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INTRODUCTION

Generally, it is estimated that only about 20% 
of the current global energy is converted to use-
ful work or new products, the rest of 80% being 
discharged into the environment as waste heat [1]. 
A temperature-based classification of waste energy 
resources was reported in the literature in the form 
of three main categories: low-grade (< 230 ℃), 
medium-grade (650–230 ℃) and high-grade 
( > 650 ℃) waste [2]. As a result of the superior en-
ergy content, high-grade and medium-grade waste 
can be recovered in high amounts and reintroduced 
into the energy consumption cycle using technolo-
gies such as steam turbines and Rankine cycles [3]. 
The highest amount of environmentally dissipated 
heat, generated on a large scale within the usual 
industrial processes, is the low-grade waste heat. 
Due to the reduced temperature level, this type of 
waste is difficult to recover, and the cost–effec-
tive systems for efficient waste heat conversion to 
electrical power are still under development. En-
hancing the heat transfer capacity from the waste 

heat source to the energy conversion device be-
comes fundamental for minimizing irreversible 
loss along this low-energy heat recovery process. 
For this reason, thermoelectric generator (TEG) 
– based heat recovery technology has attracted 
interest for its successful use in the heat recovery 
processes at temperatures under 200 °C [4]. Pipe-
line walls from the petrochemical industry gener-
ate a large amount of waste heat, but only at low 
temperatures, usually between 120–160 °C. So, 
improving the heat transfer capacity at the cold 
plate of TEG is crucial [6], and a suitable cooling 
method must be selected for the proper thermal 
design of the TEG – based energy conversion sys-
tems. The heat sinks can successfully assure heat 
transfer enhancement.

Passive cooling with natural air convection 
inside the heat sinks represents the first choice as 
the cooling method for the TEG – based energy 
conversion systems. In this case, no supplemen-
tary power consumption is required, negatively 
affecting the net output power. Still, passive cool-
ing will introduce high thermal resistance values, 
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reducing TEG’s energy conversion efficiency [7]. 
The air forced convection cooling with a fan was 
able to generate a constant decrease of tempera-
ture profile over the testing time [8]. The water 
cooling method will maintain a low and stable 
heat sink temperature, improving the thermoelec-
tric energy conversion [9, 10]. Md. Asaduzzaman 
et al. [11] reported that a TEG system with a wa-
ter-circulating bath comprising two commercial 
bismuth telluride (Bi2Te3) TEG modules placed 
on the exhaust gas pipe of an automotive engine 
generated about 0.8 W net output power at an ex-
haust temperature of 155 °C. Mohiuddin et al. [12] 
performed numerical simulations and experiments 
for a TEG energy conversion system with differ-
ent types of heat sinks under natural air convection 
cooling. Their results showed that the rectangular 
fins had a better cooling performance than the cir-
cular tube fins placed on the heat sink structure. 
Another similar study developed by Boccardi et 
al. [13] showed that the heat sink with rectangu-
lar pin-fins improved by about 18% the maximum 
power output of the system at a TEG hot tempera-
ture of 100 °C, compared with the cylindrical pin 
shape heat sink. In this paper, we investigated the 
variation of the temperature gradient between the 
cold and hot plates of a commercial TEG mod-
ule cooled by rectangular pin-fin heat sink under 
natural air convection and heated by an exhaust 
pipe at temperatures up to 110 °C.

THERMAL ANALYSIS OF THE SYSTEM

An image of the rectangular pin-fin heat sink 
used in the present energy conversion system, 
with details of geometrical parameters, is pre-
sented in Fig. 1. This heat sink, model ICK PEN 
45 from Fisher Elektronik GmbH (Germany), 
was designed for Intel Pentium/MMX/AMD K6 
microprocessors cooling.

The properties of the heat sink parameters 
considered here for thermal calculations are pre-
sented in Table 1. A simplified thermal resistance 
model of the energy conversion system is present-
ed in Fig. 2, considering the copper–made ther-
mal collectors placed between the TEG module 
and exhaust pipe as the heat source.

