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ABSTRACT 

Thermoelectric generator (TEG) cells are capable of producing electricity from the flow of heat through 

semiconductor materials via the Seebeck effect. A TEG module (TEM) was developed through the integration of 

TEG cells, heat pipes, and heat sinks with the function to recover low-temperature waste heat for combined heat 

and power outputs. The mechanics of heat transport through the components have a distinctive impact on overall 

performance. In analytical assessment, heat transfer coefficient of heat pipe is usually replaced with thermal 

conductivity as it is critical to evaluate the boiling and condensation of the working fluid. The thermal conductivity 

represents the overall behaviour of the heat pipe in transfering heat. Computational numerical analysis simplifies 

the structure of heat pipe without considering the internal design and modelling it as a solid copper rod. To 

determine the representative thermal conductivity of the wickless heat pipe, a computational numerical model of 

the TEM was developed. Experiment data of the TEM operation was used to validate the computational model 

where the cold-side air inlet temperature inlet was 20.7°C while the hot-side waste heat inlet temperature was 

70.0°C. The representative thermal conductivity value for the wickless heat pipe was found to be 500 W/m.K in 

which the percentage difference for the hot-side and cold-side TEG surface temperatures, and the TEG surface 

temperature difference were below 5%. The approach was proven suitable to analyse the representative heat pipe 

thermal conductivity for simplified thermoelectric generator modules.  
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Nomenclature (Greek symbols towards the end) 

ρ Density 

TTEG,H TEG hot surface temperature 

TTEG,C TEG cold surface temperature 

THO Hot outlet temperature 

THI Hot inlet temperature 

TCO Cold outlet temperature 

TCI Cold inlet temperature 

kTEG Thermoelectric generator thermal conductivity 

kHP Heat pipe thermal conductivity 

k Thermal conductivity 

Cp Specific heat 

∆T TEG surfaces temperature difference 

  

Abbreviations 

CFD Computational fluid dynamics 

CHP Combined heat and power 

HP Heat pipe 

HS Heat sink 

TEG Thermoelectric generator 

TEM Thermoelectric generator module 
 

 

 
1.0 INTRODUCTION 

Thermal-to-electrical energy conversion of industrial waste heat using thermoelectric generators (TEG) is a 

huge prospect to increase energy utilization efficiency. A TEG cell is an energy converter comprising of solid-

state semiconductor materials that excite free electrons proportionately to the flow of thermal energy. Electrical 
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power is generated if the TEG cells are positioned between a heat source and a heat sink [1]. TEG technology has 

the advantage of being small in size and requires no maintenance [2]. However, the current conversion efficiency 

of the TEG is less than 5% [3], but progress in semiconductor materials exhibiting the Seebeck effect have seen 

the development of TEG cells with higher temperature-independent figure-of-merit (ZT) and efficiencies reaching 

20% under lab-test conditions [4]. Progress in TEG cell efficiency indicates that direct power production by 

utilizing industrial waste heat energy is economically viable and practical in the near future. 

TEG cells are usually integrated with a heat exchanger system and referred to as a thermoelectric module 

(TEM). A TEM absorbs heat from a hot waste stream, allows the heat to flow effectively across the TEG cells, 

and then dissipates the heat to a cooler fluid stream. As the electrical power generation in the TEG cells is 

proportionate to the heat transfer rate across the cells, a large temperature difference between the opposite surfaces 

of the TEG is needed. Therefore, a TEM design is built with three sub-sections to promote effective heat transfer 

across the hot and cold streams – two sections of heat exchangers connected via heat pipes to a section housing 

the TEG cells [5]. 

Heat pipes are passive devices that utilize the evaporating and condensing concept of an internal working fluid 

to obtain heat transfer rates higher than conduction through solid metals [6]. Basically, a heat pipe is a hollow 

cylinder filled with working fluid and the boiling-condensing processes continue as long a there is a temperature 

difference at both ends. It is useful for long-distance heat transport with the minimal heat loss, which is an 

important aspect in the logistics and techno economics of energy recovery system designs. Heat pipes are scalable 

to fit compact heat exchanger designs, with other advantages such as being light weight, economical and high 

reliability [7]. The thermal conductivity and efficiency of heat pipe depend on the internal structure and working 

fluid of the device. Wickless or thermosyphon heat pipe is the simplest form and gravity assisted type while 

wicked heat pipes contain capillary structure at the inner wall to transport working fluid from the condenser section 

back to evaporator section. A study conducted by Arun et al. compared thermosyphon and grooved heat pipe as 

low heat loads are applied. The study concluded that grooved heat pipe design has an efficiency of 81%, which is 

7% higher than ordinary wickless heat pipes [8].  

