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Abstract  11 

Waste heat generation has a widespread presence into daily applications, however, due to 12 

the low-temperature grade which presents, its exploitation with the most common 13 

technologies is complicated.  14 

Thermoelectricity presents the possibility of harvesting any temperature grade heat; 15 

besides it also includes many other advantages which make thermoelectric generators 16 

perfect for generating electric power from waste heat. A prototype divided into two levels 17 

along the chimney which uses the waste heat of a combustion has been built. The 18 

experimentation has been used to determine the parameters that influence the generation 19 

and to validate a generic computational model able to predict the thermoelectric 20 

generation of any application, but specially applications where waste heat is harvested. 21 

The temperature and mass flow of the flue gases and the load resistance determine the 22 

generation, and consequently, these parameters have been included into the model, among 23 

many others. This computational model incorporates all the elements included into the 24 

generators (heat exchangers, ceramics, unions) and all the thermoelectric phenomena and 25 
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moreover, it takes into account the temperature loss of the flue gases while circulating 26 

along the thermoelectric generator. The built prototype presents a 65 % reduction in the 27 

generation of the two levels of the thermoelectric generator due to the temperature loss 28 

of the flue gases. The general computational model predicts the thermoelectric generation 29 

with an accuracy of the ±12 %.  30 

Nomenclature 31 

Symbol Definition 

� Area (m2) 

��� ��� Systematic standard uncertainty of the thermoelectric generation 

�	 Specific heat at constant pressure (J/kgK) 


� Hydraulic diameter (m) 

�
 Electromotive force (V) 

ℎ�,�� Heat transfer coefficient of the interior of the chimney (W/m2K) 

� Current (A) 

�����  Current generated by the TEMs of block “i” (A) 

� Thermal conductivity (W/mK) 

����	�� Number of samples for each configuration 

�� ��� Mass flow of the flue gases (kg/s) 

� �! Number of blocks  

"#�,�� Nusselt number of the hot side heat exchanger 

$�%��� Heat power to dissipate by a TEM (W) 

Q� '()*+(, Peltier heat flux (W) 

$���!��!- Thomson heat flux (W) 

$�.!/�� Joule heat flux (W) 
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$���� Heat power that flows along the TEMs 

$� � Heat power extracted from the flue gases in  block “i” (W) 

01 Volumetric heat generation (W/m3) 

23 Load resistance (Ω) 

24 Electrical resistance of the material (Ω) 

2%5�  Thermal resistance of the cold side heat dissipator of block “i” (K/W) 

26!-
�  Contact thermal resistance of block “i” (K/W) 

2�5�  Thermal resistance of the hot side heat dissipator of block “i” (K/W) 

2%5��� Thermal resistance of the cold dissipator per TEM (K/W) 

2�5��� Thermal resistance of the hot dissipator per TEM (K/W) 

2�!���  
Thermal resistance of the heat losses through the free surface of block “i” 

(K/W) 

2�67�  Thermal resistance of the heat losses through the bolts of block “i” (K/W) 

8�� ���111111111 Random standard uncertainty of the mean thermoelectric generation 

9 Time (s) 

:��  Ambient temperature (K) 

:%�  Temperature of the heat sink in block “i” (K) 

:%���� Temperature of cold side of the TEMs in block “i” (K) 

:�- Entry temperature of the flue gases (K) 

:�-�  Entry temperature of block “i” (K) 

:�;�  Exit temperature of block “i” (K) 

:��  Temperature of the heat source in block “i” (K) 

:����� Temperature of hot side of the TEMs in block “i” (K) 

:��  Mean temperature of block “i” (K) 
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:���� Mean temperature of the TEMs (K) 

<�� ��� Expanded uncertainty of the thermoelectric generation 

=��� Velocity of the flue gases (m/s) 

>����  Voltage generated by the TEMs of block “i” (V) 

?��/; Auxiliary consumption (W) 

?� -�
 Net generation (W) 

?� ��� Total thermoelectric generation (W) 

?� ����  Thermoelectric generation of block “i” (W) 

Greek symbols 

@ Density (kg/m3) 

A Seebeck coefficient (V/K) 

B Peltier coefficient (V) 

C Thomson coefficient (V/K) 

D��� Efficiency of the TEMs 

Δ:��!F� Temperature difference in the flue gases (K) 

Δ:��� Temperature difference between the sides of the TEMs 

Abbreviations 

TEG Thermoelectric Generator 

TEM Thermoelectric Module 

TEU Thermoelectric Unit 

CFD Computational Fluid Dynamics 

 32 

 33 

  34 
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1. Introduction  35 

Severe environmental issues, such as global warming, greenhouse gases emissions, 36 

climate change, acid rain and ozone depletion, have arisen due to the excessive use of 37 

fossil resources. Hence one of the most prominent issues to face in the 21st century is to 38 

satisfy the energetic demand in an environmentally friendly manner. 39 

Thermoelectric generation is emerging as a potential technology to help meet the goal of 40 

producing clean electric energy, due to its capacity to generate electricity from any 41 

temperature level heat. The harvesting of waste heat, a by-product heat of a process, is 42 

very convenient due to its gratuity and its widespread presence, the 40 % of the primary 43 

energy utilized in industrialized countries is emitted to the ambient as waste heat [1]. 44 