The total thermal resistance of the system 
part comprising the TEG module, thermal in-
terface layers and the heat sink is calculated 
based on the relation:

Figure 1. Picture of the pin-fin heat sink, with indications of the basic geometrical parameters

Table 1. Heat sink parameters involved in the analysis
Symbol Name Value (mm)

L Length of the sink base 50

H Fin height 45

t Sink base thickness 3.5

l pin length 3.62

b pin width 1.81
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 2total TEM cp HSR R R R= + +  (1)

We calculated the total heat transfer rate from 
thermal collectors to ambient air surrounding the 
heat sink with the following expression [14]:

 H a
total

total

T TQ
R
−

=  (2)

with the air temperature Ta and the heating block 
temperature TH measured throughout the tests.

The thermal resistance of the heat sink, RHS, 
was evaluated first, starting from – a dimensional 
thermal model. This model was based on steady–
state heat conduction, which was considered here 
for the rectangular fin of the heat sink with tip 
heat loss into the ambient medium.

Assuming that the heat transfer coefficients 
related to the sink base and the fin, respectively, 
are constant and equal (hb = hf), the overall heat 
rate evacuated by the heat sink QHS (W) was cal-
culated with the following expression [15]:

 tanh( ) ( )
1 tanh( )HS b f b b

M NQ n h kap A na h
N M

θ θ
 +

= + − + 
 (3)

In relation (3), n represents the number of fins, 
a (m2) is the fin base area, A (m2) is the sink base 
area, and p (m) is the fin perimeter. M and N are 
two dimensionless parameters, defined as [15]:
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Under free convection’s influence, we con-
sidered hf = 5 W/m2∙°C and the heat transfer 

coefficient related to the fin tip he = 5 W/m2∙°C 
[15]. Thermal conductivity for the EN-AW-6060 
aluminium alloy material of the heat sink was 
taken as k = 204 W/m∙°C [15]. The temperature 
difference between the surface of the sink base 
and the ambient medium, θb (°C) is expressed as:

 b C aT Tθ = −  (5)

where: TC is the temperature of the heat sink base, 
measured during experiments.

The heat sink efficiency, η, represents the ra-
tio between the total heat transfer rate and the heat 
rate of a sink with ideal thermal behaviour [15]:

 
,
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Q
Q

η =  (6)

where: the optimum heat transfer rate is [15]:

 ( ),HS ideal f e b bQ npHh nah A na h θ = + + −   (7)

The heat sink effectiveness, ε, is related here to 
the heat transfer rate developed only through the heat 
sink base area and is evaluated through relation [15]:

 HS

b b

Q
Ah

ε
θ

=  (8)

Assuming that there is no heat loss between 
the base of the heat sink and the ambient air, the 
overall thermal resistance of the pin-fin heat sink 
was calculated as [15]:

 1 1
HS

b

tR
A h kε
 

= + 
 

 (9)

Figure 2. Thermal resistance model of heating block/TEG/heat sink assembly
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The calculated heat sink efficiency and effec-
tiveness were η = 0.977 and ε = 14.4, respectively. 
With relation (9), we obtained a heat sink resis-
tance RHS = 5.56 °C/W.

The thermal resistance of the TEG module, 
RTEM (°C/W), was evaluated here through the fol-
lowing expression [16]:

 ( )
max

max max max

2 h
TEM

h

T TR
V I T T
∆

= ⋅
⋅ − ∆

 (10)

In relation (10), Vmax = 16 V and Imax = 6.1 A, 
with a maximum temperature of the TEG hot side 
Th = 138 °C [17]. Assuming a maximum temperature 
difference between the hot and cold plates of TEG, 
ΔTmax = 40 °C, we obtained RTEM = 1.83 °C/W.

