conjunction with a thermoelectric 
generator. For an inlet temperature variation between approximately 
420 and 920 ◦C, the hot side temperature of the thermoelectric module 
varied in the interval of 350–410 ◦C. Furthermore, the authors showed 
(through simulation over the Artemis motorway cycle) that the 
PCM-TEG setup can be 29% more efficient than a conventional ther
moelectric generator. Other authors, like Zhao et al. [158] used simu
lations to show that heat could be provided to the thermoelectric 
modules by boiling and condensation of a fluid, which is itself heated by 
the exhaust gases. This solution has the advantage of a limited hot side 
temperature, thus avoiding overheating of the thermoelectric modules. 

Finally, if the stored heat in a phase change material is not converted 
to electrical energy, it can be used to heat the engine coolant and/or the 
lubricating oil of the internal combustion engine or battery pack (in case 
of hybrid vehicles) that ultimately leads to lower pollutant emission 
values and increased durability. 

Fig. 13. Heat pipe working principle.  
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7.3. Analysis of heat extraction and temperature distribution on the hot 
side 

The hot side heat exchanger of the thermoelectric generator in
fluences both the operation of internal combustion engine, due to the 
increased backpressure, as well as the heat flow to the thermoelectric 
modules. Furthermore, it also limits the possible installation locations of 
the thermoelectric generator. Research efforts to counteract the down
sides and to increase the amount of heat extracted from the heat sources 
are essential for improving overall benefits of the TEG system. This re
quires low impact solutions with low thermal resistance. Heat pipes 
solve the limitations with respect to the installation position, but they 
require lightweight design, increase of operating ranges and reduction 
of costs. One promising solution, but which requires further develop
ment is the use of phase change materials. This direction should be 
pursued since it offers the possibility to provide not only thermoelectric 
generator protection at high operating temperatures, but also a quasi- 
constant and uniform temperature distribution. 

8. Heat rejection on the cold side 

8.1. General considerations 

To ensure a high heat flux through the thermoelectric generator, heat 
rejection on the cold side is critically important. In their study, Hen
dricks [55] determined that, for an optimized power output, the cold 
side heat exchanger needs to have a thermal resistance 10–30 times 
lower than the hot side heat exchanger. In general, there are three fluids 
commonly used in literature (see for example Tables 6 and 7) for cold 
side cooling: air, water, and engine coolant. Each of these has its benefits 
and downsides as presented in Table 5 [4]: 

The main issue with air cooling is the low convective heat transfer 
coefficient of air which does not allow for a sufficiently low temperature 
on the cold side, thus impacting thermoelectric generator performance. 
For example, Elghool et al. [159] determined the maximum limiting 
heat flux for air cooled thermoelectric generators (air speed variation 
0 to 5 m/s) varied between 40.3 and 76.7 W/m2. Water cooling involves 
the issue of additional equipment to ensure the flow of water (tank, 
pump, pipes, and radiator) and consideration of the space required. In 
comparison, using engine coolant requires a redesign of the engine 
cooling system to avoid possible engine damage (due to an increased 
thermal stress on the system) and a decrease in performance; hence, 
demanding more power from the coolant pump. Here, it was proven via 
experimental measurements [105] that by maintaining the temperature 
of the coolant around 80 ◦C, with a flow of 0.2 kg/s, and a difference of 
around 50◦C between the hot and the cold side, the generated power can 
vary between 178 and 224 W, when using GM250-127-28-10 thermo
electric modules on the non-road transient cycle (NRTC). In a different 
type of study, Lei et al. [160] analyzed the optimum flow rate of the 
coolant to achieve maximum performance with respect to pump energy 
consumption, thermoelectric generator output power, and exhaust 

backpressure. Their investigation showed that the optimum coolant flow 
rate depends on the temperature gradient across the thermoelectric 
modules. 

8.2. Analysis of heat rejection 

Like the extraction of heat from the exhaust gases, heat rejection is of 
equal importance for achieving high system performance considering 
the dependency of the power output on the heat flux through the ther
moelectric generator. However, there are only a limited number of 
studies endeavoring to cover cooling facets (i.e.., cooling method, 
additional losses, etc.) of thermoelectric generation. As described in the 
previous section, as well as in Section 10, the findings illustrate that the 
currently employed cooling methods (with water, engine coolant or air, 
each with its own advantages and disadvantages in terms of cooling 
performance, complexity, and parasitic losses) are directly linked to the 
cooling processes of internal combustion engines. Furthermore, it was 
found that the solutions are not suitable for all applications and they 
need to be application specific (i.e., passenger car, heavy-duty vehicle, 
stationary engine, etc.). Consequently, a possible research direction 
would be the development of a dual cooling system (with low parasitic 
losses) that is able to adapt to vehicle operating conditions (e.g., city 
traffic or traveling at constant speed on the highway). It is also necessary 
to analyze the potential of solutions proposed for other applications like 
refrigerant cooling for battery thermal management in hybrid-electric 
vehicles [161]. Finally, instead of rejecting the heat to the environ
ment, this energy could be stored in phase change materials for later use 
(e.g., cold starts) to further improve the overall efficiency. 

9. TEG system output 

9.1. General considerations 

The output of a thermoelectric generator depends on several factors, 
such as the number of thermocouples in the module, the number of 
modules, the configuration/connection of the modules, the thermo
electric materials properties, and the temperature gradient. Building on 
Section 5.1 (Eqs. (15, 16)), the power output of one thermoelectric 
module (PTEM) [3] can be written as: 

PTEM =
(

α⋅ΔT⏟̅⏞⏞̅⏟
open circuit voltage

− IRTEM

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
output voltage

I = α(Thot − Tcold)I − I2RTEM (25)  

where I [A] is the current flow and RTEM [Ohm] the internal resistance 
(see Section 5). Since the power output depends on the temperature 
gradient between the two sides of the thermoelectric module, it can be 
deduced that it is desirable to increase ΔT. However, one must also 
consider the Peltier effect and Joule heating (see Section 2) which can 
negatively affect thermoelectric module operation. This makes it desir
able for thermoelectric modules to operate with lower current values. 

Theoretically, the power output of a TEG system (Pdevice) is the sum of 
the individual power output of each thermoelectric module (PTEM- Eq. 
(25)) and can be expressed as: 

Pdevice =
∑nTEM

i=1
Pi,TEM =

∑nTEM

i=1

(
αi,p − αi,n

)2⋅
(
Ti,hot − Ti,cold

)2

Ri,Load

(
Ri,TEM
Ri,Load

+ 1
)2 (26)  

where i is the ith thermoelectric module, nTEM the total number of 
thermoelectric modules, and RLoad the external load. 

Furthermore, the dynamics of the generated power are proportional 
to the rates of change of the temperature gradient input (see Section 
6.1). Consequently, when modeling a TEG system, the associated ther
mal time constants need to be considered. This issue is addressed by 
using appropriated control algorithms to accurately track the maximum 

Table 5 
Advantages and disadvantages of different cooling methods for heat rejection on 
the cold side.  

Fluid Advantages Disadvantages 
Air  • Low cost  

• Simple design / structure  
• Limited effect on engine 

performance  

• Low heat transfer rates  
• Relatively large power 

consumption (when using fans) 

Water  • High heat transfer rates  
• Limited effect on engine 

performance  

• Additional space required  
• High cost  
• Increased complexity 

Engine 
coolant  

• High heat transfer rates  
• Does not require 

additional devices  

• Engine cooling system must be 
redesigned  

N.V. Burnete et al.                                                                                                                                                                                                                              



Progress in Energy and Combustion Science 91 (2022) 101009

22

power point (MPP) during transient phases. One significant challenge 
that needs to be addressed by the control method is the interaction be
tween the convertor MPP set-point and the parasitic Peltier effect, since 
the latter causes a slow temperature change response on both the hot 
side and the cold side of the thermoelectric generator (e.g., such delayed 
responses have been reported by Luo et al. [162]). In turn, this leads to a 
gradual temperature gradient change and affects system power output. 
Overall, thermoelectric generator current response is on the order of 
nanoseconds; whereas, the thermal effect can take up to a few minutes to 
manifest [85]. 

For engine exhaust thermoelectric generators, adding more ther
moelectric modules does not necessarily increase the power output due 
to two reasons [4]:  

• Thermal resistance and the corresponding temperature difference 
between the two sides of thermoelectric modules (Eqs. (17, 18)) 
decrease along the exhaust pipe affecting the individual power 
output as a result of the sandwich arrangement between the hot and 
the cold side, as well as the parallel thermal connection; 

• Temperature along the exhaust pipe and, consequently, the tem
perature of the hot side of consecutive thermoelectric modules de
creases due to heat extraction and losses. Furthermore, there is an 
uneven distribution of temperature between adjacent thermoelectric 
modules causing these to operate at different voltage-current points, 
which in turn leads to a decrease in generated current, voltage, and 
power along the flow direction. The employed connection mode 
leads to a power loss and to internal losses, where the total power 
output of the system is less than the sum of the individual thermo
electric module output. 

Stevens et al. [9] developed a model that estimates the theoretical 
limit of the maximum power output of a thermoelectric system in con
tact with a hot stream by using a variational model. The model predicts 
an optimum number of thermoelectric modules that can be used to 
generate the maximum possible power of any system. The optimum 
number of thermoelectric modules is influenced by several factors like 
the temperature and mass flow rate of the exhaust gas, the heat 
extraction/dissipation ability of the hot/cold side etc. In another study, 
Li et al. [163] demonstrated that there is an optimum number of ther
moelectric modules that provides the maximum power output. The au
thors highlighted the importance of their optimization process (a 3-step 
process), which led to an 53.05% and 110.07% increase in power output 
and conversion efficiency, respectively, as compared to the initial 
design. 

Different thermoelectric generator designs, optimized heat ex
changers and operating strategies have been studied for the purpose of 
reducing the internal losses and lowering the thermal resistance be
tween the exhaust gases and the hot side of the thermoelectric generator. 
Another factor that needs consideration is the pressure drop, which 
should be lower than 15-40 kPa to avoid impairing engine operation. 
Furthermore, when analyzing the temperature distribution of heat ex
changers used in TEG systems with the aid of simulations, thermoelec
tric modules must also be included [143,144]. 

Alghoul et al. [21] identified several elements affecting the output of 
thermoelectric generators:  

• Heat exchanger (or stabilizer)  
○ captures energy and transfers it to the thermoelectric module;  
○ acts as a thermal spreader, meaning that it must provide a uniform 

distribution of temperature for the hot side of the thermoelectric 
module;  

• Interfaces (between thermoelectric module and the hot and cold 
sides)  
○ critical importance since they define the contact thermal 

resistance;  
• Contact pressure 

○ influences the operation of the module since, if the applied pres
sure is not evenly distributed and/or is too large, this can lead to a 
deformation or even permanent damage of the module, thus 
causing a non-uniform temperature distribution and consequently, 
poor performance;  

• Insulation  
○ clamping method has a significant influence on parasitic heat 

losses;  
• Cooling 

○ passive or active; passive cooling is done using natural air con
vection (metal plate, finned heat sink) and/or heat pipes; active 
cooling is using a forced air/water/coolant cooling with the aid of 
a fan/pump;  

○ influences the amount of heat that can be rejected on the cold side 
and ultimately the cold side temperature, thus being of critical 
importance for the device efficiency;  

○ for most applications active cooling is preferred since it allows for a 
larger heat flux compared to passive cooling.  

• Thermoelectric module integrity  
○ extracting the maximum power from a thermoelectric module is 

possible by choosing an optimum ratio between the external load 
resistance and its internal resistance, the latter being a function of 
temperature;  

○ the external and internal resistances are equal when the load 
voltage is half of the open circuit voltage, the latter being 
measurable by breaking the circuit;  

○ the resistor voltage can be measured once the thermoelectric 
module temperature is stabilized and the external load resistor is 
connected;  

○ matching loads corresponding to the optimal power output can be 
linked in series;  

○ after the load has been connected, the value of the temperature 
difference between the hot and the cold side of the thermoelectric 
module decreases due to the Peltier, Thomson, and Joule effects. 

Ultimately, the authors identified four factors that cause the low 
levels of extracted power:  

• Low value of the temperature gradient between the hot and the cold 
sides;  

• Immature thermoelectric module integrity;  
• Inaccurate measurement of the temperature difference (in some 

cases);  
• Improper selection of thermoelectric modules. 

To achieve maximum performance (power and efficiency), a good 
design and control algorithm are required. Currently, there two main 
directions for thermoelectric generator optimization, namely maximum 
power point tracking and maximum efficiency point tracking. According 
to the maximum power transfer theorem, power is maximized when m 
= 1. Conversely, the maximum efficiency condition is m =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
. 

Considering m = 1, for a single module this leads to: 

RTEM = RLoad = R

Pmax = RI2
Load =

(αΔT)2

4R

(27) 

For a TEG system with ntotal modules Eqs. (26, 27) become: 

RGenerator = RLoad =
nseries⋅RTEM

nparallel
= R

Pmax, generator = RI2
Load =

ntotal(αΔT)2

4R

(28) 

For a given temperature gradient, thermoelectric generator outputs 
the maximum possible power (Eq. (28)) for the load when: 

N.V. Burnete et al.                                                                                                                                                                                                                              



Progress in Energy and Combustion Science 91 (2022) 101009

23

VLoad =
1
2
VOC or I =

1
2

ISC  

where ISC is the short-circuit current. 
However, Baranowski et al. [164] show that during the design stage 

it is possible to achieve both maximum power and maximum efficiency, 
provided that the thermoelectric module leg length is a design variable. 
Considering a constant property model (CPM) generator, the authors 
prove that the electrical condition for maximum efficiency is also the 
condition for maximum: power, power density, power/cost of thermo
electric material, and power to weight ratio of thermoelectric material. 
Achieving maximum power output and maximum efficiency at the same 
operating point of the CPM generator requires that m =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
. 

Compared to m = 1 the result is an improved generator that has better 
performance and is lighter while having a lower material cost. Based on 
their calculations, achieving maximum thermoelectric generator per
formance requires optimizing thermoelectric generator geometry, elec
trical operating conditions (current and load resistance), and heat 
exchanger design. 

There are various solutions proposed to solve the connection mode 
issue, each with its advantages and disadvantages:  

• Distributed MPPT (DMPPT) – this means individual control of each 
module or, in other words, a MPPT power converter for each module. 
The downsides of this solution are the added size, cost, weight and 
complexity; 

• Differential power processing (DPP) – power convertors are con
nected to neighboring modules. Compared to the DMPPT solutions, 
this needs one less converter;  

• Removal and revival method – Chen [120] proposed and tested the 
removal from the array of thermoelectric modules working under 
lower temperature gradients. More specifically, when the tempera
ture gradient of some thermoelectric modules decreases so that the 
system would produce more power without them, these are removed 
from the array. If the temperature gradient increases enough to in
crease the power output of the complete system, the removed ther
moelectric modules are reconnected. The removal or revival of the 
thermoelectric modules is determined based on the predicted 
behavior (which is dominantly determined by temperature) of 
thermoelectric module models [165];  

• Dynamic TEG reconfiguration – using measured data an algorithm 
developed by Baek et al. [121] seeks to find the optimal thermo
electric module array configuration (series and parallel connections) 
for the current condition. The optimal configuration is changed 
dynamically with the aid of a reconfigurable switch network. 

Various authors have studied the effect of electrical configuration 
(connection modes) of thermoelectric modules on system output. During 
operation, individual thermoelectric modules are subjected to different 
temperature gradients or, in other words, they are working under a 
thermal imbalance condition (uneven temperature distribution) that 
leads to dissimilar outputs. Thermoelectric modules with lower power 
output will consume power from thermoelectric modules with higher 
power output and, as a result, the system output will be lower than the 
sum of individual outputs (Eq. (26)). Furthermore, the wiring and con
nectors used contribute to an increase in electrical resistance, thereby 
reducing the total power output. 

In this area, Montecucco et al. [129] studied the electro-thermal 
effects occurring in arrays of three thermoelectric modules connected 
in series and parallel when individual modules are subjected to different 
temperature gradients (100, 150, and 200 ◦C). They found that series 
connections lead to lower values of Joule heating losses as compared to 
parallel connections. This could be associated with the lower current 
values found in series connections. The temperature mismatch created 
for the experiments led to a power reduction of 9.22% for the series 
connection and 12.9% for the parallel connection as compared to the 

sum of individual power outputs. 
Other efforts by Vadstrup et al. [166] studied power losses for both 

connection modes using four thermoelectric generators. The authors 
used the MPPT algorithm applied at both stack and module level. The 
authors found that, when the conditions are the same (for example the 
modules are subjected to the same temperature gradient), applying 
MPPT at the stack level does not have any downsides in terms of power 
output in comparison to the case where it is applied at module level. If, 
however, there is a temperature difference, the authors noted a 
maximum decrease of 8.4% in power output for the series connection 
and 16.7% for the parallel connection when MPPT is applied at stack 
level instead of the module level. 

Negash et al. [128] tested eight different electrical configurations of 
thermoelectric modules on thermoelectric generator power output. 
Their experiments showed that system output can decrease by more than 
41% as compared to the reference power output determined by sum
ming individual thermoelectric module outputs (34.2 W). For a constant 
inlet temperature, the authors noted that the number of junctions in the 
circuitry and an unbalanced number of thermoelectric modules in the 
arrays also decreases the power output of the system. For the series 
configuration, the power output decreased by 6%; whereas, for the 
parallel configuration, the system generated 11.5% less power. By 
balancing the number of thermoelectric modules in the arrays and 
minimizing the number of junctions, power losses were reduced to 4.6%. 

Overall, the main idea that can be drawn from these results is that 
connecting the modules in parallel causes higher power losses. 

9.2. Analysis of TEG system output 

The output of a TEG system depends on more than just the thermo
electric modules. It is also influenced by the connection modes, the 
overall design of the thermoelectric generator, as well as the control 
algorithm. Based on a critical analysis of the literature in this section it 
can be concluded that efforts are still required to identify solutions with 
low overall dimension and high reliability for optimizing thermoelectric 
generator operation with respect to the operating conditions. More 
specifically, these solutions should be able to remove low performance 
thermoelectric modules (either due to the lower temperature gradients, 
or potential failure) from the grid, to reconfigure the connections 
without causing parasitic losses, and finally to solve the issue of the 
optimum number of thermoelectric generators with respect to the 
operating point and/or application. 

10. Experimental and simulation results concerning 
thermoelectric generators in automotive applications 

10.1. General findings 

With the current emphasis on electrified vehicles [167,168], direct 
conversion of waste heat into electrical energy could provide a strategic 
advantage for automobile manufacturers. Studies like the one performed 
by Dabadie et al. [169] have shown possible improvements in fuel 
consumption for all considered cases (diesel hybrid electric vehicle 
(HEV), gasoline HEV, and Compressed Natural Gas HEV) at -25, -7, 20 
and 35 ◦C over four cycles (NEDC, Urban, Road, and Motorway). 
Oetringer et al. [170] analyzed the potential of thermoelectric generator 
in HEVs and showed that it is possible to obtain a 3% improvement in 
fuel consumption over all ECE R101 test cycles (3.018% for WLTP). In 
addition, under optimum driving conditions, the power output of a 
thermoelectric generator can be increased as compared to a conven
tional vehicle since the engine load grows in HEV applications; thus, 
providing respectively high exhaust gas temperatures. Wang et al. [171] 
compared three mild hybrid cases: without thermoelectric generator, 
with thermoelectric generator, and with a thermoelectric generator and 
refined mode transition strategy between three possible modes (engi
ne-only, charge, and hybrid mode). The authors found that the 
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thermoelectric generator can help improve fuel consumption by up to 
3.64% on the Urban Dynamometer Driving Schedule (UDDS) driving 
cycle and 2.17% on the Environmental Protection Agency (EPA) High
way Fuel Economy Test Cycle. Hussain et al. [172] performed a nu
merical study on a 2.5 L gas-electric hybrid vehicle after determining the 
optimal thermoelectric generator design with respect to channel length, 
channel number, channel width, and thermoelectric layer thickness. 
They found that it is possible to generate 300 to 400 W of electric power, 
which is sufficient to improve fuel economy – provided that the back
pressure offset is kept at minimum. Kim et al. [173] investigated both 
experimentally and through simulations the potential of using a ther
moelectric generator with heat pipes to transport heat from the hot 
exhaust gases to the hot side surface of the thermoelectric generators as 
a means of improving hybrid vehicle efficiency. The authors found that, 
for a hot side temperature of 170 ◦C and a cold side temperature of 
22.5 ◦C, it is possible to recover up to 350 W. In this case, the offset due 
to the added system weight (51.5 kg) was not considered. Fang et al. 
[174] reported a 14.7% improvement in NEDC cycle fuel economy for 
the integrated starter-generator (ISG)-type hybrid electric vehicle with 
thermoelectric generator installed on the exhaust pipe over the con
ventional system for a 2.0 L engine. Deng et al. [175] compared three 
vehicle models: a conventional internal combustion engine, an ISG-type 
42-V, and an ISG-type 42-V with TEG model. Both hybrid models 
showed significant improvement over the conventional internal com
bustion engine model both in terms of fuel consumption (~7% for 
ISG-type model and ~8.3% for the ISG-type with TEG model) and 
pollutant emissions (32.2% HC, 37.4% CO, and 38.5% NO for ISG-type 
model and 32.2% HC, 37.6% CO, and 40% NO for the ISG-type with TEG 
model) over the NEDC. Lan et al. [176] investigated the potential of a 
thermoelectric generator to improve fuel consumption for a mild hybrid 
vehicle. After validating the model against experimental and literature 
data, it was found that for the NEDC cycle the amount of energy 
recovered varies between 80 and 200 W, which translates into a 3.4% 
fuel economy benefit (approximately 253 € over the vehicle lifetime). 
The authors also estimated an annual reduction in CO2 emissions of 39.4 
kg. Muralidhar et al. [177] simulated the benefits of installing a ther
moelectric generator on a hybrid electric bus using real world engine 
operating parameters (speed and torque). They estimated that fuel 
consumption can be lowered by 7.2% for a Skutterudite-based thermo
electric generator and by 6.5% for a silicon germanium-based thermo
electric generator over the Nuremberg cycle. In a recent study, Nader 
[97] studied the possibility of replacing the internal combustion engine 
range extender of an hybrid electric vehicle with an auxiliary power unit 
using a thermoelectric generator as energy converter. Several designs 
were analyzed and the most promising design was found to be a 
two-stage recuperator reheat thermoelectric generator, which was able 
to achieve an efficiency of 39%. The simulation results showed that in 
both modes (Plug-In and Self-Sustaining), the fuel consumption 
decreased by approximately 7.7% as compared to an internal combus
tion engine baseline. Finally, Sulaiman et al. [178] devised an experi
ment to show that it is possible to use a thermoelectric generator even 
for energy recovery in Proton Exchange Membrane (PEM) fuel cells. 
Using a 2 kW open-cathode PEM fuel cell and a single thermoelectric 
module, the authors achieved a peak output of 218.79 mW for a hot side 
temperature of 36.7 ◦C and a temperature gradient of 7.7 ◦C. Other 
relevant findings found in literature are presented in Tables 6 and 7 and 
the results have been split in experimental and simulation findings. 

10.1.1. Main findings for experimental results 
For the efforts presented in Table 6, most tests were performed in the 

laboratory, either with engines (approx. 57%) or using test benches 
(approx. 23%), while the remaining 20% were performed using vehicles. 
Furthermore, only a few vehicle tests were done under real driving 
conditions. Considering the variations in atmospheric conditions (pres
sure, temperature, humidity), vehicle/engine operating conditions due 
to traffic, road grade, etc., as well as the effects of adding the generated 

power into the electrical system of the vehicle, some aspects of ther
moelectric generator operation are not included. For example, road 
induced vibrations can cause interface failures and the possibility of 
using the relative speed between the vehicle and the surrounding air can 
generate an added cooling effect. The preferred thermoelectric material, 
used in more than 70% of studies, was Bi2Te3 (Fig. 14). Other materials, 
like PbTe, half-Heusler, and SnTe1-xSex were also used. The laboratory 
tests illustrate possible fuel improvements of approximately 1 to 7.38%; 
however, only two of the presented efforts provided the parasitic losses 
which varied from 20 to 50 W. Hence, more focus should be placed on 
highlighting all aspects of energy flows, both positive and negative. 
Based on the data reported in Table 6, laboratory tests indicate signifi
cantly higher efficiency values as compared to vehicle results. This could 
be attributed to the fact that unlike on-road testing, where the engine 
usually operates under transient conditions, laboratory testing involves 
operating the engine under steady state conditions and disregarding the 
additional mass of the system. This issue could be solved by employing 
hardware-in-the-loop testing with and without the thermoelectric 
generator. 

In terms of system power output, this varied greatly (from 0.8 to 
1002.6 W), depending on the number of thermoelectric modules 
(ranging from 1 to 458). Considering the values reported by the authors, 
it was found that the power ranged from 0.80 to 9.83 W/TEM, with a 
maximum specific output of 41.6 W/kg. Analyzing Fig. 14 and consid
ering the operating ranges, it appears that Bi2Te3 remains the most 
promising solution, but only in the low temperature range (up to approx. 
250 ◦C). The preferred medium of cooling employed water or coolant, 
with only a few efforts reporting air as the cooling fluid. One potential 
extension of this work could be to investigate Diesel Exhaust Fluid as a 
possible cooling medium for compression ignition engine-based studies. 
Another possible solution that requires investigating is the use of 
refrigerant cooling, since it does not depend on engine type. In contrast 
with the laboratory tests, the efforts covering vehicle tests reported fuel 
consumption improvements of 0.25 to 4.00% and one case of increased 
fuel consumption (in all cases where the speed was below 110 km/h). 
For the analyzed cases, the outputs varied between 0.6 and 618.0 W, 
depending on the number of thermoelectric modules (ranging from 1 to 
240). Furthermore, it was found that the power ranged from 0.6 to 
28.13 W/TEM, with a maximum specific output of 11.25 W/kg. Unfor
tunately, only a few of the efforts provided a cost-to-power ratio, which 
makes it difficult to compare the cost of thermoelectric generation to 
current fuel prices. Hence, it is important to also provide the cost 
analysis for the break-even point between adding a TEG system and the 
time required to recover the investment (due to a reduced fuel con
sumption) to be highlighted. 

10.1.2. Main findings for simulation results 
For the efforts presented in Table 7, it was found that the used 

simulation application/environment varied greatly: COMSOL, Matlab- 
Simulink, FloTHERM, ADVISOR, ANSYS-CFX, and other. The input 
data for thermoelectric generator models were obtained either using an 
internal combustion engine simulation environment (e.g., AVL Boost 
and GT-Power) or from experiments. Like the experimental testing of 
thermoelectric generators, the material of choice in more than 50% of 
studies, was Bi2Te3 (Fig. 15). The rest of the studies concentrated their 
efforts on half-Heuslers, skutterudites, PbTe, SnTe1-xSex, SiGe, and 
others. The simulation tests findings illustrate possible fuel improve
ments of up to 11%; thus, highlighting a significantly greater benefit 
than real-world testing scenarios. There are several aspects that result in 
this enhanced benefit of thermoelectric generators in a simulation 
environment:  

• electrical and thermal properties are estimated based on average p- 
type and n-type legs values,  

• heat radiation, air gaps between the thermoelectric module legs and/ 
or the Thomson effect are neglected, 
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Table 6 
Review of literature results – experimental results.  

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

[6] Investigate the 
possibility of 
replacing the 
alternator with TEGs 
and an economic 
analysis 

Sim. 
+

Exp. 

Experimental test on 
a 1.9 L TDI engine 
with the TEG 
installed at approx. 2 
m from the turbine 
outlet 

~175 Engine (lab.) HZ-14 8 - Longitudinally 
finned stainless 
steel 

Chilled 
coolant 

68 - 3,88 – 7,38% 
(FC) 

[2] Test the recovery 
potential of a TEG 
installed in the 
exhaust system of a 
single cylinder 
engine 

Sim. 
+

Exp. 

Experimental test on 
a single cylinder 4 
stroke engine 
Fuels used: Diesel, B5 
and B10 

- Engine (lab.) TEG1-12610-5.1 20 - Waffle heat 
exchanger with 2 
× 5 TEG mounted 
on each side 

Water Max 72 (for 
Diesel) 
Max 80 (for B5) 
Max 86 (for 
B10) 

- 2.28 – 2.4% (for 
Diesel) 
2.36 – 2.61% 
(for B5) 
Max 2.46 – 3% 
(for B10) 
(conversion 
efficiency) 

[179] Measure the vehicle 
wasted heat (brake 
disc and exhaust) 
and experiment on a 
TEM in the lab. Use 
fuzzy logic algorithm 
to produce the extra 
data for various 
conditions. 

Exp. Experimental test on 
a vehicle (make and 
model not 
mentioned) with 
data from the 
exhaust and brake 
disc for highway and 
city driving 

- Vehicle (model 
not mentioned) 

TEG SP1848 1 - Measurement on 
one TEM, in a 
testing lab, on a 
test bench 

Water 0.6 – 0.9 (TEG 
on disc) 
2 – 2.5 (TEG on 
exhaust) 

- - 

[124] Fabricate a TEG 
prototype that 
replaces the radiator 
of an internal 
combustion engine 

Exp. Experimental test on 
a 2.0 L diesel engine, 
mounted on a test 
vehicle driving at 80 
km/h. 

25 Test vehicle with 
diesel engine, 
front wheel 
drivetrain and 
electric power 
brake system 

Bi2Te3 72 - 80mm x 250mm x 
740mm prototype 
TEG system 

Chilled 
coolant 

75 - 10% TEG 
efficiency 
0.4% overall 
efficiency 

[180] Create an 
experimental testing 
bench for TEMs 

Exp Two testing benches 
were created, one for 
small scale 4-6 TEMs 
and one for 100 
TEMs, with 
controlled 
temperature hot and 
cold sides. 