Nevertheless, most is low-temperature grade heat, explaining why its most common use 45 

is warming of fluids for heating or other purposes [2–4]. Thermoelectric generation is a 46 

promising technology for recovering low-temperature grade heat [5,6], it presents 47 

attractive characteristics such as no moving parts,  modularity, reliability, robustness and 48 

maintenance free [7]. Moreover, its production of electricity is environmentally friendly 49 

[8].   50 

The harvesting of waste heat by thermoelectric generators (TEGs) improves the 51 

efficiency of the applications and contributes to reducing fuel consumption [6]. Waste 52 

heat recovery can be widely produced: in industrial plants, power plants, waste 53 

incineration plants, vehicles, aircraft, helicopters, marine vessels and so on [9,10]. Below 54 

are presented some key findings for different types of waste heat recovery applications. 55 

A TEG comprised of four thermoelectric modules (TEMs) was built for a pellet boiler 56 

obtaining a maximum power output of 8.5 W at a temperature difference of 112.8 ⁰C and 57 

achieving self-sufficient operation of the combustion and heating system [11]. The waste 58 

heat harvesting of a diesel engine by a TEG formed by 40 TEMs produced a maximum 59 
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power output of 119 W, with a maximum energy conversion efficiency of 2.8 % [12]. A 60 

1kW TEG using the 95 ⁰C spring water of Tohoku district obtained a total energy 61 

generation of 1927 kWh [13]. A 10 kW class grid connected TEG system for JFE’s 62 

continuous casting line was implemented with a total of 896 TEMs, which generated 63 

power using radiant heat [14]. A thermoelectric power density of 259 W/m2 was obtained 64 

recovering waste heat from a paper mill’s combustion boiler using  TEGs provided with 65 

thermosyphons [15]. The objective of improving a 5 % the fuel economy of light-duty 66 

and/or personal automobiles by the use of TEG is nowadays is widely studied [16,17]. 67 

Some are the approaches: researching on the non-uniformity of the temperature difference 68 

across thermoelectric units along the streamwise direction [18], evaluating the weight 69 

penalty incurred when a TEG is located at the vehicle [19] and studying interior inserts 70 

to enhance thermal transfer but not negatively influence the back pressure [20] among 71 

others. 72 

The experimental setups are not very common in the literature, most of the studies are 73 

referred to mathematical models able to simulate the behavior of the TEGs. Nevertheless, 74 

the computational models need to bear in mind all the thermoelectric effects, the 75 

dependence of the temperature on the properties and effects, and each of the element 76 

present in the system (including the heat exchangers, the contacts, the ceramics of the 77 

TEMs ...) [21–23]. Moreover, for those cases where the waste heat is scavenged, the 78 

temperature decrease of the flue gases must be taken into account to obtain accurate 79 

results, due to the big difference between the entry and exit temperatures that they 80 

experiment while flowing through the TEG [24]. Due to the low efficiency that the TEGs 81 

present [25,26], great amounts of energy are needed in these applications, resulting in a 82 

big temperature decrease that needs to be accounted for. 83 
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This study presents a novel computational model that accurately simulates the behavior 84 

of TEGs which harvest waste heat. It includes the temperature drop of the flue gases while 85 

they flow across the TEG, a very important variable to consider taking into account that 86 

the temperature difference between the entry and exit can be very considerable. Besides, 87 

this research includes a TEG that has been designed, built and experimentally tested to be 88 

located at the exhaust of a combustion chamber. The experimentation includes different 89 

parameters which influence the generation, such as the temperature and mass flow of the 90 

flue gases and the load resistances, parameters that have been included in the 91 

computational simulation. 92 

2. Methodology and computational model 93 

The computational model includes each of the thermoelectric phenomena (the Peltier, 94 

Seebeck, Thomson and Joule effects), it incorporates the totality of the elements included 95 

into the TEG (heat exchangers, ceramic plates, unions, screws, thermoelectric material...) 96 

and the properties of the materials are a function of the temperature. Moreover, it solves 97 

the transient state, and it incorporates the temperature drop of the flue gases, a very 98 

important parameter to take into account in waste heat harvesting applications.  99 

To consider the temperature drop of the flue gases the direction in which the gases flow 100 

has been discretized into some blocks (� �!), as it can be seen in Figure 1. Within each 101 

block, the temperature of the flue gases is obtained as the mean temperature between the 102 

entry and exit temperatures of the gases in the block (:�� = 1/2(:�-� + :�;� )). This 103 

temperature is considered as the temperature of the heat source :�� = :��  of the block 104 

while the temperature of the heat sink is defined as :%� . As the blocks are defined one 105 

following the previous one, the entry temperature of a block corresponds with the exit 106 

temperature of the previous one, :�-� = :�;�NO. 107 
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Each of the thermoelectric phenomena (Eq. (1)-(4)) along with the Fourier law (Eq. (5)) 108 

are solved for each block to obtain the thermoelectric generation.  109 

αQR = S�
S: = AT U AV (1) 

Q� '()*+(, = WπQR� = W�:(AT U AV) (2) 

$���!��!- = UC�Y(∆:[[[[[Y) (3) 

$�.!/�� = 24�\ (4) 

@�	 ]:]9 = � ^]\:]_\ +
]\:
]`\ +

]\:
]a\b + 01 (5) 