A potential use of TEM is for combined heat and power (CHP) applications. Mahdi et al. [9] generated 12.2 

W of electricity using 3 TEG cells from the waste heat of a kerosene stove. Simultaneously, 235 W of energy 

transfer was also obtained to heat household water by 28°C. Other TEM designs for CHP are nanostructured bulk 

TEG cells for a residential gas-fired condensing boiler [10], the work of Zarifi et al.[11] in recovering waste heat 

from an economizer, and a TEM CHP system for low-grade waste heat by Zhou et al. [12] using 30 TEG cells for 

domestic water heating. In their designs, the combination of heat pipes and heat sinks to capture and transfer heat 

effectively across the system have been proven to be successful, and this is a very essential aspect especially for 

low-temperature waste heat streams [13]. 

To assess the practical use of unique TEM systems, modelling of the TEM system performance is essential 

due to the unique geometrical and operating parameters of each design and application. An important parameter 

in the analytical model of TEM systems is the convection heat transfer coefficient during the boiling and 

condensation of the working fluid (normally water) within the heat pipes. However, the convection coefficient 

value is normally replaced by a representative thermal conductivity value of the heat pipe [14]. 

A new TEM incorporating two TEG cells, two finned-plate heat sinks and twelve heat pipes was developed 

and tested based on the operation of a waste heat recovery from bakery ovens in a bread-making factory. In order 

to develop an accurate analytical model of the TEM, the representative value of the wickless heat pipes thermal 

conductivity needs to be obtained as a simplified modelling approach replacing the more complex convection 

mechanics occurring within the heat pipes. This manuscript reports the computational fluid dynamics model of 

the TEM that was developed to specifically determine the representative value of the heat pipe thermal 

conductivity, based on the validations made with the available experiment data. The reported work is useful in the 

field of TEM design and operation for CHP since the representative thermal conductivity value of the heat pipes 

is sensitive and unique to its operating conditions. In a TEM WHR system, the addition of heat pipes is crucial to 

prevent heat loss for optimum heat transfer and temperature difference between TEG surfaces. By modelling and 

obtaining the representative value of thermal conductivity for the heat pipes, the inaccuracy and flaws of the TEM 

system could be avoided and adjusted. Additionally, by conducting numerical analysis and obtaining the 

representative thermal conductivity value, the complex consideration for the boiling and condensation principle 

of heat pipes could be replaced with a more understandable mathematical analysis. Therefore, the presented 

approach would allow the performance of the heat pipes used in the TEM design to be critically evaluated. 

 

2.0 METHODOLOGY 
2.1 Physical configurations 

A TEM is physically developed for the purpose of waste heat recovery based on the operating conditions of 

an industrial bread-baking oven. As shown Figure 1, it primarily consists of TEG cells, finned heat sinks, heat 

pipes and a copper block. The design consists of two TEG cells to convert the waste heat into direct current 

electricity. The TEG cells are positioned and clamped between two copper blocks, where each block is connected 
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to six heat pipes. The heat pipes are attached to a heat sink, designed with sixty plates of aluminium fins. Table 1 

provides the list of specifications for each TEM components.  

 

 
Figure 1. The Thermoelectric Generator Module (TEM) design 

Figure 2 summarizes the numerical study reported in this manuscript. Before developing the numerical model 

of the TEM system, an actual lab-scale testing is conducted. The actual test bench setup is shown in Figure 3. In 

the experimental work, electric heater is used to imitate the waste heat stream at 70°C, assisted by an industrial 

blower to control the speed. Data logger is used for temperature data displaying and recording as external loads 

are applied to TEG cells. The data logger is also used for real-time temperature monitoring to ensure the system 

has reached steady-state condition before the actual data collection. The aim of the study is to determine the 

representative value of thermal conductivity of heat pipes by comparing the temperature of the hot and cold 

surfaces of TEG cells. The temperature data collected from the experimental work is sufficient for comparison 

with the CFD model developed.  