125 Experimental 
testing bench 

TG12-4 Case 
1: 4-6 
Case 
2: 
100 

- TEMs were 
sandwiched 
between 
aluminum fluid 
channels 
containing a hot 
and cold heat 
transfer fluid 

Water Case 1: 8-12 
Case 2: 130 

- 4.1% 

[181] Proof of concept of a 
lightweight heat 
exchanger design 
(made of sheet 
metal) with 
integrated modules 

Exp. Test bench with a 
diesel hot-gas 
generator, and the 
operating 
temperatures 
between 600◦C and 
700◦C for PbTe and 
between 400◦C and 
600◦C for Bi2Te3. 

400 Experimental 
testing bench 

1. PbTe 
2. Bi2Te3 

20 4.3-5.8 TEMs were 
mounted on a 
brazed exhaust 
system. 

Water 1. 2.25 – 4 
(temperature 
dependent) 2. 
1.8 – 3.9 

- - 

[151] Design and test a 
heat pipe assisted 
TEG prototype 

Exp. Test bench with an 
electric heater that 
was used to heat the 
air. Experiments 
were done on two 

max. ~280  Experimental 
testing bench 

Bi2Ti3 (TEP1- 
142T300) 

36  TEMs were 
sandwiched 
between 
alternating hot 
and cold layer. 

Water 6.5 -13 (for 
300◦C on the 
hot side and 
cold water flow 
rate of 50 L/h) 

- 2.58 

(continued on next page) 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

prototypes, with and 
without heat pipes. 
Temperatures varied 
between 100-300◦C 
and coolant (water, 
18.4◦C) flow rate 
between 10-50 L/h 

[182] Test a TEG with 
custom TEMs and 
plate-type porous 
medium with 
different porosity 

Exp. Experimental test on 
a 6-cylinder 
turbocharged diesel 
engine, with the TEG 
mounted on the 
exhaust. 
Experiments were 
done at 1000, 1200 
and 1400 rot/min. 

- Engine (lab.) Bi2Te3 30 - Fabricated TEG 
was installed in 
the middle of the 
tailpipe of the 
engine at a 
distance of 1.5m 
from the engine 
exhaust manifold. 

Water 98.3 @ 1400 
rot/min, for the 
plate with the 
lowest porosity 
(0.121). 

- 2.83% @ 1400 
rot/min, for the 
plate with the 
porosity of 
0.461 (second 
highest 
porosity). 

[101] Comparative study 
between TEG and 
Electric Turbo- 
Generator (eTG) 

Exp. Two engines were 
used, with TEG and 
eTG mounted to 
determine the 
electrical power 
recovery potential. 
Case 1. Nissan YD22, 
2.2 L diesel engine 
Case 2. Ford 
Ecoboost, 1.6 L 
gasoline engine.  

Engines (lab.) Bi2Te3 40 - TEGs installed on 
the exhaust of the 
engines. 

Engine 
coolant at 
50◦C 

Case 1. 55.4 
(full-load 
conditions) 
Case 2. 126.9 
(full-load 
conditions) 

- - 

[183] Test a new low- 
temperature waste 
heat thermoelectric 
generator setup 

Exp. A test bench was 
constructed to test 
standard commercial 
TEMs. The test bench 
allows two cases of 
study: 
Case 1. With natural 
convection cooling 
Case 2. With forced 
convection cooling 

Case 1. 4 
Case 2. 18 

Test bench (lab.) TEC1- 
03180T125 

10 - Recirculating hot 
water bath. 

Air (Heat sink 
and axial fan) 

Case 1. 0.015 
Case 2. 0.85 

- - 

[139] Simulate energy 
recovery from a 
prototype and 
validate the results 
using a test bench 

Sim. 
+

Exp. 

A second-generation 
prototype was 
created and tested to 
measure the energy 
recovery of 
commercial TEMs. 

30 Test bench and 
prototype 

TMH400302055 
(Bi2Te3) 

24 - Exhaust gases 
(exhaust pipe 
going through the 
prototype) 

Air (Heat 
sinks with 
axial fans) 

12.41 - - 

[184] Simulate and 
construct a TEG 
system 

Sim. 
+

Exp. 

A prototype was 
created and then 
simulated that has 8 
TEMs mounted on 
the exhaust pipe. The 
simulations were 
done for three cases, 
with different 
number of fins on the 

88.3 (at 
3500 rpm) 

Prototype 
mounted on an 
engine exhaust 

Bi2Te3 8 - Exhaust gases Air (Heat 
sinks with 
axial fans) 

44.13 (at 3500 
rpm) 

- - 

(continued on next page) 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

cold side, and for a 
variation of engine 
speed with 500 rpm 
increments from 
1000 to 3500 rpm. 

[185] Simulate and 
validate a three- 
dimensional 
resistance analysis 
model 

Sim. 
+

Exp. 

Calculus, simulation 
using FloTHERM and 
real measurements 
were done on a heat 
recovery system. 
Cases taken into 
consideration: 
Case 1. Natural 
convection 
Case 2 Forced 
convection 

80 (max) Prototype on an 
experimental 
testbench 

TMH400302055 8 - Heater and 
blower 

Air, cooling 
fan 

Case 1. 3.21 
Case 2. 9.28 

- - 

[186] Underline the 
influence of the heat 
sink pillars shape on 
power generation 

Exp. Experiments were 
made on a diesel 
engine with 
prototype heat sinks 
with triangle and 
rectangular shape 
pillars. Engine was 
kept at a constant 
speed of 1500 rpm 
with loads from 6 
kg•m to 18 kg•m. 
Case 1: triangular, 
forward direction (a 
triangle tip facing the 
exhaust flow) 
Case 2. triangular, 
reverse direction (a 
triangle side facing 
the exhaust flow) 
Case 3. rectangular. 

80 to 120 Prototype on an 
experimental 
testbench 

HZ-14 × 10 
HZ-20 × 10 

20 0.082 Exhaust gases Constant 
temperature 
water bath 

200 to 260 for 
all 20 TEGs 

- - 

[187] Underline the 
differences between 
two TEG types 

Exp. An SUV with a TEG 
mounted on the 
exhaust was tested at 
different velocities, 
to determine how 
much energy can be 
obtained and how 
does the fuel 
efficiency improve. 
Experiments were 
done at ~ 50, 80 and 
115 km/h 

~320 - 480 
(depending 
on the 
velocity) 

Vehicle Bi2Te3 based 
Case 1: HZQW 
Case 2: HZ20M 

16 40 Exhaust gases Engine 
coolant 

Case 1: 100 - 
450 
Case 2: 33 - 140 
(depending on 
the velocity) 

- Case 1: 1.1 – 
1.5% 
Case 2: -0.25 - 
0% 
(depending on 
the velocity) 

[123] Measure the output 
of a fabricated TEM 
mounted on an 
engine 

Exp. A 2 L engine was 
used to measure the 
output of a prototype 
TEG that is placed 

~55 Lab 
measurements 
on a vehicle 

Bi2Te3 72 - Engine coolant Engine 
coolant 

75  2.1% 

(continued on next page) 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

instead of the 
conventional 
radiator of an engine. 
The vehicle was 
driven at 80 km/h 
(on the test bench). 

[188] Measure the power 
generation of a TEG 
with hexagonal 
internal fins. 

Exp. An engine mounted 
on the test bench was 
used to generate the 
heat (loaded by a 
dynamometer) 
recovered by the 
hexagonal TEG. 
Engine was operated 
in a steady state 
mode (on a speed 
characteristic), until 
exhaust temperature 
was relatively 
constant. 

~240 
(@ 3000 
rpm) 

Engine (lab.) 1261G-7L31- 
05CQ 

18 - Prototype 
hexagonal fins 
placed in the 
exhaust 

Engine 
coolant 

21.2 - 98.8 
(depending on 
the speed of the 
engine 1200 – 
3000 rpm) 

- 1.3 - 2.6% 

[189] Experimentally 
investigate the waste 
heat recovery 
performance of a 
TEG 

Exp. A turbocharged 6- 
cylinder diesel 
engine was used as 
the heat source and 
the TEG was 
mounted on the 
exhaust. Engine was 
operated at 1000, 
1500 and 2000 rpm. 

~300 Engine (lab.) Bi2Te3 40 - Exhaust gases Water from a 
cooling tower 

119 
(max @ 2000 
rpm) 

- 2.8% 

[190] Experimentally 
investigate a direct 
contact 
thermoelectric 
generator (DCTEG) 
on a diesel engine 

Sim. 
+

Exp 

A diesel engine was 
used as a heat 
generator for the 
experimental 
measurements, taken 
at three speeds 
(1700, 2000 and 
2300 rpm) and 
different loads. The 
cold side of the TEG 
was kept at 25, 35 
and 45◦C 
respectively. 
Case 1: 25◦C 
Case 2: 35◦C 
Case 3: 45◦C 

Case 1: 342 
Case 2: 352 
Case 3: 362 
(@2300 
rpm) 

Engine (lab.) Bi2Te3 40 - Exhaust gases 50–50% 
water and 
ethylene 
glycol 
mixture 
cooled 
separately 

Case 1: ~28 – 
43 
Case 2: ~22 – 
36 
Case 3: ~20 – 
32 
(varies with the 
speed of the 
engine 1700 – 
2300 rpm) 

- 1 – 2% 

[191] Create and validate a 
model of TEG and 
underline its 
performance 

Exp. 
+

Sim. 

A 6.6 L engine was 
used as the heat 
source to validate the 
model of a TEG. Gas- 
in temperature was 
varied, obtaining 
three cases: 

Case 1: 197 
Case 2: 224 
Case 3: 250 

Engine (lab.) HZ-14 (Bi2Te3) 2 - EGR Path Coolant @4◦C Case 1: ~9.8 
Case 2: ~6.2 
Case 3: ~2.5 
(max values) 

- - 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

Case 1: 181◦C 
Case 2: 228◦C 
Case 3: 254◦C 

[192] Determine the 
benefits of using an 
intermediate fluid to 
damp the dynamic 
heat input of the 
vehicle engine 
exhaust 

Exp. An engine was used 
as a heat source, 
operating at different 
speeds and torques. 
The TEG was 
mounted with an 
intermediary oil 
circuit on the hot 
side, that exchanges 
heat with the 
exhaust. 

~300 
(max) 

Engine (lab.) Bi2Te3 105 - Oil circuit 
(independent 
from the engine 
oil circuit) 

Engine 
coolant 

51 – 551.2 -  

[193] Measure the power 
output of a TEG 
installed in a vehicle 

Exp. A vehicle was 
operated on a 
dynamometer at 80 – 
125 km/h in 5th gear 
(equivalent to road 
test) with a TEG 
system mounted on 
the exhaust. 

Case 1: ~90 
Case 2: 
~185 
Case 3: 240 

Whole vehicle 
on 
dynamometer 

Bi2Te3 240 - Exhaust gases Water from 
tanks 

Case 1: ~150 
Case 2: ~550 
Case 3: 944 

- 1.28 – 1.85% 

[194] Waste heat recovery 
performance of a 
TEG installed in a 
light commercial 
vehicle 

Exp. A vehicle equipped 
with a 2.3 L diesel 
engine was operated 
on different driving 
cycles and different 
vehicle speeds to 
determine the 
benefit of the system. 
The system was also 
tested on the test 
bench. 

390 on the 
bench 
270 on the 
vehicle 

Engine on test 
bench and after 
that vehicle on 
dynamometer 

Bi2Te3 504 4 (core 
weight) 

Exhaust gasses 
pass through 63 
tubes 

Water at 60◦C 482 on the test 
bench 
220 on the 
WLTP cycle 

- 4% fuel 
economy 
improvement 
on the WLTP 
cycle 

[195] A method to assess 
the fuel economy of 
an automotive TEG 

Exp. 
+

Sim. 

A TEG was installed 
in the exhaust system 
of a 1.4 L TSI engine, 
after the TWC, to 
analyze the fuel 
economy 
improvement of such 
a system. The engine 
equipped a virtual 
vehicle operating at 
four different driving 
speeds. 

Case 1: 63.4 
Case 2: 
153.3 
Case 3: 
259.5 
Case 4: 
255.8 

Engine on dyno 
(lab.) 

TELBP1-12656- 
0.45 
PbTe-Bi2Te3 

12 7 Exhaust gasses 
pass trough a heat 
exchanger with 6 
circular channels 

Water Case 1: 5.5 
Case 2: 37.7 
Case 3: 111.3 
Case 4: 106.8 

- 0.18%, after 
weight penalty 
is considered 

[87] Optimize TEG 
internal structure for 
ICE WHR 

Exp. The study analyzes 
the thermal 
performance of 
ETEGs with differing 
internal structures 
(see cases) to outline 
interface 

~250 Engine (lab.) - 8 - Plate shaped with 
fishbone fins 

Water Case 1: ~27 
Case 2: ~18 

- - 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

temperature and 
thermal uniformity. 

[142] Evaluate the 
performance of an 
automotive TEG with 
different internal 
structures 

Exp. 
+

Sim. 

4 TEGs were 
installed on a 3.9 L 
diesel vehicle and 
tests were conducted 
with two different 
internal structures. 
The internal 
structure was 
modified to reduce 
the pressure drop 
compared to the 
reference case. 

Case 1: 205 
Inserted fins 
Case 2: 205 
Dimpled 
surface 

Vehicle Bi2Te3 240 200 
190 

Plate shaped with 
fins 
Plate shaped with 
dimples 

Coolant Case 1: 609 
Case 2: 618 

- 0.25% eff. 
Increase 
0.68% eff. 
increase 

[196] Experimentally 
demonstrate the 
possibility to recover 
1kW of electrical 
energy using TEMs 

Exp. 
+

Sim. 

A high-power- 
density TEG was 
installed in the 
exhaust of a 
Caterpillar engine 
and tested to 
highlight the energy 
recovery efficiency 
of nanostructured 
TEMs. 

339 Engine (lab.) half-Heusler 
elements 

400 30 Plate fin heat 
exchanger with 
Nickel alloy fins 

Coolant 1002.6 - 2.1% heat to 
electricity 
efficiency 

[197] Performance analysis 
of a TEG system used 
in diesel engines 

Exp. The performance of a 
TEG was analyzed on 
a FIAT 1.9 L engine. 
The speed varied 
between 1500 and 
3500 min− 1, while 
the applied load was 
50 and 100 Nm 
respectively in each 
case. 

145 max 50 
Nm 
170 max 
100 
Nm 

Engine (lab.) - 40 - Plate and cylinder 
type, turned into 
an octagonal 
structure 

Water - 
156.7 

20 - 

[86] Assess the 
performance of half- 
Heusler TEG in 
automotive 
applications 

Exp. A half-Heusler TEG 
was installed in a 2.0 
L gasoline engine 
running on premium 
gasoline. The engine 
was operated after a 
matrix of steady- 
state engine 
operating conditions. 

520-820 Engine (lab.) half-Heusler 72 ~20 Rectangle finned 
heat exchanger 
with 6 passages  

Coolant Max. 250 ~50 1-2% fuel 
economy 
improvement 

[198] Modeling, 
simulating, and 
validating a TEG on a 
diesel engine 

Sim. 
+

Exp. 

A TEG was modeled 
and the results were 
validated on a 4 
cylinder diesel 
engine 

317 (max) Engine (lab.) Bi2Te3 28 - Prototype 
mounted on the 
exhaust 

Flowing 
water in a 
copper tubing 
network 

42 - - 

[199] Test the influence of 
TEGs on the exhaust 
backpressure 

Exp. A Nissan diesel 
engine was tested on 
NEDC, WLTP and in 
different operation 

(not of 
interest in 
the article) 

Engine (lab.) Bi2Te3 80 - Prototype 
mounted on the 
exhaust 

Coolant 68 - - 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

points to determine 
the power generation 
and the pumping 
losses when using 
TEGs in the exhaust. 

[108] Test a TEG prototype 
installed in the 
exhaust of a diesel 
engine 

Exp. A Nissan diesel 
engine was tested on 
NEDC, WLTP and in 
different operation 
points to underline 
the power generation 
and the pumping 
losses that TEGs have 
on the exhaust. 

350 (max) 
@2400 rpm, 
110 Nm 

Engine (lab.) Bi2Te3 80 - Prototype 
mounted on the 
exhaust 

Coolant at 
50◦C 

70 (max) 
@2400 rpm, 
110 Nm 

- 1.8% (max) 

[93] Test a TEG installed 
in the exhaust of a 
heavy-duty natural 
gas engine 

Sim. 
+

Exp. 

Results were 
compared 
(experimental and 
simulation results) 
for a single-channel 
TEG, at a single 
operating point, with 
emphasis on the 
economical 
approach. 

465 Test bench SnTe1-xSex 56 6-6.8 Prototype 
mounted on the 
exhaust 

Cooling 
system 

282.9 - 3% 

[156] Determine the 
influence of a PCM 
on TEG operation 

Exp. An experimental test 
rig was built to 
analyze the effect of 
using a PCM in 
conjunction with a 
TEM to improve 
transient 
performance. The 
results with and 
without the PCM 
were compared: 
Case 1. Without PCM 
Case 2. With PCM 

180 Test bench Bi2Te3 1 - Heating plate Water from a 
water bath 

Case 1. 2.859 
Case 2. 2.892 

- - 

[200] Test the power 
output of a TEG 
prototype with 6 
TEMs installed in an 
Audi 80 

Exp. The hot side of the 
TEG is the coolant 
system, and the cold 
side of the TEG is the 
fuel recirculated 
inside the prototype. 
Measurements were 
done in mixed 
driving conditions, 
over a period of more 
than 30 minutes. 

43 Vehicle engine TEC1–12710 
(Bi2Te3) 

6 - Prototype 
mounted on the 
coolant 
(antifreeze) 

Cooling by 
circulating 
the fuel in the 
TEM 
prototype 

12 - - 

[201] Analyze the power 
output of a TEG 
installed in the 
exhaust system of a 

Exp. The shape and the 
dimensions of the 
TEG prototype were 
optimized to meet 

~150-198 HEV Engine 1261G-7L31- 
05CQ (Bi2Te3) 

12 - Prototype 
mounted on the 
exhaust 

Engine 
coolant 

18-118  2.1% 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

hybrid electric 
vehicle 

the maximum 
allowable pressure 
drop of a 2 L 4-cyl
inder engine 
operating between 
1200 and 3400 rpm 
under different loads 

[202] Determine the power 
output of two TEGs 
when installed in the 
exhaust system of an 
engine 

Exp. The 1.4 L diesel 
engine was operated 
at different loads and 
speeds (2000-3500 
rpm). 
TEGs used: 
Case 1: TEG12-8 
Case 2: TEG1-199 

65-70 Engine (lab.) Case 1: TEG12-8 
Case 2: TEG1- 
199 

1 - Exhaust gases Electrical 
blower 

Case 1: 0.8 
Case 2: 0.9 

- - 

[203] Analyze the 
influence of the 
location and porosity 
of a TEG system 

Exp. The TEG was 
installed in the 
exhaust pipe of a 6- 
cylinder engine, with 
different flow 
straighteners at 
different distances 
from the TEG inlet. 

125 Engine (6- 
cylinder diesel 
engine) 

Bi2Te3 30 - Exhaust gases Coolant from 
a chiller 

52 (without 
flow 
straightener) – 
83 (with E type 
flow 
straightener al 
265mm from 
TEG inlet) 

- - 

[204] Determine the TEG 
output installed in 
the exhaust system of 
a diesel engine 
operating with three 
different fuels. 

Exp. The experimental 
design included nine 
operation points of 
the engine, for all the 
fuels. The emissions 
were also monitored. 
The fuels were: 
Case 1. Diesel 
Case 2. B5 
Case 3. B10 

Case 1. 218 
(avg) 
Case 2. 228 
(avg) 
Case 3. 236 
(avg) 

Engine (lab.) TEG1-12610-5.1 20 - Exhaust gases Chilled water Case 1. 57.99 
(max) 
Case 2. 65.59 
(max) 
Case 3. 71.18 
(max) 

- - 

[205] Determine the heat 
flow and power 
output of a TEG 
installed in the 
exhaust system of a 
gasoline engine 

Sim. 
+

Exp. 

Using a 0.4 L 
gasoline engine the 
experiments were 
done at full load and 
different speeds: 
Case 1. 1250 rpm 
Case 2. 1750 rpm 
Case 3. 2250 rpm 

Case 1. 50 
Case 2. 75 
Case 3. 100 

Engine (lab.) automotive TEG 20 - Exhaust gases Water Case 1. 7.36 
Case 2. 21.52 
Case 3. 32.8 

- - 

[206] Analyze the 
performance of a 
hexagonal shaped 
housing TEG 

Exp. 
+

Sim. 

A comparison was 
made between two 
heat exchangers with 
a hexagonal cross 
section and a 
traditional (round) 
cross section. The 
experiments were 
done using a 3.8 L V6 
SI engine. 

10-85 Engine (lab.) BiTe 6 - Exhaust gases Coolant 14.1-45.4 - - 

[103] Exp. 34 8 Exhaust gases Coolant - - 
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Table 6 (continued ) 

Ref. Goal Method Test bench / 
engine (lab. / 
vehicle) 

TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. 

of 
TEMs 

Syst. 
mass 
[kg] 

Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

Assess the fuel 
economy 
improvement of a 
TEG based on the 
power generation, 
backpressure and 
ATEG weight 

A vehicle equipped 
with a 1.5 L 3-cylin
der engine and 
automatic gearbox 
was tested at 
different speeds and 
loads. 
Case 1. 50 km/h 
Case 2. 80 km/h 
Case 3. 100 km/h 
Case 4. 120 km/h 

Case 1. 27.3 
Case 2. 45.6 
Case 3. 57.8 
Case 4. 
126.2 

ATEG on real 
vehicle 

ATEG (H-199-14- 
06L2) 

Case 1. 38.65 
Case 2. 76.38 
Case 3. 101.09 
Case 4. 197.77 

[207] Determine the power 
output of a TEG for a 
diesel generator 

Exp. 
+

Sim. 

Different cases were 
studied, with 
different positioning 
of the TEG. The fuel 
for the generator was 
20% mahua oil 
biodiesel. The whole 
system was validated 
as a cogeneration 
system (electricity 
and heated water). 

Case 1. 9.2 
Case 2. 9.45 
Case 3. 
35.67 
Case 4. 
41.81 

Generator diesel 
engine 

Bi2Te3 Case 
1. 
458 
Case 
2. 
455 
Case 
3. 
102 
Case 
4. 
100 

- Case 1. Heated 
wall from water 
from exhaust 
Case 2. Heated 
water from 
exhaust 
Case 3. Exhaust 
tube 
Case 4. Exhaust 
gases 

Case 1. Air 
Case 2. 
Rectangular 
tube – air 
Case 3. 
Water-tube- 
air 
Case 4. 
Exhaust tube- 
heated water- 
air 

Case 1. 7.74 
Case 2. 8.11 
Case 3. 25.86 
Case 4. 34.62 

- - 

[208] Analyze the power 
output, temperature 
distribution, 
efficiency, internal 
resistance and 
backpressure of a 
TEG installed in the 
exhaust system of an 
SUV with respect to 
vehicle speed, 
clamping pressure, 
engine coolant flow, 
andambient 
temperature 

Exp. The vehicle, 
equipped with a 3.9 L 
4-cylinder diesel 
engine, was tested on 
the highway at 
speeds ranging from 
80 to 125 km/h. The 
engine speed ranged 
from 1600 to 2500 
rpm. 

60-170 
(speed 
dependent) 

Engine Bi2Te3 240 - Exhaust gases Coolant 100 – 608.85 
(speed 
dependent) 

- - 

FC – Fuel consumption 
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Table 7 
Review of literature results – simulation results.  

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

[6] Investigate the 
possibility of 
replacing the 
alternator with 
TEG and an 
economic analysis 

Sim. 
+

Exp. 

The vehicle was modeled 
using Simulink. The 
exhaust and TEG heat 
transfer was analyzed 
using CFD. The TEG 
model was validated 
against experimental 
data. 

~175 (Exp.) HZ-14 8 - Longitudinally 
finned stainless 
steel 

Chilled 
coolant 

68 - 3,88 – 7,38% 
(FC) 

[209] Recover the heat 
from an exhaust of 
a combustion 
chamber designed 
for heating water 

Sim. 
+

Exp. 

Experimental test on a 
prototype with two levels 
of recovery. 
ANSYS Fluent simulation 
of the prototype, to 
compare the temperature 
loss and the 
thermoelectric 
generation to the 
experimental values. 

68 – 92.7 
(depending on 
the mass flow 
and input 
temperature) 
(Sim.) 

- - - 4-sided exhaust x 
2 TEM x 2 levels 

Air (finned 
surfaces) 

11.21 – 26.39 
(depending on 
the mass flow 
and input 
temperature) 

- - 

[122] Modelling and 
analyzing the 
integration of TEG 
in a conventional 
vehicle for 
exhaust gases 
WHR 

Sim. Numerical simulation of 
a TEG installed in a Fiat 
Punto 1.3 L diesel engine 
with the exhaust gas as 
the hot side of the TEG 
and the engine coolant as 
the cool side of the TEG. 
The testing was done 
under the NEDC, FUDS 
and FHDS cycles. 

- Bi2Te3 80 TC - - Engine coolant 60-90 - 17-24% electric 
energy savings 
15-20% 
alternator 
energy 

[210] Determine the 
hypothetical 
thermoelectric 
performance and 
operating 
characteristic of a 
TEG mounted on a 
medium-duty 
turbocharged 
diesel engine 

Sim. Modelling the TEG and 
different configurations 
and placements of TEG 
systems, with real input 
data from a 6.7 L 
Cummins diesel engine 
working at 2000 rpm, 
475Nm torque load. 
TEG configurations: 
Case 1: TEG before 
turbine; 
Case 2: TEG after turbine; 
Case 3: TEG after 
aftertreatment system; 
Case 4: TEGs before and 
after aftertreatment 
system; 
Case 5: TEGs before 
turbo and after after- 
treatment system; 

~280 MnSi1.75 for the p- 
type leg 
Mg2Si0.5Sn0.5 for 
the n-type leg 

26 for basic heat 
exchanger 
module, 
26 for finned 
configuration, 
78 for multiple 
parallel duct 
counterflow 
configuration 

- TEG types: basic 
heat exchanger 
module, finned 
configuration, 
and multiple 
parallel duct 
counterflow 
configuration 

Engine coolant 320 for basic 
heat exchanger 
module 
975 for finned 
configuration, 
1060 for 
multiple 
parallel duct 
counterflow 
configuration 

- - 

[116] Simulate the 
differences 

Sim. Three cases were 
considered: 
I. where cold surface was 

25 - 175 Case 1. Bi2Te3 

Case 2. 
(Bi0.2Sb0.8)2Te3 

1 - TEG installed 
between hot and 
cold surface 

- Case 1. 8.2 
Case 2. 4.1 

- Case 1. 6.8 % 
Case 2. 5.6% 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

between four 
types of TEMs 

fixed at 25◦C and the hot 
surface varies from 50- 
200◦C. 
II. where the difference is 
fixed at 100◦C, and the 
cold surface varies from 
5-25◦C with a pace of 
5◦C. 
III. Sine wave variation 
of the hot surface with 
mean values of 50, 100 
and 150◦C, with the cold 
surface fixed at 25◦C 

Case 3. 
Cu11Ni1Sb4S13 

Case 4. 
AgxSb2− xTe3− x 

x=0.93 

Case 3. 3 
Case 4. 0.5 

Case 3. 4.6% 
Case 4. 1.2% 

[211] Demonstrate the 
efficiency of novel 
combined 
thermoelectric 
materials 

Sim. Three different 
Perovskite-type oxide 
combined thermoelectric 
materials 
(CaMn0.98Nb0.02O3, 
La1.98Sr0.02CuO4 and 
GdCo0.95Ni0.05O3) were 
selected and analyzed 
numerically. Two 
configurations were 
considered, with 
different lengths and 
diameters. Simulation 
was done in COMSOL. 

321 - 445 Case 1. 
CaMn0.98Nb0.02O3 

as n-type, 
La1.98Sr0.02CuO4 as 
p-type. 
Case 2. 
CaMn0.98Nb0.02O3 

as n-type, 
GdCo0.95Ni0.05O3 as 
p-type. 

- - TEG installed in 
the exhaust of an 
ICE 

Engine 
coolant. 

Case 1. 158.4 
@ ΔT=409◦C 
Case 2. 55.6 @ 
ΔT=409◦C 

- Case 1. 0.51% 
@ ΔT=409◦C 
Case 2. 0.18% 
@ ΔT=409◦C 

[212] Simulate and 
compare results to 
a previous paper 
(Exp.) 

Sim. Simulation was done for 
a vehicle with a 11.2 L 
turbocharged diesel 
engine (303 kW), on the 
world transient vehicle 
cycle (WTVC). 
The TEG was used in two 
modes: 
Case 1. cooperative with 
a smaller alternator. 
Case 2. thermostat mode 
(alternator passes the 
electricity to the battery 
and electrical loads 
intermittently). 

- Bi2Te3 240 115 
(from a 
previous 
Exp. 
paper) 

- - 995 - Case 1. 2.92% 
Case 2. 4.1% 

[213] Investigate the 
output of a TEM 
for different hot 
and cold side 
conditions 

Sim. A simulation was made 
using the CFD software 
Fluent. The influence of 
the cooling type, coolant 
flow rate, length, number 
and location of bafflers, 
and flow arrangement 
were investigated 

494 - 20 TEM - TEGs were 
sandwiched on 
the exhaust 

Case 1. ICE 
coolant/water 
Case 2. Air @ 
30km/h 
Case 3. Air @ 
60km/h 
Case 4. Air @ 
100km/h 

Case 1. 15.2 
Case 2. 12.2 
Case 3. 10.5 
Case 4. 12.1 

Case 1. 
0.005 
Case 2. 
0.57 
Case 3. 
1.64 
Case 4. 
4.04 

- 

[214] Underline the 
recuperation 

Sim. Based on real 
measurements done on 

- TEG model (half- 
Heusler 

- - Cooling water Case 1. 150 
Case 2. 30 

- - 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

potential of half- 
Heusler 
thermoelectric 
materials 

WLTC, simulations were 
done to evaluate the 
energy recovery 
potential of half-Heusler 
thermoelectric materials, 
for two locations of the 
TEG: 
Case 1. Before 
turbocharger 
Case 2. After the ATS 

thermoelectric 
materials) 

TEGs installed in 
the exhaust 
system 

[215] Model TEGs used 
for WHR from the 
exhaust of a diesel 
engine 

Sim. Engineering equation 
solver (EES) software 
was used to simulate a 
non-transient drive 
cycle. The model was 
validated against 
experimental data of two 
commercial TEMs. 

