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1. Final report 
The final report must be prepared in English. Please fill in the following sections of the tem-
plate. 
 
1.1 Project details 
 

Project title Integrated Photovoltaics with Thermoelectrics 

Project identification Energinet.dk project no. 12045 

Name of the programme 
which has funded the pro-
ject  

(ForskVE, ForskNG or ForskEL) 

ForskEL 

Name and address of the 
enterprises/institution 
responsible for the project 

Department of Energy Technology, Aalborg University, 
Pontoppidanstraede 101, Aalborg 9000 Denmark 

CVR (central business register) 29 10 23 84 

Date for submission 14-11-2014 

 
 
1.2 Executive summary 
 
The main goal of this small-scale project (budget: 500K DKK) is to investigate the potential 
of PV cell performance integrated with thermoelectric generators through advanced numeri-
cal methods, analytical modeling and by including manufacturing process considerations in 
the evaluation. The results focus on three main tasks done in this project. In the first task, 
application of two conventional designs of micro-structured heat sink is studied. In the sec-
ond task, a comprehensive and coupled hybrid model of photovoltaic cell and thermoelectric 
generator that can predict the performance of the hybrid model over a wide range of weather 
variable parameters is proposed. In the third task of the project, a methodology is proposed 
for fabrication of flexible photovoltaic and thermoelectric modules.  The main results of the 
project are summarized in the following. 

Since configuration of the heat sink has a strong influence on the power generation and net 
power in thermoelectric generators (TEGs), a micro-structured plate-fin heat sink (PFHS) is 
compared to a modified design of cross-cut heat sink (CCHS) applied to the TEG. The Power 
generation in the TEG and the required cooling energy in the heat sinks are considered over 
a range of hot junction temperature and thermal conductivity of the thermoelectric materials. 
The particular focus of this study is to explore maximum net power in the TEG module. The 
three-dimensional governing equations for the flow and the heat transfer are solved using 
the computational fluid dynamics simulation environment in conjunction with thermoelectric 
characteristics of the TEG over a wide range of inlet flow velocity. The results show that for a 
particular type of coolant fluid and dimensions of microchannel the maximum net power oc-
curs at lower flow inlet velocity when the hot junction temperature decreases and when the 
thermal conductivity of the thermoelements is smaller. However, the thermal conductivity of 
thermoelectric materials does not have strong influence on maximum power generation for 
the considered heat sink geometries. 
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A comprehensive model of hybrid photovoltaic and thermoelectric (PVTEG) module is able to 
predict behaviour of the module for different weather conditions using real weather data 
input. In the second task of this project, a fully coupled model is developed to predict per-
formance of conventional PV cell and also hybrid PVTEG module over a wide range of weath-
er conditions. This model can predict power generation by the PV cell and TEG and investi-
gate overall efficiency of the PVTEG module through a nonlinear set of equations which con-
sider radiative and convective losses from front and rear surfaces of the modules. A wide 
range of the variable parameters of weather condition, such as ambient temperature and 
solar radiation, and also TEG device, such as fill factor and figure of merit of thermoelectric 
materials are considered in this evaluation. The results illustrate that conversion efficiency of 
the hybrid PVTEG with conventional thermoelectric materials with ZT=1 is less than conver-
sion efficiency of the PV-only module. However, higher ZT thermoelectric materials can im-
prove the total efficiency compared to the PV-only case. In addition, primary results of hy-
brid concentrated photovoltaics (CPV) and TEG is able to provide higher efficiency compared 
to CPV-only. Furthermore, in the last task of the project the pre-studying of the combined 
flexible Photovoltaic thin film and flexible thermoelectric generator thin film as a sandwich 
layer for merging on any micro channel heat exchanger or alternatively the solid state heat 
sink is studied. The description is also based on different aspects as well as the manufactur-
ability of the device for power production which can increase the total electrical output of the 
sandwich layer device. Further, industrial ability of the production by definition of the pro-
posed material is considered. 

 
1.3 Project results  
 
This section is divided into three sub-sections representing the objectives, methodology used 
to achieve the expected results, and discussion of the results of the project.  Each sub-
section reflects consideration of micro-structured heat sink effect on power generation of 
thermoelectric generator (TEG), modeling of integrated photovoltaic (PV) cells with TEG im-
plemented for real whether conditions and considering of flexible PV and TEG cell as future 
hybrid technology. 

 

1.3.1 Objectives 
TEGs, which convert heat energy to electrical power by means of semiconductor charge car-
riers due to temperature difference, have been of great interest to the energy research 
community in recent years. A key factor in TEG systems is co-optimization of the TEG design 
with its heat sink, where a challenge is to design and develop of effective heat exchanger. 
The maximum power generation in the TEG can be enhanced with applying effective heat 
sink. For instance, heat transfer coefficient on the cold junction of the TEG can affect the 
optimal design of the thermoelements, where the maximum power generation occurs at 
larger ratio of the thermoelements foot print area as the heat transfer coefficient increases 
[1]. Using micro-structured heat sinks provides low weight and compact energy system, 
compared to the conventional types of heat sinks and can increases modularity of the power 
system. This type of heat sink has been interest of researchers for configuration optimiza-
tion. 

Beside the thermal resistance consideration, the pressure drop is an important factor for 
optimization of the micro-structured heat sink design, where the performance of the system 
depends on the required cooling energy [2, 3]. In TEG systems, maximization of net thermo-
electric power is more important than enhancement of the power generation. The net power 
generation is defined as power generation by the TEG minus required pumping power in the 
heat sink. Higher voltage can be generated in the TEG if the temperature difference of the 
hot and cold junctions increases by reduction of thermal resistance of the heat sink. One way 
to reduce the thermal resistance is to enhance the convective heat transfer coefficient by 
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increase of the mass flow rate in the channels. On the other hand, for a given channel hy-
draulic diameter, when the mass flow rate increases the required pumping power increases 
due to rapidly increase of the pressure drop in the channel. High mass flow rate may require 
higher pumping power than the power generation by the TEG and can cause negative net 
power in the system [4]. The optimal mass flow rate can be explored at a practical limit on 
the available required cooling energy by maximizing power generation in the TEG [5]. 

In this project, the effectiveness of flat-plate heat sinks (FPHSs) and cross-cut heat sink 
(CCHS) are compared for reduction of the required pumping power and for maximization of 
the net power generation. A modified design of the fins under the thermoelements is consid-
ered, where this design makes a CCHS for the TEG module. The fluid and thermal character-
istics in the heat sinks and the TEG are considered over a wide range of mass flow rate in 
laminar regime by computational methods. Considering the maximum net power in the sys-
tem, the required cooling energy in the heat sinks is discussed versus the power generation 
in the TEG for different thermal conductivity of the Bismuth Telluride based thermoelements 
and imposed hot junction temperatures. 

Solar cells combined with thermoelectric devices have been attractive technologies due to 
the advantage of reliability, silent operation, and absence of moving parts. These have typi-
cally been bulky, segregated systems, matched to provide performance enhancement over a 
narrow operational window. To achieve a high efficiency of solar electrical devices, the main 
challenge traditionally is low efficiency of power conversion (electric power produced versus 
solar radiation). However, the performance of the solar cells can be elevated by not only the 
improvement of the materials but also the progress of system design. During operation, a 
portion of the solar radiation converted to thermal energy and increases the temperature of 
the PV cell, causing the efficiency to decrease. This temperature difference with ambient 
provide can be suitable to apply TEG devices and make a hybrid power generation system. 
Integration of the TEG with PV cells may enhance converting a fraction of the heat trans-
ferred to electricity to supplement that produced by the PV cell. 

In order to improve the overall conversion efficiency of the solar radiation, some research [6, 
7] and companies [8, 9] have mostly focused on hybrid photovoltaic and thermoelectric gen-
erators, while a few of them [10] considers the effect of the heat sink on the device perfor-
mance. Mizoshiri et al. [11] reported a hybrid micro-power module consisting of a hot mirror 
that focuses the solar light on the hot side of the thin-film thermoelectric module. They could 
increase the open circuit voltage of the thermal-photovoltaic hybrid generator by 1.3% com-
pared to that of the photovoltaic module only. Furthermore, using the micro-scale photovol-
taic–thermoelectric hybrid device, Wang et al. [12] could achieve overall conversion efficien-
cy larger than 13% for low-energy photons. The major challenge in integration of PV cell and 
TEG is that by applying the TEG to the PV cell, thermal resistance of the module increases. 
The higher temperature in the PV cell causes lower electrical conversion efficiency by the PV 
cell. Therefore, influence of the TEG application on the PV cell needs to be evaluated careful-
ly. 