 
Figure 2. Flow of the Computational Numerical Study of TEM system 
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Figure 3. Experimental setup for the WHR system 

 

Table 1: Specifications of the TEM components 

Component Specification details Functions 

Thermoelectric 

generator (TEG) cell 

62 mm x 3.85 mm x 62 mm 

Number of TEG : 2 TEGs 

To convert thermal energy to 

electrical energy using the Seebeck 

effect 

Copper Block 
154 mm x 15 mm x 87 mm 

Number of copper block: 2 copper blocks 

Serve as base plate sandwiching the 

two TEGs  

Heat pipes 

 

Diameter, D: 9 mm 

Length, L: 300 mm 

Number of heat pipes : 6 units for each heat 

sink 

To transport heat through the TEG 

module system  

Heat sinks 

 

Rectangular 154 mm x 22 mm x 146 mm 

Number of fins: 60 fins per heat sink 

To capture the waste heat for hot 

side and dissipate heat at cold side  

 

The TEM is developed to function as a CHP system (refer Figure 4). The waste thermal energy from the main 

baking oven is absorbed by the hot-side heat sink and transferred through the heat pipes, copper block and TEG 

to the cold-side heat exchanger, where the waste energy is dissipated to pre-heat a cold air stream before it enters 

the proofing oven of the bread-baking operation. Electrical power generation by the TEG cells is influenced by 

the heat transfer rate across the cells. Therefore, the temperature difference between the hot and cold sides of the 

TEG cells would dictate the heat transfer rates across the cells, and subsequently, the generated electrical power 

outputs. In order to achieve this, active cooling is needed at the cold-side heat sink where the waste heat is 

transferred to a low temperature air stream at a reference condition of 27°C and 0.7 m/s [5]. The heated air stream 

enters the proofing oven at elevated temperatures where a high pre-heating degree indicates better waste heat 

energy utilization. Forced convection mechanics is dominant at both heat sinks. 

 
Figure 4. Operation of TEM for CHP purposes 
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2.2 System domain and meshing 
The effectiveness of heat pipe depends on the thermal conductivity where higher thermal conductivity would 

enable rapid heat transfer with minimum heat loss. Wickless heat pipes with no capillary internal structure depends 

on gravity in transferring the condensed working fluid back to the evaporator section. CFD simulation is used to 

find the thermal conductivity of heat pipe for future design purposes. In the CFD model, the heat pipes are 

modelled as solid rods due to the complex internal structure of the component. Furthermore, modelling of heat 

pipes involves a multiphase fluid flow where boiling and condensation occur simultaneously and repeatedly. By 

changing the modelling method to solid rods, the internal behaviour and circumstances could not be well-analysed 

since the evaporating and condensing of the working fluid are not considered. The thermal conductivity of heat 

pipes is varied from 300 W/m.K until 600 W/m.K while the thermal conductivity of TEG is maintained at 1.6 

W/m.K, and the results are compared with experimental data for validation. Different modelling method affects 

the numerical outcome due to dissimilar working flow of the system. Therefore, in this study, comparison between 

experimental and numerical values is thoroughly compared to ensure the reliability of the simplified model 

developed. Other components of the numerical TEM model are built according to the actual TEM design and 

specifications.  

ANSYS Fluent programme is utilized utilised in order to carry out the computational fluid dynamics (CFD) 

analysis. The designing and modelling of the TEM are made in Ansys SpaceClaim, as shown in Figure 5. The full 

model is based on the parameters of an actual physical test bench for TEM operation. The system consists of 

separate hot and cold fluid airflows, represented by the enclosures. The enclosure fully encloses the TEM heat 

sinks, and the enclosure substance is defined as air. The complete model and domain of the fluid streams are 

shown in Figure 5.  

 
Figure 5: (a) Thermoelectric Generator Module (TEM) Model Named Selection, and 

(b) Domain of Fluid Streams Ducting Enclosure 

 

The details for the meshing are provided in Table 2 and the full meshing generated for the TEM is shown in 

Figure 6, where 3.6 million elements are present in the mesh model covering the hot air until the cold air domains. 

The overall average skewness value for TEG module is 0.34 and the orthogonal quality average value is 0.67. 

Based on the skewness mesh metric spectrum, the model is in very good scale while the orthogonal quality is in 

a good scale. Overall, the mesh model is acceptable and can be used for simulation analysis. 

 

Table 2: Details of the meshing setup 

Domain No. of Nodes No. of Elements 

Copper block 96606 474567 

Enclosure 611379 2788529 

Finned heat sinks 173474 73831 

Heat pipes 311181 277840 

TEG cells 3248 1512 

Total  1195888 3616279 

Skewness value 0.34 

Orthogonal quality average 0.67 
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Figure 6. Mesh scheme for the TEM (a) Enclosure, (b) Thermoelectric Generator (TEG) cells 

and (c) Complete TEM design system 

2.3 Numerical formulations 
In this study, few assumptions are considered which include: 

• The fluid flow is in single phase, incompressible and in steady state conditions, 

• The flow is turbulent, 

• Three-dimension fluid-solid conjugate is considered, and 

• All physical properties of coolant air  depend on its mean temperature. 