- TEG Model (Mg2Si/ 
Zn4Sb3 for the high 
temperature 
Bi2Te3 for the low 
temperature) 

Authors varied the 
number of 
thermoelements 
(maximum 
10000) for a fixed 
TEG size.  

- TEMs installed in 
the exhaust 
system 

Water Up to 1200 -  

[216] TEG Modelling 
and optimization 

Sim. A simulation was done in 
GT-POWER for a 2 L 
engine to provide input 
data for a TEG Model. 
Two temperatures were 
taken into consideration 
for the hot side: 
Case 1. 120◦C 
Case 2. 150◦C 

Case 1. 40 
Case 2. 70 

Bi2Te3-based TEM 56 - TEG was fixed on 
the exhaust with 
copper plates for 
conductivity 

Coolant Case 1. 70 
Case 2. 150 

- - 

[217] Underline the 
power output 
depending on the 
cooling method 

Sim. A numerical analysis was 
done with four cooling 
methods for the TEG heat 
recovery system: the 
water coflow (WCO), 
water counterflow 
(WCOU), 
Case 3. air coflow (ACO), 
and air counterflow 
methods (ACOU). The 
model was validated by 
comparing the power 
output with 
experimental data. 
Both for hot and cold 
side, either water or air 
was used. 

520 TEG1-127-1.4-1.6 
40 × 40 × 3.8 mm 

1 - Numeric 
calculation for 
the given surface. 

Case 1. the 
water coflow 
(WCO), 
Case 2. water 
counterflow 
(WCOU), 
Case 3. air 
coflow (ACO), 
Case 4. air 
counterflow 
methods 
(ACOU) 

Case 1. 320 
Case 2. 320 
Case 3. 100 
Case 4. 120 

- - 

[184] Simulate and 
build a TEG for 
exhaust gas WHR 

Sim. 
+

Exp. 

A TEG prototype with 8 
TEMs for the exhaust 
pipe was built and 
simulated. The 
simulations were done 
for different number of 
fins on the cold side, and 
for various engine speeds 

88.3 (at 3500 
rpm) 

Bi2Te3 8 - Exhaust gases Air (Heat sinks 
with axial 
fans) 

Case 1. 36.74 
Case 2. 51.36 
Case 3. 55.11 

- - 

(continued on next page) 

N
.V. Burnete et al.                                                                                                                                                                                                                              



ProgressinEnergyandCombustionScience91(2022)101009

37

Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

ranging from 1000 to 
3500 rpm with a 500 rpm 
increment. 
Cases: 
Case 1. 10 fins 
Case 2. 22 fins 
Case 3. 44 fins 

[185] Simulate and 
validate a three- 
dimensional 
resistance 
analysis model 

Sim. 
+

Exp. 

Simulations of the WHR 
system in FloTHERM 
were validated with 
experimental data. 
Cases: 
Case 1. Natural 
convection 
Case 2 Forced convection 

Case 1: 55 
(max) 
Case 2: 85 
(max) 

TMH400302055 8 - Heater and 
blower 

Air, cooling 
fan 

Case 1: 4 (max) 
Case 2: 11 
(max) 

- - 

[130] Simulate the 
conversion of heat 
to energy for 
automotive 
applications, with 
different aspect 
ratios 

Sim. Experimental results for 
a vehicle driving on the 
highway and introduced 
were used as input data 
for the simulation. The 
simulation was done for 
different aspect ratios 
(sandwiching between 
hot and cold side) 
Case 1: 1/72, 
Case 2: 2/36, 
Case 3: 3/24, 
Case 4: 4/18, 
Case 5: 6/12. 
Furthermore, the height 
of the hot side heat 
exchanger fins was 
varied from 10mm to 
40mm. 

~620 Nanostructured 
bulk half-Heusler 
TEG 

72 - Exhaust gases Water Case 1: 155 to 
185 
Case 2: 190 to 
215, 
Case 3: 205 to 
225, 
Case 4: 210 to 
230, 
Case 5: 220 to 
240 
(for 40 to 
10mm fins) 

- - 

[176] Analyze the WHR 
potential from an 
ICE of a hybrid 
vehicle 

Sim. A simulation was 
developed to determine 
the energy recovery 
potential from a hybrid 
vehicle. The heat input 
from the ICE (hot side of 
TEG on the catalyst) is 
converted into electrical 
which is then fed to the 
battery of the vehicle. 
The vehicle is simulated 
on the NEDC. The TEG 
model was validated 
with experimental data. 

~ 125 – 480 
(overall on all 
NEDC) 

GM250-127-28-10 
(Bi2Te3) 

4 - Exhaust gases Chilled water 
from a 
laboratory 
recirculation 
chiller (for 
validation of 
TEG) 

80 – 200 
(overall on all 
NEDC) 

- 3.4% fuel 
saving 

[127] Study the 
feasibility of a 
TEG to generate 
energy, and 

Sim. Measurements from a 2 L 
diesel engine (under the 
NEDC) were used as 
input data for a 

- GM250-127-28-10 
(Bi2Te3) 

1 20 Exhaust pipe Engine oil 
circuit 

Case 1: max 
110 
Case 2: max 

- - 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

bifunctional TEM 
development 

simulation. The TEM 
model was also validated 
experimentally. 
Following validation, the 
module was used for heat 
recovery and for engine 
warmup. 
Case 1: strategy with 
warmup and recovery 
Case 2: strategy without 
warmup, with recovery 

150 
(on NEDC) 

[105] Validate a TEG 
model for exhaust 
gas WHR 

Sim. The data from a 6.6-liter 
engine running on NRTC 
and was used as input for 
the simulation model. 
Two scenarios with 
different coefficients for 
heat transfer, electrical 
contact resistance and 
thermal contact 
conductance were 
considered. 

~ 200 GM250-127-28-10 
(Bi2Te3) 

20 - Exhaust pipe Engine coolant 170 – 224 
(averages for 
scenario 1 and 
2) 

- - 

[218] Predict fuel 
economy 
potential when 
using TEGs 

Sim. A previously validated 
skutterudite TEG model 
was integrated in a semi- 
empirical model 
comprising a quasi-static 
light-duty vehicle model, 
and dynamic models for 
the exhaust, coolant and 
TEG. Six simulation cases 
were considered: 
Case 1: NEDC 
Case 2: WLTP 
Case 3: FTP-75 
Case 4: FTP-highway 
Case 5: 90km/h constant 
Case 6: 120 km/h 
constant 
Also, there are two 
scenarios, then the TEG is 
mounted before (A) and 
after (B) the catalytic 
converter. 

~ 200 Skutterudite TEM 400 20 Exhaust pipe Engine coolant Case 1: (A) 
144, (B) 71 
Case 2: (A) 
209, (B) 119 
Case 3: (A) 
157, (B) 80 
Case 4: (A) 
275, (B) 145 
Case 5: (A) 
327, (B) 190 
Case 6: (A) 
661, (B) 461 
(average 
values for the 
specific cycles) 

- Case 1: (A) 
1.7%, (B) 0.5% 
Case 2: (A) 
3.1%, (B) 1.4% 
Case 3: (A) 
2.1%, (B) 0.5% 
Case 4: (A) 
3.3%, (B) 2.1% 
Case 5: (A) 
3.1%, (B) 1.6% 
Case 6: (A) 
3.6%, (B) 2.4% 
(average values 
for the specific 
cycles) (FC) 

[102] Simulate the 
energy generation 
of a TEG for three 
types of engines 

Sim. For the three engine 
types (see cases), 
simulations were done in 
ADVISOR for vehicle 
speeds ranging from 10 
to 120 km/h with a TEG 
system installed in the 
exhaust. 

Case 1: ~160 - 
180 
Case 2: ~160 - 
240 
Case 3: ~160 – 
240 (but a 
bigger average 
than case 2) 

Bi2Te3 10 - Exhaust pipe Air flow Case 1: ~18 - 
82 
Case 2: ~18 - 
110 
Case 3: ~22 – 
110 (but a 
bigger average 
than case 2) 

- 1 – 1.028% 
(energy eff. 
gain) 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

Case 1: light duty vehicle 
Case 2: midsize vehicle 
Case 3: heavy-duty 
vehicle 

(all depending 
on the velocity 
of the vehicle) 

(all depending 
on the velocity 
of the vehicle) 

[219] Investigate the 
optimal STEG 
ratio to enhance 
system 
performance 

Sim. A segmented TEG was 
validated based on 
experimental results in 
order to underline the 
effects of structural and 
thermodynamic 
conditions on a optimal 
segmented ratio design. 
After that, the potential 
of power generation in 
consideration of 
disparate p-n segmented 
ratios is studied. Finally, 
the performance 
improvement at the 
system level by applying 
optimal segmented ratio 
is investigated 

350 for 
validation 
~160 when 
the 
performance 
improvement 
is investigated 

TEP1-12656-0.6 
CoSb3(p1/n1) 
Bi2Te3(p2/n2) 

108 - Exhaust pipe Engine coolant 78.9 in the 
traditional 
layout 
83.4 in the 
optimizes 
layout 

- - 

[195] Validating a TEG 
design to 
highlight 
potential fuel 
consumption 
improvements 

Sim. 
+

Exp. 

A TEG module was 
validated to simulate its 
behavior under various 
vehicle operating 
conditions. Four cases 
were simulated: 
Case 1: 50 km/h constant 
Case 2: 80 km/h constant 
Case 3: 100 km/h 
constant 
Case 4: 120 km/h 
constant 

Case 1: 60.6 
Case 2: 172 
Case 3: 235 
Case 4: 244 

TELBP1-12656- 
0.45 
PbTe-Bi2Te3 

12 ~7 Exhaust gasses 
pass through a 
heat exchanger 
with six circular 
channels 

Water Case 1: 5.47 
Case 2: 34.35 
Case 3: 102.9 
Case 4: 94.9 

- 0.18% fuel 
saving 

[177] Hybrid electric 
heavy-duty 
vehicle energy 
recovery using 
TEG 

Sim. A hybrid bus was 
modelled and used on the 
Nuremberg cycle and 
engine operating 
parameters were 
collected to provide 
inputs to the engine 
simulation software 
(AVL BOOST). Those 
inputs were then used to 
simulate energy recovery 
and fuel saving using two 
different TEGs 
(MATLAB-SIMULINK). 

277 SiGe 
Skutterudite 

96 - Exhaust gas is 
passed through a 
rectangular heat 
exchanger 

Heatsink SiGe – 1618 
Skutterudite – 
1926.7 

- SiGe: 6.5% 
Skutterudite: 
7.2% 

[142] Evaluate the 
performance of an 
automotive TEG 

Sim. 
+

Exp. 

4 TEGs were installed on 
a 3.9 L diesel vehicle and 
tests were conducted 
with two different 

205 Inserted 
fins 
205 Dimpled 
surfaces 

Bi2Te3 240 200 
190 

Plate shaped with 
fins 
Plate shaped with 
dimples 

Coolant 612 
- 

- - 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

with different 
internal structures 

internal structures. The 
internal structure was 
modified to reduce the 
pressure drop compared 
to the reference case. 

[144] Optimizing the 
design of an ETEG 
for ICE 

Sim. The heat exchanger of an 
ETEG was optimized to 
fully exploit the potential 
of the system. The 
modified parameter was 
the angle of the baffles. 

427 Bi2Te3 20 - Rectangle with 
internal baffles 

Coolant Empty: 63 
BA 10◦: 65 
BA 20◦: 74 
BA 30◦: 83 
BA 40◦: 95 

- ~0.6% lower 
fuel 
consumption 

[220] Evaluate the 
performance of a 
TEG with respect 
to driving 
conditions 

Sim. A vehicle equipped with 
a TEG was simulated on 
the Japanese 10-15, 
NEDC and UDDS cycle. 

10-15 cycle: 
25.8 
NEDC: 46 
UDDS: 144.3 

HZ-20, Bi2Te3 16 - - - 13.1 
41 
32.1 

- 0.52% 
0.78% 
0.74% 
increase in 
power output 

[171] Performance 
investigation and 
energy 
optimization of a 
TEG for a mild 
hybrid vehicle 

Sim. A mild hybrid vehicle 
equipped with a TEG was 
simulated under the 
UDDS and HWFET 
driving cycle. 
Simulations were also 
done without the TEG to 
have a reference case. 
The electric motor was a 
10 kW ISG type. 

UDDS A: 623 
HWFET A: 656 
UDDS C: N/A 
HWFET C: N/A 

PbTe 
Quinary alloy 

20 14.3 Rectangle heat 
exchanger placed 
after the TWC 

Coolant 277.3 max. 
149.6 avg. 
250.9 max. 
184 avg. 
- 
- 

- 3.64% 
2.17% 
reduction in 
fuel 
consumption 

[221] Investigate the 
possibility of 
combining a TEG 
with a TWC and 
optimize the 
model to achieve 
uniform 
temperature 
distribution and 
low backpressure 

Sim. A simulation model of a 
TEG integrated into a 
TWC was validated and 
different cases with 
respect to TWC 
positioning were 
explored to achieve 
optimum conditions for 
the TEG. 
The TWC was positioned 
in front, middle and at 
the back of the TEG heat 
exchanger. 

Front: 60 
Middle: 70 
Rear: 90 

TEP1-12656-0.6 
Bi2Te3 

7 - Hexagonal heat 
exchanger with 
hollow center 
body, which also 
contains the TWC 

- Front: 17.42 
Middle: 22.28 
Rear: 27.28 

- 16% increased 
power output of 
the TEG with 
integrated TWC 
with respect to 
a conventional 
configuration 

[222] Simulate the 
impact on fuel 
economy of a TEG 
installed in a 
hybrid and a 
conventional 
vehicle 

Sim. A TEG installed in a 
conventional and in a 
hybrid vehicle was 
simulated using 
MATLAB-SIMULINK to 
assess the fuel economy 
potential under the ECE, 
EUDC, HWFET and FTP 
driving cycles. 

- - 60 - Rectangular heat 
exchanger 

Coolant ECE: 430.7 
EUDC: 644.6 
HWFET: 700 
FTP: 466.5 

- 2.5% and 7.5% 
fuel economy 
improvement 
for the parallel 
hybrid and 
conventional 
vehicle 
respectively 

[223] Modeling, 
simulation, and 
validation of a 

Sim. 
+

Exp. 

An electro-thermo- 
structural coupled 
numerical analysis was 
done using ANSYS-CFX 

Case 1. 270 
Case 2. 370 
Case 3. 470 
Case 4. 570 

Skutterudite 12 - Different designs 
of fins. 

Coolant water Case 1. 5.5 
Case 2. 11.5 
Case 3. 20 
Case 4. 32 

- - 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

TEG on a 
testbench 

to evaluate the thermal, 
electrical, and structural 
performances of a 
prototype TEG. 
Simulations were done at 
different temperatures 
for the hot side, with 
different designs. 

[133] Analyze the 
performance of a 
TEG for exhaust 
WHR 

Sim. A mathematical model 
was developed, and 
several structural 
influences were 
analyzed. 

248-396 TEP1-1264-3.4 126 pair of p and n 
type 
semiconductors 

- Multi layered 
exhaust/coolant 

Cooling water 185-605 - 3.3-4.1% 

[93] Simulate a TEG 
installed in the 
exhaust of a 
heavy-duty 
natural gas engine 

Sim. 
+

Exp. 

Results were compared 
(experimental and 
simulation results) for a 
single-channel TEG, in an 
operating point, with 
emphasis on the 
economical approach. 

465 SnTe1-xSex 56 6-6.8 Prototype 
mounted on the 
exhaust 

Cooling 
system 

405 - 3.4% 

[224] Development of a 
TEG model to 
analyze the power 
output for light, 
mid and heavy- 
duty engines 

Sim. The engine power and 
relative power caused by 
the application of TEG 
system for traditional 
cars were modeled. 
Simulations were made 
for all three types of 
engines/vehicles at 
vehicle speeds ranging 
from 10 to 120 km/h: 
Case 1: Light duty 
Case 2: Midsize 
Case 3: Heavy-duty. 

Case 1: 301 
Case 2: 376 
Case 3: 356 
(max @ 120 
km/h) 

Bi2Te3 20 3.5 Prototype 
mounted on the 
exhaust 

Cooled by air 
flows from the 
front grill of 
the vehicle 

Case 1: 82 
Case 2: 110 
Case 3: 108 
(max @ 120 
km/h) 

- - 

[225] Optimize the 
output of a TEM 
using thermal- 
electric 
multiphysics 
simulation 

Sim. An air to water system 
was used to model the 
CFD performance of the 
TEM. Model was also 
validated with a test rig. 

200 Bi2Te3 1 - Exhaust 
simulation 

Cooling device 3.5 - - 

[226] Develop a 
converging heat 
exchanger design 
for TEG WHR 

Sim. 
+

Exp. 

A multiphysics fluid- 
thermoelectric coupled 
field was used to 
simulate the TEG. The 
model was validated 
using a test rig. A 
comparison was made 
between the 
conventional and the 
converging TEG: 
Case 1. Conventional 
Case 2. Converging 

~190 TEG-127020 16 - Air heater Water chiller Case 1. 11.5 
(max) 
Case 2. 12.5 
(max) 

- - 

[227] Sim. - - - - Exhaust - - - 
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Table 7 (continued ) 

Ref. Goal Method TEG system design Power Eff. / FC gain 
[%] Exp./ 

Sim. 
Description ΔT [◦C] TEM / material No. of TEMs Syst. 

mass [kg] 
Structure on the 
hot side 

Cooling 
method 

Output [W] Parasitic 
losses 
[W] 

Several heat 
exchanger designs 
were studied for 
TEMs 

For all the structures of 
the heat exchanger, the 
simulation was made for 
a light-duty vehicle on 
NEDC. 

250 to 650 
(increase in 
power of ICE) 
depending on 
the structure 

[117] Compare the 
performance of 
conventional TEM 
with a segmented 
asymmetrical 
thermoelectric 
generator 
(SASTEG) 

Sim The COMSOL 5.3 
multiphysics software 
was used to optimize the 
electrical performance 
for transient and steady 
conditions of the 
SASTEG. Different duty 
cycles were simulated by 
applying transient and 
pulsed heat inputs. 
Simulations cases: 
Case 1. TEG 
Case 2. SASTEG 

Case 1. 206 
(max) 
Case 2. 286 
(max) 

Bi2Te3 1 - - - Case 1. 0.06 
(max) 
Case 2. 0.125 
(max) 

- - 

[228] Simulated the 
power output of 
roof TEG from a 
parked vehicle 
exposed to the sun 

Sim. 
+

Exp. 

Results showed that in 
both the real vehicle and 
the model temperature 
inside the cabin rose 
sufficiently in 
comparison to the 
outside so that TEMs can 
be mounted to recover 
the energy. 

- eTEG HV37 - - Inside of a 
vehicle cabin 

Outside of a 
vehicle cabin 

280 (for a roof 
area of 1 m2 

covered in 
TEMs) 

- - 

[229] Simulated the 
power output of a 
TEG installed in 
the exhaust of a 
diesel engine 

Sim. The TEG structure was 
installed in a 3.2 L 4-cyl
inder turbocharged 
engine exhaust for 
validation. 

218.8-232.6 BiTe 112 - Engine exhaust Cooling water - 
(focus on the 
temperature 
difference) 

- - 

[230] The concept of net 
power ratio was 
introduced to 
properly evaluate 
the heat transfer 
enhancement of a 
TEG HX 

Sim. 
+

Exp. 

An annular TEG model 
installed in the exhaust of 
an engine was developed 
and validated by using 
experimental data. 

225-525 HZ-20-type 
thermoelectric 
material 

30 - Hot air Cooling water 9-43 - - 

[231] Simulate the 
effect of varying 
model parameters 
of a two-stage 
TEG using the 
Latin hypercube 
sampling method 

Sim. It was determined that 
the output power and 
efficiency can be 
improved by improving 
the heat transfer 
coefficient of the cold 
source and mean heat 
exchange area. Results 
were validated by 
comparing the values 
with experimental 
measurements from 
another paper. 

300 - 1 - - - 3.55 - - 
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• thermoelectric modules models are validated against manufacturer 
data without experimental testing from the authors (see Section 6),  

• the figure of merit is often considered independent of temperature 
leading to an overestimation of the power output at low tempera
tures and underestimation at high temperatures,  

• the contact pressure (and therefore thermal contact resistance) is 
disregarded or considered constant resulting in an overestimation of 
heat flow values, 

• for thermoelectric generator systems consisting of many thermo
electric modules, validation is done for a single module and not the 
system as a whole, thus disregarding the additional losses (due to 
non-uniform temperature distribution and consequently tempera
ture gradients) and requirements for providing the proper voltage 
levels for the storage system and/or load, 

• the parasitic losses (exhaust backpressure, added weight of the sys
tem and/or auxiliary components, efficiency of the DC-DC converter, 
different power outputs of the individual modules etc.) associated 
with the thermoelectric generator system are neglected or 
underestimated, 

• simulation models usually consist of many submodels that are indi
vidually validated – in many cases each submodel overestimates the 
performance and consequently, the complete model provides more 
optimistic results. 

When including realistic assumptions, simulations yielded results 
closer to real-world testing values. Thus, more focus should be placed on 
incorporating the real aspects of employing thermoelectric generators in 
on-road operation to simulations. Only one effort estimated parasitic 
losses: for a thermoelectric generator with 20 thermoelectric modules, 
the maximum losses were estimated at 4 W. Again, like the experimental 
findings, more focus should be placed on highlighting all energy flows. 
Compared to the experiments (Table 6), simulations (Table 7) showed 
possible outputs of up to 1926.7 W, depending on the number of ther
moelectric modules (ranging from 1 to 240). This value was achieved for 
a thermoelectric generator with 96 thermoelectric modules or 20.1 W/ 
TEM. The maximum specific output was the same as in the case of 
laboratory tests since it was obtained by the same authors 41.6 W/kg. 
For cooling, the authors used in their studies coolant, water, and air. 

Given that the experimental results find improvements in fuel con
sumption are possible, as stated prior in Section 6, research should focus 
on current hindrances, such as the stabilization and uniform distribution 
of temperature on the hot side, testing of the TEG system under the 
thermal and mechanical stresses, lightweight development, and the 
appropriate selection of the thermoelectric material. 

10.2. Analysis of experimental and simulation results concerning 
thermoelectric generators in automotive applications 

As described in the previous section, the findings covering experi
mental research of thermoelectric generators illustrate that most efforts 
are concentrated on the use of thermoelectric generators for exhaust gas 
waste heat recovery, with a limited number of studies covering exhaust 
gas recirculation and radiator thermoelectric generators. Furthermore, 
the testing is done in laboratory conditions, which limits the possibility 
to identify all the challenges of using thermoelectric generators as well 
as to quantify the benefits. Further advances in the field can be obtained 
by employing RDE testing, which can provide a more comprehensive 
understanding of the benefits and challenges of using thermoelectric 
generators in this field. With respect to the simulation of thermoelectric 
generators for vehicle waste heat recovery, the proposed models are 
generally only briefly presented (therefore limiting the possibility to 
reproduce the results), cover only particular problems of thermoelectric 
generator use, and are not integrated with specialized software for the 
automotive industry. Consequently, directing research efforts towards 
the integration of such simulation solutions in specialized software, as 
well as providing more detailed presentations of the models can Ta
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positively impact the interest in further developing efficient solutions to 
use thermoelectric generators for vehicle waste heat recovery. Finally, it 
must be noted that recent developments in the automotive sector are 
pushing (and therefore gradually limiting) internal combustion engines 
research and development in the direction of hard-to-electrify applica
tions. Furthermore, the technologies that are being deployed for internal 
combustion engines are pushing the efficiency limits. Since this requires 
that more heat is converted into useful work, the result will be lower 
exhaust gas temperatures and ultimately, lower thermoelectric gener
ator efficiencies. 

11. Conclusions 

Since the beginning of the 20th century, the internal combustion 
engine has been the main propulsion source for both passenger cars and 
freight transport. However, its future is uncertain due to its negative 
impact on climate change and the current proliferation of electrified 
vehicles. While the issue of pollutant emissions can be solved by modern 
aftertreatment systems, the efficiency problem is harder to rectify, 

mainly due to the unavoidable losses accompanying the conversion of 
heat into work. Therefore, by partially recovering some of this otherwise 
wasted heat, the energy balance could be significantly improved. Of the 
thermal energy recovery methods options proposed for internal com
bustion engines, thermoelectric generators have several advantages: 
lack of moving parts and working fluids, environmentally friendly, high 
reliability, the direct conversion of thermal energy into electrical energy 
and other. Despite all these advantages, the use of such systems has not 
seen general adoption mainly due to its poor efficiency. However, recent 
advances in thermoelectric materials could provide the required 
breakthrough resulting in their continued need for study with an 
emphasis on achieving high energy efficiency. 

The present study has sought to aid this effort by bringing together 
all aspects concerning the use of thermoelectric generators for internal 
combustion engines waste heat recovery as well as delivering two 
thorough summaries of both experimental and simulation results. 
Finally, this effort covers aspects regarding both thermoelectric gener
ators installed on the exhaust system, which are usually preferred due to 
high temperatures of the exhaust gas, and in other regions that can 

Fig. 14. Power output results for a selection of cases (based on available data) presented in Table 6 (experimental results).  

Fig. 15. Power output results for a selection of cases (based on available data) presented in Table 7 (simulation results).  
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provide heat for power generation (i.e., radiator and exhaust gas 
recirculation). 

Making thermoelectric generators more attractive for vehicle man
ufactures, especially for heavy-duty vehicles used in road transport, 
requires a significant boost in their efficiency. Consequently, research 
efforts should be focused on the identification of new solutions, tech
nologies, and materials that can further improve the figure of merit to 
reach a value of at least 5. However, the complexity and multitude of 
physical parameters that govern the operating efficiency of thermo
electric generators make it difficult to achieve such a high figure of 
merit. This requires a thorough understanding of the interactions be
tween their thermal and electrical characteristics and conflicting re
quirements (e.g., heat flux vs. thermal conductivity). Therefore, 
achieving this target requires solutions to break the correlation between 
the three factors influencing ZT: Seebeck coefficient, electrical re
sistivity, and thermal conductivity. 

The design of thermoelectric modules seeks to solve the problem of 
module efficiency with respect to its application. In this respect, re
searchers and manufacturers alike need to overcome several challenges 
with respect to thermoelectric materials: improvement of Z (by solving 
the conflicting requirements of the electrical and thermal characteris
tics), growth of operating range, and/or development of low-cost ma
terials, while also considering environmental impact, mechanical 
vibrations, and shocks. Thermoelectric module efficiency can also be 
increased by using segmented thermoelectric generators, which use a 
series of segments made of different types of thermoelectric materials 
that work in narrower temperature ranges, but at the cost of increased 
manufacturing and optimization efforts. As opposed to segmented 
thermoelectric generators, cascaded thermoelectric generators use 
several independent thermoelectric modules installed in two or three 
cascade stages, thus benefiting from a simpler structure and easier 
manufacturing. The main challenge is the appropriate selection of the 
thermoelectric modules. 

Reviewing the literature, it has been found that there are numerous 
challenges to overcome before thermoelectric generators can become 
viable for automotive usage: development of thermoelectric materials 
with high efficiencies appropriate for the internal combustion engine 
operating temperature ranges, ensuring an appropriate heat transfer on 
the hot side, improving robustness, lightweight design (not an issue for 
applications using stationary engines) and others. In addition to these 
general challenges, there are specific challenges depending on the 
installation position of the thermoelectric generator system (exhaust 
pipe, the exhaust gas recirculation system, radiator, and oil pan): 
decreasing temperature along the flow direction, too high or too low hot 
side temperatures, non-uniform distribution of temperature, etc. The 
positioning of the thermoelectric generator system also requires 
consideration of other factors like the availability of installation space 
and mitigating the negative effect of the thermoelectric generator sys
tem. Furthermore, depending on the installation location there is the 
issue of heat extraction and uniform temperature distribution 
(compared to the exhaust gas thermoelectric generator, the radiator and 
exhaust gas recirculation thermoelectric generators do not require an 
additional hot side heat exchanger). Exhaust gas and exhaust gas 
recirculation thermoelectric generators pose further issues due to the 
large thermal resistance between the exhaust gases and the hot side of 
the thermoelectric generator. Several methods have been proposed to 
solve these issues like heat pipes, improved heat exchanger materials 
and/or design, as well as phase change materials. Heat exchanger ma
terials and design can significantly impact the power output of the 
system, but also the performance of the engine (due to the increased 
backpressure). The ability of heat pipes to transport heat at remote lo
cations have made it possible to solve several issues: eliminate the need 
for a direct contact between the thermoelectric generator elements and 
the exhaust pipe, reduce the thermal resistance while lowering the 
pressure losses, and improve uniformity of the temperature distribution. 

However, their use also poses some challenges like the limited rate of 
heat transfer, high design effort, added weight etc. Phase change ma
terials have the advantage that they can store and release heat, thus 
maintaining a quasi-constant temperature. Furthermore, phase change 
materials can provide thermal protection in case of temperature ex
tremes that could damage the thermoelectric generator. However, they 
would also increase the cost and weight of the system. 

As described in the previous sections, the findings illustrate that the 
output of a thermoelectric generator depends on several factors, such as 
the number of thermocouples in the thermoelectric modules, the num
ber of thermoelectric modules, the configuration/connection of the 
modules, the thermoelectric materials properties, and the temperature 
gradient. Therefore, to achieve maximum performance (power and ef
ficiency), a good design and control algorithm are required. 