 110 

Figure 1. Discretization of the pipe into blocks to account for the temperature loss of the 111 

flue gases 112 

 113 

Within the block, the thermal and electric phenomena are solved using the finite 114 

difference method, due to the complicated differential system that has to be solved. 115 

Consequently, the TEG of each block is discretized into 16 nodes, as Figure 2 depicts. 116 

All the elements present in a TEG are present into the discretization, including the heat 117 
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exchangers located on both sides of the TEMs, the ceramic plates that conform the 118 

modules, the electrical unions of thermoelectric materials, the thermoelectric material and 119 

the screws needed to ensure good contact between the elements. The heat source is 120 

reproduced in node 1 while the heat sink in node 16. The hot and cold side heat exchangers 121 

are defined by nodes 2 and 15 respectively. Finally, the TEMs are represented by 12 122 

nodes, from node 3 to node 14, being node 3 the hot ceramic plate which represents the 123 

temperature of the hot side of the TEM (:�����), nodes 4-13 the thermoelectric material 124 

and the unions and node 14 the cold ceramic plate of the TEMs (:%����).  125 

 126 

Figure 2. Discretization the system, a) Discretization into blocks of the chimney, b) 127 

Discretization into nodes of the TEG of a block and its electrical analogy 128 

 129 

The different elements of the TEG are represented by thermal resistances and heat 130 

capacities [23,27]. 2�,���  and 2%,���  stand for the thermal resistances of the hot and cold 131 

side heat exchangers respectively. 26!-
�  is the contact thermal resistances. 2�!���  and 2�67�  132 

represent the alternative path that the heat flux can follow to reach the heat sink. Solely 133 
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the heat that crosses the TEMs can be transformed into electric power, thus the heat that 134 

reaches the heat sink without going across the modules is wasted. 2�!��� 	stands for the 135 

thermal resistance of the heat losses that happen through the wall of the pipe which 136 

conducts the flue gases, while 2�67�  stands for the resistance of the screws which secure 137 

good contact between the TEMs and the heat exchangers located on both sides of them. 138 

Figure 3 presents the heat fluxes that could exist from the heat source (the flue gases) to 139 

the cold sink (the ambient). 140 

 141 

Figure 3. Heat fluxes that leave the flue gases to reach the cold sink 142 

 143 

The computational model starts from the first block using the temperature of the 144 

application as the entry temperature of the block. As the exit temperature is not known, 145 

the mean temperature cannot be computed, hence, in a first instance, the mean 146 

temperature is matched with the entry temperature. The finite difference method solves 147 

the phenomena involved in the thermoelectric generation and obtains the temperatures of 148 

the nodes of the TEG, the heat fluxes that flow along the different paths and the 149 

thermoelectric generation. The heat flux that is absorbed from the flue gases ($� �) is used 150 
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to compute the temperature drop of the gases in block “i”.  This heat is included into Eq. 151 

(6), where �� ��� is the mass flow of the flue gases and �	 their specific heat, to obtain the 152 

exit temperature of the flue gases. Then, the mean temperature is computed and compared 153 

with the previous iteration to state whether the iteration loop should continue or not. The 154 

tolerance is stipulated by the user, a comprehensive value could be 0.1 ⁰C, as the 155 

computational time is not high and the model could supply accurate results.  156 

:�;� = :�-� U $� �
�� ����	 (6) 

Once the first block is solved, the exit temperature of that block corresponds to the entry 157 

temperature of the second block, the necessary input to continue the calculation until the 158 

exit temperature of the application (the exit temperature of the last block) is computed. 159 

The thermoelectric generation is obtained adding the thermoelectric generations of each 160 

block (?� ��� = ∑ ?� �����e-fgh�eO ). Figure 4 presents the methodology of calculation of the 161 

computational model. 162 

 163 

Figure 4. Scheme of the resolution methodology of the computational model 164 
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3. Prototype description and experimentation 165 

A TEG has been designed and built to be located at the exhaust of a combustion chamber. 166 

The prototype harvests the waste heat of the flue gases of the chamber and obtains electric 167 

energy thanks to the Seebeck effect. This prototype has been designed to validate the 168 

previous described computational model. The interior of the duct by which flue gases 169 

circulate presents flat surfaces, and on the exterior of the duct, the cold side of the TEMs, 170 

finned dissipators provided with fans to make air circulate through their fins are located. 171 

The whole application is presented in Figure 5. 172 

 173 

Figure 5. TEG located at the exhaust of the combustion chamber 174 

 175 
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a. Prototype description 176 

The prototype is located at the exhaust of a combustion chamber. The combustion 177 

chamber is used to warm water up. The mass flow of the fuel (natural gas), as well as the 178 

mass flow of the air, can be modified to get the different mass flow and temperature of 179 

the flue gases to obtain different scenarios for the experimentation and the validation of 180 

the computational model. 181 

The TEG is composed by 32 TEMs disposed of in two levels which cover all the faces of 182 

the TEG. The 32 TEMs are Marlow TG12-8-01L [28] 40 x 40 mm2 and are specially 183 

manufactured to endure up to 230 ⁰C on their hot side.  The temperature dependent 184 

properties of the modules can be found in [23]. 185 

 186 

Figure 6. TEU characteristics, a) one dissipator of the thermoelectric unit with the two 187 