To understand possibility of using the best and suitable material which makes the flexible 
PVTEG product more energy competitive, we have to look at the material and processes for a 
sandwich construction made of two layers and bonded to each other. Thin film silicon photo-
voltaic cells have normally a configuration classification which is referred to their deposition 
process. This configuration is not limited to choice of a suitable substrate and therefore the 
industrial manufacturer of the PV can in fact use a transparent or rigid as well as flexible 
substrate based on poly-ethylene. Because of the easy roll to roll processing of flexible sub-
strate it has remained the main application of the N-I-P cells, which are connected to the 
flexible substrate. The cells on this substrate made of the crystalline silicon cells, which are 
connected to one another and form a crystal lattice. This crystal lattice is a solid state mate-
rial and forms the PV cells semiconductor. 
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1.3.2 Methods 

1.3.2.1 Governing equations for TEGs 
The effect of radiation and natural convection heat transfer are neglected in this study, and 
the surfaces exposed to the surroundings are assumed to be insulated.  Under steady-state 
condition, the electric field is irrational and the well-known coupled equations of thermoelec-
tric constitutive [13] including both the heat flow and the continuity of electric charge equa-
tions are [14]:  

The maximum power generation by the TEG occurs at the matched load, where the internal 
electrical resistance of the uni-couple is equal to the imposed electrical load resistance [15]: 

The internal resistance of the TEG in (3) is as follows [1]: 

ܴ ൌ ݊ ൈ ൫ܴ୬ ൅ ܴ୮൯ ൌ ݊ ൈ ൥൬ߪ୬
୬ܣ
୬ܪ
൰
ିଵ

൅ ቆߪ୮
୮ܣ
୮ܪ
ቇ
ିଵ

൩. (4) 

 

1.3.2.2 Heat transfer and fluid mechanics in heat sink governing equations 
To calculate distribution of velocity and temperature for laminar and incompressible flow in 
the heat sinks the following continuity, momentum and energy equations are solved [16]: 

.׏ ሬܸԦ ൌ 0, (5) 

.׏୤൫ሬܸԦߩ ሬܸԦ൯ ൌ െ݌׏ ൅ ଶ׏୤ߤ ሬܸԦ, (6) 

୤ܿ୤൫ߩ ሬܸԦ. ൯ܶ׏ ൌ ݇୤׏ଶܶ. (7) 

The rate of heat removal from the heat sink to the coolant flow is: 

ܳ ൌ ሶ݉ ܿ୤ሺ ୭ܶ െ ୧ܶሻ. (8) 

The required pumping power for the flow is related to the pressure drop and the volumetric 
flow rate in the heat sinks and can be calculated as follows: 

୮ܲ୳୫୮ ൌ Δ(8) .ܹ݌ 

The pressure drop in the heat sink is an important factor that influences net power of the 
module. The net power supplied by the TEG is the power generation by the TEG minus the 
required pumping power. 

୬ܲୣ୲ ൌ ୲ܲୣ୥ െ ୮ܲ୳୫୮. (9) 

Nomenclature section of Appendix A defines the mentioned parameters above.  

1.3.2.3 Integrated model for PV and TEG 
Efficiency of PV cell has been traditionally represented with linear expression as follows [17]:  

η௣௩ ൌ ೝ೐೑ൣ1்ߟ െ ௥௘௙൫ߚ ௣ܶ௩ െ ௥ܶ௘௙൯൧ (10) 

where η୘౨౛౜ is cell’s electrical conversion efficiency at the reference temperature (T୰ୣ୤ ൌ 25	°C), 
and reference solar radiation (G୰ୣ୤ ൌ 1000	W mଶ⁄ ) [18]. In (10) β୰ୣ୤ is the cells’ temperature 
coefficient that normally given by its manufacturer and not only depends on the PV martial 
but also on the reference temperature, and is defined as follows [19]: 

௥௘௙ߚ ൌ
1

଴ܶ െ ௥ܶ௘௙
ൌ

1
270 Ԩ െ 25Ԩ

ൎ 0.004 (11) 

.ߘ ሺሾߎሿ. ሻܬ െ .ߘ ൫ൣ݇୲ୣ୥൧. ൯ܶߘ ൌ ሶݍ , (1) 

.ߘ ሺሾߪሿ. ሾߙሿ. ሻܶߘ ൅ .ߘ ሺሾߪሿ. ሻ߮ߘ ൌ 0. (2) 

୲ܲୣ୥ି୫ୟ୶ ൌ
ሺߙ∆ܶሻଶ

4ܴ
. (3) 
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where ଴ܶ is the temperature at which the efficiency of the cell drops to zero, and for crystal-
line silicon cells is equal to 270	Ԩ [20]. 

For a real environment condition radiative heat loss from front surface of the cell (ܳ௥௔ௗ) and 
convective heat loss from front glass cover and rear ethylene vinyl acetate (EVA) layer 
(ܳ௖௢௡௩,௧ and ܳ௖௢௡௩,௕ respectively) needs to be modeled. EVA layer is used to encapsulate the 
silicon cells.  Figure 1 illustrates the PV model studied in this project. The electrical power 
generation by the module for a given solar radiation (ܩ௧) can be:  

௣ܲ௩ି௢௡௟௬ ൌ ௧ܩ௣௩൫ߟ െ ܳ௖௢௡௩,௧ െ ܳ௥௔ௗ൯ (12) 

 

 
Figure 1 PV model studied in this project. 

 
The convective heat loss from surfaces of the glass and EVA layers are: 

ܳ௖௢௡௩,௧ ൌ ݄௪ܣ௖൫ ௚ܶ െ ௔ܶ൯ (13) 

ܳ௖௢௡௩,௕ ൌ ݄௪ܣ௖൫ ாܶ௏஺,௕ െ ௔ܶ൯ (14) 

where ܣ௖ is the cell area, ௚ܶ is temperature of the glass and ாܶ௏஺,௕ is temperature on the rear 
surface of EVA layer.  For a given ambient temperature ( ௔ܶ) and wind speed ( ௠ܸ) the convec-
tive heat transfer on the surfaces (݄௪) is given by Palyvos [21]: 

݄௪ ൌ 5.678	 ቊܽ ൅ ܾ ൤൬
294.26

273.16 ൅ ௔ܶ
൰ ௠ܸ 0.3048ൗ ൨

௡

ቋ (15) 

In (15) ܽ, ܾ and ݊ are empirical constants given by Table 1 for smooth surfaces texture [22]. 

 

Table 1 Values for empirical constants in (15). 
௠ܸ ൏ 4.88 ݉ ⁄ݏ  4.88 ൏ ௠ܸ ൏ 30.48 ݉ ⁄ݏ  

ܽ ܾ ݊ ܽ ܾ ݊ 
0.99 0.21 1 0 0.50 0.78 

 

The radiative heat loss from the PV cell depends can be important when the temperature of 
the cell is relatively high due to high solar radiation and low wind speed: 

ܳ௥௔ௗ ൌ ൫ܣߪߝ ௣ܶ௩
ସ െ ௦ܶ௞௬

ସ൯ (16) 

In (16) ߝ ൌ 0.9 is emissivity of the PV cell equal to 0.9 and ߪ ൌ 5.67 ൈ 10ି଼ܹ ݉ଶܭସ⁄  is Stefan-
Boltzmann constant. By taking energy balance equation for the nodes of PV cell shown in 
Figure 1, a set of matrix can represent nonlinear equations for four nodal temperatures and 
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electrical power generation by the PV cell along with the constant vector in matrix a of Table 
2. 

 
Table 2 Matrix coefficients for the nonlinear set of four governing equations based on nodal 

temperatures. 

ࢇ ൌ ௖ܣ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ
௪௛ܪ ൅

݇௚
ଵܮ

െ
݇௚
ଵܮ
0
0

										 െ
݇௚
ଵܮ

										
݇௚
ଵܮ
൅
݇ா௏஺
ଶଵܮ

൅
݇ௌ௜
ଶଶܮ

										 െ
݇ா௏஺
ଶଵܮ

െ
݇ௌ௜
ଶଶܮ

										0

									0

									 െ
݇ா௏஺
ଶଵܮ

൅
݇ௌ௜
ଶଶܮ

										
݇ா௏஺
ଶଵܮ

൅
݇ௌ௜
ଶଶܮ

൅
݇ௌ௜
ଷଵܮ

൅
݇ா௏஺
ଷଶܮ

െ
ೝ೐೑்ߚೝ೐೑்ߟ௧ܩ

௖ܣ

								 െ
݇ௌ௜
ଷଵܮ

െ
݇ா௏஺
ଷଶܮ

										0
											0

										 െ
݇ௌ௜
ଷଵܮ

െ
݇ா௏஺
ଷଶܮ

									
݇ௌ௜
ଷଵܮ

൅
݇ா௏஺
ଷଶܮ

൅ ௪௖ܪ
ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

 
 

࢈ ൌ

ۏ
ێ
ێ
ێ
௧ܩۍ ൅ ௪௛ܪ௖ܣ ௔ܶ ൅ ௖൫ܣߪߝ ௣ܶ௩

ସ െ ௦ܶ௨௥௥
ସ൯

0
ೝ೐೑்ߟ௧ܩ ቀ1 ൅ ೝ೐೑்ߚ ௥ܶ௘௙ቁ

௪௖ܪ௖ܣ ௔ܶ ے
ۑ
ۑ
ۑ
ې

 

 
The hybrid model of photovoltaic cell and thermoelectric generator (PVTEG) is shown in Fig-
ure 2 where seven nodal temperatures represent temperature distribution in the PVTEG 
model. 