Finally, the use of thermoelectric generators for waste heat recovery 
in vehicles requires multiple compromises and optimizations, which 
opens numerous possibilities for further research and innovation. For 
example, solving the conflict between the efficient use of thermoelectric 
generators for exhaust gas waste heat recovery and the operation of the 
exhaust gas aftertreatment system. One example could involve the use of 
thermoelectric generators for both electrical energy generation and 
temperature control for a close-coupled three-way catalyst. Another 
could consider that city traffic leads to large periods of exhaust gas 
recirculation operation and that there are significant efforts to increase 
the operating range of exhaust gas recirculation for highway vehicles; 
hence, use of thermoelectric generators could reduce stress on the 
exhaust gas recirculation cooler. In addition, solving the issue of ther
moelectric module efficiency at low temperature gradients can extend 
their use to radiator thermoelectric generators. Research efforts should 
also be directed towards lowering the negative impact on internal 
combustion engine operation where increasing heat exchanger effi
ciency comes at the cost of an increased backpressure. Here, the use of 
the engine oil pan as a heat source can be a solution but its performance 
strongly depends on the vehicle velocity and the ambient temperature. 

Overall, the findings presented in this effort illustrate that it is 
feasible to use thermoelectric generation to partially recover the waste 
heat of internal combustion engines, but there are still important bar
riers that must be overcome before this solution can be commercially 
adopted for vehicles. 
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[197] Temizer İ, İlkılıç C. The performance and analysis of the thermoelectric generator 
system used in diesel engines. Renew Sustain Energy Rev 2016;63:141–51. 
https://doi.org/10.1016/J.RSER.2016.04.068. 

[198] Nour Eddine A, Sara H, Chalet D, Faure X, Aixala L, Cormerais M. Modeling and 
simulation of a thermoelectric generator using bismuth telluride for waste heat 
recovery in automotive diesel engines. J Electron Mater 2019;48:2036–45. 
https://doi.org/10.1007/s11664-019-06999-w. 
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The main objective of the paper is to present the results of the computational fluid
dynamics simulation of a direct injection single cylinder engine using diesel,
biodiesel, or different mixture proportions of diesel and biodiesel and compare the
results to a test bed measurement in the same functioning point.
The engine used for verifying the results of the simulation is a single cylinder re-
search engine from AVL with an open engine control unit, so that the injection tim-
ings and quantities can be controlled and analyzed.
In Romania, until the year 2020 all the fuel stations are obliged to have mixtures of
at least 10% biodiesel in diesel. The main advantages using mixtures of biofuels in
diesel are: the fact that biodiesel is not harmful to the environment; in order to use
biodiesel in your engine no modifications are required; the price of biodiesel is
smaller than diesel and also if we compare biodiesel production to the classic pe-
troleum based diesel production, it is more energy efficient; biodiesel assures more
lubrication to the engine so the life of the engine is increased; biodiesel is a sustain-
able fuel; using biodiesel helps maintain the environment and it keeps the people
more healthy.

Key words: computational fluid dynamics simulation, single cylinder research
engine, biodiesel, rapeseed oil.

Introduction

In the last years, computational fluid dynamics (CFD) modeling was improved to sim-

ulate 3-D flows, mixture formation, burning and pollutant formation for direct injection engines.

In the engine development process, CFD modeling of direct injection engine is used to

analyze the interaction between the fuel and the motion of the intake air inside the combustion

chamber. The scope is to minimize the prototyping time and to identify solutions with high suc-

cess rate, in an early stage of the project. The success is based on the capability to make numer-

ous studies, including different shapes for the combustion chamber, for the piston, for the ad-

mission pipes, in a relatively short time, based on the computational power [1-11].

In the last years, due to an intense world request, a lot of simulation models have been

developed using CFD code. The continuous request for answers regarding direct injection en-

gines, the characteristics, and performance of calculation systems, in many cases can’t be satis-

fied with own codes. In this context, AVL FIRE is a world leader for the CFD simulation solu-

tions, and can always be upgraded with own generated code.

The program used for simulation is AVL FIRE, and for the simulation, for the combus-

tion model, Eddy break-up model was used, for the auto-ignition model Diesel_MIL (multiple

ignition location), and for NO formation the original Heywood model.
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The Eddy break-up model is the typical example of mixed-is-burnt combustion model.

It is based on the works [12-16] and can be found in all commercial CFD packages. The model

assumes that the reactions are completed at the moment of mixing, so that the reaction rate is

completely controlled by turbulent mixing. Combustion is then described by a single step global

chemical reaction:

F + vsO � (1 + vs)P (1)

in which F stands for fuel, O for oxidizer, and P for products of the reaction. Alternatively we

can have a multistep scheme, where each reaction has its own mean reaction rate.

In AVL FIRE the mean reaction rate is written:

r
t

r� min , ,
PrPrr

C
y

yO

S

C y

S

x
fu

fu

R

fu�
�

�

�
�

�

�
	

1
(2)

The first two terms of the “minimum value of” operator “min” simply determine

whether fuel or oxygen is present in limiting quantity, and the third term is a reaction probability

which ensures that the flame is not spread in the absence of hot products. Cfu and CPr are empiri-

cal coefficients and tR is the turbulent mixing time scale for reaction.

The value of the empirical coefficient Cfu has been shown to depend on turbulence and

fuel parameters. Hence, Cfu requires adjustment with respect to the experimental combustion

data for the case under investigation [17].

Boundary definition

The simulations were made in order to understand in more detail the processes that oc-

cur and the behavior of the air-fuel mixture inside the combustion chamber.

The objectives are structured in the following way:

– investigation of the air flow inside the combustion chamber, to understand the effects that the

intake pipes shape have on the flow and the effects of the bowl of the piston on the air-fuel

mixture and on the flow structure,

– the study on the shape of the injection, and

– study of the swirl coefficient, injection parameters, pressure, temperature, and the

combustion equivalence ratio in the combustion chamber.

All investigations were made in AVL FIRE, and the verification of the results was

made in the Technical University of Cluj-Napoca, on the test bed from the automotive depart-

ment.

The point chosen for simulation is 4000 rpm and an IMEP of 4 bar because it best rep-

resents the engine operation points.

The accuracy of the simulations depends on the prediction capability of the used mod-

els, adopted for injection simulation, propagation of the injection, burn, and pollutant formation.

The initial data regarding the dimensions of the single cylinder engine are presented in

tab. 1. Table 2 presents the timings and quantities of the injected fuel.

In conformity with tab. 2, fig. 1 presents the injection laws for pilot and main injection.

Due to the injector needle lift, the real injection law has looks a little different than the theoreti-

cal one; and because of the delay between the energizing of the injector and the actual needle

lift, the injection used in the simulation is delayed, but the injected quantity remains the same

(the area between the graph and the horizontal axis).
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The combustion chamber geometry and the created mesh are presented in fig. 2. The

maximum number of cells in the moving mesh is 1.5 million.

Results and discussions

The obtained results were processed with the post-processing module AVL

IMPRESS, using user defined programs and MS Excel.
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Table 1. Engine specifications

Type Value Unit

Bore 85 mm

Stroke 90 mm

Fuel system Natural aspirated –

Injection system Common rail –

Maximum speed 4200 rpm

Table 2. Injection timings

Injection
time

SOI EOI
Quantity
[mm3]

Quantity
[mg]

Pilot 692 695 2.9 2.5

Main 701 725 23.83 20.1

SOI – start of injection; EOI – end of injection

Figure 1. Theoretical, simulated, and real injection laws for pilot and main injection

Figure 2. Used moving mesh (a) and the combustion chamber geometry (b)



Flow speeds

The flow speed of the air entering the combustion chamber is important to monitor for

the filling of the chamber, to notice the air currents and to improve the flow parameters. Also the

swirl coefficient was studied because it has a great influence on the injection process.

The results are presented in figs. 3 and 4, for the maximum opening of the intake

valves.

The role of the helical port can be

seen better in the vectorial view, fig.

4:

– to create the proper swirl;

and the role of the tangential port

(better seen in the surface view,

fig. 3):

– to ensure the correct air flow;

that is why in the tangential port the

red area with the speed of 100 m/s

is bigger.

Swil coefficient

The swirl coefficient data were

generated with the help of a function implemented in AVL FIRE. The swirl coefficient rises

from 0° CA to 480° CA to a value of 2.4 and then decreases to 1.9 at 680° CA.

The most important points of the swirl coefficient are:

– intake valve closing (580° CA), where the swirl coefficient is 2.04, and

– injection start (692° CA), where the swirl coefficient is 2.09.
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Figure 3. Vectorial and surface views of the flow velocities at 450° CA
(a) in the helical port, (b) in the tangential port
(for color image see journal web site)

Figure 4. Top vectorial view of the flow velocities at
maximum intake valves opening
(for color image see journal web site)



It is important to know the shape of the flow at maximum intake valves opening (fig.

5), and to know the axis around which the air is swirling because this axis should coincide with

the cylinder axis [18]. The axis analysis is presented in fig. 6.

By studying the swirl coefficient we can see that the swirl axis almost coincides with

the cylinder axis, which is good, because it influences equally all the injection cones; fact also

confirmed with the cuts perpendicular on the cylinder axis in fig. 6.
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Figure 5. Swirl analysis (flow velocities) at 690 deg CA
(a) section perpendicular on Oy axis (b) section perpendicular on Ox axis
(for color image see journal web site)

Figure 6. Rotation axis of the air flow in the combustion chamber; cut at (a) 1/4 stroke, (b) 1/2 stroke, and
(c) 3/4 stroke (for color image see journal web site)



Combustion equivalence ratio

Figure 7 represents the variation of the combustion equivalence ratio during the pilot

and main injection. The effect of the swirl can be seen, as the injection cones tend to rotate

clockwise, which ensures a better air-fuel mixture, and there for a better combustion.

Jet penetration

Simulations were made using diesel, B10 (10% rapeseed oil + 90% diesel), B20, and

B50, the biodiesel blends have different lower calorific values and different densities, which are

presented in tab. 3.

Because the density rises for B50, B20, and B10 in comparison to diesel, the penetra-

tion of the fuel, for the same injection pressure, is different, and it is presented in fig. 8. It can be
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Figure 7. Evolution of the combustion equivalence ratio of the pilot and main injection
(for color image see journal web site)



seen that the maximum penetra-

tion of the fuel jet when using B50

is 18 mm, in comparison to 15.2

mm for B20, 14.8 mm for B10, and

13.6 mm for diesel. Comparing the

obtained results with the experi-

mental research made by Mariasiu

[19], it seems that the biofuels

penetration is directly influenced

by the turbulence of engine fluid

inside the combustion chamber.

The immediate effect is reducing

of the smoke pollutant emissions.

Cylinder pressure

The cylinder pressure is pre-

sented in fig. 9. The differences

between diesel and biodiesel

blends can be seen, because if the

mixture contains more rapeseed

oil, the lower calorific value of the

obtained biodiesel decreases.

The cylinder pressure was measured with a piezoelectric sensor placed in the combus-

tion chamber and results were collected with an INDI Module from AVL.

The pressure inside the combustion chamber using pure diesel is 63.29 bar, for B10 it is

62.18 bar, for B20 it is 62.32 bar, and for B50 it is 61.26 bar; so the pressure decreases to 97%

using B50 in comparison to pure diesel.

Temperature in the

combustion chamber

The temperature inside the

combustion chamber during

the diesel and biodiesel burn is

presented in fig. 10.

The temperature inside the

combustion chamber reaches

from 1761 K (when using die-
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Figure 8. Fuel jet penetration using different blends of
biodiesel

Figure 9. Cylinder pressure for diesel, B10, B20, and B50

Table 3. Lower calorific value and density of different blends of biodiesel in comparison to diesel [19]

Fuel Composition Lower calorific value [kJkg–1] Density [kgm–3]

Diesel Diesel 100% 43200 830

B10 10% rapeseed + 90% diesel 42780 835

B20 20% rapeseed + 80% diesel 42360 840

B50 50% rapeseed + 50% diesel 41100 855

Figure 10. The temperature inside the combustion chamber using
the biodiesel blends



sel) to 1534 K (when using B50), so the temperature decreases to 87% when using B50, to 94%

when using B20, and to 97% when using B10 in comparison to diesel.

Conclusions

In the present study the flow velocities during the intake were analyzed. The role of the

tangential and helical intake port were underlined, the swirl axis was also analyzed. The axis of

the swirl is well centered so the influence on the fuel injection cones is uniform.

Also the diesel, B10, B20, and B50 combustion has been simulated and the equiva-

lence ratio, cylinder pressure, cylinder temperature and fuel jet penetration were investigated.

The cylinder pressure for the diesel fuel was also measured on the test bed, because of

the A and B constants from the Eddy break-up model used for the combustion. The constants

were kept and the simulation was restarted using B10, B20, and B50, respectively; the pressure

and temperature curves were extracted.

When using biodiesel blends, due to the higher density, the penetration increases with

the percentage of biodiesel in diesel. But due to the decrease of the lower calorific value, the cyl-

inder pressure drops to 97% and the temperature also drops to 87%. But the advantage when us-

ing biofuels is mainly the lower emissions [20-22].

The authors wanted to underline the importance of test bed measurements before sim-

ulating the processes inside the single cylinder research engine. The methodology of the re-

search followed a few logical steps: first, the measurements on the test bed were made in a very

well chosen working point, in order to obtain the best views for the movement of the air inside

the cylinder; secondly, the surface of the cylinder head, piston head, injector tip, valves and

other important surfaces were measured and built in a computer aided design software and im-

ported in AVL FIRE; thirdly, the boundaries were named in order to create different cell sizes

for different selections like the valve tips; forth step, we created the solver steering file where the

inputs were the temperatures, pressures from the test bed in order to create the real simulation

conditions.

After the simulation was done, all the necessary data were extracted and processed in

order to be presented in a traditional way.

Also, the authors wanted to underline the advantages of using a simulation based on

test bed measurements, like: by measuring the cylinder pressure, atmospheric pressure and tem-

perature, and the sizes of the engine elements, the simulation was able to generate including the

movement of the air inside the cylinder, and much more needed data, also the fuel can be

changed easily and the simulation should run again to generate a new set of data.
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Nomenclature

CA – crank angle
Cfu, CPr – empirical coefficients
D – piston diameter
DB – piston bowl diameter
DTH – piston throat diameter

deg. – degrees
F – fuel quantity
O – oxygen quantity
P – products of reaction quantity

tR – the turbulent mixing time scale for reaction
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Featured Application: The work presented in this study can be used in the design and develop-
ment process of thermoelectric generators for vehicle waste heat recovery.

Abstract: More than 50% of the energy released through combustion in the internal combustion
engine (ICE) is rejected to the environment. Recovering only a part of this energy can significantly
improve the overall use of resources and the economic efficiency of road transport. One solution
to recoup a part of this otherwise wasted thermal energy is to use thermoelectric generator (TEG)
modules for the conversion of heat directly into electricity. To aid in development of this technology,
this effort covers the derivation of a respectively simple steady-state Simulink model that can be
utilized to estimate and optimize TEG system performance for ICEs. The model was validated against
experimental data found in literature utilizing water cooling for the cold side. Overall, relatively
good agreement was found with the maximum error in generated power around 10%. Following,
it was investigated whether air can be used as a cooling medium. It was established that, at the
same temperature as the water (18.4 ◦C), a flow velocity of 13.1 m/s (or 47.2 km/h) is required to
achieve a similar cold junction temperature and power output. Subsequently using the model with
air cooling, the performance of a TEG installed on a heavy-duty vehicle traveling at 50, 80, 90, and
120 km/h under different ambient temperatures was analyzed. It was determined that both a lower
temperature and a higher flow velocity can improve power output. A further increase of the power
output requires a larger temperature gradient across the module, which can be achieved by a higher
heat input on the hot side.

Keywords: thermoelectric generator; thermoelectric module; waste heat recovery; internal combustion
engine; steady-state model

1. Introduction

With the advent of the internal combustion engine (ICE) in the late 19th century and
its continued development during the 20th century, humankind has benefited greatly
from its use for transportation. In fact, the 20th century can be defined in one word:
“Mobility”; local, regional, national, and international mobility of goods, people, and
ideas. However, owing to its construction and general operation, the ICE manages to only
partially transform fuel chemical energy into mechanical work. This is illustrated by the
thermal efficiency of modern ICEs that generally only reaches 40–45%. This respectively
low value of energy conversion directly influences the economic efficiency of the road
transport process. For example, a 40 t freight vehicle with a payload of 25 t operating with
an ICE has an overall transport process efficiency equal to 17–18% [1]. Furthermore, since
transportation has a significant influence in both national and global economies, increasing
transport process efficiency can immediately reduce operating costs while additionally
helping to decrease greenhouse gas emissions.
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Most of the thermal energy of the ICE (approx. 30%) is lost through the high tempera-
ture combustion exhaust gases that are discharged directly into the atmosphere. Therefore,
one solution to increase overall efficiency is to recover, at least a part of this significant heat
loss to the environment. For this purpose, research has targeted the design, development,
and implementation of thermoelectric generator modules for directly converting heat into
electricity, which can then be used in hybrid power systems to increase vehicle efficiency.
Thermoelectric devices are environmentally friendly and have numerous other advantages
including the lack of moving parts, the conversion of thermal energy directly into electrical
energy, high reliability, as well as low maintenance requirements. The main disadvantage
of such devices is their low efficiency owing to the small dimensionless figure of merit (ZT)
values currently found in commercial devices. However, there are promising solutions for
achieving higher ZT values even at low to mid temperatures (<150 ◦C) [2].

The research efforts focused on identifying the potential for converting thermal energy
into electricity, through thermoelectric generator (TEG) systems of different configurations
and sizes, installed on the engine’s exhaust path show that it is possible to obtain an
electrical power output of approximately 200–1000 W, depending on vehicle type and
operating conditions [3–6]. However, research has also shown that the vehicular use of
TEG systems depends on driving conditions with negative effects found when conditions
have a high changing frequency [7].

The development of numerical models investigating the efficient use of TEG systems
centers mainly on: Operating temperatures, optimizing geometric dimensions [8], different
materials in TEG construction [9], and design optimization of hot and cold side heat
exchangers [10]. Furthermore, TEG system design focuses on the energetic efficiency
of conductive and convective system types [11]. In this area, Fan et al. [12] proposed a
numerical model to determine the optimum values for the thermocouple leg lengths and
cross-sectional areas. Their analysis showed that, for given thermal boundary conditions,
the maximum output power can be improved by optimizing the leg length or cross-sectional
area. Other efforts by Yu et al. [13] developed a mathematical model to investigate the
effects of different vehicle engine operating regimes (e.g., cold-start and different loads)
on TEG performance. The major conclusion of their research was that TEG performance
is influenced more by vehicle speed than by ambient temperature. Wang et al. [14] used
a three-dimensional computational fluid dynamics simulation to analyze power output,
temperature distribution, and pressure drop of a TEG system with different internal
structures of the heat exchanger. Their model considered the coverage and placement of
the thermoelectric modules on the heat exchanger surface. The primary outcome was that
increasing the number of modules may eventually saturate the total power output. Du
et al. [15] investigated the design of a cooling channel for a thermoelectric module using a
CFD software program (Fluent). Their results showed that in general, the output power is
higher when using liquid as cooling fluid compared to air.

The analysis of this literature shows that there is a wide variety of numerical models
for TEG simulation with different types of sophistication. However, most models are
usually only briefly presented, with little detailing of the underlying equations and of the
implementation. Therefore, the aim of this study is to develop and validate a respectively
simple steady-state Simulink model that can be utilized to estimate and optimize TEG sys-
tem performance. The model is intended to aid in the design and development of thermal
energy recovery systems for ICEs, but it can be applied in other areas as well. Employing
the described model early in the design process can facilitate whether thermal energy
recovery is feasible for the TEG system under specific operating conditions. Furthermore,
the proposed Simulink model can be integrated into existing software solutions for the
analysis of different energy sources and powertrains.

2. Thermoelectric Model Equations

A thermoelectric couple (TC) consists of p-type and n-type semiconductor legs that are
connected thermally in parallel and electrically in series (Figure 1). When heat is applied
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to produce electric current, the TC operates as a generator. If, however, current is applied
at the terminals, then the TC operates as a heat pump. For this effort, the focus is on
thermoelectric generation and the use of the model as a heat pump is left to future work.

Figure 1. Thermoelectric couple operating as a generator.

If the two junctions of the TC are subjected to different temperatures (∆T = Th − Tc
[K], where Th [K]—hot side temperature, Tc—cold side temperature), a potential difference,
proportional to the temperature variation, will appear (VOC,TC [V]—open circuit voltage,
VLoad,TC [V]—potential difference across a load connected to the TC):

VOC,TC = αTC · (Th − Tc) (1)

where αTC [V/K] is the relative Seebeck coefficient:

αTC = αp − αn. (2)

If the TC is connected to an external load with a resistance RLoad,TC [Ω], a current flow
will appear (I [A]). Consequently, the potential difference VLoad,TC can be expressed as:

VLoad,TC = I · RLoad,TC. (3)

In addition, there is an internal electrical resistance of the TC, RTC [Ω], which is defined
based on the characteristics of the two legs: Electrical resistivity (ρp [Ωm]—electrical
resistivity of the p-type leg, ρn [Ωm]—electrical resistivity of the n-type leg), length (Lp
[m]—length of the p-type leg, Ln [m]—length of the n-type leg), and cross-sectional area (Ap
[m2]—cross-section area of the p-type leg, An [m2]—cross-section area of the n-type leg).

RTC = ρp
Lp

Ap
+ ρn

Ln

An
(4)

Knowing that the relation between VLoad,TC and VOC,TC is

VLoad,TC = VOC,TC − IRTC (5)

which results in a derivation of the current:



Appl. Sci. 2021, 11, 1340 4 of 33

I =
αTC(Th − Tc)

RTC + RLoad,TC
. (6)

This flow of current leads to three additional effects: Peltier heating or cooling, Joule
heating, and the Thomson effect. The latter is relatively small and is usually neglected to
simplify the analysis, as is the case in this study.

If current flows through the junction, heat must be continuously added or rejected to
maintain a constant temperature. Furthermore, this heat flow is proportional to the current
flow and changes direction if the current is reversed. This is called the Peltier effect and is
defined by the Peltier coefficient πTC,junction [J/A]:

πTC,junction =

.
Qjunction

I
(7)

where
.

Qjunction [W] is the rate of heat absorption/rejection at the hot/cold junction. Us-
ing Kelvin relationships, the Peltier coefficient can be expressed based on the Seebeck
coefficient, which is respectively easier to measure:

πTC,junction = αTCTjunction (8)

where Tjunction [K] is the temperature of the hot side and cold side junction. Thus, the rate
of heat absorption/rejection at this junction can be expressed as:

.
Qjunction = αTCITjunction. (9)

In addition to Joule heating, there is another irreversible phenomenon that accom-
panies the reversible thermoelectric effect, namely the conduction of heat. In a TC, heat
conduction causes a transfer of heat from the hot side to the cold side as a means of
achieving thermal equilibrium. Considering the thermal conductivities of the two legs (kp
[W/mK]—thermal conductivity of the p-type leg, kn [W/mK]—thermal conductivity of
the n-type leg), one can define the thermal conductance (KTC [W/K]) of the TC:

KTC = kp
Ap

Lp
+ kn

An

Ln
. (10)

Joule heating,
.

QJoule,h/c [W], is the process where electrical energy is converted into
thermal energy as current flows through a resistance. For a TC, Joule heating decreases the
rate of heat absorption at the hot junction and increases the rate of heat transfer to the cold
junction, in equal shares (i.e., half of the heat generated by the Joule effect passes to the hot
side and the other half to the cold side) [16]:

.
QJoule,h/c =

1
2

I2RTC. (11)

Neglecting the Thomson effect, by applying the first law of thermodynamics at the
hot junction of a TC, the rate of heat absorption,

.
Qh,TC [W], is:

.
Qh,TC = αTCITh − 1

2
I2RTC + KTC(Th − Tc) (12)

whereas the rate of heat rejection,
.

Qc,TC [W], at the cold side is:

.
Qc,TC = αTCITc +

1
2

I2RTC + KTC(Th − Tc). (13)

Overall, the power delivered to the load, Pel,TC [W], can be calculated in two ways:

Pel,TC =
.

Qh,TC −
.

Qc,TC (14)

or as:
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Pel,TC = I2RLoad,TC. (15)

The thermoelectric performance of the material is assessed using the figure of merit [1/K]:

Z =
α2

ρk
(16)

which, for a TC becomes

ZTC =
α2

TC[√
ρpkp +

√
ρnkn

]2 . (17)

This figure of merit, like the thermoelectric parameters, is temperature dependent. How-
ever, often, average values are assumed with errors found to be below 10% of the true
value [17].

The conversion (or thermal) efficiency of the TC is the ratio of the power output to
the heat input at the hot side. To simplify the final expression, the following notations are
employed for the load resistance ratio (m [-]) and Carnot efficiency (ηC [-]), respectively,

m =
RLoad,TC

RTC
(18)

ηC = 1 − Tc

Th
. (19)

Thus, the conversion efficiency is:

ηth =
ηCm

(1 + m)− 1
2ηC + 1

2ZT
(1 + m)2

(
1 + Tc

Th

) . (20)

Expressions of maximum parameters (current, voltage, power, and efficiency) are also
introduced here due to their importance in determining TEG parameters, which will be
shown later. The maximum voltage occurs at open circuit when I = 0:

VOC,TC,max = αTC(Th − Tc). (21)

The maximum current, however, occurs at short circuit, where RLoad,TC = 0; thus,
leading to the following expression:

Imax =
αTC(Th − Tc)

RTC
. (22)

To obtain the maximum power, it can be shown that the load resistance must equal
the internal resistance (thus: m = 1), which leads to the following expression:

Pel,max =
α2

TC(Th − Tc)
2

4RTC
(23)

For the maximum efficiency, the conversion efficiency is differentiated with respect to m
and set to 0. This leads to the following expression for the load resistance ratio:

m =
√

1 + ZT (24)

where ZT [-] is the dimensionless figure of merit (T = 1/2 · (Th + Tc) [K] is the average
temperature across the TC). Consequently, the maximum conversion efficiency becomes:

ηth,max =

(
1 − Tc

Th

)
·
√

1 + ZT − 1√
1 + ZT + Tc

Th

. (25)

Of additional high importance is the efficiency at maximum power (ηmp), or, in other
words, at matching load resistance (m = 1). Based on Equation (20), ηmp is:



Appl. Sci. 2021, 11, 1340 6 of 33

ηmp =
ηC

2 − 1
2ηC + 2

ZT

(
1 + Tc

Th

) . (26)

The output of a single TC is generally small; e.g., well below 1 [W]. Therefore, many
TCs are connected to form a thermoelectric module (TEM) (Figure 2); thus, increasing
the power output. At this point it is worth recalling that a TEM can operate both as
a generator (often designated with TEG in literature) and/or as a heat pump (usually
TEC—thermoelectric cooler). In the present study, the TEM operates as a generator, but the
notation of TEM is used to avoid confusion with the acronym TEG that involves the overall
system including heat exchangers (shown later). The output of a TEM can be expressed
based on the number of thermocouples (nTC [-]) and the parameters of the TC, except for
electrical current that is independent of the number of thermocouples. Thus, the total rate
of heat absorption/rejection at the hot and cold sides are, respectively:

.
Qh,TEM = nTC

[
αTCITh − 1

2
I2RTC + KTC(Th − Tc)

]
(27)

.
Qc,TEM = nTC

[
αTCITc +

1
2

I2RTC + KTC(Th − Tc)

]
. (28)Appl. Sci. 2021, 11, 1340 7 of 36 
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Using Equations (14), (27) and (28), the total power output of the module can be calculated:

Pel,TEM = nTC

[
αTCI(Th − Tc)− I2RTC

]
. (29)

3. TEM Properties Identification Model

Often TEM material properties are not available from the manufacturer and must
be determined, which requires specialized equipment [19]. Furthermore, it is not always
necessary to have high model accuracy throughout the entire operating range. For example,
when estimating the performance of a TEM system in the preliminary design phase, it
is helpful to have a respectively simple and physically based model that can be used
to run parametric studies. To solve this issue, Lee et al. [20] and Zhang [21] proposed
methods that use maximum parameter values, usually provided by manufacturers, to
estimate the electrical resistivity, Seebeck coefficient, thermal conductivity, and the figure of
merit. The authors call these effective parameters since, as compared to intrinsic material
properties, they are determined at the system (TEM) level; thus, they account for the
various losses caused by the manufacturing process (i.e., thermal and electrical contact
resistances), the temperature dependency (due to the Thomson effect), as well as imperfect
insulation (heat losses through radiation and convection). The basic idea is that, ideally, the
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maximum current, voltage, power, and efficiency are functions of the material properties,
the thermocouple geometry (area, length), and the temperatures of the two junctions
(Th, Tc).

3.1. Equations and Simulink Model

For the current study, the maximum parameters used to determine the outcomes are
current, efficiency, and power (only three of the four maximum parameters presented in
Equations (21)–(23) and (25) are required). By knowing the leg area (A = Ap = An) and
length (L = Lp = Ln), the effective Seebeck coefficient and the effective electrical resistivity
of the TC can be determined from Equations (22) and (23):

ρ∗TC =
4
(

A
L

)
Pel,max

nTCI2
max

(30)

α∗TC =
4Pel,max

nTCImax(Th − Tc)
. (31)

To determine the effective thermal conductivity, an additional parameter is required,
namely the effective figure of merit which can be obtained from Equation (25):

Z∗
TC =

1
T

(1 + ηmax
ηC

Tc
Th

1 − ηmax
ηC

)2

− 1

. (32)

Based on Equation (16), the effective thermal conductivity can be expressed as:

k∗
TC =

α∗TC
2

Z∗
TCρ

∗
TC

. (33)

3.2. Model Validation

The model has been validated for two commercially available thermoelectric modules
which are presented in Table 1. This data has been used in the Simulink model presented
in Figure 3 to determine the effective parameters.

1 
 

 
 
3 
  

Figure 3. Simulink model for determining effective properties (values for TGM-127-1.4-2.5).
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Table 1. Thermoelectric parameters of commercially available thermoelectric modules.