TEMs, b) schematic of the electrical connection. 188 

 189 

To place the TEGs, the transversal area of the TEG presents an external dimension of 177 190 

x 177 mm2. Each of the levels is composed by 16 TEMs distributed into 4 thermoelectric 191 

units (TEUs), each one of them located on one side of the TEG. The TEUs are formed by 192 
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two finned dissipators placed one followed by the other, and four TEMs two on each 193 

dissipator, as Figure 6 a) shows. The modules of the same TEU are electrically connected 194 

in series while the TEUs of the same level are connected in parallel, as figure 6 b) depicts. 195 

The two levels are not electrically connected. Hence each level is connected to its load 196 

resistance, obtaining the thermoelectric generation of the level. 197 

The reason to have two dissipators instead of a bigger one stays behind an easier assembly 198 

process, securing smaller contact thermal resistances. The finned dissipators present a fin 199 

spacing of 3.5 mm, a fin thickness of 1.5 mm, a fin height of 20.5 mm and a base thickness 200 

of 7.5 mm, as Figure 6 a) depicts. There is a wind tunnel provided with a fan which covers 201 

both dissipators of the TEU, as it can be seen in Figure 5. The fans are Sunon 202 

MEC0251V1 with dimensions 120 x 120 mm2 and a maximum power consumption of 203 

5.4 W and they prevent the TEG from getting damaged. 204 

The prototype is provided with temperature and mass flow sensors to monitor the 205 

properties of each test. In total there are 34 surface temperature probes, 16 sensors located 206 

on the hot side of the TEMs (:�;), 16 located on the cold side (:%;) and 2 located on the 207 

exterior wall of the TEG at the exit and entry of the first and second levels respectively 208 

(:�/	;). Two more temperature probes save the temperature of the ambient (:�� ;). The 209 

previously mentioned temperature sensors are K type thermocouples with a resolution of 210 

0.1 ⁰C and an accuracy of ±0.5 ⁰C. To measure the temperature of the flue gases there are 211 

10 K type thermocouples able to measure up to 1100 ⁰C. Their resolution and accuracy 212 

are 0.1 and ±0.5 ⁰C respectively. They are located at the entry and exit of the lower and 213 

upper level, as Figure 7 presents. A thermal mass flow meter provided with a temperature 214 

sensor obtains the mass flow of the flue gases, the resolution is 0.1 kg/h and 0.1 ⁰C for 215 

the mass flow and the temperature respectively and its accuracy is indicated in Table 1. 216 

To obtain the electric power generated, the prototype is provided with 2 ammeters and 2 217 
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voltmeters. The ammeters resolution and accuracy are 0.01 and ±0.02 A, while the 218 

voltmeters resolution and accuracy are 0.1 and ±0.4 V respectively. The accuracy values 219 

of the different probes present in Table 1 correspond to the systematic standard 220 

uncertainties of the directly measured parameters (temperature, voltage, current and mass 221 

flow). Their random standard uncertainties obtained from the experimentation are also 222 

included in Table 1. Figure 7 presents the measurement probes and the location of all of 223 

them. 224 

 225 

Figure 7. Measurement probes present at the TEG 226 

 227 

The electric power obtained from the TEG depends on the load resistance connected [29].  228 

To get the maximum power generation, two stacks with easily connected fixed resistances 229 

have been designed in order to connect variable resistances to each level of the TEG to 230 

get the optimal power generation. 231 



16 
 

Sensor Resolution 

Accuracy // 

Systematic random 

uncertainty 

Random standard 

uncertainty 

Surface temperature (⁰C) 0.1 ±0.5 3.45 

Flue gas temperature (⁰C) 0.1 ±0.5 1.50 

Mass flow meter (kg/h) 0.1 
±1 % measured value 

+ 0.5 % full scale 
2.26 

Mass flow meter (⁰C) 0.1 ±1.2 2.53 

Ammeter (A) 0.01 ±0.02 0.052 

Voltmeter (V) 0.1 ±0.4 0.0057 

Table 1. Resolution and accuracy of the measurement probes 232 

 233 

b. Prototype experimentation 234 

Modifying the mass flow of the natural gas and the air, different conditions of temperature 235 

and mass flow of the flue gases can be obtained. The optimal thermoelectric generation 236 

as a function of the temperature and mass flow of the flue gases and the power 237 

consumption of the fans has been obtained. 238 

 239 

Figure 8. Influence of the load resistance on the thermoelectric generation for a mass 240 

flow of 133 kg/h and a temperature inlet of 525 ⁰C. 241 

 242 

 243 
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To get the maximum thermoelectric generation at each working conditions, the load 244 

resistance has to be varied. Figure 8 shows the influence of the load resistance on the 245 

thermoelectric generation of the lower and upper levels with a mass flow of the flue gases 246 

of 133 kg/h and a temperature at the entry of the TEG of 525 ⁰C. This plot also presents 247 

the expanded uncertainty of the measured values. The fitting curve fits within the error 248 

bars in both cases, for the upper and lower generations. The entry temperature (:�-) has 249 

been computed as the arithmetic average between the temperature probes that are located 250 

at the entry of the level (:8�j�k1, :8�j�k2, :8�j�k3	m�S	:8�j�k4).  251 

Figure 8 presents the influence of the temperature loss of the flue gases. The upper level 252 

modules produce less electric power because the temperature of the flue gases at the entry 253 

of the upper level is lower than at the entry of the TEG. The optimal generation at the 254 

lower level is ?� ���O = 14.15	W while the one for the upper level is ?� ���\ = 8.6	W, so 255 

the lower level presents a 65 % more power production than the upper level. The load 256 

resistance that obtains the optimal power per level, in both cases is 23 = 3.4	s. The 257 

maximum generation is obtained when the load resistance matches the internal resistance 258 

of the device [30]. In this case, the resistance approximately corresponds with the 259 

manufacturer’s provided value [28].  260 

To study the influence of the temperature and the mass flow of the flue gases on the 261 

thermoelectric generation nine experiments combining three entry temperatures (:�- =262 