The Navier-Stokes equations across x, y and z directions are given as set of Equation (1-3). 
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where ρ is fluid density, u, v and w are the fluid velocity with the velocity components in three directions and p 

is pressure. 

 

The energy equation is given by Equation (2) and (3). 

 

∇. (𝐶𝑝𝜌𝑈⃗⃗ 𝑇) = 𝑘∇2𝑇 

 
(4) 

where k is the thermal conductivity, T is the temperature and Cp is the specific heat. 

while the energy equation for conduction through solid is given by 

 

∇2𝑇 = 0 (5) 

 

A sequential technique is utilized to solve the momentum and continuity equations. Due to the nonlinearity of 

the governing equations, the solution loop is iterated numerous times to obtain a convergent solution. The 

continuity, momentum, and energy equations are solved using the finite volume method, in which the integral 

version of the governing equations is solved using a continuum approach. The mathematical equations to describe 

temperature, pressure, and velocity are obtained in this manner. The convergence for momentum, mass and energy 

imbalance of lesser than 10-6 is adopted. 

 

2.4 Solver setting 
Before beginning the simulation, the gravitational acceleration along the Z-axis is adjusted to 9.81 metres per 

second, and all of the input values are logged in Table 3. In addition, as can be seen in Table 4, this particular 

arrangement of the experiment makes use of a variety of material qualities. In this particular scenario, the property 

of the fluid that has been prioritised is its air content. In the boundary conditions setup, the inlet temperature and 
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velocity for both hot and cold fluid streams are applied to the domain selected to set the starting of the fluid flow. 

For both hot and cold air streams, the temperatures applied to the inlet of the domain are 70°C and 20.7°C with 

equal velocity of 0.7 m/s. The thermal conductivity of all 12 heat pipes ranges between 300 – 600 W/m.K and the 

values are set to the wall of the heat pipes. 

 

Table 3: Input solver parameters 

Input parameters Specifications Descriptions/Values 

Setup-Solver Type Pressure-Based 

 Velocity Formulation Absolute 

 Time Steady 

Setup-Models Energy On 

 Viscous Model 
Realizable k-epsilon and standard wall 

treatment 

Solution-Methods 

Scheme 

Flux Type 

Gradient 

Pressure 

Coupled 

Rhie-Chow: distance based 

Least Square Cell Based 

Second Order 

 Turbulent Kinetic Energy Second Order Upwind 

 Energy Second Order Upwind 

Solution-Initialization Initialization Methods Hybrid Initialization 

 

Table 4: Material properties of the TEM components 

Properties/Material Density, ρ 

(kg/m3) 

Specific heat, Cp 

(J/kg.K) 

Thermal conductivity. k 

(W/m.K) 

TEG (Bismuth Telluride) 7640 154.5 1.6 

Copper heat pipe 8978 381 300 – 600 

Aluminium heat sink 2719 871 202.4 

Copper block 8978 381 400 

 

3.0 RESULTS AND DISCUSSION 
3.1 Experiment temperature distribution profile 

Shown in Figure 7 is the experimental temperature distribution of every component of the TEM with respect 

to the dimensionless length of the overall test bench. Generally, the temperature of the TEM decreases between 

both heat sinks due to the internal heat transfer resistance of each component. The temperature drop magnitude 

depends on the ability of each material to transfer heat. Lower thermal conductivity causes larger temperature 

difference on the local component and affects the heat transfer rate globally.  

The supplied heat source is 70°C (at x/L=0), but the hot air temperature approaching the heat sink (at x/L=0.3) 

is only at 62°C due to heat loss through the walls. Subsequently, the complex mechanics of forced convection on 

the fins-hot air interface limit the average temperature of the THS,H fins at 58°C. This can be improved by revising 

the dimensions of the fins to allow a greater hydrodynamic length and minimize flow resistance between the fins. 

Then, heat transfer along the heat pipes occurs by condensation and boiling to the hot-side surface of the TEG. 

The temperature of the TTEG,H is 51°C, where the 7°C temperature difference is an indicator of the low heat transfer 

efficiency of the wickless heat pipes. Theoretically, an efficient heat pipe would allow heat to be transferred with 

minimal loss that can be measured by near similar temperatures at both ends of the heat pipe. Then, the temperature 

difference between the TEG surfaces is approximately 10⁰C, dictated mainly by the thermal conductivity of the 

semiconductor and the effective cooling rate at the cold-side heat sink. The temperature difference between the 

heat pipe and the cold-side heat sink is approximately 7°C. Again, this indicates a poor heat transfer rate along 

the wickless heat pipe. Finally, the heat is dissipated to the cold air stream, increasing the temperature by only 