TEM nTC [-] Pel,max [W] Imax [A] ηmax [%] Ap/n [mm2] Lp/n [mm] Th [◦C] Tc [◦C]

TGM-199-1.4-0.8 [22] 199 11.40 5.10 4.3 1.96 0.8 200 30
TGM-127-1.4-2.5 [23] 127 4.46 2.37 5.5 1.96 2.5 200 30

The effective parameters obtained with the model presented in Figure 3 were used to
calculate the voltage, current, and power at matched load resistance conditions, as well as
the power, current, voltage, and efficiency at the maximum temperature gradient for various
values of the load resistance. The results show that there is a relatively good agreement be-
tween the measured and calculated values (Figures 4 and 5). The major differences appearing
here can be attributed to the temperature dependency of the electrical resistivity, Seebeck
coefficient, and thermal conductivity, which is not captured in the proposed model. Despite
these differences, the predicted power output of the module is in relatively good agreement
with the measured values. A possible reason for this result is that the maximum power was
chosen as an input parameter in deference to the maximum voltage.

Figure 4. Manufacturer data compared to calculated data at matched load resistance conditions for TGM-199-1.4-0.8:
(a) Module power; (b) module current; (c) module voltage; (d) module power and voltage with respect to current; and
(e) module efficiency.
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Figure 5. Manufacturer data compared to calculated data at matched load resistance conditions for TGM-127-1.4-2.5:
(a) Module power; (b) module current; (c) module voltage; (d) module power and voltage with respect to current; and
(e) module efficiency.

4. TEG Model for Exhaust Gas Waste Heat Recovery

For the current study, the system is analyzed under steady-state conditions. The do-
main is discretized along the flow direction in control volumes (CVs) having the same
length as a TEM (Figure 6). Initially, only one control volume is considered for the calcula-
tion; however, a greater domain can be built by adding more control volumes with each
taking input data from the previous CV. The changes in fluid properties with temperature
are considered separately for each control volume and are defined at the mean CV temper-
ature (average of inlet and outlet temperatures). For simplicity, thermoelectric parameters
are considered constant, but the model can be readily updated with equations for these
parameters, either from the literature or from the manufacturer.

Thermoelectric modules are often combined with heat exchangers (HX) to form ther-
moelectric generators (TEG), which are used to recover otherwise wasted thermal energy
from the exhaust gases of ICEs. The fins of the HX allow for an increased heat transfer
surface area, subsequently enhancing the amount of heat extracted through convection
from the hot gases. This heat is then transferred through conduction to the TEMs. An
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example of such a TEG with all relevant dimensions of the finned heat exchanger (LHX
[m]—heat exchanger length, WHX [m]—heat exchanger width, HHX [m]—heat exchanger
height, zHX,fin-spacing [m]—heat exchanger fin spacing, tHX,fin [m]—heat exchanger fin thick-
ness), as well as the positioning of the TEMs is presented in Figure 6. If the heat exchanger
is covered with TEMs on both sides, the CV must be modified accordingly (Figure 7).

Figure 6. Hot side heat exchanger.

Figure 7. Side view of module section.

4.1. Equations and Simulink Model

The layering of the TEG, which will be used for calculating the amount of heat trans-
ferred to the hot side and from the cold side, is presented in Figure 8. The TEG is composed
of two heat exchangers (hot and cold side), a thermal grease used to eliminate surface
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imperfections in the interface area, and two ceramic plates acting as electric insulators. The
electrical conductor height is relatively small and, since it has a respectively high thermal
conductivity and low electrical resistivity, it was neglected in the present model.

Figure 8. Integration of thermoelectric module in a thermoelectric generator.

As a first step, all relevant areas for the heat transfer are calculated starting from the
area available for heat transfer in one TC (Aht,TC [m2]):

Aht,TC = Ap + An. (34)

For a TEM with nTC thermocouples, the area available for heat transfer (Aht,TEM [m2])
will be:

Aht,TEM = nTC
(
Ap + An

)
. (35)

Thus, for a TEG with nTEM [-] TEMs, the total area of the HX base in a control volume
(Aht,CV,base-TEM [m2]) available for heat transfer will be:

Aht,CV,base−TEM = nTEMnTC
(
Ap + An

)
. (36)

The HX base area for one control volume (Aht,CV,base [m2]) is defined as:

Aht,CV,base = WHx · LCV (37)

where LCV is the length of the CV. The part of the HX base area that is not covered by TEMs,
is considered to be insulated.

To calculate the amount of heat extracted from the hot gases, the total area (Aht,CV,total)
available for heat exchange with the hot gases in a control volume must be determined:

Aht,CV,total = nfin

[
2(tHx,fin + LCV)HHx + zHx,fin−spacingLCV

]
. (38)

Note that the equations presented are for a HX installed on the hot side, but the
equations can also be used for an HX on the cold side.

To show the fraction of the HX base surface that is used for heat transfer to the TCs, a
HX surface usage coefficient is proposed:

fHx,Area =
Aht,CV,base−TEM

Aht,CV,base
. (39)

When only the flow velocity (Vgas [m/s]) is available, the crossflow area of the HX is
required to compute the mass flow:

AHx,cross = nfinzHx,fin−spacingHHx (40)

consequently, the gas mass flow rate will be
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.
mgas = ρgasVgasAHx,cross. (41)

If, however, the mass flow is available, then Equation (41) can be used to compute the
gas flow velocity.

The next step is to determine the forced convection heat transfer coefficient between
the gases and the HX surface. This is respectively difficult since the flow ranges from
developing to fully developed. On this topic, Teertstra et al. [24] proposed and validated a
model that uses a composite solution based on the limiting cases of flow between isothermal
parallel plates. In the transitional flow region, an average Nusselt number is calculated as
a function of the heat exchanger geometry and fluid flow velocity. To use this model, two
conditions must be met: Air must be contained within the channels (this is achieved since
a closed HX is considered) and the fin spacing must be considerably smaller than the fin
height (high aspect ratio). The reduced Reynolds number has an experimental range of
0.2 ≤ Re∗ ≤ 200 [25] and is calculated as:

Re∗Hx,channel =
VgaszHx,fin−spacing

µgas

zHx,fin−spacing

LHx
. (42)

The proposed equation for the Nusselt number is:

NuHx,channel =

(Re∗Hx,channelPrgas

2

)−3

+

0.664
√

Re∗Hx,channelPr
1
3

√√√√1 +
3.65√

Re∗Hx,channel


−3

− 1
3

. (43)

If the flow is fully turbulent and Re * exceeds its range limits, then the Nusselt number
can be calculated using the Gnielinski relation [26]:

NuHx,channel =
fG
8 (ReHx,channel − 1000)Prgas

1 + 12.7
√

fG
8

(
3
√

Pr2
gas − 1

) (44)

where ReHX,channel is the channel Reynolds number and fG is the friction factor in turbulent
flow in smooth tubes determined from the first Petukhov equation [27]:

ReHx,channel =
VgaszHx,fin−spacing

µgas
(45)

fG =
1

(0.79 ln ReHx,channel − 1.64)2 . (46)

Knowing the Nusselt number, the gas-fin heat transfer coefficient can then be calcu-
lated with the following expression:

hgas−fin =
kgas

zHx,fin−spacing
NuHx,channel. (47)

To calculate the efficiency of the heat exchanger, as well as the thermal resistance, the
efficiency of a single fin must be determined [28], along with the thermal resistances of all
other intermediate layers. A single fin efficiency is calculated based on the mfin parameter
and the fin height, which, in this case is the same as the heat exchanger height:

mfin =

√
hgas−fin · 2(LHx + tHx,fin)

kHxLHxtHx,fin
(48)

ηfin =
tanh(mfinHHx)

mfinHHx
. (49)

The next step is to calculate the overall effectiveness of the fin (ηo,fin [-]), for which the
area of a single fin (Afin [m2]) and the number of fins (nfin [-]) must be known:
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Afin = 2HHx(LHx + tHx,fin) (50)

ηo,fin = 1 − nfinAfin
Aht,Hx,base

(1 − ηfin). (51)

Figure 9b shows the thermal resistance network used to calculate the hot (Th [K]) and
cold side (Tc [K]) junction temperatures along with the heat exchanger efficiency. To keep
the model simple, and since it represents under 2% of the total heat transferred from the
hot side [29], radiation losses are neglected. The resistances in Figure 9 are defined for
all layers presented in Figure 8 based on their thickness (tlayer-name), thermal conductivity
(klayer-name), and surface area (Alayer-name). The equivalent gas-fin heat transfer resistance,
and the thermal resistances of the base, grease, and ceramic are calculated according to
Equations (52)–(55):

Rth,fin,eq =
1

ηo,finhgas−finAht,Hx,total
(52)

Rth,Hx,base =
tHx,base

kHx,baseAht,Hx,base
(53)

Rth,grease =
tgrease

kgreaseAgrease
(54)

Rth,ceramic =
tceramic

kceramicAceramic
(55)

Figure 9. (a) Thermoelectric generator (TEG) temperatures of interest; (b) thermal resistance network for a CV; (c) simplified
thermal resistance network for calculating Tc; and (d) simplified thermal resistance network for calculating Th.

The equivalent thermal resistance of the TEM is calculated based on the hot and cold
junction temperatures and the heat flow to the cold side:

Rth,TEM =
Th − Tc

.
Qc

. (56)
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Similarly, an equivalent load resistance is defined based on the hot junction temper-
ature and the temperature on the cold side (T∞,c = 1/2 ∗ (T∞,c,in + T∞,c,out) [K], where
T∞,c,in and T∞,c,out are the temperature of the gas at the cold side heat exchanger inlet and
outlet respectively):

Rth,Load,eq =
Th − T∞,c

Pel,TEM
. (57)

Based on Equations (52)–(55), an equivalent thermal resistance of the hot side can
be determined:

Rth,h,eq = Rth,fin,eq + Rth,Hx,base + Rth,grease + Rth,ceramic. (58)

Similarly, the equivalent thermal resistance of the cold side is:

Rth,c,eq = Rth,ceramic + Rth,grease + Rth,Hx,base + Rth,fin,eq. (59)

Often, an aluminum block is used to act as a thermal spreader that is placed between
the HX and the TEM as in Figure 10. In this case, the thermal resistance of the base is
replaced by the thermal resistance of the aluminum block:

Rth,Al,block =
tAl,block

kAl,blockAAl,block
. (60)

Figure 10. Integration of thermoelectric module in a thermoelectric generator.

It is important to note that, in such cases, the HX is usually also made of aluminum
which allows for a simplification. Namely, the addition of the HX base thickness to the
aluminum block thickness. They can, however, be introduced as separate blocks. In the
present study, the former solution has been adopted.

For the case presented in Figure 10, the heat exchanger efficiency is defined as:

ηHx =

(
1

ηo,fin
+ 2

hgas−finAht,Hx,totaltgrease

kgreaseAgrease
+

hgas−finAht,Hx,totaltAl

kAlAAl

)
. (61)

To compute the junction temperatures, one more thermal resistance is needed, namely
the equivalent thermal resistance of the out (output and heat rejection) side:
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Rth,out,eq =

(
1

Rth,Load,eq
+

1
Rth,TC + Rth,c,eq

)−1

. (62)

Based on these resistances, the hot and cold side junction temperatures can be ex-
pressed with respect to T∞,h (T∞,h = 1/2 ∗ (T∞,h,in + T∞,h,out) [K], where T∞,h,in and T∞,h,out
are the temperature of the gas at the hot side heat exchanger inlet and outlet respectively)
and T∞,c:

Th =
Rth,out,eqT∞,h + Rth,h,eqT∞,c

Rth,out,eq + Rth,h,eq
(63)

Tc =
Rth,c,eqTh + Rth,TCT∞,c

Rth,c,eq + Rth,TC
. (64)

The amount of heat extracted from the hot gases can be determined from the CV inlet
and outlet enthalpy represented by the heat capacity times the difference in temperature:

Qgas,Hx =
.

mgascp,gas(T∞,h,in − T∞,h,out). (65)

However, in this effort, the outlet temperature is an output value. Neglecting the heat
losses through radiation Qgas,HX = Qh, therefore, the outlet temperature is:

T∞,h,out = T∞,h,in − Qh
.

mgascp,gas
. (66)

When installing a heat exchanger on the exhaust path of an ICE, there is also the issue
of the increased backpressure that negatively influences engine performance and emissions.
Consequently, the pressure drop must be estimated. Here, there are three effects that need
to be considered: Viscous drag effects, flow expansion, and flow contraction. For a CV, the
pressure loss due to this viscous drag effect is:

∆Ploss,Hx = ∑
CV

f
CVlength

Dhydr,channel
ρgas

V2
channel

2
(67)

where f is the friction factor defined using the Churchill equation [30]:

f = 8

[(
8

Rechannel

)12
+

1

(A + B)1,5

] 1
12

. (68)

The Churchill equation was chosen because it covers both developing and fully
developed internal flows. The Reynolds number is calculated using Equation (45), while A
and B are:

A =

{
−2.457 ln

[(
7

Rechannel

)0.9
+ 0.27

εsurface
Dhydr,channel

]}16

(69)

B =

(
37350

Rechannel

)16
. (70)

To calculate A, two additional parameters are required, namely the surface rough-
ness (εsurface), which can be taken from literature and the channel hydraulic diameter
(Dhydr,channel), which is calculated from the channel cross-sectional area and perimeter:

Dhydr,channel =
2zHx,fin−spacingHHx

zHx,fin−spacing + HHx
. (71)

For small gas density changes along the length of the heat exchanger, in case of nCV
control volumes (CVlength = LHX/nCV), Equation (67) can be simplified to:
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∆Ploss,Hx = f
LHx

Dhydr,channel
ρgas

V2
channel

2
. (72)

Changes in the pipe cross-section area along the flow direction also lead to pressure
losses by causing the flow to either expand or contract. To estimate these losses, the
Borda-Carnot correlations are used [31]. These correlations require knowledge about cross-
sectional areas, as well as the gas density and velocity. For a TEG installed on the exhaust
pipe of an ICE (Figure 11), these cross-sectional areas are: Exhaust pipe upstream of the
HX (Ainlet-pipe,cross [m2]), HX inlet (AHX,inlet,cross [m2]) and outlet (AHX,outlet,cross [m2]), as
well as the exhaust pipe downstream of the HX (Aoutlet-pipe,cross [m2]). Usually, TEG heat
exchangers have a constant cross-section; thus, AHX,inlet,cross = AHX,outlet,cross = AHX,cross.
The inlet and outlet pipe cross-sectional areas are:

Ainlet−pipe,cross = π
d2

inlet−pipe

4
(73)

Aoutlet−pipe,cross = π
d2

outlet−pipe

4
. (74)

Figure 11. Areas used for calculating the pressure loss due to flow contraction and expansion.

The pressure loss due to flow expansion occurs before the HX, thus leading to
the expression:

∆Ploss,exp = −ρgas
Ainlet−pipe,cross

AHx,cross

(
1 −

Ainlet−pipe,cross

AHx,cross

)
V2

gas (75)

whereas the pressure loss due to flow contraction occurs after exiting the HX:
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∆Ploss,contr =
1
2
ρgas

(
1

µcontraction
− 1
)2(Ainlet−pipe,cross

AHx,cross

)2

V2
gas (76)

with µcontraction as the contraction coefficient:

µcontraction = 0.63 + 0.37

(
AHx,cross

Ainlet−pipe,cross

)3

. (77)

It must be noted that the pressure losses due to flow expansion and contraction are
calculated only for the HX inlet and outlet CVs, respectively.

4.2. Solution Method

The thermal circuit temperatures must be solved in an iterative manner due to the
dependence of the thermal resistances on the terminal temperatures and thermoelectric
properties. Therefore, before beginning the iterative calculation process, several temper-
atures must be estimated (i.e., Th, Tc, T∞,h,out, and T∞,c,out). Using input data and these
estimated temperatures, the thermal resistances together with the other parameters are eval-
uated. Then, the values of Th, Tc, T∞,h,out, and T∞,c,out are reevaluated and the convergence
is checked based on the relative error value:

Errorrel = ∑
∣∣∣∣Ti − Ti+1

Ti

∣∣∣∣ (78)

If Errorrel is below a set value (10−6 for this study), the calculation stops. If this is not
the case, the initially guessed values are updated with the current results and the process
starts again. The solution methodology flowchart for each CV is presented in Figure 12.

Figure 12. Solution methodology flow chart.

5. Results and Discussions

The model (Figure 13) was validated based on tests performed by Fagehi et al. [32]. In
their work, Fagehi et al. [32] used a liquid (water) heat exchanger on the cold side which
demanded a series of changes to the cold side heat exchanger model (not included in this
study, but available upon request).

The comparison between the simulated and measured values is presented in Figure 14.
Fagehi et al. [32] measured the junction temperatures, current, and voltage directly, while
they calculated the power using two methods. The power designated with Pel_Temp_I is
calculated using the junction temperatures, electric current, and the ideal thermoelectric
equations; whereas, Pel_V_I was determined based on the measured voltage and current. Sim-
ilar to the results of Fagehi et al. [32] the simulation results were closer to the power values
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determined using the junction temperatures, electric current, and the ideal thermoelectric
equations. The average and matched load resistance errors for the junction temperatures,
power output, current, voltage, and efficiency are listed in Table 2. The possible causes of
differences are: Measurement accuracy, the use of ideal equations, effective material prop-
erties, as well as constant values for both the thermoelectric properties and gas properties.
In addition, this effort neglects the Thomson coefficient, radiative heat transfer, and the
thermal spread resistance. Another possible source of error is the extraction of data from
the graphs presented in literature by using a digital tool. Despite all the uncertainties, there
is a reasonable agreement between the calculated and the measured values. 

2 

 
 
13 
  

Figure 13. Simulink model with two heat exchangers (red—hot side and blue—cold side), aluminum
blocks for thermal spread (light grey), the TEM between, and the thermal resistance network on right side.

Table 2. Comparison of calculated and measured values at peak measured power.

Parameter Th [◦C] Tc [◦C] Pel [W] I [A] V [V] ηth [-]

Average error [%] 0.15 0.33 12.73/1.77 6.82 0.52 0.93
Error at matched load resistance [%] 0.11 0.45 10.46/3.50 2.99 0.38 1.8

As previously mentioned, Fagehi et al. [32] used a liquid (water) heat exchanger on
the cold side. The same cold side temperature can be achieved by using air as the cooling
fluid, but this poses an issue due to the very low thermal conductivity of air. This can be
resolved by increasing the flow velocity and, to test this theory, the water cold side heat
exchanger model (used only for the validation) was replaced with an air heat exchanger
(similar to the one used on the hot side). Then, the air flow velocity on the cold side was
adjusted to achieve a Tc value as close as possible to that obtained with the validated model
(Figure 14). The required flow velocity was determined to be 13.1 m/s (or 47.2 km/h)
and appears feasible for highway trucks and buses running at a constant speed. Here, the
main advantages of utilizing air would be the lower weight and space requirements of the
system, as well as a reduced complexity. Furthermore, a proper design of the flow passage
to the cold side can allow for high air velocities; thus, leading to even greater temperature
gradients than in the case of the liquid coolant solution. The main disadvantages of this
solution are that the temperature gradient and, consequently, the power output depends
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on vehicle speed and outside temperature (still less than the coolant temperature). Also,
this solution is not feasible for stationary engines.

Figure 14. TEG model validation highlighting the difference between the simulated and measured values of (a) the electrical
power output, (b) hot and cold junction temperatures, (c) current, and (d) voltage for two different types of cold side heat
exchangers: Water (W_sim) and air (air_sim).

To test the possible output of such a TEG, 16 test cases (Table 3) were evaluated
with varying air temperatures (Tair) and air flow velocities (Vair). For the hot side, the
temperature of the exhaust gases was set at 250 ◦C with a flow velocity of 19.1 m/s (12 L
engine running at 1500 min−1, with an exhaust pipe diameter of 100 mm). For brevity,
only the results for 50 and 90 km/h are presented here with the others are available upon
request. Regarding case notation, “V” stands for velocity and “T” for temperature. The
values following “V” and “T” are the velocity (in km/h) and temperature (in ◦C) values for
that case (e.g., V50T-5 = velocity of 50 km/h and temperature of −5 ◦C). For this study it
was assumed that the hot and cold side fluid temperatures and flow velocities are uniform
and constant, but also that there is a uniform temperature distribution on the TEG and
TEM surface. Furthermore, the simulation was performed for only one TEM. Consequently,
when considering the desired number of TEMs this will result in an overprediction of the
power output.
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Table 3. Test cases for cold side heat exchanger using air as cooling fluid.

Case Tair,-5 [◦C] Tair,10 [◦C] Tair,20 [◦C] Tair,30 [◦C]

Vair,50 = 13.9 [m/s]

−5 10 20 30
Vair,80 = 22.2 [m/s]
Vair,90 = 25.0 [m/s]
Vair,120 = 33.3 [m/s]

Table 4 and Figures 15 and 16 show the results for the two different velocities 50 and
90 km/h. Analysis of the results finds that both the higher air flow velocity on the cold
side and a lower ambient temperature increase the output of the TEG. Decreasing the air
temperature raises the temperature gradient and the power output, but also reduces the
temperature of the hot side junction to that below the maximum allowable value of the
TEM. This is because the hot side heat flow rate is constant. To further augment the output
of the TEG, it would be necessary to increase the heat flow rate on the hot side (either by
increasing the exhaust temperature or the flow velocity). Consequently, a high TEG output
requires not only a good HX, but also a suitable heat extraction strategy.

Table 4. Results for cold side heat exchanger using air as cooling fluid.

Parameters
Case

V50T-5 V50T10 V50T20 V50T30 V90T-5 V90T10 V90T20 V90T30

Pmax [W] 4.023 3.562 3.260 2.972 4.568 4.043 3.702 3.376
Th [K] 449.2 453.5 456.4 459.3 444.6 449.0 452.1 455.2
Tc [K] 347.6 357.6 364.7 371.7 336.3 347.1 354.6 362.0
∆T [K] 101.7 95.9 91.8 87.6 108.3 101.9 97.5 93.1

Figure 15. (a) Module power output, (b) junction temperature, (c) module current, and (d) module voltage with respect to
the load resistance ratio for a velocity of 50 km/h at various temperatures (−5, 10, 20, and 30 ◦C).
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Figure 16. (a) Module power output, (b) junction temperature, (c) module current, and (d) module voltage with respect to
the load resistance ratio for a velocity of 90 km/h at various temperatures (−5, 10, 20, and 30 ◦C).

6. Conclusions

Considering the vast amounts of wasted thermal energy from internal combustion
engines, the study of thermoelectric power generation is necessary as a possibility to
increase overall energy efficiency. Thermoelectric devices are environmentally friendly
and have numerous other advantages including the lack of moving parts, high reliability,
the direct conversion of thermal energy into electrical energy, as well as low maintenance
requirements. However, the main disadvantage of such devices is their low efficiency
owing to the small ZT values currently found in commercial devices.

In the present study, two Simulink models are presented (see Appendix A for detailed
Simulink blocks). The first model was created based on the work of Lee et al. [20] to estimate
thermoelectric parameters of a thermoelectric module. The validation showed that, even
though the temperature dependency of the thermoelectric parameters was neglected, there
is a relatively good agreement with experimental data.

Furthermore, a TEG model was proposed and validated for power output estimations
in the case of exhaust gas thermoelectric generators. Model validation was accomplished
using the results of Fagehi et al. [32]. For the validation, the cold side heat exchanger model
was adapted to match the cooling method of the authors with reasonable agreement. The
next step was to study the possibility of using air as the cooling fluid and to achieve the
same cold side temperature, the flow velocity of the cold air was adjusted (an air velocity
of 13.1 m/s showed a relatively good agreement).

After determining that similar results can be obtained with air as the cooling fluid, a
parametric study was performed to show the potential of such a system for ICE exhaust
coupling. The test conditions (used as input data for the cold side heat exchanger) consid-
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ered a vehicle (with a respectively large engine capacity) traveling at different speeds (50,
80, 90, and 120 km/h) under dissimilar ambient air temperatures (−5, 10, 20, and 30 ◦C).
The results showed that either a high air velocity or a low outside temperature leads to
greater TEG power output. For the analyzed cases, the peak power output was 4.568 W
for a temperature gradient of 108.3 K. It was also found that increasing the heat rejection
on the cold side requires a simultaneous growth in heat input at the hot side to facilitate
a favorable temperature gradient and, therefore, the power output of the TEG. Overall,
this demonstrates that it is feasible to install an air-cooled TEG on a heavy-duty vehicle
running at constant speed.
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Appendix A

Detailed Simulink blocks (Figures A1–A14). Please note that the values that can be
seen in the figures were not necessarily used to validate the model. Also, the iterative
temperature calculation loop is not included here.

Heat exchanger–hot side (similar for cold side)
 

3 

 

 
A1 
  

Figure A1. Hot side heat exchanger block.
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Figure A2. Hot side heat exchanger block—inputs.
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Figure A3. Hot side heat exchanger block—HX heat transfer equations and outputs.
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Figure A4. Hot side heat exchanger block—HX pressure drop equations and outputs.

Aluminum block—hot side (similar for cold side) 

4 

 
 
A5 
  

Figure A5. Aluminum block.

Figure A6. Aluminum block—equations.
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Thermoelectric module 

5 

 
 
A7 
  

Figure A7. Thermoelectric module block.

Figure A8. Thermoelectric module block—inputs and outputs.
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Figure A9. Thermoelectric module block—equations—part 1.
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Figure A10. Thermoelectric module block—equations—part 2.
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Thermal resistance network

 

6 

 

 
A11 Figure A11. Thermal resistance network block.
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Figure A12. Thermal resistance network block—equations.
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Figure A13. Effective properties model blocks (Figure 3)—equations.

Figure A14. Effective properties model blocks (Figure 3)—Detail of the effective material properties block (Figure A13).
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Abstract. Current public transport systems have been in desperate need of modernization in 

the past decade. The pressing issue of climate change, alongside the ever-increasing strictness 

of emission standards, have guided public transport operators towards the use of alternative 

propulsion vehicles. The most popular option to conventional powered public transport 

vehicles have been BEBs (Battery Electric Busses). However, in the past years, FCEBs (Fuel 

Cell Electric Busses) have gained massive ground in this sector. The following paper aims to 

shed a light on the advantages and disadvantages of both technologies, in order to determine 

whether or not FCEBs represent a viable solution for the future. 

1.  Introduction 

At this moment in time, humanity finds itself at a turning point in respect to dealing with one of the 

most critical challenges in its history. Pollution has become an extremely destructive consequence of 

the rapid pace of development and the continuous process of technical evolution found in all areas of 

activity. Unfortunately, society has developed in a direction deeply based on consumption and swift 

evolution, neglecting its efficiency in terms of energy management. This has put mankind on a 

collision course with disastrous long-term consequences for the environment so vital to our evolution.  

One of the most viable resolutions to this problem, generated partly by the transport sector, is the 

implementation of widespread public transport alongside imposing traffic restrictions. In order to 

facilitate the adoption of public transport as a primary transport solution, several modern and 

sustainable transport vehicles must be endorsed as viable alternatives to personal transport vehicles.  

 Sustainability in the transport sector has become one of the biggest challenges on a European 

level, in the light of current environmental challenges. The paramount measures applied in these areas 

have been the introduction of stricter emissions regulations and the perpetual renewal of transport 

fleets all over the EU. The main sustainable options in regard to sustainable bus transport, have been 

BEBs (Battery Electric Busses) and FCEBs (Fuel Cell Electric Busses). Both technical solutions are 

based on the use of electrical energy as means of propulsion.  

The fundamental difference between these classes of vehicles, is the means by which they store 

electrical energy. Both types use batteries in order to manage and contain the voltage necessary for 

propulsion, however, FCEBs use fuel cells as an energy buffer, reducing the strain of the battery, used 

mainly for power delivery. This feature make FCEBs less vulnerable to battery deterioration, 

drastically reducing the cost of operation.  
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Battery powered busses have long been in use and currently represent the main solution for 

sustainable urban transport. The main differentiating factors between this kind of transport solutions 

are the chemistry of the batteries, charging power, battery capacity and range. The main type of 

battery used in the energy storage of battery electric busses, are Lithium-based (LFP, NMC, LTO). 

The chemical configuration of the batteries, dictate in turn, the range and energy consumption of 

BEBs. The average range of such busses varies around 150 km to 300 km depending on the size of the 

battery pack. The average energy consumption of such vehicles is of 1.3 kWh/km, depending on 

environment conditions, as well as vehicle load and usage rates. These known parameters, make 

BEBs, an obvious alternative to conventional fuel public transport busses [1]. 

Given the fact that BEBs were adopted on a large scale and in a relatively short time window, 

limited progress was made in the development of new battery technologies. This has led to a few 

shortcomings regarding the long-term operation of such busses. BEBs offer the possibility of 

drastically reducing local emissions and sound pollution at the cost of a difficult and complex 

recycling process. This significant disadvantage can be overcome by using an alternative way of 

buffering the energy needed for electric propulsion [2]. 

In this regard, hydrogen takes center stage, being one of the most efficient energy carriers available 

at the moment. It can be obtained by various means and can be used to store the required energy for 

long range operation of electric motors, by means of fuel cell usage. Presently, the most common 

methods of obtaining hydrogen, are steam reforming of natural gas and electrolysis. Both means 

present their own advantages and disadvantages, electrolysis being the more sustainable method of the 

two [3].  

Fuel cells represent constructions capable of transforming hydrogen and oxygen into electricity, 

utilized to power tractive systems. They possess superior energy efficiency and emissions reduction 

capabilities. Having this transformation at hand, offers FCEBs the possibility to travel longer distances 

compared to conventional BEBs. In this way, energy storage is offset into specially designed tanks, 

capable of storing adequate amounts of hydrogen for extended ranges of operation [4].  

There are several types of fuel cells available to the market, each presenting a series of advantages 

and disadvantages. The most used type of fuel cell is the Proton Exchange type (PEM). It uses a solid 

type of electrolyte in the form of an exchange membrane. PEM fuel cells operate in a narrow 

temperature range of 80-100 ºC and are capable of developing powers up to 100kW with an efficiency 

of around 40-60 %. This type of fuel cell has found broad use in the mobility industry, as it has a 

reduced startup time, alongside small packaging, and reduced weight. However, PEM fuel cells 

manifest a high sensitivity to humidity or dryness, as well as being influenced by water salinity and 

environment temperature. Other types of fuel cell technologies are: Alkaline (AFC), Phosphoric acid 

(PAFC), Molten carbonate (MCFC) and Solid oxide (SOFC). However, these types of fuel cells are 

not normally found in mobility applications, due to long start times and high costs of production and 

operation.[5] [6] [7]. 