490, 525		and 560 ⁰C) of the flue gases and three mass flows (�� ��� = 100, 130	and 170 263 

kg/h) were performed. The optimal thermoelectric generation obtained by the lower and 264 

upper levels as a function of the temperature and mass flow of the flue gases is present in 265 

Figure 9. The lower level generation is present in Figure 9 a). The maximum 266 

thermoelectric generation corresponds to 17.6 W obtained with the biggest temperature 267 

and mass flow. The increase of the temperature of the flue gases is deterrent, the rise of 268 
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the temperature from 525 to 560 ⁰C, at a mass flow of 170 kg/h, obtains an increment on 269 

the generation of the 11 %. Figure 9 b) presents the optimal generation of the upper level 270 

of the TEG. Once more the temperature influence is palpable, the generation from the 271 

upper level is noticeably lower as it can be seen in Figure 9. The influence of the mass 272 

flow of the gases is also depicted, increasing the mass flow from 133 to 170 kg/h at a 273 

temperature of 560 ⁰C, the generation grows a 6 %. 274 

 275 

Figure 9. Optimal thermoelectric generation as a function of the temperature and mass 276 

flow of the flue gases, a) lower level, b) upper level 277 

 278 

Each TEU presents a fan in order to make air circulate through their fins and improve the 279 

thermal resistance of the heat exchangers located on the cold side of the TEMs. The power 280 

supplied to the fans has been modified to study its influence on the thermoelectric and net 281 

generation. The net generation is computed as the thermoelectric generation minus the 282 

consumption of the auxiliary equipment (?� -�
 = ?� ��� U?��/;). In this application, the 283 

consumption of the auxiliary equipment corresponds with the power supplied to the fans 284 

in charge of producing forced convection at the heat exchangers of the cold side. Figure 285 

10 displays the thermoelectric and net generation of the TEG as a function of the voltage 286 
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supplied to the fans. As the figure shows, the thermoelectric generation grows along with 287 

the auxiliary consumption because the thermal resistances of the heat exchangers located 288 

on the cold sides improve, obtaining a greater temperature difference on the faces of the 289 

TEMs and thus obtaining a higher generation. The optimal net generation corresponds to 290 

the smallest auxiliary consumption studied, because the consumption of the auxiliary 291 

equipment grows to a greater extent than the thermoelectric generation. The net 292 

generation is the important parameter to optimize, because it is the real energy that can 293 

be used at an application, hence, the scenarios where the net generation is negative are 294 

not desirable, because instead of generating the TEG is consuming energy. In this case, 295 

the voltage input of 4 V corresponds with the minimum voltage that can be applied to the 296 

fans to make them rotate. Although it could seem that a scenario without fans could be 297 

desirable, for this particular case it is not an option because the spacing between fins is 298 

very small and thus forced convection is needed. 299 

 300 

Figure 10. Thermoelectric and net generation of the TEG as a function of the voltage 301 

supplied to the fans for an entry temperature of :�- = 525	⁰v and a mass flow of 302 

�� ��� = 133	�w/ℎ for the flue gases. 303 

 304 
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4. Validation methodology 305 

The computational model obtains the thermoelectric generation of any application. 306 

However, it has been specially designed for waste heat harvesting applications, including 307 

the temperature loss of the flue gases while they flow along the TEG. The model includes 308 

each of the elements present in the TEG. Thus the heat exchangers located on both sides 309 

of the TEMs and the contact resistances have to be thermally characterized and included 310 

into the model. Moreover, the data of the TEMs is included through their temperature 311 

dependent properties [23]. 312 

a. Thermal resistance of the hot side 313 

To obtain the thermal resistance between the heat source and the hot side of the TEMs a 314 

fluid dynamics software (CFD) has been used, ANSYS Fluent. In the interior of the 315 

chimney, there is no heat exchanger to help the heat transmission; the interior walls are 316 

the only areas that exchange heat with the TEMs. The thermal resistance per TEM has 317 

been obtained as a function of the velocity of the flue gases and their temperature, as Eq. 318 

(7)-(9) present. Eq. (7) includes the dimensionless Nusselt number used to compute the 319 

thermal resistance per TEM of the heat exchanger of the hot side (2�,�����). The heat transfer 320 

coefficient (ℎ�,��) is obtained through the Nusselt number, the hydraulic diameter of the 321 

chimney (
�)  and the thermal conductivity of the flue gases (k), Eq. (8). To compute the 322 

thermal resistance of the hot side, the corresponding area of a TEM at the chimney is used 323 