 
Figure 2 PVTEG model studied in this project. 

Based on this temperature distribution, the power generation by the PV cell and the TEG can 
be obtained. Efficiency of the TEG for constant property model of thermoelectric materials is 
[23]:  

௧௘௚ߟ ൌ
∆ ௧ܶ௘௚

௧ܶ௘௚,௛

√1 ൅ ܼܶ െ 1

√1 ൅ ܼܶ ൅ ௧ܶ௘௚,௖

௧ܶ௘௚,௛

 (17) 

Power generation in the TEG depends on efficiency of the TEG and heat transfer across the 
thermoelements (ݍ௛). Therefore, the power generation by the PV cell and radiative and con-
vective heat losses must be deducted from the solar radiation. The power generation in the 
TEG is: 

௧ܲ௘௚ ൌ ௛ݍ௧௘௚ߟ ൌ ௧ܩ௧௘௚൫ߟ െ ܳ௖௢௡௩,௧ െ ܳ௥௔ௗ െ ௣ܲ௩൯ (18) 
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To calculate convective and radiative heat losses, (13) - (16) can be applied for PVTEG mod-
el, except the cold surface temperature of the EVA surface ( ாܶ௏஺,௕) is replace with the cold 
junction temperature of the TEG ( ௖ܶ௥,௕). Therefore by taking the energy balance equations for 
the PVTEG model, the coupled temperature of the considered nodes can be found by a set of 
nonlinear equations as follow: 

ቆܣ௖ܪ௪௛ ൅
௖݇௚ܣ
ଵܮ

ቇ ௚ܶ െ ቆ
௖݇௚ܣ
ଵܮ

ቇ ாܶ௏஺,௧ ൌ ௧ܩ ൅ ௪௛ܪ௖ܣ ௔ܶ ൅ ௖൫ܣߪߝ ௣ܶ௩
ସ െ ௦ܶ௨௥௥

ସ൯ 
(19) 

െቆ
௖݇௚ܣ
ଵܮ

ቇ ௚ܶ െ ௖ܣ ቆ
௖݇௣௩ܣ
ଵܮ

൅
݇ா௏஺
ଶଵܮ

൅
݇ௌ௜
ଶଶܮ

ቇ ாܶ௏஺,௧ ൅ ௖ܣ ൬െ
݇ா௏஺
ଶଵܮ

൅
݇ௌ௜
ଶଶܮ

൅ ೝ೐೑൰்ߚೝ೐೑்ߟ௧ܩ ௣ܶ௩ ൌ 0 
(20) 

௖ܣ- ቀ
௞ಶೇಲ
௅మభ

൅
௞ೄ೔
௅మమ
ቁ ாܶ௏஺,௧ ൅ ௖ܣ ൬

௞ಶೇಲ
௅మభ

൅
௞ೄ೔
௅మమ

൅
௞ೄ೔
௅యభ

൅
௞ಶೇಲ
௅యమ

െ
ீ೟ఎ೅ೝ೐೑ఉ೅ೝ೐೑

஺೎
൰ ௣ܶ௩െܣ௖ ቀ

௞ೄ೔
௅యభ

൅
௞ಶೇಲ
௅యమ

ቁ ௖ܶ௥,௛ ൌ

െܩ௧்ߟೝ೐೑ ቀ1 ൅ ೝ೐೑்ߚ ௥ܶ௘௙ቁ 
(21) 

െ൬
݇ௌ௜
ଷଵܮ

൅
݇ா௏஺
ଷଶܮ

൰ ௣ܶ௩ ൅ ൬
݇ௌ௜
ଷଵܮ

൅
݇ா௏஺
ଷଶܮ

൅
݇௖௥,௛
ସܮ

൰ ௖ܶ௥,௛ െ ൬
݇௖௥,௛
ସܮ

൰ ்ܶாீ,௛ ൌ 0 
(22) 

െܣ௖ ൬
݇௖௥,௛
ସܮ

൰ ௖ܶ௥,௛ ൅ ൬
௖݇௖௥,௛ܣ
ସܮ

൅
ாீ்݇ாீ்ܣ

ହܮ
൰ ்ܶாீ,௛ െ ൬

ாீ்݇ாீ்ܣ
ହܮ

൰ ்ܶாீ,௖

ൌ െ0.5 ቆ ்ܶாீ,௛ െ ்ܶாீ,௖

௧ܶ௘௚,௛
ቇ൮

√1 ൅ ܼܶ െ 1

√1 ൅ ܼܶ ൅ ்ܶாீ,௖

்ܶாீ,௛

൲൭ܩ௧ െ ೝ೐೑்ߟ௧ܩ ቆ1 െ ൬்ߚೝ೐೑൫ ௣ܶ௩ െ ௥ܶ௘௙൯൰ቇ൱ (23) 

െ൬
ாீ்݇ாீ்ܣ

ହܮ
൰ ்ܶாீ,௛ ൅ ൬

ாீ்݇ாீ்ܣ
ହܮ

൅
௖݇௖௥,௖ܣ
଺ܮ

൅൰ ்ܶாீ,௖ െ ൬
௖݇௖௥,௖ܣ
଺ܮ

൰ ௖ܶ௥,௖

ൌ െ0.5 ቆ ்ܶாீ,௛ െ ்ܶாீ,௖

௧ܶ௘௚,௛
ቇ൮

√1 ൅ ܼܶ െ 1

√1 ൅ ܼܶ ൅ ்ܶாீ,௖

்ܶாீ,௛

൲൭ܩ௧ െ ೝ೐೑்ߟ௧ܩ ቆ1 െ ൬்ߚೝ೐೑൫ ௣ܶ௩ െ ௥ܶ௘௙൯൰ቇ൱ (24) 

െ൬
௖݇௖௥,௖ܣ
଺ܮ

൰ ்ܶாீ,௖ ൅ ௖ܣ ൬
݇௖௥,௖
଺ܮ

൅ ௪௖൰ܪ ௖ܶ௥,௖ ൌ ௪௖ܪ௖ܣ ௔ܶ (25) 

 When the one dimension (1D) temperature distribution in the PVTEG model is reached, the 
electrical power generation by the PV cell and the TEG is calculated. The total efficiency of 
the PVEG is defined as total electrical power generation for solar radiation on the PVTEG 
module: 

௧௢௧௔௟ߟ ൌ
௣ܲ௩ ൅ ௧ܲ௘௚

௧ܩ
 (26) 

 
 

1.3.2.4 Flexible PV-TEG technology 
As mentioned the bonding process of the ready PV layer to the manufactured thermoelectric 
(TE) layer is one of the important cases regarding the sandwich flexibility and heat transfer 
through the flexible PV film (Figure 3) to the TE-film. 

TEG-substrate: The second layer “TE-layer” can be made of commercially semiconductor 
material as well as bismuth telluride to obtain the power generation from the heat flux 
through the first layer perpendicular to the second layer. These materials have almost the 
same strength and mechanical property as the PV material, but they are made by two differ-
ent manufacturing processes. Different material for the TE substrate has to be studied for 
selection of the right approach for manufacturability and quality, and to the monotonous 
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interaction of the layers. The selection of the layer for texturing and implementation of the 
TE material is divided into two categories. 

 

 

Figure 3 Flexible PV [http://www.cleantechinvestor.com]. 

 

The first category is the material of the layer and the second category is the preparation for 
printing process. 

Selected Material for TE- substrate/layer: as shown in Figure 4, the PVTE layer contains of 5 
different micro layers which are bonded together and they can make a final 550 micron tick 
multilayer. The layer starts from the hot side and is explored and explained as below: 

 

 

Figure 4 PVTE layer with five micro layers 

 

1.3.2.4.1 1th Micro layer of PVTE 
This layer is the bonding layer low toxic, thermal conductive silicon substance. The layer of 
the PV and eventually the layer of the micro channels for active cooling will be connected 
together by using preferably a micro layer of bonding that the process based on chemical 
bonds. This substance will be used by coating process at room temperature. 

The coating will be applied to the surfaces between PV substrate/layer and the TE-
substrate/layer, furthermore between the TE-layer and the micro channels surface. The di-
rect bonding process gives very good property concerning the radios of the flexibility and the 
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sandwich layer performance in process of time. This will improve the longer operative life 
time when the sandwich layers are thermally stressed. This means the layers exposed to 
sever temperature fluctuations during the sun radiation on the surface of photovoltaic layer 
(increased temperature) and during the dark period and winter time (decreased tempera-
ture). Not suitable bonding can affect to the poor heat transfer through the silicon film to the 
thermoelectric layer. 