In the elaboration of this paper, two main solutions of alternative public transport were modeled. 

The baseline is a completely electric bus, equipped with a Li-Ion battery pack and two hub-mounted 

electric machines. The fuel cell variant is also equipped with a smaller battery used for power delivery, 

in addition to a PEM fuel cell. This paper aims to highlight the key differences between these 

solutions, as well as to compare the way in which improvements to fuel cell technologies can help 

adopt this type of vehicle as a backbone of sustainable transport systems. 

2.  Material and Method 

The purpose of this paper is to illustrate the differences in functionality of two buses that are similar in 

terms of construction but different in terms of energy management. In order to perform this analysis, 

AVL Cruise M, developed by AVL List GmbH has been used. 

In order to perform the analysis, two vehicles produced by Solaris were modelled using AVL 

Cruise M. Solaris has developed and built a versatile public transport platform, found in multiple 

construction variants, the construction solution chosen being Urbino 12, a bus found in both fully 
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electric and fuel cell versions. Given the high degree of similarity between these vehicles, the focus of 

this paper will be to illustrate the functional differences, the structural part of the models being 

fundamentally similar. Of interest will be the way in which the range of these buses evolves, once they 

are subjected to identical test cycles. Before the actual modeling stage, it is important to define the 

various structural and functional characteristics of the vehicles considered. The data can be found in 

table 1. 
    

Table 1. Constructive characteristics of the Solaris Urbino 12 busses [8] 

Model 

Urbino 12 Electric Urbino 12 Fuel Cell 

Kerb mass 13790 Kg Kerb mass 11032 Kg 

Maximum authorized 

mass 
19000 Kg 

Maximum authorized 

mass 
19000 Kg 

Length 12000 mm Length 12000 mm 

Width 2550 mm Width 2550 mm 

Frontal area 1.97 𝑚2 Frontal area 1.97 𝑚2 

Friction coefficient 0.8 Friction coefficient 0.8 

Battery power 350 kW Battery power 100 kW 

Motor 
2 x ZF AVE 

130 
Motor 2 x ZF AVE 130 

Motor power 2 x 150 kW Motor power 2 x 150 kW 

Fuel cell - Fuel cell Ballard HD 60 

Range 100 Km Range 350 Km 

Tank capacity - Tank capacity 28 – 37.5 kg H2 

 

The modelling process contained a series of parametrization processes. The models have a modular 

construction, every functional element of a BEV and FCEV being represented by a dedicated module. 

In order to obtain valid results, all components were modelled to the specifications published by the 

manufacturer. The electric model is composed of a battery pack, an ensemble of 2 ZF AVE 130 hub-

mounted electric motors, a consumer module and a control functions subsystem. In addition to the 

components listed previously, the fuel cell variant of the Urbino 12 is equipped with a Ballard HD60 

fuel cell. 

The battery pack was configured having as reference the output power, voltage and current, in 

order to be as accurate as possible. The tractive system is composed of 2 electric motors, modelled 

after the real machines used by Solaris and manufactured by ZF. Each motor develops a peak power of 

250 kW and a nominal voltage of 650V with a maximum current of 340A [9]. The control functions 

subsystem contains algorithms used for controlling each engine, as well as the calculation functions of 

range and performance of the vehicle. The functions used for implementing the test cycle, are also 

contained in this subsystem. The fuel cell model contains the Ballard HD60 fuel cell, as well as a 

dedicated function that controls the energy flow between the battery and the fuel cell. 

The WLTC cycle has been chosen as the test cycle, being included in the AVL suite. This profile 

contains speeds close to those with which an urban bus would travel integrating the lower and upper 

limits between which the speed of the modeled vehicle must be located. In addition to these limits, the 

actual travel speed is included, along with gear shift points (if applicable). 

In order to validate both models, their dynamic performance, energy consumption, battery state of 

charge and range were observed. Following the simulation, both models obtained performances 

similar to those declared by the manufacturer. The models can be observed in figure 1 and 2. 
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Figure 1. Urbino 12 Electric model     Figure 2. Urbino 12 Fuel Cell model  

3.  Results and Discussions 

The first criterion analysed in case of the electric model, is the evolution of the range in relation to the 

travel speeds imposed by the test cycle. The results obtained are in line with the actual values provided 

by the manufacturers. At the end of the test cycle, a remaining range of 77.82 km was obtained. 

Considering the distance covered of 23.02 km, a total range of 100.84 km would be obtained, a value 

extremely close to range of 100 km declared by the manufacturer. However, range is influenced by a 

multitude of factors, its value varying depending on the environment temperature, the driving regime, 

the amount of energy recovered being also extremely important in defining the range of transport. The 

evolution of range in case of the electric model can be seen in figure 3. 

The second metric analysed is the energy consumption of the vehicle. Following the simulation, an 

average consumption of 185.6 kWh/100km was obtained. This translates into 1.8 kWh/km, a value 

situated in the interval of 1-2 kWh/km declared by the manufacturer [10]. The evolution of energy 

consumption over the test cycle can be seen in figure 4. 

 

  

   

   

Figure 3. Evolution of range – Urbino 12 Electric    Figure 4. Battery energy consumption and 

average battery energy consumption – Urbino 12 

Electric  
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In case of the fuel cell model, 5 different simulation cases were defined. Given the fact that PEM 

fuel cells are highly complex devices, their performance is affected by many variables. In order to 

showcase the improvement potential of this technology, 5 different simulation cases were created, the 

differentiating factor being catalyst layer thickness (measured in cm). The catalyst layer thickness is 

crucial as it represents the place where the electrochemical reactions associated to the generation of 

electricity take place. The thickness of this layer has a significant influence on the efficiency of the 

fuel cell. This influence is outlined through the simulation cases shown in table 2. 

The first parameters analysed in the fuel cell model simulation were range and energy 

consumption. The results obtained after the electric model simulation, serve as a baseline for 

comparison. The evolution of these factors can be seen in figures 5 and 6. The data is presented in 

table 2. 

 

 

 

  

  

 

Figure 5. Evolution of range – Urbino 12 Fuel 

Cell 

 

  

Figure 6. Battery energy consumption– Urbino 12 

Fuel Cell  

 
    

Table 2. Fuel cell model simulation results 

 Simulation case 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Catalyst layer thickness (cm) 0.001 0.002 0.003 0.004 0.005 

Remaining range (km) 295.74 302.03 305.63 308.26 310.40 

Average battery energy consumption 

(kWh/100km) 
86.63 85.24 84.42 83.83 83.35 

 

 The best way to compare these types of vehicles, is to take into consideration their overall energy 

consumption. In case of the BEBs, the only energy source is the battery, the overall energy 

consumption being identical to the battery energy consumption.  

 In case of the FCEBs on the other hand, there are two sources from which energy can be consumed: 

the battery pack and the fuel cell. The battery pack energy consumption is calculated by the software 

and can be seen in figure 6. However, the overall energy consumption of the vehicle represents a sum 

of the energy drawn from the battery and the energy resulted from the hydrogen mass reacted in the 

fuel cell. The hydrogen mass reacted can be seen in figure 7. The difference in the reacted hydrogen 

mass determined by the efficiency of the fuel cell. The difference in efficiency is determined by the 

catalyst layer thickness. The efficiency of the fuel cell in each case can be seen in figure 8. 
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 Given the fact that 1 kg of hydrogen has the equivalent of 33.6 kWh, and the reacted mass can be 

extracted from the software, the overall energy consumption can be determined [12]. The data can be 

seen in table 3. 

 

 

 

  

 

Figure 7. Reacted hydrogen mass – Urbino 12 

Fuel Cell 

 

  

Figure 8. Fuel cell efficiency – Urbino 12 Fuel 

Cell  

 
    

Table 3. Overall energy consumption 

Distance travelled (km) 23.02  

Baseline  - Urbino 12 Electric model 

Energy consumption (kWh/km) 1.8 

Total energy consumption (kWh) 41.436 

 Simulation case 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Fuel cell efficiency (%) 56 58 59 60.2 60.8 

Average battery energy consumption 

(kWh/100km) 
86.63 85.24 84.42 83.83 83.35 

Hydrogen mass reacted (kg) 0.934 0.925 0.919 0.916 0.914 

Energy resulted from the hydrogen mass reacted 

(kWh) 
31.38 31.08 30.87 30.77 30.71 

Total energy consumption (kWh) 51.17 50.70 50.29 50.06 49.88 

4.  Conclusions 

 

In view of the aspects mentioned in this paper, as well as the data provided following the comparative 

analysis of the two solutions proposed the following can be concluded: 

 

• Vehicles equipped with fuel cells offer a longer battery life, by their ability to keep their 

state of charge at a set threshold, the batteries being capable of going through fewer full 

charge cycles. The sustainability of fuel cell vehicles stems from their ability to use a 

variety of energy storage devices, having the ability of extending the life of their battery 

packs. At the same time, replacing battery packs and fuel cells involves lower costs than 
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electric vehicles. Vehicles with fuel cells are able to offer significantly more range than 

electric vehicles, using smaller battery packs with higher efficiency 

• The range offered by fully electric solutions is much more vulnerable, being directly 

affected by the driving regime, the environmental conditions, as well as the surfaces on 

which the vehicle travel. In the case of fuel cell solutions, the evolution of range is far 

more predictable in terms of monitoring hydrogen consumption, the estimates being closer 

to real values. 

• Following the simulations, the total energy consumption in case of the FCEB, was always 

higher than the consumption obtained following the BEB simulation. The lowest value of 

consumption obtained in the case of the fuel cell model is still higher by 8.45 kWh than the 

baseline value set by the electric model. However, due to the progress in terms of fuel cell 

manufacturing and technology, this difference can be soon overcome.  

• The peak efficiency of the fuel cell contained in the models was of 60.8%, the lowest value 

being of 56%. The peak hydrogen mass reacted was registered in case number 1 as 

opposed to case number 5 which manifested the lowest amount of hydrogen reacted. 

Analysing the battery energy consumption in corelation with the hydrogen consumption, it 

can be stated that in the event of a significant improvement of fuel cell efficiency, the 

overall energy consumption of such vehicles cand be drastically reduced to a level that 

competes with or surpasses fully battery powered vehicles. 
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Abstract— This manuscript presents a comprehensive 

analysis of the modes of operation of an electric vehicle (EV) and 

their impact on energy consumption. The study focuses on 

investigating the influence of three different drivers and three 

distinct road inclinations on the energy efficiency of an EV via 

simulation in MATLAB Simulink. The objective of this research 

is to gain a deeper understanding of the factors that affect 

energy consumption in various operational scenarios, ultimately 

contributing to the optimization of EV performance, range, and 

battery state of health (SOH). The obtained results (namely 

battery state of charge, battery current, motor torque) were 

analyzed in detail to assess the patterns associated with each 

driver type and road inclination scenario. Statistical techniques 

were employed to identify significant differences in energy 

efficiency among the various modes of operation. Additionally, 

insights were gained regarding the impact of driver behavior 

and road inclination on the EV's energy consumption. 
 

Keywords— electric vehicle, MATLAB Simulink, energy 

consumption, driver behavior, road inclination 
 

I. INTRODUCTION 

The introduction and large-scale use of electric vehicles in 
traffic (especially in the urban environment) represents the 
solution adopted at the global level for the 
reduction/elimination of pollution caused by the polluting 
emissions of internal combustion engines. From the very 
beginning, electric vehicle manufacturers had to solve the 
major problems (barriers) caused by customer requirements, 
especially related to the driving range for a full charge of the 
battery. For this reason, research has become numerous in the 
direction of increasing the energy efficiency of the battery 
through: the development of new materials and 
electrochemical technologies, intelligent command and 
control systems of energy flows, reducing the weight of 
vehicles, efficient thermal management systems, etc. 

A simple bibliographic analysis of the articles published 
on the topic of increasing the performance of electric vehicles 
shows that there is a lack of studies and research related to the 
influence of the driver's driving style on the overall energy 
efficiency of the electric vehicle. The researches and studies 
published so far mainly refer to the analysis of the main factors 
of influence that influence the driver's behavior and to the way 

in which (using different techniques) fuel consumption can be 
reduced and implicitly the reduction of pollution. 

The main links between driver behavior and fuel 
consumption underlined by different studies can be 
considered the following [1- 4]: 

 acceleration and braking: Frequent and aggressive 
acceleration and braking consumes more fuel. Rapid 
acceleration and hard braking waste energy and increase fuel 
consumption. Smooth and gradual acceleration, as well as 
gentle braking, can improve fuel efficiency. 
 speeding: Driving at high speeds increases aerodynamic 
drag and requires more fuel to maintain the vehicle's speed. 
Fuel efficiency tends to decrease significantly at higher 
speeds. Adhering to speed limits and driving within a 
reasonable speed range can help conserve fuel. 
 idling: Keeping the engine running while the vehicle is 
stationary, such as during long periods of idling, wastes fuel. 
Turning off the engine when parked or waiting for extended 
periods can save fuel. 
 constant speed: Consistently maintaining a steady speed, 
especially on highways, promotes fuel efficiency. Avoiding 
unnecessary speed fluctuations or sudden changes in speed 
can help conserve fuel. 
 planning routes: Efficient route planning can reduce fuel 
consumption. Minimizing the distance traveled, avoiding 
congested areas, and choosing routes with fewer stops and 
traffic lights can improve fuel efficiency. 
 vehicle maintenance: Neglecting vehicle maintenance, 
such as ignoring engine tune-ups, underinflating tires, or 
using poor-quality motor oil, can negatively impact fuel 
efficiency. Keeping the vehicle properly maintained helps 
optimize fuel consumption. 

In addition to the technical approach to the problem of 
efficient use/exploitation of a vehicle (presented above), in 
general, it can be considered that several key factors influence 
driver behavior (Fig. 1) [5 – 9]: 

 cognitive factors: Attention, perception, decision-making, 
and reaction time are cognitive processes that impact driver 
behavior. Distractions, fatigue, and impaired mental states 
(e.g., due to alcohol or drugs) can significantly affect these 
factors. 
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 individual characteristics: Personal traits such as age, 
gender, experience, attitude, and risk perception can affect 
driver behavior. For example, younger and less experienced 
drivers may exhibit riskier behaviors compared to older and 
more experienced drivers. 
 social and cultural factors: Cultural norms, social 
pressures, and peer influence can shape driver behavior. For 
instance, cultural attitudes towards speeding or seat belt 
usage can impact individual driver choices. 
 environmental factors: Road and traffic conditions, 
weather conditions, and infrastructure design can influence 
driver behavior. Heavy traffic, poor road conditions, or 
adverse weather can increase stress levels and affect 
decision-making. 
 legal and regulatory factors: Traffic laws, enforcement, 
and penalties play a role in shaping driver behavior. Strict 
enforcement and harsh penalties for traffic violations can act 
as deterrents and promote safer driving practices. 
 Vehicle characteristics: The design, performance, and 
condition of a vehicle can impact driver behavior. Factors 
such as vehicle speed, handling capabilities, and advanced 
safety features can influence driver choices and actions. 

 

Fig. 1. Key factors that influence driver behavior 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Model used for simulation of the electric vehicle 

It is important to note that driver behavior is a complex 
interplay of these factors and can vary significantly among 
individuals, and in this context, the question arises whether the 
operating mode of a vehicle with an internal combustion 
engine has an effect or not when the driver switches to an 
electric vehicle. 

In the case of electric vehicles, it is found that battery state 
of health (SOH) indicates a point of its lifetime and evaluates 
the health level of the present specific performance compared 
with the initial state, being an important factor in the operating 
time of an electric vehicle. One of the important factors 
regarding the functional degradation mechanism of the battery 
is the peak of the charge/discharge current [10 - 12]. 

The purpose of this article is to analyze the energy 
efficiency of an electric vehicle in a particular traffic case, by 
numerical computer simulation (MATLAB Simulink). 
Several scenarios are considered related to the departure from 
the spot (from the traffic light stop) for different situations of 
actuation of the accelerator pedal, in the mode: aggressive, 
normal and defensive. The analysis parameters taken into 
account were motor torque, battery state of charge and battery 
current; and the conclusions drawn were based on two major 
directions of analysis of the energy efficiency through the 
autonomy of the electric vehicle and the effect on the requests 
of the energy source (of the battery), conclusions that allowed 
issuing some solutions related to the studied problem. 

II. SIMULATION MODEL 

The simulation model is made in MATLAB Simulink 
(namely EvReferenceApplication from MATLAB Library, 
under University license), and consists of an electric vehicle 
made with: 

 a longitudinal driver subsystem that uses the closed loop 
variant; 
 the environment subsystem that includes the road gradient, 
wind velocity and atmospheric conditions; 
 controller subsystem that includes the powertrain control 
module; 
 passenger car subsystem, that has a Simscape electric plant 
with 3 degrees of freedom vehicle body, longitudinal wheel 
model, differential and the powertrain that consists of a 
mapped motor, the EV (electric vehicle) battery and all 
wheel drive; 
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The EV battery subsystem is a datasheet battery [13] that 
uses the following formula for the SOC calculation: 

 
1     � 

All outputs have the following annotations: 

 def – defensive driver; 
 norm – normal driver; 

��� [%] = ���0[%] + 
� 

∫0 ���� (1)  agr – aggressive driver; 
 g0 – road gradient 0%; 

where SOC0 is the initial charge of the battery, C is the 
rated capacity of the battery and Ib is the battery current. 

The main input for the model, demand velocity in 
kilometers per hour, was changed using a signal builder block 
and sent to the driver that compares the demand velocity with 
the actual velocity of the vehicle and acts accordingly. The 
second input factor was the gradient of the road. Three 
gradients were considered, 0%, 5% and 10% respectively. 

The simulation was run for three different drivers: 
aggressive, normal and defensive, with the three gradients. 
The demand velocity profiles for the three drivers were 
created (Fig. 3): for the normal driver (Velocity_dem_norm 
[km/h]), a linear demand of velocity from stand still to 100 
kilometers per hour in 100 seconds, while for the aggressive 
driver (Velocity_dem_agr [km/h]), a parabolic with higher- 
than-normal velocity demand was used, but after 100 seconds 
demand stabilizes at 100 kilometers per hour, and for the 
defensive driver, a parabolic with lower-than-normal velocity 
demand was used (Velocity_dem_def [km/h]). 

The state of health of the battery, is expressed in 
percentage and can be calculated as: 

 g5 – road gradient 5%; 
 g10 – road gradient 10%. 

Fig. 4 presents the motor torque for the three driver types, 
with a road gradient of 0%. It can be seen that for the 
aggressive driver, the torque demand is high at the beginning 
(first 20 seconds) of the cycle, with a maximum torque of 
49.19 newton meters, and for the defensive driver, there is a 
high torque demand (max 56.01 newton meters) from second 
80 to 100 of the simulation, while for the normal driver, the 
motor torque increases gradually from 24.61 newton meters 
to 38.6 newton meters. For all driver types, after 100 seconds, 
the motor torque stabilizes at 24.44 newton meters since the 
velocity demand is constant for all drivers. 

Another output is the battery current (Fig. 5), for the three 
driver types on different road gradients. 
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Fig. 4. Motor torque for the three driver types, with 0% road gradient 

 

Table I presents the maximum values for the battery 
current in amperes. 

 
TABLE I. MAXIMUM BATTERY CURRENT 

 
Velocity_dem_def [km/h] Velocity_dem_norm [km/h] 

Velocity_dem_agr [km/h] 

 

Fig. 3. Demand velocities for the three driver types 

 

III. RESULTS 

The simulation data were  exported from  Simulink  to 
MATLAB workspace and processed. 

 

 
Fig. 6 presents the battery SOC for all simulations, all 

starting from 75% SOC. 

Road 

gradient 

Max battery current [A] 

Aggressive driver Normal driver Defensive driver 

0% 56.46 80.65 114.88 

5% 161.50 187.60 228.71 

10% 284.70 314.24 362.03 
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Battery current 
respectively), which means that from a holistic point of 
view, the normal driver would exploit the vehicle in a better 
way, however, when looking at the average of the battery 
current values the defensive driver has the lowest values and 
therefor the recommendation stands – defensive drivers 
exploit electric vehicles in a more economical way; 
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Fig. 5. Battery current for the three driver types with three road gradients 

TABLE II. BATTERY SOC AFTER 200 SECONDS 
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Fig. 7 

 
 
 

 
presents the average battery current that was 

Battery_SOC_def_g10 [%] Battery_SOC_norm_g10 [%] 

Battery_SOC_agr_g10 [%] 

 
Fig. 6. Battery SOC for the three driver types with three road gradients 

calculated for the given cycles. 

IV. CONCLUSIONS 

The expected conclusion of the simulations was that the 
defensive driver should be the best at preserving the battery, 
from the SOC and SOH perspective. Due to the imposed 
premises: all drivers must reach 100 kilometers per hour in 
100 seconds, the conclusions are as follows: 

 regarding the state of charge, at a road gradient of 0%, the 
SOCs are very similar no matter the behavior of the driver; 
for 5% and 10% road gradient, the defensive driver has the 
most SOC, but also has the biggest battery current 
requirement (228.71 amperes and 362.03 amperes 

 regarding the state of health of the battery (SOH), since it 
is a measurement that indicates the level of degradation and 
remaining capacity of the battery, and is influenced by 
“SOC, temperature and the methods of charge and 
discharge” as mentioned by Li in [14], it can be concluded 
that in order to preserve the battery and prolong its life, the 
defensive driver is recommended so that the variations of the 
average battery current are smaller during exploitation; even 
though the defensive driver needs a higher torque towards 
the end of the acceleration and the aggressive driver uses 
high torque at the very beginning of the simulation. 

For further development of the current manuscript, the 
imposed velocity will be kept at 100 kilometers per hour, but 

    

    

    

    

    

    

    

    

Road 

gradient 

Remaining battery SOC [-] 

Aggressive driver Normal driver Defensive driver 

0% 73.37 73.35 73.56 

5% 69.98 70.56 71.06 

10% 66.14 67.18 68.20 
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the limit and the differences between the three drivers will 
be the maximum allowed acceleration, so that the defensive 
driver will take as long as it needs to reach the desired 
velocity. Also, a real urban driving scenario will be 
implemented with limited velocity to 50 kilometers per 
hour. 
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Fig. 7. Average battery current for the three driver types with three road 
gradients 
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A B S T R A C T

Waste cooking oil (WCO) biodiesel is a sustainable option compared to ultra-low sulfur diesel (ULSD) due to its
relatively low cost and carbon cycle recovery potential while not competing with food resources. Research on
this fuel finds limited studies with little to no information regarding a second law heat release analysis and
contrasting findings with respect to NOx emissions. This effort rectifies these issues by performing experiments
with ULSD and WCO biodiesel on a single cylinder compression ignition engine running at constant speed
(2000 rpm) and various loads (0, 25, 50, 75, and 100% load). The combustion timing of WCO biodiesel was
normalized to match the peak in-cylinder pressure timing of ULSD. Generally, WCO biodiesel demonstrated
shorter ignition delays and, thus, quicker periods for the mixture formation while requiring more fuel (and
greater CO2 emissions) to match the load requirement. Subsequently, this cuts the premixed event short and
induces diffusion-dominated combustion above that of operation with ULSD. WCO biodiesel primarily resulted
in cooler peak temperatures, but longer periods of high temperatures that appear later in the combustion cycle
where work extraction is more difficult; hence, lowering the 2nd Law efficiency. As a result, availability losses
due to heat transfer increase, but this warmer in-cylinder environment mitigates losses due to entropy pro-
duction. The emissions analysis highlights a more complete combustion of WCO biodiesel with lower CO and HC
emissions. NOx emissions are closely tied with in-cylinder temperatures and the amount of diffusion burn; hence,
increasing or decreasing based on combustion behavior.

1. Introduction

Even though significant fossil fuel reserves are found every few
years, in the long term their depletion is inevitable [1]. Furthermore, a
well-to-wheel analysis of their production and usage highlights their
hazardous emissions while also negatively affecting the climate by in-
creasing the greenhouse gas effect. Nowadays, one accepted alternative
to fossil fuels is the use of biofuels (e.g., biodiesel and bioethanol).
Specifically, regions and/or countries like the European Union and
Brazil are increasing their biofuel use and production as part of their
ambition to decrease pollutant emissions and fossil fuel dependency
[2].

Compared to fossil fuels, biofuels have a few advantages. In specific,
they are biodegradable and can potentially produce lower hazardous
combustion emissions [3–7]. Furthermore, since the carbon dioxide
(CO2) they emit during combustion is partially recirculated as it is

consumed by growing plants, overall this leads to a cleaner process [8].
Possible feedstocks for producing biofuels are vegetable oils (neat or
used) like rapeseed, sunflower, or palm oil along with animal fats, sugar
cane, and a myriad of other plant and animal based options [4,9–14].
However, one must consider the food-fuel competition [15,16], as well
as the impact on water resources, biodiversity, and the destruction of
the soil [17] when considering a biofuel source.

Waste cooking oil (WCO) as a feedstock has a major advantage in
that it can be acquired at a relatively low cost or even free of charge and
does not compete with food resources. In addition, the conversion of
WCO to a useable biofuel for compression ignition (CI aka diesel) en-
gines is respectively straightforward. Over the years, various methods
for producing biodiesel from oils have been proposed and tested:
transesterification, response surface technology, two-step reaction
process, enzymatic method, etc. [18]. Nowadays, the most common
production methods are esterification and transesterification reactions
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because they can be accomplished with a minimum of equipment at a
reasonable price [19]. As a result, the end cost of WCO biodiesel is
relatively moderate while demonstrating a price reduction of up to 45%
as compared to virgin oils [19,20]. Generally, this is consistent with one
of the accepted strategies to reduce biofuel costs, namely the reduction
of feedstock expenditures since they can account for 70–75% of the
biofuel price [21]. Another advantage is that the pollution resulting
from the disposal of cooking oil is avoided [8,22]. As an example of
WCO’s potential, de Araújo et al. [19] calculated that using the oil
generated in households could cover 13% of the annual demand for
biodiesel in Brazil.

One issue when using WCO as feedstock is that it has an increased
amount of impurities (e.g., solid suspensions), free fatty acids, and
water that can negatively influence the transesterification process when
employing alkali catalysts [8,23,24]. In addition, the cooking process
affects other properties like viscosity and specific heat; hence, WCO
might need to undergo a pretreatment process to match suitable oil
characteristics for the transesterification process [8,11]. However, there
are alternative solutions for this process that allow an economically
feasible production of biodiesel from WCO, such as enzyme catalysis
[25,26], supercritical [27], and acid catalysis transesterification [6,28].

With respect to CI engine tests, there are numerous studies re-
garding the use of biodiesel obtained from various feedstocks (mostly
virgin vegetable oils). However, papers covering biodiesel specifically
obtained from WCO are respectively less common than the traditional
feedstocks for the United States (soybean) [29] and Europe (rapeseed)
[30]. From the available literature [13,31–49], of which those that
include engine tests are highlighted in Table 1, the general conclusions
that can be drawn are:

• While the wide variance in feedstocks seen along with the sub-
sequent divergence in biodiesel fuel properties, fuel injection sys-
tems (e.g., mechanical versus common rail), and engine compres-
sion ratios does prevent direct comparison between all works,
generally viscosity, flash point, cetane number, and density are
greater for WCO biodiesel in comparison to the diesel fuels em-
ployed; whereas, energy content on both a mass and volumetric
basis are less;

• Engine performance (power, torque) is slightly reduced, except for
maximum power, where the decrease is considerable largely due to
a poorer atomization process from a higher viscosity and worse
volatility;

• Maintaining engine performance does grow the fuel consumption
and CO2 emissions because of the reduced lower heating value of
biodiesel;

• Brake thermal efficiency is similar to that of diesel, with a few
studies indicating an increase in efficiency when using biodiesel;

• Generally, nitrogen oxide (NOx) emissions grew. However, some
researchers found similar values or even a reduction in NOx emis-
sions. The main reasons for this increase are the slight advance of
the combustion process due to a lower ignition delay and a higher
oxygen content of the biodiesel, but other reasons were highlighted
as well. This includes a greater adiabatic flame temperature and
advanced start of injection (especially for pump-line-nozzle injec-
tion systems) when using biodiesel;

• Partial products of combustion, such as carbon monoxide (CO),
Particulate Matter (PM), smoke opacity, and Total Hydrocarbon
(THC) emissions, decrease considerably due to the greater oxygen
content in biodiesel.

Examining these findings illustrates numerous CI engine studies
focused on the performance of WCO biodiesel as compared to ULSD
regarding combustion characteristics and pollutant emissions. While
these papers may include a first law of thermodynamics heat release
analysis, there is little to no information investigating an availability or
second law of thermodynamics understanding. Therefore, this effort
builds upon these earlier efforts by incorporating a second law heat
release analysis and highlighting the availability extracted as work, lost
due to heat transfer, destroyed by entropy generation, and retained by
the exhaust. This helps to shed additional light on the seemingly con-
tradictory findings with respect to NOx emissions. As a result, a com-
prehensive understanding of WCO biodiesel in comparison to ULSD is
determined.