(63 x 90 mm2), as Eq. (9) shows. The Nusselt expression used to represent the heat 324 

transfer in the interior of the chimney presents a 2\ = 98	%. 325 

"#�,�� = 0.95952k4.yz{|}~N4.\O{z (7) 

"#�,�� = ℎ�,��
��  (8) 

2�,����� = 1
ℎ�,��� (9) 
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To obtain the previous expression the geometry of the chimney has been included into 326 

the software and later meshed. The mesh can be found in Figure 11 a), it is fine enough 327 

to correctly represent the velocity and temperature boundary layers of the flue gases, as a 328 

grid independence study previously conducted showed. The boundary conditions used 329 

are velocity inlet, to include the velocity and temperature of the flue gases, pressure outlet 330 

to state the exit of the gases, walls for the walls of the chimney, differentiating between 331 

the adiabatic zones and the zones covered by TEMs and double symmetry not to represent 332 

the whole chimney, but a quarter. Besides, the geometry of the whole chimney has been 333 

taken into account adding the diffusor that converts the cylindrical shape of the chimney 334 

into quadrangular cross section to accommodate the TEMs.  335 

 336 

Figure 11. Computational simulation, a) mesh, b) temperature contours of the flue gases 337 

 338 

b. Thermal resistance of the heat exchanger of the cold side 339 

To obtain the thermal resistance of the finned dissipators located on the cold side, a TEU 340 

was tested, two heat exchangers with two TEMs each and a wind tunnel provided with a 341 

fan, as Figure 12a) presents. Four electrical resistances were used to simulate the heat 342 

used to thermally characterize the dissipators. The electrical resistances are located at the 343 

same place as the TEMs are at the TEG. On the opposite side of the dissipators, isolation 344 
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can be found to secure that all the heat that is produced by the electrical resistances 345 

reaches the finned dissipators. 346 

The finned dissipators have been characterized as a function of the supplied voltage to 347 

the fans, as Figure 12 b) presents. To decrease the experimental uncertainty three replicas 348 

of each voltage supply have been made. To obtain the resistance per TEM Eq. (10) has 349 

been used.  350 

2%,����� = :���� U :�� 
$�%���  (10) 

 351 

 352 

Figure 12. Thermal characterization of the finned dissipators, a) thermal resistance as a 353 

function of the voltage supplied to the fans, b) assembly of the tests 354 

 355 

c. Parameters fitting 356 

The contact resistances are inherent to each assembly. The ideal would be to have 357 

negligible contact resistances which do not influence the thermoelectric generation, but 358 

sadly they have to be taken into account to compute the generation. To measure the 359 

contact resistances 9 open circuit tests were performed varying the temperature and mass 360 

flow of the flue gases. The absence of current through the thermoelectric material 361 

procures no thermoelectric effects, and thus the contact resistances can be easily 362 
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computed using the computational model and the experimental values. The open circuit 363 

voltage is computationally obtained, and the temperature differences between the two 364 

sides of the TEMs are compared to obtain the contact resistances using the calorific power 365 

that crosses the modules. The contact resistance of each TEU on each side of the modules 366 

has been computed to obtain the average value for each level of the TEG. The lower level 367 

presents a resistance per TEM of 26!-
��� = 0.1214	�/? while the upper level resistance 368 

is 26!-
��� = 0.1355	�/?.   369 

The thermal resistances that represent the alternative paths that can follow the heat to 370 

reach the heat sink, 2�!���  and 2�67� , have been defined as the sum of conductive, 371 

convective and contact resistances.  The conduction is defined through the isolating 372 

material which presents a thermal conductivity of 0.15 W/mK and a thickness of 3 or 3.5 373 

mm. The convective resistance is obtained with a typical natural convection coefficient 374 

(h=6 W/m2K) [31]. 375 

d. Results 376 

The thermoelectric power generation is the parameter used to evaluate the performance 377 

of the TEGs. The maximum standard random uncertainty of the thermoelectric 378 

generation is calculated using three replicas of one of the experimentations (:�- =379 

525	⁰v	,�� ��� = 133�w/ℎ) through Eq. (14)-(15) [32], which depends on the number 380 

of replicas, in this case ����	�� = 3. The replicas were performed in different days, 381 

switching off and on the combustion chamber and fitting the parameters to obtain the 382 

same mass flow and temperature of the flue gases, while modifying the load resistances 383 

to the three studied cases (1.1, 2.3 and 4.7 Ω) . The expanded uncertainty (Eq. (12)) is 384 

obtained adding the maximum standard systematic uncertainty of the experiments and 385 

the maximum standard random uncertainty obtained from the three replicas of the 386 

experiment (:�- = 525	⁰v	,�� ��� = 133�w/ℎ). The thermoelectric generation of each 387 
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level is calculated multiplying the current and voltage (�����  and  >����  respectively), 388 

hence the standard systematic uncertainty can be calculated using Eq. (13), which 389 

includes the accuracy of the voltmeters and ammeters used, Table 1.  390 

?� ��� = >���O ����O +>���\ ����\  (11) 

<�� ��� = 2���� ���\ + 8�� ���111111111\ �
O\ (12) 

��� ���\ = ^�?� ����>���O b
\
������\ + ^�?� ��������O b

\
��	����\ + ^�?� ����>���\ b

\
������\ + ^�?� ��������\ b

\
��	����\  (13) 