By wafer bonding technique is possible to process almost all kind of the material if the sur-
faces fulfil the requirement, but as silicon is more popular in chemical industry it is most 
established material for bonding process called direct bonding or by coating process. For the 
processing this layer over the TE-material the coating method will be applied to the both 
outer surfaces and will be protected by a preliminary paraffin paper before sandwich assem-
bly of the layers.  This coating layer has a thickness of around 50 micron. The accuracy of 
the thickness depends on which kind of industrial methods will be chosen for this process. 
However small variation of the thickness have influence on the heat flux of the assembled 
device. 

1.3.2.4.2 2nd Micro layer of PVTE (thermoelectric material) 
Substrate printing method and dispenser printed thermoelectric material is a relatively new 
but is promising and unique method to producing a thick or thin film thermoelectric material 
with good thermoelectric property especially for operation temperature below 120 oC. All of 
the processes for dispenser printing happen on the 4th micro layer with a layer thickness of 
100-200 micron depend on the design and flexibility radius. The layer No. 4 is the substrate 
for TE material and will be manufactured by using one of the most industrially valuable poly-
imides which is polypyromellitimides and hereafter prepared for dispenser printing. Alterna-
tively the main layer (Layer No. 4) can also be supplied by one of the supplier of the polyi-
mide.  

For printing process and producing a good composite, the particle size for the ink must be 
measured and a micro size particle suitable for this process has to be achieved, therefore the 
process of quench, ball milling and laser scattering particle size of thermoelectric powder 
material must be done very carefully. Before making the micro powder the process starts by 
removal of TE ingot surface impurities such as dust/oxidations/fat and other impurities. Very 
often the surface of ingot will be contaminated in process of time. After cleaning the ingot it 
has to be crashed in pieces of max. 6 mm. The grinding process starts by moving the Jar 
from Argon chamber and place it in the ball mill machine. The duration time for ball milling 
must not leads to raising the temperature of the Jar and material beyond 50oC.  

The result of this process will be a suitable micro Grain size of Powder. The Laser scattering 
particle size distribution must also be used to shows a roughly compatible size of grains for 
using in printing process. 

Alternative for dispenser printing is; using the newest technology which is under test at 
Fraunhofer, Institute for Material and Beam Technology IWS, Germany. As the AAU is al-
ready involved in FP7 project and have cooperation with Fraunhofer, then it will be an obvi-
ous topic for more cooperation with this partner on 3D printing of TEG on thin film. The 3D 
printing technology at Fraunhofer is one of the achievements of Dr. Aljoscha Roch and his 
colleagues at IWS. Using this method will result to a quicker success for AAU´s innovative 
technology. This process is based on using a non-toxic TE-active polymer, which is flexible 
and will be printed in µm layer on the surface of a Polyimide film (Figure 5). 
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Figure 5 3D printing process of TEG on thin film. 
 
1.3.2.4.3 3rd Micro layer of PVTE (metallic contact) 
This micro layer is a metallic coated or printed layer of either silver Nano wires or carbon 
nanoparticles. The micro layers making the bridge connections between P&N bonds and P&N 
dots. This process can be done with any metallic Nano powder with low electrical resistivity. 
Very good electrical conductivity can be obtained by using the silver Nano wires or silver 
pasta for metallic connection. A silver Nano wire film (Figure 6) can be transparent and with 
a size of 40-50 µm can be synthesized in present of Pt seeds and dispersed in a water-based 
solvent. The thickness of the printed such silver additive ink is decisive factor for the electri-
cal conductivity of the metallic layer. These electrical conductive bridges can be printed by 
inkjet printing on the flexible polyimide film substrate which is described above (2nd Micro 
layer of PVTE). The electrical resistivity of this layer can be even lower than 1.0 µΩ.cm de-
pends on the thickness of the printed layer. 

The described processes above will be the first step of the printing processes on the polyi-
mide film. Hereafter the printing process of thermoelectric material will take place and de-
pend on the design; each zone will be printed and the external connection will be applied. 
The design and planar geometry of the zone must be harmonized with the planar geometry 
of the flexible PV sheet. 
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Figure 6 The silver Nano-wire liquid and electrical conductive film. 
 
 
1.3.2.4.4 4th Micro layer of PVTE 
Manufacturing the polyimide material:  The polyimides family is solid substances which are 
not combustible, not dissolve in organic solvents, oil and acids. But they can be hydrolyzed 
by alkalis. Polyimide is a polymer of the imide monomers (Figure 7), which can be formed in 
film/sheet and be used for different application. One of the advantages with these kind films 
is their heat resistance. The Polyimides do not change the physical form under temperature 
gradient. As these materials are heat resistance the heat conductivity of the material is low 
and laying between 0.2 W/(m·K) to 0,6 W/(m.K). But by using the micro thickness layer the 
matter of heat resistance of the polyimide films will become secondary for TE-layer. Polyi-
mides have an amorphous structure and at 20 oC room temperature have a density of 1400 -
1500 mg/cm2. Polyimides materials are produced mainly by poly condensation of the tetra 
carboxylic acids and also their derivatives. In this process first the macromolecular soluble 
polyamic acids are produced and later on thin and thick film material and fibers are formed 
from polyamic acids. After this process the materials will be treated by heat. Polyimides are 
also worked by pressure moldings. There are different applications where the Polyimides 
beneficially can be applied. One of the important advantages of polyimide is the resistivity to 
the fast electron, Ozone and the radiations from the sun, which will be dominant by using the 
transparent Photovoltaic substrate. The resistivity to the fast electron make it possible to 
produce high voltage layers, where the voltage output from TE-layer will be designed accord-
ing to the voltage output of a photovoltaic sheet layer, where the surface area is similar to 
the thermoelectric sheet layer. By this way one of the challenges to convert the output volt-
age to a high voltage for matching the voltage of the PV sheet layer will be ignored. Im-
portant data about this process material is mentioned in the Table 3. 

 

 
Figure 7 Structure of an imide molecule. 
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Table 3 Important data of the process material. 

Description  Value  Unit 

Tensile strength at 20oC  180 MN/m2 
Thermal conductivity  0.52 W/(m·K) 
Melting point  none - 
Density at 20oC  1430 kg/m3 
Impact test/Notch test  4–8 kJ/m 
Vicat softening level  After 225 oC 
Thermal expansion coefficient  5.5×10−5 Per K 
Specific heat capacity  1.15 kJ/(kg·K) 
Dielectric constant  3.5 at 1 MHz 
Water absorption  0.32 (ASTM) 
 
Supplying commercially polyimides film sheet: There are numerous suppliers which supply 
this material. The material is modified for different application. Some of the Polyimides film 
structure have tendency to electrostatic charge on the surface especially in present of air-
flow. They can release over 9.000 Volts discharge to the components and circuit boards 
which are in contact to them. This electro discharge can damage the sensitive electronic, 
especially when a device contains programmable chips and is not earth protected.  There are 
also made many other industrial formulas to avoid such a disadvantage of polyimides films. 
The recent researches and excellent high technological industrial methods made it possible 
for researchers to make a polyimide film (Figure 8) with very low electrostatic charge at un-
wind environments. The new films overcome this problem without any of the typical draw-
backs of conventional anti-static/static-free films materials. Even this kind film is now availa-
ble with both polyethylene and cardboard tape core. The new polyimide films are used for 
PCB solder masking and high temperature application. This kind film cannot change the 
phase and be soften when the temperature raise, thus the film provides an excellent release 
surface at elevated temperatures.  

An efficient flexible TEG require that the fabrication gives possibility for a high density ther-
moelectric material with high aspect-ratio TE-legs/points placed and contacted electrically in 
series. By utilizing a flexible device design it will be possible to fabricate the TEG on polyi-
mide flexible film which is very suitable insulating substrate for higher electrical voltages. 
Furthermore a deposition technique of the printing on the film meets the requirements for 
fabrication of flexible and planar TEG devices. 

The process of dispenser printing involves the deposition of a synthesized thermoelectric ink. 
This ink can consist of different active materials in a polymer binder which normally can be 
formulated by silicon family and solvents. At this step the important factor is to optimizing 
and synthesizing an effective thermoelectric composite for printing process. One of the 
commercially available film materials is Kapton HN with a relevant data in the Table 4. 
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Figure 8 The same Polyimide films for flexible PV and TEG. 
 
 
 
 

Table 4 A commercially available film materials is Kapton HN. 

 
 

1.3.2.4.5 5th Micro layer of TVTE 
This layer is exactly the same material as the 1st layer. The bonding layer is thin and ther-
mal conductive silicon substance. The micro channel heat exchanger will be bonded to this 
layer for cooling of the flexible TE device. As mentioned in description for coating of 1st micro 
layer, the coating will be applied to the surfaces between PV substrate/layer and the TE-
substrate/layer, furthermore between the TE-layer and the micro channels surface. The di-
rect bonding process gives very good flexibility for the new sandwich device and its layers. 
Here we must take in account that the radio of the multi sandwich device flexibility is used 
when the micro channel heat exchanger will be designed as a flexible device, or as a device 
with not planar surface. The radio of the total sandwich device flexibility is zero when the 
micro channel heat exchanger is designed as a planar solid state device. The silicone bonding 
material layers which must be used for this purpose have an adhesion to steel is measured 
which is about 1.2 kg/cm2, which make it possible for mounting of the device in any position 
without using the clamping tools. 
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Figure 9 Flexible PVTEG device. 