2. Material and methods

The engine used for this study is a naturally-aspirated four-stroke
AVL5402 single cylinder CI research engine. To simulate loading on the
engine, it is coupled with an AVL DynaRoad202 dynamometer with
engine and dynamometer specifications presented in Table 2. The
testbed used for the study features an AVL Rapid Prototyping Engine
Management System (RPEMS) and ETK7 engine management system
that allows a flexible engine control. Specifically, this enables the user
to change the injection timing and quantity for up to four injection
sequences (pilot 1, pilot 2, main, and post injection), as well as the fuel
pressure in the common rail. Here, only a main injection event was
utilized. Furthermore, the testbed is equipped with a fuel conditioning
unit for control of the experiments. This includes an AVL735 Fuel Mass
Flow Meter for fuel flow and density ( ± 0.12% kg/h, ± 0.0005 g/cm3)
measurements along with an AVL753 Temperature Control unit for fuel

Nomenclature

Abbreviation

* exceptions apply
AC air cooled
B5 95% Diesel + 5% Biodiesel (v/v)
B10 90% Diesel + 10% Biodiesel (v/v)
B20 80% Diesel + 20% Biodiesel (v/v)
B30 70% Diesel + 30% Biodiesel (v/v)
B40 60% Diesel + 40% Biodiesel (v/v)
B50 50% Diesel + 50% Biodiesel (v/v)
B70 30% Diesel + 70% Biodiesel (v/v)
B100 100% Biodiesel
BD Biodiesel
BSFC brake specific fuel consumption
BTE brake thermal efficiency
CO carbon monoxide

CO2 carbon dioxide
CRatio compression ratio
CR common rail
NA naturally aspirated
N/A not available
NOx nitric oxides
pmax peak cylinder pressure
Δp pressure gradient
PM particulate matter
ROHR rate of heat release
rpm revolutions per minute
Tcyl in-cylinder temperature
Texh exhaust gas temperature
τign ignition delay
TC turbocharged
UHC unburnt hydrocarbons
WC water cooled
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temperature control. Operating conditions are further regulated with
the aid of an AVL577 conditioning unit that enables a control of the
coolant flow and temperature (5–120 °C ± 1 °C) while also modulating
the oil flow, temperature, and pressure. The engine load and speed were
the same in all cases and were controlled by the PUMA automatic
control system. The oil and coolant temperatures were maintained at
100 and 90 °C respectively by the oil/coolant conditioning system. The
injected quantity was adjusted in order to match the engine load of the
reference fuel.

The engine is equipped with a glow-plug type AVL GU22C pressure
transducer (0 to 250 bar, linearity ± 0.3%, thermal sensitivity ± 1%)
for in-cylinder pressure measurements at a variable sampling interval
over an engine cycle. For this study, the authors opted for a sampling
interval of 0.1 °CA (crank angle) between 30 °CA BTDC (before top dead
center) and 70 °CA ATDC (after top dead center), and 1 °CA for the rest
of the cycle. The pressure trace, which is an average of 101 thermo-
dynamic cycles, was then analyzed using the first and second laws of
thermodynamics to determine the rate of heat release and in-cylinder
temperatures [50,51]. Additional sensors allow the measurement of the
ambient temperature (accuracy ± 1.5 °C), pressure (accuracy ± 0.2%)
and relative humidity (RH; accuracy ± 0.6% for 0–5% RH and ± 1%
for 5–80% RH), intake air temperature (PT100; accuracy ± 0.15
+ 0.002× temperature) and pressure (PTX 1400; accuracy ± 2% from
−20 to 80 °C), as well as exhaust gas temperature and pressure (same
as intake). The intake air mass flow is measured using a Sensyflow P
thermal mass flow meter (accuracy ± 1% of reading; repeatability
error ± 0.25% of reading).

Two fuels were used for this study: a locally purchased winter grade
diesel, designated ULSD (with the properties specified according to the
quality assurance sheet of the fuel, except for density that was mea-
sured using the AVL 735 and the energy content that was taken from
the European Fuel Quality Legislation [2]), and a WCO biodiesel
(produced according to the methodology presented by Cecrle et al. in
[52]) with the main properties estimated to be similar to those pre-
sented in Table 4. For the tests, the engine was operated at 2000 rpm at
five different loads: 0, 25, 50, 75 and 100% load. The ULSD was tested
first, as a reference. For the WCO biodiesel, the injection quantity was
increased to obtain the equivalent load, while the injection timing was
adjusted to maintain the same crank angle position of the peak cylinder
pressure for normalized combustion phasing between the test fuels
(discussed later). The fuel injection pressure was the same in both cases
and the test parameters are presented in Table 3. Ambient conditions
were also controlled, with the following values measured during the
tests: 28–35 °C ambient temperature, 973–981 mbar ambient pressure,
13.3–17.3% relative humidity, and 23–29 °C intake air temperature.
Finally, the emissions were measured using a Bosch BEA350 system as
follows: after the engine reached steady state, defined when engine oil
and exhaust temperatures changed by less than one percent over a 60 s
period, emission values for CO, CO2, NOx, and HC were recorded every
10 s for 1 min. The obtained values were averaged and converted to
brake specific quantities (Eq. (1) [53]).

= =
m m

E E · M
M

·
P

E · M
M

·
P

g
kWhP,i V, i,dry

i

exh,dry

exh,dry

eff
V, i,wet

i

exh,wet

exh,wet

eff

(1)

where EP,i – pollutant mass referenced to Peff in [g/kWh]; EV,i – exhaust
emission value of component i as volume share [ppm]; Mi – mol mass of
the component i, [kg/kmol]; Mexh – mol mass of the exhaust [kg/kmol];
ṁexh – exhaust mass flow [kg/h].

3. Results and discussion

3.1. Non-normalized tests

The first efforts involved testing the WCO biodiesel without chan-
ging the injection timing as compared to ULSD operation. In specific,
after setting the injection timing and pressure to the same ULSD test
values, the injection quantity of WCO biodiesel was increased gradually
until the BMEP of the engine was equated to that of ULSD. This led to an
increase of 53.4, 49.1, 37.4, 39.8, and 35.0% in fuel mass injected for 0,
25, 50, 75, and 100% load, respectively, when using WCO biodiesel.
This is largely due to its reduced energy content even though it has a
greater density as highlighted in Table 4. In other words, since the
engine injection system adds fuel on a volumetric basis, WCO biodiesel
is being added at a reduced volumetric energy level of around
34,110 MJ/m3 in comparison to 35,518 MJ/m3 for ULSD.

As demonstrated in Fig. 1, employing the same injection timing for
WCO biodiesel as ULSD led to an advance of the combustion process. To
further elucidate on combustion timing differences, a comparison of the
injection timings with the start of combustion using the 2nd derivative
of pressure determined through the ROHR analysis (shown later) pro-
vides valuable insight about the ignition delay in Fig. 2. It was found
that, except at 100% load, combustion of the biodiesel fuel started
earlier than ULSD, both in the non-normalized (1.9 to 6.6 °CA ad-
vanced) and the normalized (1.8 to 4.2 °CA advanced) cases. This is due
primarily to the larger cetane number (CN) of biodiesel, in spite of the
increased injection delay (valid for common rail injection systems, but
not for mechanical injection systems [54,55]), poorer atomization, and

Table 3
Test parameters used in this study.

Speed Load ULSD WCO biodiesel

Quantity Injection timing Injection pressure Quantity Injection timing Injection pressure Normalized injection

rpm % mg °CA BTDC MPa mg °CA BTDC MPa °CA
2000 0 9 7.5 60 13.6 5.6 60 +1.9

25 12.6 7.9 60 18.5 6.0 60 +1.9
50 16.4 8.2 70 22.2 6.4 70 +1.8
75 21.4 9.0 70 29.4 7.9 70 +1.1
100 27.4 11.6 70 36.3* 12.4 70 −0.8

Table 4
Estimated properties of WCO biodiesel [52] and diesel fuel employed in this
effort.

Property m.u. WCO biodiesel ULSD

CN – 52.8 min. 51
Energy content kJ/kg 39,663 43,000
Density kg/m3 at 298.15 K 860* 826
Kinematic viscosity cSt at 40 °C 6.560 2–4.5
Dynamic viscosity cP at 40 °C 5.790 1.625–3.717
Oxygen content wt % 10.5 N/A
H/C molar ratio – 1.84 N/A

* The WCO biodiesel density was measured with the other WCO biodiesel
properties estimated based on the prior work.
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lowered air-entrainment level, which occurs when changing from ULSD
to biodiesel [39,41,56]. Moreover, the fuel bound oxygen in biodiesel
additionally aids in achieving equivalence ratios in the flammability
range faster than with ULSD promoting a reduced ignition delay.
However, at 100% load, the start of combustion was somewhat com-
parable between ULSD, non-normalized (0.1 °CA advance) and nor-
malized (1 °CA advance) biodiesel. Here, the need to add a significant
amount of fuel to achieve the load required forces the injection process
earlier into the compression stroke; hence, each case is given ample
opportunity to mix prior to reaching combustion temperatures.

Since combustion that happens sooner results in an earlier heat
release, this subsequently influences in-cylinder temperatures and ex-
haust emissions. Therefore, the rest of the analysis will primarily
compare normalized WCO biodiesel and ULSD results by matching the

peak pressure crank angle location to (mostly) remove the influence of
combustion phasing. This WCO biodiesel normalization process re-
sulted in an increase of 1.6, 0.9, 1.0, 0.7, 7.7% in fuel mass injected for
0, 25, 50, 75, and 100% load, respectively, in comparison to the non-
normalized tests.

3.2. Normalized tests

Up to 50% load (Fig. 1a–c), delaying the injection timing and
matching the BMEP requirements finds that the in-cylinder pressures
between normalized biodiesel and ULSD are relatively similar to
slightly lower. However, above 50% load (Fig. 1d, e), the peak cylinder
pressures for normalized biodiesel drop significantly below that of
ULSD. This is likely due to the increased viscosity of biodiesel inhibiting

Fig. 1. Filtered in-cylinder pressure trace at (a) 0% load, (b) 25% load, (c) 50% load, (d) 75% load, and (e) 100% load for AVL 5402 engine.

Fig. 2. Injection parameters relevant for the combustion process analysis.
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fuel breakup and promoting diffusion burn as a greater level of fuel flow
rate is needed to achieve these higher loads. Interestingly, unlike prior
results in the literature [57,58], at 100% load the normalized biodiesel
test requires an advanced injection timing in comparison to the non-
normalized case. Reviewing these earlier efforts finds that they:

a) employ a higher compression ratio engine (21.2:1 for the Yanmar
L100V compared to 17.1:1 for the AVL 5402);

b) the peak pressure for combustion happens sooner;
• Yanmar L100V ignition occurs at 4–5 °CA ATDC with peak pres-

sure at 10 °CA ATDC;
• AVL 5402 ignition occurs 7.5–10 °CA ATDC and peak pressure at

12.5 °CA ATDC or later;
c) while the Yanmar L100V in question has been upgraded to a

common rail electronic injection system, it operates at a respectively
lower pressure of 45 MPa as opposed to 60–70 for the AVL 5402.

Here, the set base calibration of the AVL 5402 engine was supplied
by the engine manufacturer and not determined as per the maximum
thermal efficiency as accomplished for the previous work [59]. There-
fore, biodiesel fuel is injected in a relatively less favorable environment
for atomization and vaporization. Furthermore, this is compounded by
a respectively lower compression ratio that results in a reduced pressure
and temperature seen by the fuel as it enters the cylinder. Given bio-
diesel’s higher viscosity, lower volatility, and reduced energy content, it
has a more difficult time achieving the 100% load setting, subsequently
requiring an earlier and longer injection event.

Two dissimilar kinds of behavior are seen for the Rate of Heat
Release (ROHR): one for loads at or below 50% (Fig. 3a–c) and one for
above 50% (Fig. 3d, e). Distinctively, below 50% load, the normalized
biodiesel encounters a higher peak ROHR with apparently a shorter
period of premixed energy liberation. As a result, the process indicates a
strong proclivity towards constant volume combustion. Nonetheless,

even with this seemingly more energetic and quicker heat release event,
the in-cylinder pressures do not exceed that of ULSD. Investigating
Fig. 2 demonstrates that, except for the 100% load case, all normalized
biodiesel injection events begin closer to TDC. Therefore, the fuel in-
jection process is seeing a greater in-cylinder pressure and temperature
initially; hence, this should result in a lower spray penetration length
(compared to the non-normalized case) but a more spread-out fuel
spray that vaporizes quicker. Furthermore, engine coolant temperatures
were found to be slightly higher during the biodiesel tests since com-
bustion happens sooner and there is more time for heat transfer (80.4/
80.6 °C for WCO compared to 78.2/79.8 °C for ULSD; seen in 2nd law
analysis discussed later). Thus, this will additionally promote a slightly
enhanced vaporization of the fuel. As a result, there appears to be a
better mixing of fuel and air at the beginning of WCO biodiesel’s fuel
injection process. Combining this with its higher CN, more embedded
oxygen (i.e., greater level of equivalence ratios in the flammability
zone) and a greater adiabatic flame temperature results in a quicker and
apparently more vigorous heat release. However, since significantly
more biodiesel fuel must be added because of its reduced energy con-
tent, this grows the energy taken away from the working fluid via the
latent heat of vaporization. As a result, the in-cylinder pressure and
temperature (Fig. 4) drops below that of ULSD even as combustion is
beginning (Fig. 1). Therefore, the biodiesel fuel added towards the end
of the injection process sees slightly worse conditions while mixing and
vaporizing less well (compounded by its greater viscosity), subse-
quently showing up as a less efficient diffusion burn (seen in Fig. 3), and
increasing fuel consumption. Overall, while initially biodiesel burns
more effectively, this is not sufficient to overcome a growth in diffusion
burn resulting in lower in-cylinder pressures and temperatures. This
discussion will be revisited when presenting the second law heat release
analysis for further clarification.

After 50% load, the onset of diffusion burn behavior begins and
there will be a reduction in efficiency proportional to the increase in

Fig. 3. Calculated Rate of Heat Release at (a) 0% load, (b) 25% load, (c) 50% load, (d) 75% load, and (e) 100% load for AVL 5402 engine.
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pressure trace width. This is due to a combination of a larger fuel mass
injected and a poorer mixing of biodiesel with the air inside the com-
bustion chamber, which leads to a greater amount of fuel that cannot be
burnt during the premixed phase. Here, ULSD appears to remain largely
pre-mixed because of its respectively lower viscosity and longer ignition
delay resulting in an enhanced mixing process. As a result, the trend
now switches with ULSD having a higher ROHR and shorter combustion
event. Some diffusion burn is seen with ULSD at 100% load, but the
amount is significantly less than biodiesel.

In Fig. 4, the global in-cylinder temperatures highlight that WCO
biodiesel burns at a lower temperature than ULSD after combustion

normalization for this engine. This trend of temperature largely follows
that of pressure and its associated discussion since they are related
through the ideal gas law. Interestingly, at 50% load, the normalized
pressure for the WCO biodiesel process is less than the non-normalized
case; whereas, the temperature is slightly higher. In this case, it appears
that the longer ignition delay (Fig. 2) resulting from a later injection
helps to prepare slightly more fuel for a premixed burn event that
would have otherwise resulted in a diffusion burn. Hence, the peak
ROHR is similar along with the temperatures. This greater level of
premixed burn from a longer ignition delay is also seen at 75% load
when comparing the normalized and non-normalized cases. However,

Fig. 4. Calculated in-cylinder temperatures at (a) 0% load, (b) 25% load, (c) 50% load, (d) 75% load, and (e) 100% load for AVL 5402 engine.
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since the normalized case is burning later in the cycle with more dif-
fusion burn required to hit the load condition, the global in-cylinder
conditions are less a function of the more energetic premixed spike.
Therefore, both the temperature and pressure of the normalized case
fall below the non-normalized case. Finally, at 100% load, since the
normalized case injects fuel before the non-normalized case, this igni-
tion delay trend is reversed, and the peak normalized ROHR is smaller.
Overall, the significantly lengthened fuel injection process that adds the
required amount of fuel at this load results in equivalent temperatures.

The analysis of the exhaust gas temperatures (Fig. 5) showed a si-
milar evolution to that of the in-cylinder temperature with respect to
load. However, even though the normalized biodiesel results all
maintained a lower in-cylinder temperature than ULSD, higher exhaust
temperatures for this fuel were seen for the 50% and 75% load cases.
This is due to the larger amount of fuel used and subsequent shift to-
wards diffusion burn when moving to biodiesel, even though the 50%
load case had a greater premixed spike. Hence, more fuel is burning
closer to the exhaust valve opening (EVO). At 100% load, this trend
reverses as the normalized biodiesel was injected before ULSD; there-
fore, combustion is now happening further away from the EVO event.

This apparent contradiction between the higher biodiesel ROHR and
its lower in-cylinder pressures and temperatures in comparison to ULSD
can be clarified further by investigating the second law of thermo-
dynamics heat release analysis in Fig. 6. While operation with biodiesel
results in lower peak temperatures within the cylinder, it also causes a
longer period of relatively higher temperatures. Generally, biodiesel
undergoes a more complete combustion process; hence, the chemical
potential availability of the fuel is successfully converted to thermal
availability. However, as the load increases, this thermal availability is
in the form of diffusion burn that happens later in the expansion stroke,
where in-cylinder conditions are rapidly cooling and availability is
more challenging to extract. Furthermore, the higher viscosity and
lower volatility of biodiesel results in a worse mixing process, moving
still more thermal availability production into the diffusion burn phase.
Therefore, while fuel potential availability is more likely to be trans-
formed via combustion, that availability is also less likely to be suc-
cessfully extracted as work (Fig. 6a). As a result, this increases the
amount of fuel availability lost to heat transfer (Fig. 6b) due to pro-
longed higher temperatures, but this simultaneously results in a de-
crease in internal entropy production (Fig. 6c). Therefore, availability
retention increases as a fraction of total availability (Fig. 6d) that is
exhausted to the atmosphere at the close of the cycle, which may find
its way into a greater exhaust temperature (Fig. 5). In addition, the
energy content of biodiesel influences the results; i.e., the engine re-
quires more biodiesel fuel availability in order to meet the required
load to make up for the fact that the availability is less optimally

extracted as work.
Overall, biodiesel (mostly) demonstrates an earlier and greater level

of premixed combustion; however, this occurs too early for the bio-
diesel fuel injected later that cannot prepare fast enough to join in on
the premixed event. As a result, premixed combustion is limited in
comparison to ULSD, and remaining fuel transitions from premixed
(quasi-constant volume) combustion to diffusion (quasi-constant pres-
sure) combustion; thus, peak pressures are limited. This added in-
efficient combustion adds availability later in the expansion stroke,
where it is less easily extracted, subsequently lowering the 2nd law
efficiency (Fig. 6a).

Unlike the prior efforts [50,51], the respectively lower compression
ratio of this engine is not quite powerful enough to overcome some of
these differences. In addition, this is worsened by the fact that com-
bustion happens later in this engine under a less ideal temperature
scenario. Finally, while the performance deviations between biodiesel
and ULSD are generally reduced for higher loads where both fuels begin
to encounter a greater level of diffusion burn, this engine begins having
trouble in mixing biodiesel significantly earlier than with ULSD. In
specific, biodiesel diffusion combustion begins to set in just beyond
50% load, whereas ULSD diffusion burn is put off until after 75% load
(see Fig. 3c, d, and e). This results in still worsened performance for the
biodiesel fuel, due to the biodiesel entering the less exergetically effi-
cient diffusion phase at lower engine loads.

As a result of this decreasing overall efficiency, Fig. 7a shows the
greater amount of availability that must be added when working with
biodiesel, which in turn reflects the worsened fuel consumption. Gen-
erally, operation with biodiesel seems to require another 120–300 J of
thermal availability present in the cylinder. In addition, the deviation in
availability generally grows with engine load, highlighting the in-
creasing gulf of performance between the two fueling strategies. In
comparison to prior efforts, this is likely linked to the engine com-
pression ratio. In specific, as the compression ratio increases, the im-
portance of fuel viscosity on overall engine performance may decrease
so long as the fuel is still able to adequately break up and vaporize.
Hence, at higher compression ratios, the performance of an engine
might become tied more to the quantity of fuel delivered and less on the
quality of that fuel.

Of note, availability addition is related directly to the brake specific
availability consumption (BSAC) in Fig. 7b that is the second law
analog to brake specific energy consumption. Here, this highlights the
amount of availability that is successfully converted to useful work for a
given engine cycle. Thus, since the availability addition with biodiesel
is higher than with ULSD, the BSAC is greater as well. Moreover, Fig. 7b
highlights a more dramatic trend with WCO biodiesel illustrating its
optimum operational point at 50% load (stated before: highest pre-
mixed burn without a significant diffusion burn phase). Hence, the
engine appears to be more sensitive to changes in the fuel properties;
again, reaffirming the prior statement that at respectively lower com-
pression ratios, performance is tied more closely to fuel properties than
fuel quantity.

In order to maintain engine performance when switching to WCO
biodiesel operation, it is necessary to increase the injected fuel mass to
compensate for its reduced volumetric energy content as compared to
ULSD. Therefore, as more fuel is burnt at enhanced combustion effi-
ciencies and because the H/C ratio of biodiesel is similar to that of
ULSD, CO2 emissions (a proxy for fuel consumption, and thus fuel
availability addition) generally increase when using WCO biodiesel as
presented in Fig. 8. However, even if the CO2 emissions are higher, its
overall greenhouse gas footprint can be lower when considering the
CO2 consumption of the plants used as its feedstock [8]. As with all
fuels, the potential CO2 advantages of WCO biodiesel could be en-
hanced further by properly matching the fuel injection parameters to
the properties of this fuel.

Despite the mixture formation issues caused by a higher viscosity,
the fuel bound oxygen content of WCO biodiesel has a beneficial effect

Fig. 5. Exhaust gas temperature for all cases.
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on CO emissions in all cases as illustrated in Fig. 8. However, this
benefit decreases in both the non-normalized and the normalized cases
with the growth in engine load as the level of diffusion burn increases at
greater equivalence ratios. Moreover, when normalizing the combus-
tion phasing, the combustion process is shifted later in the expansion
phase and, as a result, CO emissions increase compared to the non-
normalized case. This is due to the slightly less favorable combustion
environment, since the combustion time is slightly reduced, and the
fuel mass somewhat increases. Since HC emissions emanate primarily
from the diffusion burn phase, the trend of HC emissions follows that of
CO in Fig. 8. Largely, HCs are formed due to a low oxidation rate at

reduced temperatures or because of insufficient oxygen being available
locally (poor mixing). As shown previously, in-cylinder temperatures
are lower when using WCO biodiesel and its mixing process is respec-
tively worse as compared to ULSD. However, its fuel bound oxygen
provides some compensation along with locally higher adiabatic flame
temperatures; thus, improving the engine out HC values. Again, ana-
logous to CO, HC emissions are larger for the normalized case since
combustion happens in a less advantageous situation. Furthermore,
these greater CO and HC emissions are tied to the increased thermal
availability present in the engine exhaust at EVO; i.e., any partial oxi-
dation species present later in the engine cycle are essentially

Fig. 6. Percentage of total thermal availability (a) extracted as work, (b) lost through heat transfer, (c) destroyed by entropy generation, or (d) retained by the
exhaust at EVO for AVL 5402 engine.

Fig. 7. (a) Total thermal availability and (b) brake specific availability consumption added to the cylinder for AVL 5402 engine.
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unconsumed potential availability. Here, they cannot be effectively
extracted as work and do not have the time to be lost via heat transfer;
hence, they are retained in the exhaust gases and expelled at EVO.

Fig. 9 presents the NO emissions and, unfortunately, NO2 emissions
were not available at the time of study. However, since NO2 emissions
are a respectively small fraction of NOx emissions (e.g., 10–30%
[60,61]), the trend of NO emissions will primarily represent that of
NOx. Here, to understand NOx emissions trends, it is necessary to dis-
cuss engine load and calculated in-cylinder temperatures. At 0% and
25% load, there is an increase in NO emissions when using WCO bio-
diesel as shown in Fig. 9. For these cases, even though global in-cy-
linder temperatures are slightly lower for WCO biodiesel (note: greater
in 0% non-normalized), the local availability of oxygen, higher adia-
batic flame temperatures, and the fact that combustion happens closer
to TDC in a mostly pre-mixed phase all leads to more favorable NOx

formation conditions. However, beginning at 50% load, the NOx

emissions of WCO biodiesel are smaller than those of ULSD with the
lowest values for the normalized case (except at 100% load when bio-
diesel injection timing was advanced). The main reason behind this
decrease is its considerably lower in-cylinder temperature. Therefore,
as stated prior, even though the early stages of WCO biodiesel com-
bustion happens in a more opportune environment for NOx emissions,
the prolonged fuel injection event due its reduced volumetric energy
content and subsequent growth of diffusion burn combustion finds a
less favorable situation. Hence, as more fuel burns later in the engine
cycle, this reduces the temperature and time needed for thermal NOx

kinetics. Furthermore, WCO’s respectively worse mixture formation
required an increase in fuel availability; thus, combined with a later

burning event (after in-cylinder temperatures have fallen below levels
conducive to NOx formation) results in more availability retained in the
exhaust (Fig. 6d) and not towards energy release and NOx emissions.
Overall, NOx is shown to both increase and decrease here in comparison
to ULSD, depending on the precise conditions present within the cy-
linder, helping to highlight the disparity in literature findings (see
Table 1).

4. Conclusions

Biofuels, and particularly biodiesels, represent an advantageous fuel
due to their significantly reduced carbon emissions potential, thanks to
their renewable nature. Waste cooking oil biodiesel is one such fuel
while additionally having the advantage of not competing with existing
food resources. However, its differing characteristics in comparison to
petroleum-based diesel affects the injection timing along with the in-
itiation of ignition and quality of combustion. Moreover, to understand
where deficiencies in combustion behavior occur, it is necessary to
examine the precise pathways by which fuel energy is lost. This requires
the use of 2nd Law Heat Release modeling that can quantify losses in
fuel availability due to heat transfer or internal irreversibilities in ad-
dition to energy lost during the exhaust event. In tandem with tradi-
tional modes of analysis via in-cylinder pressure and engine-out emis-
sions measurement results in a greater understanding of the biodiesel
combustion process.

Generally, WCO biodiesel’s heightened Cetane Number results in a
shorter ignition delay period, requiring delays in fuel injection timing
to maintain optimal combustion timing. Furthermore, adding biodiesel
results in a shortened period for the mixture to atomize, vaporize, and
ignite. As a result, this offers a more opportune vaporization and mixing
of the biodiesel injected early on in the fuel charge through its in-
troduction at higher in-cylinder pressures. However, biodiesel’s shor-
tened ignition delay period and greater viscosity begins to hamper
combustion, cutting the premixed event short and inducing diffusion-
dominated combustion above that of diesel; hence, lowering the 2nd
Law efficiency. Moreover, while biodiesel operation primarily results in
cooler peak temperatures, it promotes longer periods of higher tem-
peratures due to this shift towards diffusion burn and its embedded
oxygen that facilitates greater combustion efficiency. These higher in-
cylinder temperatures increase the loss of availability due to heat
transfer; however, this does maintain a warmer in-cylinder environ-
ment that mitigates losses due to entropy production. Thus, biodiesel
usage promotes a larger conversion of fuel potential to thermal avail-
ability, and maintains a higher fraction of this availability by limiting
entropy production. Unfortunately, this availability addition occurs
later in the engine cycle, making it more difficult to extract as work.
Further optimization might be effective in reducing these drawbacks,
particularly by increasing fuel injection pressures.

Fig. 8. Brake specific CO, CO2, and HC emissions.

Fig. 9. Brake specific NO emissions.
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Biodiesel usage also results in a relatively similar emissions profile
to operation with diesel. In specific, CO and HC emissions are each
generally reduced, owing to the more thorough combustion of fuel.
While the increased fuel usage results in heightened CO2 emissions, this
is offset by the fuel feedstock reabsorbing that carbon content when it is
grown, bringing the fuel closer to carbon-neutrality. Finally, NOx

emissions are more closely tied with in-cylinder temperatures and the
amount of diffusion burn; thus, they will either increase or decrease
depending on combustion behavior.
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Abstract. An important amount of the fuel energy burned in an internal combustion engine is 

used to overcome the friction losses inside the engine. Developing advanced lubricants is one of 

the ways to improve the fuel efficiency and reducing the pollution caused by internal combustion 

engines. This paper presents tests done with 1% v/v nano-diamond and nano-graphite additives 

in engine oils, with bench tests on an air-cooled spark ignition engine (Honda GX 160) with a 

displacement of 118 cubic centimeters. Using the raw lubrication oil laboratory, tests were done 

to determine the viscosity, density and viscosity index using an Anton Paar SVM 3000 

viscometer in comparison to the oil with nano-diamond and nano-graphite additives. The tests 

also revealed an average reduction in fuel consumption of 21% for the single cylinder engine in 

case of the oil with additives, for the entire speed range of the engine, showing a decrease of the 

fuel efficiency as the speed increases. The temperature of the exhaust manifold, outer side of the 

cylinder and the temperature of the oil pan were measured. By adding nano-diamond and nano-

graphite additives to the lubricant oil, tests have revealed a reduction of the temperature of the 

exhaust manifold (with 11%), temperature on the outer side of the cylinder was reduced with 

21% showing a clear friction reduction within the cylinder and piston-rings assembly. The 

temperature of the oil pan was reduced with 20%, showing a general reduction of the lubricating 

oil temperature which means a substantial reduction of the friction losses. 

1.  Introduction 

An important amount of 33% of the fuel energy is used to overcome the friction losses in the car from 

which 35% is used to overcome the friction in the engine system. From this 12% of fuel energy, 45% is 

consumed in the piston assembly, 30% is consumed in bearings, seals, etc. (hydrodynamic lubrication), 

15% is consumed in the valve train (mixed lubrication), and 10% is consumed by pumping and hydraulic 

viscous losses [1]. The less friction in the internal combustion engine the better fuel efficiency and less 

pollutant emission. The friction can be reduced using high performance engine oils.  

Modern oils for internal combustion engines consist of a base oil (synthetic or semisynthetic) and an 

additive pack which could have a concentration up to 30-35% vol and it contains surface protective 

additives (anti-wear, corrosion and rust inhibitor, detergent, dispersant, friction modifier agents), oil 

performance improver additives (pour point depressant, seal swell agent, viscosity improver agents) and 

lubricant protective additives (anti-foaming, anti-oxidant, metal deactivator agents) [2].  

During the past few years, various nano-materials have been studied as a new additive for lubricant 

oils, including polymers, metals, organic and inorganic materials [3].  

In [4] the authors have studied the anti-scuffing property of lubricating oil and diamond nano-

particles additive. They found out that 3% vol concentration of the diamond nano-particles had the most 

favourable effect on reducing the wear loss and the friction coefficient. Raina and Anand [5] have 

investigated the nano-diamond in combination with copper oxide and hexagonal boron nitride particles 
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as an additive for poly-alpha-olefin. They observed a significant improvement in the lubrication 

properties of the base oil, the decrease of the friction coefficient was 15-25%. 