The thermal resistance of the interface mate-
rial Rcs (°C/W), silicon-based conductive paste 
with a low thermal conductivity kcs = 1.2 W/m°C, 
was calculated using the Fourier’s law applied 
along the substrate thickness direction:

 cs
cs

cs

tR
A k

=
⋅

 (11)

We considered a conductive paste thickness 
tcs = 0.5 mm, and Rcs = 0.26 oC/W. So, the total 
thermal resistance presented by all the assembly 
interfaces depicted in Fig. 2 was Rtotal = 7.91 oC/W, 
according to relation (1).

ENERGY AND EXERGY ANALYSIS

Detailed description of the thermoelectric 
model and system equations used for the present 
energy analysis are reported elsewhere [18].

The output power of the TEG module was 
calculated with relation [18]:
 2

,( )out TEG L H C L IN TEGP N I T T I Rα= − −  (12)

where: N = 127 p-n semiconductor couples and 
αTEG ( V/K) is the temperature – dependent 
Seebeck coefficient for a single TE element, 
calculated with the correlation [17]:

 ( )9 22 10 22224 930.6 0.9905TEG m mT Tα −= × × + −  (13)

where: Tm = (TH+ TC)/2. We assumed a uniform 
temperature distribution across the en-
tire heating block surface and consid-
ered TH to be the hot side temperature 
of the TEG module. The cold side tem-
perature of the thermoelectric device, 
TC, was taken as the temperature of the 
base plate of the heat sink.

In expression 12, the internal resistance of the 
thermoelectric module RIN,TEG (Ω) was calculated 
with relation [18]:

 ,
p n

IN TEG p n
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= × +  
 

 (14)

where: the cross sectional areas and lengths of the 
p – n semiconductor elements of the Bi2Te3 
based - TEG module are [18]: Ap = An = 
1.96 mm2, Lp = Ln = 1.6 mm. 

The temperature-dependent electrical resis-
tivity of a single Bi2Te3 semiconductor leg (Ω/m) 
was evaluated as [18]:

 ( )2 105512 163.4 0.6279 10p n m mT Tρ ρ −= = + + ×  (15)

The energy conversion efficiency of TEG devi-
ce is calculated wth expression [18]:
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where: the thermal conductance KTEG (W/K) of a 
sigle thermoelectric element is defined as:

 p n
TEG p n

p n

A AK k k
L L

= +  (17)

where: the thermal conductivities kp and kn (W/
m∙K) are considered as [18]:

 ( )2 462605 277.7 0.4131 10p n m mk k T T −= = − + ×  (18)

The energy analysis was developed start-
ing from the first law of thermodynamics (con-
servation of energy) and cannot offer helpful 
information about the optimal conversion of 
power [19]. The quality and degradation degree 
of energy along the thermodynamic process 
can be evaluated through the concept of ex-
ergy [20]. The second law of thermodynamics, 
associated with the exergy concept, will evalu-
ate here the losses and inefficiencies from the 
energy conversion process. 

The presence of thermodynamic irrevers-
ibilities within the energy transfer system is not 
to be underestimated. These losses, particularly 
in thermoelectric systems, give rise to exergy 
destruction issues. We encounter internal ir-
reversibilities such as the Joule heating, heat 
conduction in thermoelectric legs, and heat 
losses to the filler material (the structural sup-
port). Additionally, there are external irrevers-
ibilities including heat transfer at the level of the 
heat sink, heat source, and fluid source [21].
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The central part of the thermoelectric sys-
tem (without the thermal collector) can be mod-
elled through an exergy flow diagram, presented 
in Fig. 3. Here, ExHS is the heat exergy leaving the 
heat sink and Expower represents the electrical exergy 
collected at the TEG output. It was shown that the 
exergy destruction due to the heat transfer between 
the cold and hot plates of the TEG modules, Exdest,TE, 
can be expressed as [21]:

 , 1 1a a
dest TE H C out

H C

T TEx Q Q P
T T

  
= − ⋅ − − ⋅ −  
   

 (19)

Knowing that the useful electrical power 
generated by TEG is PTEG = QH – QC [22], rela-
tion (19) became:

 ,
C H

dest TE a
C H

Q QEx T
T T

 
= ⋅ − 

 
 (20)

In relation (20), we identify Sgen = QC/TC 
– QH/TH as the rate of entropy generation for 
TEG module [23].