 
 
1.3.3 Selected results 

1.3.3.1 Micro-structured heat sinks for TEG 
Figure 10 shows configuration of the heat sinks with the TEG, indicating the symmetric calcu-
lation domain that is a quarter of the TEG and heat sinks. In this numerical investigation, the 
length of the studied thermoelements is 2	mm with squared footprint area of 1	mmଶ. The dis-
tance between the thermoelements is 0.8	mm. The thickness of the ceramic substrate and the 
silver interconnectors are 0.07	mm and 0.1	mm, respectively. For better consideration of the 
effect of flow and heat transfer in the heat sink on the power generation in the TEG, the 
properties of thermoelements are taken constant in this study. The thermoelectric materials 
are Bismuth Telluride (BiଶTeଷ) with electrical resistivity and Seebeck coefficient equal to 
9.09	Ω.m and േ0.2	mV K⁄ , respectively. Thermal conductivity of the thermoelements affects the 
heat flux across the TEG module and the power generation. Therefore, three values for 
thermal conductivity of the thermoelements are considered, 0.8	W m. K⁄  [24, 25], 1.6W m. K⁄  
[26], and 2.0W m. K⁄  [27]. The ceramic substrate is Alumina (AD െ 995, Nom. 99.5%	AlଶOଷ) with 
thermal conductivity of 30	W/K.m. The interconnector is Silver with thermal conductivity of 
429	W/K.m. Linear variation of the interconnector electric resistivity with the temperature is 
	0.0038T ൅ 1.52 ൈ 10ି଼	Ω.m [28]. Water is used as the coolant fluid with the inlet temperature of 
290	K. The range of the flow inlet velocity to the microchannels is 0.01 െ 0.7	m s⁄  that produces 
Reynolds number 3.9 െ 276.3 in the PFHS and 2.2 െ 153.5 in the CCHS. Fixed temperatures 
considered for the hot junction are 350	K, 450	K and 550	K. The designed microchannels have 
the same hydraulic diameter equal to 75	μm. Table 5 presents properties of the coolant fluid 
and the heat sink used in the simulation. Furthermore, Figure 11 illustrates a screen shoot of 
the software (ANSYS) used to solve the 3-D problem of the coupled thermoelectric and heat 
sink for a sample thermoelement heat transfer conductivity and PFHS. 
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a.

 

b.

 

c.  d.  

Figure 10 Configuration of the studied TEG and heat sinks a. TEG and PFHS, b. TEG and 
CCHS, c. front view of symmetric domain of thermoelement and PFHS, d. front view of sym-

metric domain of thermoelement and CCHS. 

 

Figure 11 Screen shoot of the ANSYS software used to solve the 3-D problem of the coupled 
thermoelectric and heat sink. 

 
Table 5 Properties of the coolant fluid and the heat sink. 

Dimension kୟ୪ሺW m	K⁄ ሻ k୤ሺW m K⁄ ሻ ρ୤ሺkg mଷ⁄ ሻ μ୤ሺkg m. s⁄ ሻ c୤ሺJ kg. K⁄ ሻ 
Value 237 0.6 998.2 0.001 4182 
The thermoelectrical characteristic of the thermoelements are implemented in a three di-
mensional simulation environment and are solved by the finite element method, Mechanical, 
in conjunction with the computational fluid dynamics (CFD) simulation environment, CFX, 
that solves the thermal and fluid coupled equations in the heat sinks and in the coolant fluid. 
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To reduce the computational effort, a symmetry boundary condition is imposed, which sur-
rounds a quarter of the TEG and the heat sinks. 

The aim of computational model used in this study is to demonstrate detailed results for 3D 
temperature distribution and voltage generation in the TEG affected by the flow in the micro-
structured heat sinks. The application of the heat sinks provides realistic thermal boundary 
condition in the TEG in contrast to the commonly works on thermoelectricity, where the cold 
junction is at constant temperature. The flow temperature rises along the heat sink due to 
absorbing heat. Therefore, temperature on the cold junction of the thermoelements is not 
constant, and each thermoelement generates different voltage. However the electric poten-
tial increases in the series design of the n and p-type thermoelement, as is illustrated in Fig-
ure 12 The effect of flow temperature variation on the temperature distribution in the ther-
moelements can be seen in Figure 13 This effect is more visible at low flow velocity due to 
rapidly increase of the flow temperature along the heat sink. For better comparison, Table 6 
shows the voltage generation in the thermoelements for sample inlet velocities.  

 

Figure 12 Generation of the electric voltage, ݒ௜ ൌ 0.5 ݉ ⁄ݏ  ௛ܶ ൌ 550 ௧௘௚݇ ,ܭ ൌ 1.6	ܹ ⁄ܭ.݉ . 

 

 

Figure 13 Temperature distribution in the TEG and fins of CCHS, ݒ௜ ൌ 0.01 ݉ ⁄ݏ  ௛ܶ ൌ  ,ܭ	550
݇௧௘௚ ൌ 1.6 ܹ ⁄ܭ.݉ . 
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Table 6 Voltage generation in the thermoelements for sample inlet velocities, ௛ܶ ൌ  ,ܭ	550
݇௧௘௚ ൌ 1.6ܹ ⁄ܭ.݉ . 

v୧ሺm s⁄ ሻ voltage generation in TEG with CCHS ሺVሻ voltage generation in TEG with PFHS ሺVሻ 
TE#1 TE#2 TE#3 TE#4 TE#1 TE#2 TE#3 TE#4 

0.01 0,04542 0,04462 0,04428 0,04401 0,04765 0,04680 0,04634 0,04599 
0.10 0,05131 0,05103 0,05085 0,05067 0,05162 0,05144 0,05132 0,05120 
0.70 0,05168 0,05163 0,05160 0,05156 0,05176 0,05172 0,05171 0,05168 
 

At higher flow rate condition, the thermal performance of the PFHS is slightly superior to the 
CCHS. As discussed by Kim et al. [29], for small dimensionless required pumping power, 
log൫P୮୳୫୮ ൫μଷ ൫ρଶD୦,୤୰൯ൗ ൯⁄ ൯, and large dimensionless heat sink length, log൫Hୡ D୦,୤୰⁄ ൯, the PFHS is 
recommended. For the considered inlet velocity in this study, the dimensionless required 
pumping power is smaller than  11.35 for dimensionless heat sink length equal to 1.03, where 
the FPHS is recommended. Moreover, at low flow rate the PFHS shows much better perfor-
mance than the CCHS.  

Microchannel heat sinks contain several channels in contrast to typical heat sinks with large 
scale channels which make it difficult to achieve constant wall temperature or constant wall 
heat flux. Therefore, conjugate heat transfer effect should be accounted for the microchannel 
heat exchangers, particularly at low Reynolds number [30]. As is mentioned in previous 
works [31, 32] and as Figure 13 reveals in this study, the heat distributes in the part of the 
CCHS that no fin is designed. Therefore, thermal performance of the CCHS drops at the low 
flow inlet velocity and power generation in the TEG is less than that with PFHS. Since water 
is considered as the coolant fluid in this study, the temperature variation of the cold junction 
is limited in a small range of temperature. However suitable temperature is available on the 
cold junction due to relatively high specific heat capacity of the water. Therefore, as Figure 
14 shows, the voltage generation does not drop sharply when the flow inlet velocity decreas-
es. However, the effect of the hot junction temperature dominates in voltage generation and 
the power generation is strongly affected by temperature difference of the cold and hot junc-
tions. 

 

Figure 14 Variation of electric voltage generation and required pumping power with flow inlet 
velocity, ݇௧௘௚ ൌ 1.6 ܹ ⁄ܭ.݉ . 

 

When the system operates at high inlet velocity and low temperature difference, the net 
power of the system can be minus due to high required pumping power and small power 
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generation. Therefore as Figure 15 reveals, depending to the design of the heat sink, the 
limitation of inlet velocity needs to be considered to avoid of minus net power. On the other 
hand, with decrease of the inlet velocity the power generation reduces, however a smaller 
pumping power is required due to lower pressure drop in the heat sink. In addition, to avoid 
of vaporization of the coolant fluid, there is a lower limit for the flow inlet velocity. In be-
tween of the low and high limitations of the flow inlet velocity there is an optimal point for 
each hot junction temperature and type of heat sink that makes maximum net power in the 
TEG. When the hot junction temperature increases the maximum net power occurs at higher 
flow inlet velocity, because the increase of the voltage generation is greater for higher hot 
junction temperature compared to that for small hot junction temperature. 

 

Figure 15 Variation of thermoelectric net power with flow inlet velocity, ݇௧௘௚ ൌ 1.6	ܹ ⁄ܭ.݉ . 