2°C from its initial 23°C free stream temperature. The small increment is largely due to the low cold-side heat 

sink temperature that can be related to the poor efficiency of the wickless heat pipes. 
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Figure 7. Dimensionless temperature profile of the TEM 

 

3.2 Thermal conductivity of heat pipe, kHP 
Figure 8 shows the local temperature contour of both hot and cold surfaces of TEG cells, as the thermal 

conductivity of heat pipes are set to 500 W/m.K. The temperature difference on both surfaces of TEG cells is 

evident and the contour projects an approximately uniform temperature distribution, indicating that the simulation 

has reached a steady state condition and the calculation is considered converged. Figure 9 shows the global 

temperature contour of the TEM system. The complete model visualizes the temperature distribution of the TEM 

module domain and it shows the model is capable of simulating the heat transfer across all the components as a 

result of the temperature difference between the hot and cold air streams. 

 
Figure 8. Temperature contour on (a) TEG hot surface and 

(b) TEG cold surface for case kHP=500 W/m.K 
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Figure 9. Global temperature distribution of the TEM system in CFD modelling 

 

To determine the representative thermal conductivity of the wickless heat pipe, the computational variable is 

the heat pipe thermal conductivity from 300 -600 W/m.K. The results from the simulation is compared to the 

experimental data. Validation of the CFD model and the determination of the representative kHP are concurrently 

performed, which are based on errors between the temperature of the hot and cold TEG surfaces (TTEG,H and 

TTEG,C) and temperature difference between the TEG surfaces (∆T). 

Figure 10 displays the effect of varying the kHP. Referring to the experimental data, the TTEG,H and TTEG,C are 

51⁰C and 41⁰C respectively. The simulation results yield a non-linear trend for the TTEG,H where the temperatures 

at kHP=300, 500 and 600 W/m.K have less than 5% difference with experiment results (refer Figure 11), whereas 

the temperature at kHP= 400 W/m.K is 15% lower than the experiment results. However, the results for TTEG,C are 

more consistent, where the temperatures for all variations in kHP is less than 5%. One of the major cause of error 

in numerical modelling is the number of mesh generated for a model. A multi-component model requires smaller 

mesh size to ensure accurate numerical calculation. Smaller mesh size increases the number of mesh in a complete 

model. Higher mesh number takes longer time for the numerical calculation to reach convergence. Additionally, 

the TEM system consists of heat sinks with very thin fins that are supposedly to require mesh refinement to 

accurately resolve high gradient area of the fins. However, mesh refinement is not applied to the model due to 

software and computer limitations. This may be the cause of non-linear trend of TTEG,H, TTEG,C and ∆T.  

To identify the best representative heat pipe thermal conductivity, the percentage error for the ∆T is calculated. 

At kHP= 500 W/m.K, the percentage errors for ∆T is the lowest at 3%, whereas at kHP= 300 W/m.K, the error for 

∆T is approximately 30%, at kHP= 400 W/m.K, the error for ∆T is approximately 110%, and at kHP= 600 W/m.K, 

the error for ∆T is 15%.  From these simulations, the identified representative thermal conductivity value for the 

heat pipes is 500 W/m.K. 
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Figure 10. Experimental and numerical comparison 

for TEG hot and cold surfaces temperature 

Figure 11. Percentage error for 

TTEG,H, TTEG,C and ∆T under different kHP 

 
4.0 CONCLUSION 

In this study, a computational numerical model of a TEM system is developed according to the specifications 

and operating conditions of an actual test bench. Heat pipes are modelled as solid rods without considering the 

internal structure and fluid flow. Four different thermal conductivities of heat pipe are applied to the computational 

modelling to find the representative value for the specific TEM system reported. The result is justified by 

comparing the numerical outcome with the experimental output. The value of kHP is varied between 300 W/m.K 

until 600 W/m.k with kTEG being maintained at 1.6 W/m.K. The main outcomes to be validated are the temperature 

of TEG for hot and cold surfaces (TTEG,H and TTEG,C) and the temperature difference between the TEG surfaces 

(∆T). The acceptable value of kHP is found to be 500 W/m.K, with the percentage error below than 5% for all 

primary outcomes. Acquiring the representative thermal conductivity of heat pipe is useful for mathematical 

analysis where it replaces the heat transfer coefficient that requires thorough understanding on internal boiling 

and condensation principle. Besides, the computational model developed and the simplified method used are 

applicable for future TEM designing as it consumes less computational time. Therefore, by conducting CFD 

simulations and obtaining the representative value of the thermal conductivity, future complex modelling could 

be avoided as simplified model is sufficient in numerical approach.  
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