8�� ���111111111\ = 1
����	�������	�� U 1� � (?� ���,F U

�����g�

FeO
?� ���1111111)\			 (14) 

?� ���1111111 = 1
����	�� � ?� ���,F

�����g�

FeO
 (15) 

 391 

Table 2 presents the computational and experimental results obtained. The generated 392 

power and the temperature loss of the flue gases of each experiment have been included 393 

in the table. The relative errors have been calculated using Eq. (16). The vast majority 394 

of the simulated thermoelectric generations stay within the expanded uncertainty 395 

interval calculated using Eq. (11-15), as Table 2 presents. The cells of the simulated 396 

thermoelectric generations that stay within their uncertainty interval are colored in 397 

green. The relative errors of the thermoelectric generation committed by the 398 

computational model can be consulted in Table 2 and Figure 13. Figure 13 a) presents 399 

the computationally obtained ?� ���	versus the experimental values. As it can be seen 400 

most of the values stay within a ±12 %. The relative errors have been statistically 401 

studied. These errors follow a normal distribution, as it can be seen at the normal 402 

probability plot of Figure 13 b). The standard kurtosis and skewness are within the 403 

normality range (±2), specifically these values are -0.48 and 0.53 respectively. The 404 

mean of the relative error is -0.5.  405 
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2k�m9�=k	k~~j~ = >m�#k��� U >m�#k�;	>m�#k�;	 	× 100 (16) 

Variables �� ��� (W) �������  (⁰C) Efficiency 

�� ��� 	����   
��¡ 

(⁰C) 

¢£ 

(Ω) 
EXP INTERVAL SIM 

ERROR 

(%) 
EXP SIM 

ERROR 

(%) 
¤��� 

100 490 1.1 11.83 (10.19; 13.47) 11.21 -5.22 77.62 81.2 4.67 0.85 

100 490 2.2 14.97 (13.34; 16.61) 15.92 6.32 78.13 80.7 3.28 1.22 

100 490 4.7 14.79 (13.15; 16.42) 17.73 19.93 77.97 81.0 3.86 1.38 

100 525 1.1 14.15 (12.52; 15.79) 11.95 -15.56 84.6 86.3 1.98 0.86 

100 525 2.2 17.51 (15.87; 19.14) 16.80 -4.03 84 85.2 1.48 1.24 

100 525 4.7 17.73 (16.10; 19.37) 19.13 7.87 85.7 86.1 0.41 1.42 

100 560 1.1 15.60 (13.96; 17.24) 12.53 -19.69 92.4 90.2 -2.39 0.87 

100 560 2.2 20.73 (19.09; 22.36) 18.17 -12.36 92 89.6 -2.58 1.28 

100 560 4.7 20.81 (19.18; 22.49) 20.71 -0.48 92.7 90.8 -2.03 1.47 

133 490 1.1 12.93 (11.29; 14.56) 12.03 -6.94 62 65.9 6.29 0.79 

133 490 2.2 16.71 (15.07; 18.34) 17.33 3.73 62.7 66.8 6.53 1.15 

133 490 4.7 16.84 (15.21; 18.48) 19.69 16.90 62.6 65.5 4.57 1.32 

133 525 1.1 14.75 (13.11;16.38) 14.07 -4.60 77.5 76.5 -1.29 0.85 

133 525 2.2 19.59 (17.96; 21.23) 20.06 2.37 77 76.1 -1.12 1.23 

133 525 4.7 19.38 (17.74; 21.02) 22.65 16.84 77 75.9 -1.46 1.41 

133 560 1.1 17.47 (15.51; 19.44) 15.53 -11.13 84.8 80.2 -5.48 0.89 

133 560 2.2 22.97 (21.33; 24.60) 22.25 -3.14 83.5 77.4 -7.33 1.29 

133 560 4.7 23.00 (20.80; 25.21) 25.14 9.29 85.4 79.9 -6.49 1.47 

170 490 1.1 13.61 (11.98; 15.25) 11.98 -12.01 54.7 57.4 4.89 0.70 

170 490 2.2 18.48 (16.84; 20.12) 17.78 -3.79 55.9 58.1 3.87 1.04 

170 490 4.7 18.80 (17.16; 20,44) 19.99 6.34 55.4 58.3 5.21 1.18 

170 525 1.1 16.69 (15.05; 18.32) 15.09 -9.54 70 67.8 -3.11 0.79 

170 525 2.2 21.70 (20.06; 23.33) 21.20 -2.29 69.5 67.7 -2.66 1.13 

170 525 4.7 21.63 (19.50; 23.76) 23.59 9.05 68.6 67.7 -1.31 1.28 

170 560 1.1 17.89 (16.25; 19.52) 16.94 -5.29 82.6 75.1 -9.07 0.83 

170 560 2.2 24.20 (22.57; 25.84) 23.38 -3.39 83.4 75.7 -9.25 1.17 

170 560 4.7 24.59 (22.79; 26.39) 26.39 7.30 83.3 75.5 -9.32 1.34 

Table 2. Experimental and simulated values of thermoelectric generation and the 406 

temperature loss of the flue gases. 407 

The expanded uncertainty of the temperature loss of the flue gases (∆:��!F�) has also 408 

been computed, in all the cases the value of this parameter is: < = W3.49	℃. The 409 