The reversible work output for the TEG 
– based energy conversion system will be de-
fined by the relation [24]:

 rev out a genW P T S= +  (21)

Finally, the exergy efficiency, known also 
as the second law efficiency, was evaluated 
trough expression [24]:

 out out
ex

rev out a gen

P P
W P T S

η = =
+

  (22)

EXPERIMENTAL PROCEDURE

All the experiments were performed on the 
pipe of the exhaust gas system from a Dacia Lo-
gan III 1.0 Tce car, with a gasoline engine having 
a displacement of 999 cm3 and a maximum power 
of 54 kW. The vehicle was tested in static, sta-
tionary mode with the engine idle speed between 
1000–1500 rpm to simulate the thermal behaviour 
of an industrial pipeline that generates low-grade 
heat waste. Figure 4 presents the experimental rig 
constructed to recover efficiently the waste heat 
generated by the automotive exhaust pipe. 

One side of a copper–made heating block 
was polished to match the curvature of the pipe. 
The other side fitted precisely the area of the 
thermoelectric module, a commercial TEC1 – 
12706 device (Hebei I.T. Shanghai, China) with 
dimensions of 40 × 40 × 3.9 mm3. The pin fin 
heat sink is placed in direct contact with the hot 
side of the TEG module. Three Kafuter K – 523 
thin films of thermally conductive paste, having a 
thermal conductivity of 1.2 W /mK, ensured the 
heat transfer maximization and optimal adhesion 
between the pipe, TEG, and heat sink. A simple 
two–wire clamping method was considered for 
the entire system assembly.

Temperatures at the external surface of the 
heating block and the heat sink TH and TC were 
measured using a Perfect Prime TC0304 digital 
thermometer with K-type thermocouples as tem-
perature sensors. A digital load resistance RL type 
SIGLENT SDL 1020X-E DC Electronic Load 
was connected between TEG module terminals, 
in parallel with a Peak Tech USB 3315 voltmeter 
for measuring the output voltage.

RESULTS AND DISCUSSIONS

We performed here two sets of experiments. 
For the open–circuit voltage test (without load 
resistance RL), measurements of UOC, TH and TC 
started to be collected when the temperature dif-
ference between the heating block and heat sink 
ΔT = TH - TC exceeded a value of 20 °C for the 
first time. This first test was stopped after two 
minutes, and the measurement results are shown 
in Fig. 5. We can observe a smooth increase of 

Figure 3. Exergy flow diagram for 
the TEG/heat sink system
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Figure 4. Experimental set – up of the thermoelectric energy conversion system

Figure 5. Variations of the heating block and heat sink temperatures, 
along with open–circuit voltage during the first test.

ΔT, up to 27.6 °C at the end of the test, when UOC 
reached a maximum value of 1.82 V.

A waste heat harvesting system containing an 
automotive exhaust pipe, copper thermal collec-
tor, single Bi2Te3-based TEG module and a liquid 
cooling system presented an open circuit voltage 
of 1.8 V at ΔT = 30 °C [25]. From Figure 5, we 
can see that the same UOC value was attained at 
ΔT = 27.5 °C, indicating an energy conversion 
system with similar performances under natural 
convective cooling of the heat sink (TC increased 

with only about 6 °C) at this low-temperature do-
main of TH, under 100 °C. Based on the tempera-
ture measurements collected during the first ex-
periment, Fig. 6 presents the evolution in time of 
the thermal energy evacuated by the heat sink and 
the heat exchanged between the heating block 
and the ambient air (near the heat sink). 