Su et al. [6] have investigated the tribological properties of multi-walled carbon nanotubes with 

different sizes and volume fractions as an oil additive using a pin-on-disk friction and wear tester. They 

found that at 0.05% vol fraction the thin and short multi-walled carbon nanotubes could improve both 

friction-reducing and anti-wear properties of the oil more effectively than the thick and long multi-

walled carbon nanotubes. Martorana et al. [7] have investigated the use of the dispersed fine graphite 

flake and carbon nanofiber in ethanol as a potential replacer of low pressure conventional hydraulic 

fluids in gear pump-driven hydraulic circuits. They found that both graphite and carbon nanofiber 

dispersions in ethanol within a concentration range of 195−1500 ppm can sustain hydraulic circuits with 

increases in pump efficiency.  

Liu et al. [8] have conducted an investigation regarding the effects of nano-diamond additives in 

lubricating oil not only in a friction tester but also in a diesel engine. The authors ascertained a significant 

reduction of the friction coefficient of 30% and a slight increase on engine performances.  

In our best knowledge the effect of the mixture of nano-diamond and nano-graphite as an additive 

for engine oil on the engine performances have not been investigated yet. The main goal of this article 

is to investigate the effect of this mixture on an internal combustion engine fuel consumption and 

friction.  

2.  Methodology 

The test bench is presented in figure 1 and it consists of the internal combustion engine (I.C.E.) fitted 

with an external fuel tank, placed on an electronic scale (Gibertini Euromatic) to measure the fuel 

consumption. The speed of the engine was measured using an infrared tachometer (Lutron-DT 1236L), 

and the temperatures were measured with a digital infrared thermometer (ANENG AN550). For the 

Lutron-DT 1236L tachometer, the measurement range is 10 to 99999 rpm [9]. 

 

 
Figure 1. Used test bench sketch 

 

The engine used for the tests was a Honda GX 160 single cylinder engine with the specifications 

presented in table 1. 
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Table 1. Honda GX 160 engine specifications. 

Type Single cylinder, 4 stroke 

Displacement 163 cm3 

Bore x Stroke 68 x 45 mm 

Max Power 3.6 kW @ 3600 rot/min 

Max Torque 10.3 Nm @ 2500 rot/min  

Cooling Air cooled 

Oil capacity 0.6 L 

Fuel consumption 1.4 L/h @ 3600 rot/min 

 

The used lubrication oil is Motul 5100 4T 10W-30, because it fulfils the API SL/SM standards. The 

standard properties of the lubrication oil are presented in table 2. 

 

Table 2. Properties of Motul 5100 4T 10W-30. 

Viscosity grade SAE J 300  10W-30  

Density at 20°C ASTM D1298  0.871 g/cm3 

Viscosity at 40°C ASTM D445  74.6 mm2/s  

Viscosity at 100°C ASTM D445  11.5 mm2/s  

Viscosity index ASTM D2270  147  

Pour point limit ASTM D97  -36°C  

Flash point ASTM D92  226°C  

Total Base Number (TBN) ASTM D2896  7.5 mg KOH/g  

 

A commercially available ADDO nano-diamonds and nano-graphite particles, purchase from Plasma 

Chem, was used as additive. The additive contains 90% v/v motor oil and 10% v/v carbon nanoparticles, 

with an average of nano-particles size of 4-6 nm and this fulfils DIN EN ISO 6245 and DIN EN ISO 

2160 standards. In order to prepare the oil with nano-diamonds and nano-graphite particles, a volume 

of 60 mL nano-additive was dispersed into 540 mL lubricant oil and the final concentration of the 

lubricant oil with additive was 1% v/v. The viscosity at 40°C and 100°C, viscosity index and density 

recorded with Stabinger viscometer SVM 3000 for the oil with nano-additve and the oil with nano-

additives after used are presented in table 3. 

 

Table 3. Properties of oil lubricant with nano-additives before and after use in engine. 

Physicochemical properties Oil with nano-additives 

before use 

Oil with nano-additives 

after use 

Density at 15°C 0.868 g/cm3 0.867 g/cm3 

Viscosity at 40°C 62.175 mm2/s 69.159 mm2/s  

Viscosity at 100°C 10.389 mm2/s 11.178 mm2/s  

Viscosity index 156 154 
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The first test was done using as lubricant, only the Motul 5100 4T 10W-30 oil, with the engine speed 

variation from 1000 to 2500 rot/min in 100 rot/min steps, at zero load. The temperatures of the exhaust 

pipe (T1 was chosen to monitor the temperature of the exhaust and therefore the fuel burn temperature 

loss), outer side of the cylinder (T2 was chosen to evaluate the friction between the cylinder and the 

piston-rings assembly), exterior of the oil pan (T3 was chosen to estimate the temperature of the lubricant 

itself) and the starter (T4 was chosen as a reference temperature for the start of measurements) were 

measured, as seen in figure 2.  

The second test was made using the same Motul 5100 4T 10W-30 oil, but with added nanomaterial 

additive (5 mL, the equivalent of 1%). 

 

 
Figure 2. Measurements points for all temperatures 

 

3.  Results 

First results that were extracted are the fuel consumptions for both tests, determined using the external 

fuel tank and scale. According with measurements, the variation of fuel consumption with speed presents 

a second order polynomial regression. The fuel consumption average (Fig. 3) when the oil lubricant with 

nano-additives was used (5.03 [kg/h]), decrease by 21% in comparrison with the average of fuel 

consumption when the standard oil lubricant was used (7.11 [kg/h]). This reduction is extremely high, 

but it is logical due to the fact that the engine was tested at zero load, where the engine only has to 

overcome the internal frictions, and no outer load is applied. This leaves more room for further 

investigations using the same additive but with an engine that can be loaded accordingly.  

 

T4 

T2 

T3 

T1 
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Figure 3. Fuel consumption versus speed Figure 4. Temperature of the exhaust pipe versus    

speed 

 

On the other hand, a reduction when nano-additives were used is explained thru the viscosity index. 

The results showed that the viscosity index of the oil lubricant increase with 6% when nano-additives 

are used (Tab. 3), which influence the fluid friction due to the formation of a better viscous film in the 

surface, leading to a reduction of the frictional losses. This reduction of power losses further enhances 

the automotive engine efficiency and our results are in agreement with [10] and [11].  

The results shown in figure 4 indicate the variation of the temperature of the exhaust pipe (T1) with 

speed. An increase of the temperature was observed for the oil lubricant with nano-additives. For the 

temperature of the exhaust pipe, an average value of 150°C was recorded for the standard lubricant oil 

while using the nano-additives, the average value of the temperature decreases to only 124°C, which 

indicates a better evolution of the temperature for the same testing time, i.e. better efficiency over time 

due to a lower friction coefficient. 

The temperature of the outer side of the cylinder (T2) also has second order polynomial variation, but 

the start temperature is around 45°C for the standard lubrication oil, and only around 37°C for the oil 

with nano-additive (Fig. 5). Due to the reduction of the frictions, the temperature of the outer side of the 

cylinder is reduced with 11% on the entire speed spectrum, when using nano-additives. 

 

  
Figure 5. Temperature of the outer side of the 

cylinder versus speed 

Figure 6. Temperature of the oil pan versus speed 

 

Outside the oil pan (T3), the temperature was monitored to understand the variation of the lubrication 

oil for both cases. By using the nano-additives instead of reaching an average value of 71°C, a value of 

59°C was reached (Fig. 6) underlining the friction reduction with 20%.   
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4.  Conclusions 

The measurements were done with the increase of the speed at precise time intervals, with the same 

starting temperature of 25°C for the starter (neutral reference temperature zone).  

Based on the present experimental investigations, the following conclusions can be drawn: 

✓ by using nano-additives in the lubrication oil, an improvement of the physicochemical 

properties was observed, especially because of the decreasing of the viscosity and increasing of 

the viscosity index which lead to the formation of a better viscous film capable to reduce the 

frictions between the lubricated components; 

✓ due to the reduced frictions, the fuel consumption was reduced by 21% at zero load; 

✓ all the measured temperatures were reduced for the same exploitations of the engine.   

Further investigations will be focused on loading the engine using a test bench, and the stabilization 

of the working temperature of the engine.  
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In this paper the effects of an experimental bioethanol fumigation application using
an experimental ultrasound device on performance and emissions of a single cylin-
der Diesel engine have been experimentally investigated. Engine performance and
pollutant emissions variations were considered for three different types of fuels
(biodiesel, biodiesel-bioethanol blend and biodiesel-fumigated bioethanol). Re-
ductions in brake specific fuel consumption and NOx pollutant emissions are corre-
lated with the use of ultrasonic fumigation of bioethanol fuel, comparative to use of
biodiesel-bioethanol blend.
Considering the fuel consumption as Diesel engine's main performance parameter,
the proposed bioethanol's fumigation method, offers the possibility to use more effi-
cient renewable biofuels (bioethanol), with immediate effects on environmental
protection.

Key words: biodiesel, bioethanol, pollutant emissions, ultrasound, Diesel engines

Introduction

The extensive use of Diesel engines as a power source for transportation, agriculture,

industry, and construction owes much to their well-defined advantages, when compared to other

internal combustion engines. Diesel engines have a better thermal efficiency, torque, and fuel

economy [1-2].

According to [3], the global CO2 equivalent of greenhouse gas emissions budget is less

than 750 Gt before reaching the 2 °C global warming limit. In order to achieve the desired limits

of pollution alternative energy sources must be considered. Because the transport industry is a

major contributor to global warming a lot of effort is put into developing environmental-friendly

vehicles. As a means to impact the whole vehicle park, research and development projects must

also include fuels. This paper focuses on the superior use of bioethanol as renewable energy

source for Diesel engines running in dual-fuel mode, using a novel fumigation technique.

Kujawski and Zielinski [4], Dincer [5], and Nag [6] shown that the renewable charac-

teristics of biofuels can partly replace fossil fuels, and may help reduce green-house gas emis-

sions (CO2, N2O and NOx), promote a sustainable rural development and improve income distri-
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bution. Biofuels ability to reduce greenhouse pollutant emissions is due to the presence of

oxygen in their molecular composition. The oxygen content contributes to better air-fuel mix-

ture combustion, leading to reduced emissions [7, 8].

However, a better fuel burning process leads to an increase in NOx pollutant emissions.

The NOx emission formation mechanism strongly depends on the combustion temperature and

the oxygen concentration. As a direct consequence, the formation rate will decrease if the in-cyl-

inder combustion peak temperature is reduced [9-12]. The complexity and high number of fac-

tors influencing the combustion process, Johnson [13] show that NOx emissions are more diffi-

cult to control than other pollutants. The peak temperature in the cylinder can be reduced with

multiple injection strategies, the use of exhaust gas re-circulation technique and/or using etha-

nol or an ethanol-water emulsion as an additive to the fuel [14, 15].

Bioethanol is a renewable energy source made of plant materials. First generation

bioethanol is produced by distillation from crops such as corn, wheat, sugar cane and sugar beet.

Improved technologies have made it possible to produce non-food competitive second-genera-

tion bioethanol (cellulosic ethanol) from a wider range of feedstocks including agricultural resi-

dues, energy crops or woody raw material [16].

Bioethanol (ethanol) combustion in Diesel engines represents a challenge due to its

significantly different properties compared to diesel fuel: poorer ignition properties (low cetane

number), higher heat of vaporization, higher oxygen content, lower stoichiometric A/F ratio,

lower heating value, and higher H/C ratio. However, with altered fuel characteristics and ade-

quate engine adaptations or a modified combustion process, it is possible to take advantage of its

more efficient compression ignited, compared to spark ignited, combustion [17]. Nowadays,

there many solutions for using (bio)ethanol in Diesel engines like: direct injection of alco-

hol-diesel fuel blends, fumigation, glow-plug assisted ignition or addition of ignition improvers,

each of them with its own constraints and challenges to overcome [17-19]. The main problems

are: ethanol-diesel fuel miscibility, combustion control and the amount of engine modifications

required [20]. More and more researchers are focusing their studies on dual fuel technologies for

Diesel engines. In the following, some of the most recent researches in this field are presented

briefly.

Hansdah and Murugan [21] studied the effects of fumigating ethanol obtained from

maduca indica flower and was determined that the ignition delay increases for all of the studied

flow rates by about 2-4 °CA at full load. Compared to normal diesel fuel operation, NOx and

smoke emissions were lower while CO and HC emissions slightly increased. The study also re-

vealed an increased brake thermal efficiency.

Imran et al. [22] published a review of the literature concerning ethanol use in Diesel

engines. The study concluded that break specific fuel consumption (BSFC) increases when us-

ing alcohol fumigation, which can be attributed to the lower calorific value of ethanol. The ther-

mal efficiency with ethanol fumigation in Diesel engines is lower than that of diesel at low loads

but at medium and high loads it surpasses it. The results regarding NOx emissions compared to

neat diesel varied between cited authors, but a common conclusion was that NOx formation

strongly depends on the combustion temperature and the oxygen concentration present in the

combustion process. All cited authors reported an increase in HC and CO emission believed to

be a cause of the lower combustion temperature. On the other hand, CO2, smoke, and PM emis-

sions significantly reduced.

Fraioli et al. [20] focused on the distribution and temporal evolution of chemical inter-

mediates like OH, HCO, and CO in the combustion chamber and is influence on the combustion

process. Was determined that ethanol fumigation causes wider auto ignition areas, a slower rate
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of heat release and an increased combustion duration with respect to a direct injection n-heptane

reference case.

The tests performed by Gargiulo et al. [23] lead to the conclusion that ethanol fumiga-

tion is very effective for reducing the number of emitted particles and that the chemical-physical

characteristics of soot vary with the amount of injected ethanol.

Sarjovaara et al. [24] tested the influence of charge air temperature on combustion for

an engine running with E85 fuel fumigation and direct diesel fuel injection at 1500 min–1 for two

different loads. A major conclusion was that the maximum acceptable rate of E85 fuel decreased

with charge air temperature. In comparison to normal diesel fuel operation, ignition delay in-

creased, except for higher loads, and air temperatures, where E85 fuel auto-ignition occurred.

The NOx emissions decreased at low loads but increased at higher loads. The total hidro-carbon

(THC) and CO emissions where slightly higher for all operating regimes, in contrast to smoke

number which was lower in all cases.

Goldsworthy [25] tested the use of aqueous ethanol fumigation in a heavy-duty marine

Diesel engine with two-stage injection operating at constant speed, for two different loads. It

was observed that with ethanol addition, the injection is retarded by the electronic control unit

(ECU) and that early combustion rates increase, which translates into a slightly improved ther-

mal efficiency. The CO emissions increased during these tests except for low loads and moder-

ate ethanol rates up to 10% energy content. The NOx emissions performed as expected and de-

creased with the addition of ethanol. It was noted also that for an ethanol content in energy

higher than 30%, knock phenomenon occurs.

Testing ethanol-water mixtures fumigation in a single cylinder engine, Morsy [26]

noted that NOx emissions and exhaust temperature decreased with the addition of ethanol-water

mixtures except for pure ethanol. The CO and HC increased for all of the performed tests. Due to

the lower energy content of ethanol, the BSFC increased but was noted a small improvement of

thermal and exergy efficiency.

Bodisco and Brown [27] investigated inter-cycle variability of in cylinder pressure pa-

rameters in an ethanol fumigated common rail Diesel engine. Their study showed that substitu-

tions by energy content up to 30% at full load and 20% at half load have only a minimal effect on

the pressure parameters and the inter-cycle variability. At full load, higher ethanol substitutions

lead to a decrease of the ignition delay and an increase in the inter-cycle variability.

Based on previous experiments it can be concluded that the general tendency when us-

ing ethanol fumigation in Diesel engines is that NOx and PM emissions decrease while HC and

CO pollutants emission increase [14, 28-31]. Few of the presented studies highlighted and some

even minimized the importance of the major disadvantages of ethanol use in CI engines:

– the necessity of a separate fueling system and the associated control and command devices

(with associated economic costs),

– the corrosive effect of ethanol,

– for values above 15% ethanol in blend, ethanol-biodiesel (diesel) blends are unstable,

– the use of anhydrous ethanol with high purity (99.2-99.6%) requires supplementary

technological operations (and also a higher energy consumption), and

– the low cetane number and lubricity (lubricating characteristics) of ethanol.

To eliminate those shortcomings, the present paper proposes a new approach regard-

ing the ethanol fumigation process. Based on previous experiments [32] that studied the effect

of external energy (ultrasonic and microwave irradiation) on IC engines performance fueled

with biofuel blends, a new evaporation process was proposed involving a device that performs

an almost instant evaporation of bioethanol using ultrasounds. The application of ultrasound en-
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ergy to the vegetable oil and in biofuel causes cavitation (under specific conditions). This is be-

cause the expansion and contraction of the transfer media create the conditions necessary for

generating local droplets of very high temperature and pressure (instantaneous vaporization due

to the cavitation process). Depending on the specific conditions of the ultrasonic process, the so

formed droplets can be converted into a fine mist, using a current of air.

Material and methods

To study the effect of ultrasonic fumigation

of bioethanol on the performance of a DI Diesel

engine and the resulting pollutant emissions

characteristics, an experimental AVL 5402 op-

tical DI Diesel engine test bed was used (fig. 1).

The 5402 AVL engine is an experimental,

four-stroke, common rail DI mono-cylinder en-

gine, which has the main characteristics pre-

sented in tab. 1. The IC engine testing cell con-

sists of an engine dynamometer, which is

coupled to a research engine and related equip-

ment. The DynoRoad 202 dynamometer is an

asynchronous (AC) machine equipped with a

converter power module insulated gate bipolar

transistor (IGBT) for direct connection to the

voltage power source. The power module uses a

hybrid interface that facilitates control over en-

gine torque and speed.

The electronic con-

trol equipment consists

of an AVL RPEMS man-

agement system com-

prising the electronic

control unit ETAS ETK

7.1 and a CAN interface

data bus. Engine load is

controlled using the

AVL throttle actuator

control and the drive of

the actuator. Lubricating

oil and engine coolant

conditioning is per-

formed by the AVL577

conditioning unit, which

controls the flow, tem-

perature and pressure of

both fluids set in the

Puma Open operating

system (control panel).
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Figure 1. AVL 5402 engine test bed
1 – AVL 5402 research engine, 2 – DynoRoad 202
dyno, 3 – ECU AVL RPEMS ETK7 engine
management system, 4 – FTIR equipment for
pollutants analyse, 5 – AVL visioscope system, 6 –
AVL 577 engine oil and coolant conditioning unit

Table 1. Technical characteristics of the AVL 5402 engine

Parameter Value U.M.

Type 4-stroke, vertical single cylinder –

Bore � Stroke 85 � 90 mm

Displacement 510.7 cm3

Combustion type DI single injector –

Continuous rating output 6 (at 4200 min–1) kW

Fuel injection pressure 1800 bar

Compression ratio 17.5 : 1 –

High pressure system Common Rail CP4.1 Bosch –

Engine management system AVL-RPEMS + ETK7 Bosch –

Cylinder pressure 50 MPa

Inlet valve open 8 ° bTDC

Inlet valve close 226 ° aTDC

Exhaust valve open 128 ° aTDC

Exhaust valve close 18 ° aTDC



The AVL 735 measures the hourly fuel con-

sumption and allows the conditioning of the

fuel temperature.

Pollutant formation processes and emission

intensity inside the combustion chamber were

optical recorded and analyzed using AVL

visioscope and AVL fourier transform infrared

(FTIR) equipment. The AVL visioscope system

provides optical access in the combustion

chamber, which allows the investigation of the

injection and combustion processes. The sys-

tem incorporates the latest image recording

technology in the field of internal combustion

engines, and gives the possibility of optical in-

vestigation and recording of the phenomenon

inside the engine cylinder (for e. g. flames tem-

perature inside the combustion chamber and

pollutants formation process).

The experimental ultrasound based instanta-

neous fumigation system was manufactured by

modifying a low-power ultrasonic electroni-

cally controlled air humidifier AOS 7146 type

(Plaston AG, Swiss), 25 W power, 35 Hz fre-

quencies, 24/220V AC. A plastic pipe (Polytetrafluoroethylene high density, 10 mm long, 30

mm in diameter) connected the exhaust orifice of the ultrasonic device with the engine's air in-

take manifold. The connection pipe was positioned at 30 mm ahead of the engine's inlet mani-

fold. This positioning offered the advantage that the fumigated fluid was uniformly mixed with

the intake air and reduced the possibility of condensation in the air intake pipe. The fumigated

bioethanol mass flow was measured (and controlled) using a system consisting of an electronic

weighing scale (Kingship GEW 6 type) coupled with an electronic timer. Using the engine test

bed electronic control panel interface, the power of the ultrasonic emitter (fumigation intensity)

was correlated with the open position of throttle valve (fig. 2).

The experiment focused on achieving the same quantity of fuel inside of combustion

chamber taking into account the particularities of the used fuels and the different fueling meth-

ods. The mass flow of fumigated bioethanol was correlated with engine's loads regimes using

the control and operating panel. The engine management system (ETAS ETK 7.1 with open

ECU) allows modifications of the injection maps and therefor, the injection of a reduced quan-

tity of fuel for the biodiesel injection + fumigated bioethanol (B5FE) experimental case. De-

tailed methodology is described in previous works of authors [33] and specific engine's manage-

ment maps are presented in fig. 3.

In accordance with mandatory EU directives, a mixture of minimum 5% by volume of

diesel mineral fuel and biodiesel (methyl ester) is sold at gas stations. So, what users usually call

as diesel fuel is actually a blend of 95% diesel fuel and 5% methyl ester (biodiesel). The experi-

mental works considered three types of fuels: B5 (diesel fuel + 5% rapeseed methyl ether

biodiesel), B5E15 (95% BD fuel + 15% bioethanol blend), and B5FE (BD fuel + fumigated

bioethanol). Physicochemical properties of the fuels used in the experiment are presented in tab.

2, and the bioethanol fuel is grain based and produced by a double distillation process.

Mariasiu F., et al.: Effects of Bioethanol Ultrasonic Generated Aerosols ...
THERMAL SCIENCE: Year 2015, Vol. 19, No. 6, pp. 1931-1941 1935

Figure 2. Schematic principle of ultrasonic fumi-
gation process:
1 – ultrasonic emitter, 2 – fan, 3 – air, 4 –
bioethanol, 5 – intake pipe, 6 – intake pipe air
stream, 7 – fumigated bioethanol, 8 – fuel injector,
and 9 – exhaust pipe



As the engine's manufac-

turer recommends, the mea-

surements were taken after the

engine warm-up period, when

the engine enters the steady-

-state operating mode. The en-

gine was run at the constant

speed of 1800 min–1 while the

dynamometer was used to load

the engine. Engine loads at 20,

40, 60, and 80% correspond to

0.12, 0.22, 0.34, respectively,

0.42 MPa of brake mean effec-

tive pressure. The experimen-

tal tests were performed ten

times for each considered fuel

at each considered engine loads, and the results of those repetitions were averaged to reduce the

level of uncertainty.

Results and discussion

To compare the performances of the three different fuel types in the Diesel engine, the BSFC

was considered as the main comparison parameter. As seen in fig. 4 the measured values of

BSFC decreased with increasing engine load for all tested fuels. That trend was expected since

there are differences of heating value of biodiesel (B5), biodiesel-bioethanol blend (B5E15),

and B5FE fuels. The average differences of BSFC parameter for B5E15 blend and B5FE fuel is

with +13.4% and +5.0%, respectively, higher than in B5 case. This is due to the more specific

homogeneity of A/F mixture (for ultrasonic fumigated bioethanol), and also because the amount

of the bioethanol inside of combustion chamber play an important role in the combustion phas-

Mariasiu F., et al.: Effects of Bioethanol Ultrasonic Generated Aerosols ...
1936 THERMAL SCIENCE: Year 2015, Vol. 19, No. 6, pp. 1931-1941

Figure 3. AVL 5402 engine's management maps for B5 case

Table 2. Physico-chemical characteristics of the tested fuels

Parameter UM
Fuel

Bioethanol B5 B5E15

Lower heating value MJ/kg 28.60 42.38 40.27

A/F ratio – 9.00 14.47 13.64

Density (at 20 °C) kg/m3 789.00 842.52 834.83

Carbon % 52.14 86.03 80.88

Hidrogen % 13.13 13.43 13.37

Oxigen % 34.73 0.54 5.75

Molar mass g/mol 46.07 213.23 188.80

Viscosity mm2/s 1.04 2.81 2.56



ing and combustion rate. It is generally consid-

ered that a rapid rate of heat is released (due to

the increase of the ignition delay), with immedi-

ate effects on reducing the heat loss from the en-

gine to the cylinder (and further, to the engine

coolant) [21, 26]. A small quantity of the

bioethanol will be consumed in the premixed

combustion phase (during the early part of the

biodiesel combustion process) and further, the

remnant bioethanol is burned later in the com-

bustion process as it continuous mixes with the

formed hot products (in the expansion stroke)

with direct influence on rate of heat release

quantity during an engine cycle [25].

The pollutant emissions considered in the

experimental tests were NOx, CO, and THC.

The results are presented in figs. 5 to 9.

The chemical reactions between nitrogen

and oxygen that cause the formation of NOx are

possible only at high temperatures. The effect

of the fumigated bioethanol on reducing the

peak temperature in the ignition and combus-

tion process is responsible for lower NOx emis-

sion production (fig. 5). This effect is possible

due to the intense latent heat of evaporation for

bioethanol (in-cylinder temperature at the end

of compression stroke drop substantially). A

maximum (and major) reduction of 9.45% was

achieved for 60% engine load, and the average reduction (for all considered loads) was –8.01%,

respectively, –4.37% for B5E15 fuel comparative to B5 fuel. The temperature reduction inside

of combustion chamber (and consequently as direct effect on NOx formation process) using ul-

trasonic bioethanol fumigation technique is presented in fig. 6 using captured optical images

from combustion chamber.

The effect of combined processes is responsible for higher CO emissions using fumi-

gated bioethanol. The combustion parameters (the ignition delay, the latent heat of vaporization

process and combustion duration) lead to lower engine cycle temperatures, with the effect of an

inhibited oxidation process of CO to CO2. The cooling effect of bioethanol vaporization inside

the combustion chamber can also be responsible for increased CO production.

The increase of engine loads increases also the CO emissions level (fig. 7), data con-

firmed by experimental investigations done by other researchers [14, 29, 31, 32, 34]. Compara-

tively, the average emission of CO pollutant for the fumigation process (B5FE case) is with

+4.34% higher than that in the case of the blended fuel B5E15, and also with +22.3% higher

than in the case of the B5 fuel. The lowest values of CO emission for tested fuels were obtained

for 40% engine load case, and the higher values of CO emissions for higher engine loads con-

firm the effect of engine load on CO pollutant production.

In case of THC emission the major reasons for production in case of bioethanol use are

the slow rate of vaporization and the possibilities of biodiesel-bioethanol mixture positioning in
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Figure 5. NOx emissions vs. engine loads

Figure 4. The BSFC vs. engine loads



available spaces between the piston, liner and

piston top ring during the intake and compres-

sion strokes. At can be see in fig. 8, some

bioethanol mixture or liquid droplets were

trapped inside the crevice during the intake and

compression strokes prior to diesel injection

and react with pumped lubricating oil inside of

combustion chamber. Further, the burn of this

mixture (bioethanol and lubricating oil) in-

crease THC emissions.

Beside those factors, the lowered combustion

temperature caused by the bioethanol vaporiza-

tion also leads to incomplete combustion of fuel

(especially near the walls of the combustion

chamber) and thereby also can causes increased

THC emissions (fig. 8). Due to their poor ignition properties, these mixtures are partially oxidized

during combustion process, and the unburned products are discharged from the cylinder leading to a
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Figure 7. The CO emissions vs. engine loads

Figure 6. Thermal images of combustion process for considered fuels at 8 °CA aTDC;
(a) Visioscope equipment, (b) B5 case, (c) B5E15 case, (d) B5FE case



high THC level. It is also possible that, during the

valve overlap duration, a small amount of un-

burned bioethanol may directly escape into ex-

haust gases, where start a diffusive combustion

process and increase of THC emission measured

at the exhaust tail pipe end.

Still, the THC emissions production de-

crease with the increasing of engine loads for

all considered fuels, due to a rapid vaporization

rate of bioethanol caused by higher thermal

load of cylinder. Comparative, the average ex-

perimental results shown that THC pollutants

are with 12.3% (for B5FE) and 14.2% (for

B5E15) higher that in the case of using B5 fuel

(fig. 9). For small loads the THC emissions

present major differences between fuels but

with increasing of engine loads the values have

relative same values (for 60 to 80% engine load

regimes).

Conclusions

This paper presents an experimental study of

the effects of bioethanol fumigation (as form of

aerosols) on the performance (BSFC) and pol-

lutant emissions of a DI single cylinder Diesel

engine. The proposed fumigation method is

based on the possibilities to intake into engine

cylinder a quantity of bioethanol in form of ul-

trasonic generated aerosols.

Based on the results from the experiments, the following major conclusions and obser-

vations can be drawn.

� A simple and easy to use device was developed to realize the fueling fumigation process in

form of aerosols, for a dual-fuel DI Diesel engine.

� The use of bioethanol as aerosols form in Diesel engine fueling process offers a major

reduction of NOx (when compared to biodiesel and biodiesel-bioethanol blend fuels). Water

from the bioethanol enters the combustion chamber and lowers the combustion process peak

temperature, causing a decrease of NOx emissions. Strong correlation with the results from

the literature was achieved, in conditions of a using this novelty fumigation fueling

technique.

� The use of modern investigation apparatus offer the possibility to highlight the effects of

mixture positioning in available spaces between the piston, liner and piston top ring on THC

pollutant's formation and production.

� When compared to the B5E15 blend, the proposed fumigation procedure using

ultrasound-generated aerosols (B5FE) leads to reduced BSFC (–7.45%), a decrease in NOx

(–3.8%) and THC (–1.63%) pollutant emissions while the level of CO (+11.1%) emissions

increase.
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Figure 8. The bioethanol-lubricating oil mixture
burning process in spaces between piston, liner,
and piston top ring

Figure 9. The THC emissions vs. engine loads



� Further experiments are necessary to determine the effects of bioethanol ultrasonic

generated fumigation technique on particulate emissions.
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