 

Researchers in the field of thermoelectrics have been tried to minimize thermal conductivity 
of the thermoelectric materials in order to provide higher temperature difference and to en-
hance power generation in TEGs. However, the effect of thermal conductivity needs to be 
considered in conjunction with the heat sink. As Figure 16 shows, the thermal conductivity 
does not have strong influence on maximum value of the net power and the maximum net 
power is slightly superior for smaller thermal conductivity materials. However, applying 
smaller thermal conductivity material makes advantages of providing the maximum net pow-
er at lower inlet velocity and smaller pumping power. 

Over studied range of the flow inlet velocity, the heat transfer rate in the PFHS is higher 
compared to the CCHS and it makes higher heat flux across the TEG (Figure 16). For con-
stant hot junction temperature and thermal conductivity of thermoelectric materials, the 
higher heat flux creates higher temperature difference in the TEG and enhances the voltage 
generation. Although the required pumping power is smaller in the CCHS, the overall net 
power in the TEG with PFHS is slightly superior to that with CCHS. It should be noted that 
this evaluation is based on the particular considered microchannel dimensions, type of cool-
ant fluid and boundary conditions. 
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Figure 16 Variation of thermoelectric net power and heat flux across the TEG with flow inlet 
velocity, ௛ܶ ൌ 550  .ܭ

 

1.3.3.2 Integrated PV and TEG 
Appendix B describes in detail the developed model for PVTEG integrated model. The model-
ing of the PV-only and PVTEG is based on practical variable parameters. The results of the 
models are a function of solar radiation, ambient temperature wind speed, fill factor of the 
TEG (݂) and figure of merit of thermoelectric materials (ܼܶ). Furthermore, two special cases 
are also considered to evaluate the PVTEG model where the back surface of the PVTEG is 
isolated and an active cooling principle enhances heat transfer coefficient on the rear surface 
of PVTEG. When the PVTEG module is installed on roof of building with small roof-module 
distance we can suppose that heat transfer coefficient on the rear surface is low (ܪ௪௖ ൎ 0). 
For force convection by air the heat transfer coefficient varies 20 െ 50	ܹ ݉ଶܭ⁄ , while this 
range is 300 െ 1000	ܹ ݉ଶܭ⁄  for water. Table 7 shows the values of variable parameters in this 
project that consider over wide range of weather conditions. Among the considered variables 
௧ܩ ൌ 1000	ሺܹ ݉ଶ⁄ ሻ, ௔ܶ ൌ 285	ሺܭሻ, ௠ܸ ൌ 5	ሺ݉ ⁄ݏ ሻ, ݂ ൌ 0.6 and ܼܶ ൌ 1 are taken at reference varia-
bles. When effects of one or some variables are discussed in this project, the other variables 
are fixed at the reference values. 

Table 7 Variable parameters of the weather condition and TEG applied in this project. 
Parameters Values 
ሺܹ	௧ܩ ݉ଶ⁄ ሻ 500, 800, 1000, 2000, 5000, 10000  
௔ܶ	ሺܭሻ 270, 275, 280, 285, 290, 295, 300  
௠ܸ	ሺ݉ ⁄ݏ ሻ 1, 5, 10, 15, 20, 25, 30  
݂ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 
ܼܶ 1, 2, 3, 4 
ሺܹ	௪௖ܪ ݉ଶܭ⁄ ሻ 50, 	100, 	200, 500, 1000, 2000, 5000, 10000 
 
Power generation in the TEG strongly depends on the temperature difference between the 
cold and hot junction of the thermoelements. As (16) shows, a higher temperature difference 
makes the TEG more efficient and enhances power generation in the TEG. The impact of heat 
transfer coefficient on the rear surface of the PVTEG is small at low wind speed and cannot 
make suitable temperature difference between two junctions of the TEG. Therefore, the pow-
er generation by the TEG is too small. The heat transfer coefficient on the rear surface in-
creases with the wind speed and the power generation in the TEG enhances. The power gen-
eration by the TEG decreases at high wind speed. High heat transfer coefficient on the front 
surface of the glass cover decrease the temperature at the hot junction of the TEG and re-
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duces the power generation. However, as Figure 17 shows, the power generation by the TEG 
is not comparable with the power generation by the PV cell for low ZT. Power generation by 
the PV-only and PVTEG enhance similarly when the wind speed increases.  

 
Figure 17 Variation of the power generation by TEG, PV-Only and PVTEG with wind speed. 

 
The temperature difference between the junctions of TEG can be modified by fill factor in the 
TEG which is ratio of the thermoelements area per area of the TEG module. With increase of 
the fill factor, thermal resistance of the TEG decreases and higher amount of heat flux passes 
across the TEG. On the other hand, the temperature difference in the TEG decreases and 
reduces the efficiency of the TEG. Considering both of these effects, the results of Figure 18 
illustrates that power generation in the TEG decreases when the fill factor increases. Apart 
from the TEG power generation, when the heat flux across the TEG enhances, the tempera-
ture of the PV cell in the PVTEG model reduces which results a higher power generation by 
the PV cell. In general, the power generation in the PVTEG increases with the fill factor. 
However, this value is still lower than power generation by the PV-only. 

 

 
Figure 18 Variation of the efficiency of TEG, PV-Only and PVTEG with fill factor. 

 
The most suitable thermoelectric materials for the temperature range in the TEG are bis-
muth-telluride based materials [33] which have a ZT ൏ 1. Therefore, for current thermoelec-
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tric materials applying the TEG module to the PV cell may cause to reduce the overall electri-
cal conversion efficiency and may not be reasonable. If development of thermoelectric mate-
rials can provide higher  ZT in future, then a hybrid module of the PVTEG can enhance the 
total efficiency, as can be seen in the Figure 19.  

 
Figure 19 Variation of the efficiency of PV-Only and PVTEG with thermoelectric figure of mer-

it. 
 
Figure 20 shows variation of the radiative heat loss and the efficiency over a wide range of 
heat transfer coefficient on the rear surface of the PVTEG. Higher heat transfer on the rear 
surface affects the temperature distribution in the modules and reduces temperature on the 
PV cell. According to (16), the radiative heat loss decreases as the temperature variation 
between the PV cell and sky reduces. Since the temperature of the PV cell of the PVTEG is 
higher than that of PV-only surface due to additional thermal resistance caused by applying 
TEG, radiative heat loss from the PV-only cell is lower compared to the PVTEG. Reduction of 
the radiative loss also means that a bigger portion of the solar radiation is converted into 
electricity and the efficiency of the modules increases. Moreover as mentioned, when the 
surface temperature of the PV cell decreases its efficiency increases. Therefore, a higher heat 
transfer on the rear surface of the PVTEG leads to a higher efficiency.  

 
Figure 20 Variation of the radiative heat loss and PVTEG efficiency with heat transfer coeffi-

cient on the rear surface 
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As mentioned, efficiency of the PVTEG can enhance with higher ZT of thermoelectric materi-
als and heat transfer coefficient on the rear surface.  A 3-D view of the efficiency variation as 
shown in Figure 21 can show the limitation of the efficiency enhancement for the considered 
variables. The active cooling requires cooling power dependent to the volumetric coolant flow 
and pressure drop in the heat sink that reduces net power generation. In case of applying 
active cooling principle the cost of cooling energy needs to be evaluated. 

For the special case which the rear surface of the PVTEG is assumed insulated in order to 
simulate roof installation of the PVTEG with small roof-module distance, the temperature 
difference between the two junctions of the TEG is zero because of zero value of heat trans-
fer coefficient on the PVTEG rear surface. Therefore, the power generation by the TEG is 
zero. 

 

 
Figure 21 Variation of the efficiency of PVTEG efficiency with heat transfer coefficient on the 

rear surface and thermoelectric figure of merit. 
 
 
1.4 Utilization of project results 
The results of this project will be published in high impact international journals. The first 
journal paper will present a numerical comparison of micro-structured flat-plate and cross-
cut heat sinks applied to thermoelectric generators (Appendix A). The results of the hybrid 
model for photovoltaic cell and thermoelectric generator will be developed with adding re-
sults for historical weather conditions in sample cities in Europe (Aalborg in Denmark and 
Malaga in Spain). This journal paper, that proposes comprehensive and coupled model, pre-
sents detail information of the PVTEG module in real weather condition. Both of these topics 
are shared in the International Conference on Thermoelectrics (ICT). The results of numerical 
investigation were presented in ICT 2013, Kobe, Japan and the hybrid model is presented in 
ICT 2014, Nashville, TN, USA. The methodology representing technology of the flexible PV-
TEG module has a great potential as future proposal. This methodology offers a unique tech-
nology that is able to expand research at Department of Energy Technology at Aalborg Uni-
versity. However to submit this methodology as a patent or to consider it as future research 
activity, further issues about applied materials need to be carefully considered. 
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1.5 Project conclusion and perspective 
The configuration effects of PFHS and CCHS on the power generation, the required pumping 
power and the net power are compared in this project over a wide range of flow inlet veloci-
ty. The 3D governing equations of thermoelectricity and flow are solved, and analysis of the 
model generates detailed description of the temperature distribution, voltage generation, 
required pumping power and the net power in the TEG through realistic thermal boundary 
conditions. The results illustrates that each thermoelement generates individual voltage due 
to effect of flow temperature variation along the heat sink. In between of the low and high 
limitations of the flow inlet velocity there is an optimal point for each hot junction tempera-
ture and type of heat sink that the thermoelectric net power in the module is the maximum. 
The results also show that, the maximum net power occurs at lower flow inlet velocity when 
the hot junction temperature decreases and when the thermal conductivity of the thermoel-
ements is smaller. Thermal conductivity of thermoelectric materials does not have strong 
influence on maximum power generation for the considered heat sink geometries. The CCHS 
requires smaller pumping power but the overall net power in the TEG with PFHS is slightly 
superior to that with CCHS. 