Figure 6 shows that heat transferred from a 
thermal collector (Qtotal) was about 15–20% high-
er than the heat dissipated by the heat sink, QHS. A 
25 % reduction of the parasitic thermal resistance 
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inside the system will enhance Qtotal up to 39.5 – 
43.5 %. The heat sink resistance RHS represents 
about 70% of the total thermal resistance, Rtotal. 
RHS reduction at values under 4 °C/W, offered by 
another type of passive heat sink, will assure the 
desired Qtotal improvement. This way, the quantity 
of electrical energy converted from the heat waste 
should increase.

Before the second test (with a duration of 
eight minutes), we maintained the car with the en-
gine running at idle for about 30 minutes so that 
the temperature at the level of the heating block 
would rise as close as possible to 100 °C.

Steady-state behaviour for this type of energy 
conversion system is fulfilled when the change 
of UL is within 1–5 mV for ten consecutive sec-
onds [18]. Consequently, during the second test, 
RL was modified gradually from 1 to 80 Ω, with 
the voltage and temperature data (UL, TH and TC) 
collected at an interval of 30 s between load resis-
tance stages. Temperatures, voltage and current 
registered at each RL value are presented in Fig. 7.

We can see in Fig. 7a that the TC variation 
under load resistance change is relatively stable 
starting from RL = 10 Ω, benefitting from the effi-
cient cooling of the heat sink with natural air. The 
same behaviour was also reported in the case of 
a water–cooling energy conversion system with a 
commercial Bi2Te3 TEG module [26].

Figure 7b indicates through IL–RL and UL–RL 
curves a maximum output current and voltage of 
0.566 A and 1.658 V, respectively. Variation trend 

of the output current and voltage curves suggest 
that the maximum output power of the TEG de-
vice should appear at RL = 3 Ω. It is reported in 
the literature that the maximum output power of 
the TEG module was attained when the device’s 
internal resistance RIN matches the load resistance 
RL[27]. Also, constant temperature gradient ΔT 
across TEG should be registered under the opti-
mal ratio RL/RIN = 1[28].

Figure 8 presents the variations of output 
power Pout and energy conversion efficiency η at 
different load resistance values. A maximum Pout 
of 0.223 W was attained at RL/RIN = 1.022. This 
slight variation from the optimal RL/RIN is asso-
ciated with the junction temperature variation 
at different energy conversion system interfaces 
under heat load variation. Another Bi2Te3 TEG–
based energy conversion system with a water-
cooled radiator, used for automotive waste heat 
recovery, generated at TH = 100 °C, a maximum 
output power of 0.31 W for a similar RL value of 3 
Ω [29]. A maximum energy conversion efficiency 
ηmax of 1.15 % was observed in Fig. 8 when the 
appropriate combination of voltage and current 
was 0.925 V and 0.231 A, respectively (see Fig. 
7). This maximum value of η was registered at 
RL = 4 Ω, slightly higher than RIN (2.95 Ω). Still, 
this result agrees with other literature reports re-
lated to RL – RIN values for ηmax [5].

The exergy analysis results are presented 
in Fig. 9. Here, the exergy efficiency variation 
and exergy destruction rate (thermodynamic 

Figure 6. Evolutions of the heat transfer rates between the heat sink and surrounding 
air and between thermal collector and ambient air Ta = 19 °C.
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Figure 7. Dependence of (a) heat collector and heat sink base temperatures 
and (b) output voltage and current on load resistance RL

irreversibility) inside the TEG module are illus-
trated as a function of the output system voltage. 