relative errors of the temperature loss of the flue gases stay within the ±10 %. The 410 

temperature loss of the flue gases is a very important parameter to take into account, 411 

especially in waste heat harvesting TEGs. As the figures show in Table 2, the 412 

computational model developed simulates the temperature loss of the gases, a key factor 413 
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to obtain accurate thermoelectric generations. The temperature loss of the flue gases in 414 

the studied cases stands between 55.4 and 92.7 ⁰C. 415 

 416 

Figure 13. Relative errors of the thermoelectric generation, a) comparison between the 417 

simulated and experimental thermoelectric generations, b) normal probability plot of the 418 

errors 419 

 420 

The temperature difference between the sides of the TEMs determine the thermoelectric 421 

generation, hence the simulated values need to match the experimental data. The 422 

temperature of the flue gases diminishes as they flow along the chimney, the fact that 423 

the computational model contemplates, hence it has been differentiated between the 424 

difference in temperature of the TEMs between the lower and upper level.  Table 3 425 

presents the simulated values of the temperature difference at the TEMs (Δ:������ ) and 426 

the experimental ones (Δ:����;	 ) of nine scenarios which correspond to the extremes and 427 

the center. Three factors with three levels have been modified during the tests, thus the 428 

extremes (minimum and maximum values of the factors) and the center point represent 429 

the rest of the data. The experimental data has been obtained computing the mean and 430 

the expanded uncertainty of all the temperature probes of each level, a total of 16, 8 431 
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obtaining the hot temperature and 8 measuring the cold one. As it can be seen, most of 432 

the simulated difference in temperatures fit within the experimental intervals, the ones 433 

that do not fit correspond to the outliers in thermoelectric generation. 434 

�� ��� 

(kg/h) 

��¡ 

(⁰C) 

¢£ 

(Ω) 

First level Second level 

������¦§
  (⁰C) INTERVAL ������¨�  (⁰C) ������¦§

 (⁰C) INTERVAL ������¨�  (⁰C) 

100 490 1.1 40.18 (33.75; 46.61) 34.27 36.67 (31.99; 41.35) 32.18 

100 490 4.7 50.6 (46.23; 54.97) 45.55 45.11 (42.12; 48.1) 42.19 

100 560 1.1 49.62 (44.55; 54.69) 37.3 46.27 (42.56; 49.98) 34.4 

100 560 4.7 53.9 (48.24; 59.56) 49.95 48.23 (43.54;52.92) 45.73 

133 525 2.2 53.47 (48.2; 58.74) 49.15 48.68 (44.47; 52.89) 44.94 

170 490 1.1 48.52 (43.38; 53.65) 43.99 45 (41.28; 48.72) 41.11 

170 490 4.7 56.21 (50.88; 61.53) 58.91 51.32 (47.39; 55.25) 54.66 

170 560 1.1 56.9 (50.88; 62.92) 53.6 48.91 (45.67; 52.15) 47.97 

170 560 4.7 64.45 (58.61; 70.29) 69.42 56.72 (51.53; 61.90) 61.81 

Table 3. Experimental and simulated values of the temperature difference between the 435 

sides of the TEMs. 436 

 437 

The computational methodology obtains accurate thermoelectric generations, especially 438 

for waste heat harvesting applications where the temperature loss of the flue gases is a 439 

vital parameter to bear in mind to get accurate thermoelectric generations. Ignoring 440 

some outliers that appear at the experimentation, it can be concluded that the accuracy 441 

of the computational model is the ±12 %. Once the computational model has been 442 

validated, it can be used to obtain other parameters, such as the efficiency of the TEMs, 443 

as Table 2 presents. As it can be seen, the efficiency is a function of the temperature and 444 

mass flow of the flue gases, and it also depends on the load resistance. 445 

D��� = ?� :��
$� :�� 	× 100 (16) 

 446 

Therefore, this general model can predict the thermoelectric generation of any 447 

application, but it has been specifically modified to simulate the generation of waste 448 
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heat harvesting applications, where the temperature drop of the heat source along the 449 

TEG is a parameter to consider into the simulation. 450 

 451 

5. Conclusions 452 

Applications which present waste heat are the perfect scenario for TEGs. Thermoelectric 453 

generation can take advantage of low-temperature grade heat to produce electric power, 454 

as it has been demonstrated from the designed and built prototype which is located at the 455 

exhaust of a combustion chamber which heats up water. The prototype has been divided 456 

into two levels displayed along the flow direction and composed by 16 TEMs 457 

respectively. The upper level produces a 65 % less power than the lower one, noting the 458 

importance of accounting for the temperature drop of the flue gases while they flow along 459 

the TEG. A maximum total generation of 24.59 W was obtained under the maximum 460 

temperature and mass flow tested of the flue gases, 560 ⁰C and 170 kg/h respectively. 461 

The reduction of the temperature to 525 ⁰C or the reduction in mass flow to 133 kg/h 462 

produce decreasings in the thermoelectric generation of the 11 and 6 % respectively. 463 

This experimentation has been used to validate a general computational methodology 464 

which innovatively considers the temperature drop of the heat source as an essential 465 

parameter to simulate the thermoelectric generation of waste heat harvesting applications. 466 

The relative error of the thermoelectric generation prediction of the model stays within 467 

the ±12 %. 468 
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