In addition, a coupled model of hybrid photovoltaic and thermoelectric generator is devel-
oped in this study and the results are compared with a PV cell to show the performance of 
the hybrid model. The studied modules include practical and effective parameters of weather 
condition and thermoelectric generator module. 1-D temperature distribution, electric power 
generation in the thermoelectric generator and photovoltaic cell are obtained through a non-
linear set of equations and over a wide range of the variable parameters. The results illus-
trate that conversion efficiency of the hybrid PVTEG with ZT=1 is less than conversion effi-
ciency of the PV-only. However, if development of thermoelectricity can provide higher ZT 
materials in future, a hybrid module of the PVTEG can enhance the total efficiency compared 
to the PV-only case. Electrical power generation in the TEG decreases when the fill factor 
increases while the power generation in the PVTEG increases with the fill factor. For case of 
roof installation of the PVTEG with small roof-module distance, power generation by the TEG 
is zero because of zero value of temperature difference between the two junctions of TEG. 

As mentioned, the results of this project show that a hybrid module of PVTEG cannot im-
prove the total efficiency compared to the PV-only cell. Therefore, this project will not focus 
on the integration of the conventional PV cells and TEGs for future work. The results of the 
hybrid model also show that, when the solar radiation is concentrated on the PV cell, the 
PVTEG module has better performance compared to the PV-only cell because higher heat flux 
across the TEG and temperature difference between the cold and hot junctions is available. 
Therefore, integration of CPV with TEGs can offer a promising offer to increase efficiency of 
harvesting solar radiation. The concentrated level can be up to 1000 suns with consideration 
of temperature limitation on the CPV cell and in the TEG module. When this project consorti-
um have shared the results of this project in the ICT conferences with other active institutes 
in the field of thermoelectricity and photovoltaics in Denmark and Europe to invite them to 
collaborate for project proposals on hybrid CPV and TEG systems, feedbacks on this idea 
were remarkable and there are great interests to join to the project association for further 
research activities considering CPV-TEG. 

 

 
1.6 Updating Financial Appendix and submitting the final report 
 
The Financial report of this project is already submitted to Ms. Inger Pihl Byriel (E-mail: 
ipb@energinet.dk). Moreover, the Financial Appendix (Appendix C1 and Appendix C2) is at-
tached with this project report as well.  



 

 25 

 
 

 

 

References 

[1] A. Rezania, L.A. Rosendahl, H. Yin, Parametric optimization of thermoelectric elements 
footprint for maximum power generation, Journal of Power Sources 255 (2014) 151-156. 

[2] E.M. Dede, Y. Liu, Experimental and numerical investigation of a multi-pass branching 
microchannel heat sink, Applied Thermal Engineering 55 (2013) 51-60. 

[3] M. Reyes, J.R. Arias, A. Velazquez, J.M. Vega, Experimental study of heat transfer and 
pressure drop in micro-channel based heat sinks with tip clearance, Applied Thermal Engi-
neering 31 (2011) 887-893. 

[4] A. Rezania, L.A. Rosendahl, S.J. Andreasen, Experimental investigation of thermoelectric 
power generation versus coolant pumping power in a microchannel heat sink, International 
Communications in Heat and Mass Transfer 39 (2012) 1054-1058. 

[5] A. Rezania, K. Yazawa, L.A. Rosendahl, A. Shakouri, Co-optimized design of microchannel 
heat exchangers and thermoelectric generators, International Journal of Thermal Sciences 72 
(2013) 73-81. 

[6] Yu. Vorobiev, J. Gonza´lez-Herna´ndez, P. Vorobiev, L. Bulat, Thermal-photovoltaic solar 
hybrid system for efficient solar energy conversion, Solar Energy 80 (2006) 170-176. 

[7] A. Muhtaroglu, A. Yokochi, A. von Jouanne, Integration of thermoelectrics and photovol-
taics as auxiliary power sources in mobile computing applications Journal of Power Sources 
177 (2008) 239-246. 

[8] Hybrid power systems, www.redhawkenergy.net. 

[9] Micropelt thin film thermoelectrics, www.micropelt.com 

[10] E.A. Cha´vez-Urbiola, Yu.V. Vorobiev, L.P. Bulat, Solar hybrid systems with thermoelec-
tric generators, Solar Energy 86 (2012) 369-378. 

[11] M. Mizoshiri, M. Mikami, K. Ozaki, Thermal–photovoltaic hybrid solar generator using 
thin-film thermoelectric modules, Japanese Journal of Applied Physics 51 (2012) 06FL07, 1-
5. 

[12] N. Wang, L. Han, H. He, N.H. Parkb K. Koumoto, A novel high-performance photovolta-
ic–thermoelectric hybrid device, Energy Environ. Sci. 4, (2011) 3676-3679. 

[13] L.D. Landau, E.M. Lifshitz, Electrodynamics of continuous media, 2nd Edition, Butter-
worth-Heinemann, Oxford (1984). 

[14] E.E. Antonova, D.C. Looman, Finite elements for thermoelectric device analysis in 
ANSYS, 24th International Conference on Thermoelectrics (2005) 215- 218. 

[15] F.J. Lesage, É.V. Sempels, N. Lalande-Bertrand, A study on heat transfer enhancement 
using flow channel inserts for thermoelectric power generation, Energy Conversion and Man-
agement 75 (2013) 532-541. 

[16] M.I. Hasan, Investigation of flow and heat transfer characteristics in micro pin fin heat 
sink with nanofluid, Applied Thermal Engineering 63 (2014) 598-607. 

[17] G. Notton, C. Cristofari, M. Mattei, P. Poggi, Modelling of a double-glass photovoltaic 
module using finite differences. Applied Thermal Engineering 25 (2005) 2854–2877. 



 

 26 

[18] D.L. Evans, Simplified method for predicting photovoltaic array output. Solar Energy 27 
(1981) 555–560. 

[19] E. Skoplaki, J.A. Palyvos, On the temperature dependence of photovoltaic module elec-
trical performance: A review of efficiency/power correlations, Solar Energy 83 (2009) 614–
624. 

[20] D.L. Evans, L.W. Florschuetz, Terrestrial concentrating photovoltaic power system stud-
ies. Solar Energy 20 (1978) 37–43. 

[21] J.A. Palyvos, A survey of wind convection coefficient correlations for building envelope 
energy systems’ modeling, Applied Thermal Engineering 28 (2008) 801–808. 

[22] W.H. McAdams, Heat Transmission, third ed., McGraw-Hill Kogakusha, Tokyo, Japan, 
1954, p. 249. 

[23] L.L. Baranowski, G.J. Snyder, and E.S. Toberer, Effective thermal conductivity in ther-
moelectric materials, J. Appl. Phys. 113 (2013) 204904. 

[24] J.J. Shen, Z.Z. Yin, S.H. Yang, C. Yu, T.J. Zhu, X.B. Zhao, Improved thermoelectric per-
formance of p-type bismuth antimony telluride bulk alloys prepared by hot forging, Journal of 
Electronic Materials, 40 (2011) 1095-1099. 

[25] L.P. Hu, X.H. Liu, H.H. Xie, J.J. Shen, T.J. Zhu, X.B. Zhao, Improving thermoelectric 
properties of n-type bismuth–telluride-based alloys by deformation-induced lattice defects 
and texture enhancement, Acta Materialia 60 (2012) 4431-4437. 

[26] J.P. Fleurial, L. Gailliard, R. Tribouler, H. Scherrer, S. Scherrer, Thermal properties of 
high quality single crystals of bismuth telluride-part i: experimental characterization, Journal 
of Physics and Chemistry of Solids, 49 (1988) 1237-1247. 

[27] S. Ganguly, C. Zhou, D. Morelli, J. Sakamoto, C. Uher, S.L. Brock, Synthesis and evalu-
ation of lead telluride/bismuth antimony telluride nanocomposites for thermoelectric applica-
tions, Journal of Solid State Chemistry 184 (2011) 3195-3201. 

[28] R.A. Serway, Principles of Physics, 2nd ed., Fort Worth, Texas; London: Saunders Col-
lege Publishing (1998) 602. 

[29] T.Y. Kim, S.J. Kim, Fluid flow and heat transfer characteristics of cross-cut heat sinks, 
International Journal of Heat and Mass Transfer 52 (2009) 5358-5370. 