From Figure 9 we can see that the exer-
gy efficiency registered a maximum value of 
12.42 % at an output voltage of 1.034 V and 
an output current of 0.172 A, under a low 
TEG irreversibility value of 1.28 W. We also 
observed here that, starting from UL = 1.072 
V (RL = 10 Ω), exergy efficiency presented an 
abrupt decrease between 11.05 % and 2.91%. 
Oppositely, the TEG exergy destruction rate 
remains relatively constant, at values between 
1.21 and 1.33 W, due to an almost linear evolu-
tion of entropy generation rate Sg at RL values 
between 10 and 80 Ω, under a low variation of 
QH and QC (less than 1 W). An exciting appli-
cation of the present energy conversion system 

can be as a power supply for a sensor–based, 
indoor air quality monitoring system located in 
places where other power sources are unavail-
able nearby. Pollutants like CO, CO2, and NO2 
can pose a high risk to human health, affecting 
human decision–making performance in the 
workplace [30]. An efficient, low – cost and 
practical energy harvesting system for low–
waste heat recovery, used as a power supply 
for air pollutant sensors, can contain four com-
mercial Bi2Te3 TEG modules in a parallel con-
figuration, with natural air-cooled heat sinks 
and a DC–DC boost converter. This system 
structure was successful at TH temperatures be-
tween 73 and 90 °C, generating a stable output 
voltage between 1.8–5 V for output power val-
ues over 15 mW [31].
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Figure 8. Dependence of output power Pout and energy efficiency η 
on load resistance/TEG internal resistance ratio

Figure 9. Dependence of the exergy efficiency and TEG internal irreversibility on output voltage UL

Table 2. The calculated errors for different test instruments
Apparatus Accuracy Range % Error

Thermocouples ±2.2 °C -40 to 400 °C 0.11

Thermometer ±1 °C -200 to 200 °C 0.053

Dc electronic load current 1 mA 0 – 30 A 0.048

Dc electronic load voltage 1 mV 0 – 150 V 0.002

Multimeter/voltage 1mV 0 – 4 V 0.002

ERROR ANALYSIS

The errors associated with experimental 
data were analyzed by considering the accuracy 

of different instruments used in the study, like 
thermocouples, digital thermometers, DC elec-
tronic loads, and digital multimeters. The in-
strument’s accuracy is presented in Table 2. The 
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percentage error was calculated with the fol-
lowing relation [32, 33]:

 % 100%Apparatus accuracyError
Minimum value of apparatus measured

= ×  (23)

CONCLUSIONS

This paper investigated a TEG–based energy 
conversion system for waste heat recovery from 
an engine car’s exhaust pipe. A thermal resistance 
model was applied here for the heating block/
TEG/heat sink assembly, and a total thermal re-
sistance (Rtotal) of 7.91 °C/W was estimated for 
the experimental system. We evaluated the heat 
transfer rates inside the heat collector and passive 
heat sink and estimated their percentage contri-
bution to the overall heat transfer improvement 
across the system. Open–circuit voltage collected 
between the TEG terminals after two minutes 
of testing attained a value of 1.8 V under a tem-
perature gradient ΔT = 27.5 °C, similar to the one 
registered from an energy conversion system with 
liquid water cooling and the same type of TEG 
module. A maximum output power of 0.223 W 
was observed when the load resistance RL was 3 
Ω and the temperature–dependent internal TEG 
resistance RIN was 2.95 Ω, a similarity which 
validates the efficient heat transfer development 
across the system components.  Energy conver-
sion efficiency attained a maximum value of 1.15 
% at RL = 4 Ω, when the corresponding current 
and voltage values were 0.231 A and 0.925 V for 
ΔT = 28 °C. Instead, exergy efficiency presented 
a maximum value of 12.42 % at RL = 6 Ω for UL/
IL values of 1.034 V/0.172 A at ΔT = 27 °C, with 
an exergy destruction rate of 1.28 W between the 
TEG ceramic plates. Future work is planned to 
implement a similar energy conversion system 
for heat waste recovery (70 – 100 °C) containing 
four TEG modules connected in parallel for output 
power enhancement, cooled by passive heat sinks 
and coupled with a DC–DC boost converter for 
an efficient microsensor power supply application. 
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