[30] M. Chen, L.A. Rosendahl, T. Condra, A three-dimensional numerical model of thermoe-
lectric generators in fluid power systems, International Journal of Heat and Mass Transfer 54 
(2011) 345-355. 

[31] A. Rezania, L.A. Rosendahl, New configurations of micro plate-fin heat sink to reduce 
coolant pumping power, Journal of Electronic Materials 41 (2012) 1298-1304. 

[32] Shan Yin, King Jet Tseng, Jiyun Zhao, Design of AlN-based micro-channel heat sink in 
direct bond copper for power electronics packaging, Applied Thermal Engineering 52 (2013) 
120-129. 

[33] G.J. Snyder, E.S. Toberer, Complex thermoelectric materials, Nature Materials, 7 Febru-
ary (2008). 



 

 

 

 

 

Appendix A 
 

Manuscript 1 

 

 

 

A comparison of micro-structured flat-plate and cross-cut 
heat sinks for thermoelectric generators 

 

 

A. Rezania, L.A. Rosendahl 

 

 

 

 

To be submitted to an international journal 

 



1 
 

A comparison of micro-structured flat-plate and cross-cut heat 

sinks for thermoelectric generators 

A. Rezania, L.A. Rosendahl 

Department of Energy Technology, Aalborg University, DK-9220 Aalborg, Denmark 

 

Abstract 

The configuration of heat sink has a strong influence on the power generation and net power in 

thermoelectric generators (TEGs). In this study, a micro-structured plate-fin heat sink (PFHS) is 

compared to a modified design of cross-cut heat sink (CCHS) applied to the TEG. The Power 

generation in the TEG and the required pumping power in the heat sinks are considered over a range of 

hot junction temperature and thermal conductivity of the thermoelectric materials. The particular focus 

of this study is to enhance the net power in the TEG module. The three-dimensional governing 

equations for the flow and the heat transfer are solved using the computational fluid dynamics (CFD) 

simulation environment in conjunction with thermoelectric characteristics of the TEG over a wide 

range of flow inlet velocity. The results, which are in good agreement with the previous studies, show 

that for a particular type of coolant fluid and dimensions of microchannel the maximum net power in 

the TEG with PFHS is slightly superior to that with CCHS. 

Keywords: Thermoelectric generator, plate-fin heat sink, cross-cut heat sink, maximum net power. 

 

1. Introduction 

Micro-scale single-phase heat transfer has been widely used in industrial and scientific applications [1]. 

Using micro-structured heat sinks provides low weight and compact energy system, compared to the 

conventional types of heat sinks and increases modularity of the power system. This type of heat sink 

has been interest of researchers for configuration optimization. To decreases the peak temperature and 

thermal conductance in a microchannel heat sink, Adewumi et al. [2] presented a three-dimension 

numerical study of an integrated design with micro pin fin inserts. 
                                                            
 Corresponding author: Alireza Rezania. E‐mail: alr@et.aau.dk 
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Nomenclature Greek symbols 
ߙ  footprint area, mଶ ܣ Seebeck coefficient, V/K 
.dynamic viscosity, N ߤ ୦,୤୰ hydraulic diameter of heat sink frontal area, mܦ s mଶ⁄  
ܿ specific heat capacity, J kg. K⁄  Peltier coefficient, V ߎ  
fluid density, kg ߩ length, m ܪ mଷ⁄  
ߪ electric current density, A/mଶ ܬ electrical conductivity, S/m 
݇ thermal conductivity, W/m.K ߮ electric scalar potential, V 
ሶ݉  mass flow rate, kg s⁄  Subscripts 
݊ number of uni-couples al aluminum 
Nu Nusselt number c channel 
ܲ power, W cc cross-cut 
 pressure, Pa f coolant fluid ݌
ܳ absorbed heat, W h hot junction 
heat flux across TEG, W/mଶ i ݍ inlet 
ሶݍ  heat generation rate per unit volume, W/mଷ n n-type thermoelement 
ܴ internal electrical resistance, Ω net net 
ܴ݁  Reynolds number max maximum 
ܶ  temperature, K o outlet 
∆ܶ  temperature difference, K p p-type thermoelement 
ሬܸԦ velocity vector, m/s pump pump 
 velocity, m/s teg ݒ thermoelectric generator 
ܹ volumetric flow rate, mଷ s⁄  w  wall 
  width, m ݓ  
  distance from channel inlet, m ݔ  
 

Beside the thermal resistance consideration, the pressure drop is an important factor for optimization of 

the micro-structured heat sink design, where the performance of the system depends on the required 

pumping power [3, 4]. Chai et al. [5] proposed a newly microchannels with periodic expansion–

constriction cross section that enhance the average Nusselt number and reduce thermal resistance of the 

heat sink. Pressure drop in the newly microchannels is lower compared to that in the flat plate 

microchannels at low Reynolds numbers. The results of a study by Shafeie et al. [6] indicate that for the 

same required pumping powers, the heat removal of the microchannel heat sink is higher than that in 

pin finned heat sink at high and medium range of required pumping power ( ୮ܲ ൐ 0.5	W). However in 

low pumping power, the pin finned heat sink performs slightly better. 

Micro-structured heat sinks have been recently applied in the thermoelectric generators (TEGs) [7, 8]. 

TEGs, which convert heat energy to electrical power by means of semiconductor charge carriers due to 

temperature difference, have been of great interest to the energy research community in recent years. A 

key factor in TEG systems is co-optimization of the TEG design with its heat sink, where a challenge is 
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to design and develop of effective heat exchanger. The maximum power generation in the TEG can be 

enhanced with applying effective heat sink. For instance, heat transfer coefficient on the cold junction 

of the TEG can affect the optimal design of the thermoelements, where the maximum power generation 

occurs at larger ratio of the thermoelements foot print area as the heat transfer coefficient increases [9]. 

Zhou et al. [10] revealed that parallel flows in the hot and cold heat exchangers lead to greater overall 

efficiency in the TEG compared to that of the counter flows.  

In TEG systems, maximization of net thermoelectric power is more important than enhancement of the 

power generation. Jang et al. [11] explored optimal fin height of Plate-fin heat sink (PFHS) to 

maximize the net power density in TEGs. Lesage et al. [12] studied heat transfer enhancement in TEGs 

using flow channel inserts in the both cold and hot side heat exchangers. Although the pressure drop 

increases by the tabulating inserts, they showed that the net power generation enhances for a range of 

temperature difference. The net power generation is defined as power generation by the TEG minus 

required pumping power in the heat sink. 

The temperature distribution in the thermoelements is strongly affected by the flow and heat transfer in 

the heat sink [13, 14]. Variation of temperature distribution in the heat exchanger causes different 

temperature distribution in the thermoelements [15]; so that each thermoelement shows particular 

electrical and thermal behavior, and produces different voltage generation compared to other 

thermoelements in the module. Higher voltage can be generated in the TEG if the temperature 

difference of the hot and cold junctions increases by reduction of thermal resistance of the heat sink. 

One way to reduce the thermal resistance is to enhance the convective heat transfer coefficient by 

increase of the mass flow rate in the channels. On the other hand, for a given channel hydraulic 

diameter, when the mass flow rate increases the required pumping power increases due to rapidly 

increase of the pressure drop in the channel. High mass flow rate may require higher pumping power 

than the power generation by the TEG and can cause negative net power in the system [16]. The 

optimal mass flow rate can be explored at a practical limit on the available required pumping power by 

maximizing power generation in the TEG [7]. 

Pin-fin heat sink and flat-plate heat sinks (PFHSs) have been widely used in industrial applications due 

to their advantages. Kim et al. [17] found that to determine the effective type of heat sink between the 

PFHS and pin-fin heat sink, both of the required pumping power and the length of heat sink should be 
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considered. Because of advantage of redeveloping region, the pin-fin heat sink can provide high heat 

transfer rate [18]. On the other hand, the advantages of PFHS are easy fabrication and small pressure 

drop [19]. At high required pumping power and small length of the heat sink the pin-fin heat sink is 

recommended, while in small range of pumping power and at large heat sink length the PFHS has 

better performance. Moreover, it is revealed that, in the middle region of the required pumping power 

and heat sink length, the cross-cut heat sink (CCHS) is superior depending on its cross-cut length [20]. 

a.  b.  

c.  d.  

Fig. 1 Configuration of the studied TEG and heat sinks a. TEG and PFHS, b. TEG and CCHS, c. front view of 
symmetric domain of thermoelement and PFHS, d. front view of symmetric domain of thermoelement and 

CCHS. 
 

In this study, the effectiveness of a PFHS and a CCHS are compared for reduction of the required 

pumping power and for maximization of the net power generation. This study is part of an on-going 

effort to optimize the thermal performance in TEG systems, where new configurations of micro-

structured PFHS where recommended [21] to reduce the required coolant pumping power. In contrast 
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to the previous study, a modified design of the fins under the thermoelements is considered, where this 

design makes a CCHS for the TEG module. The fluid and thermal characteristics in the heat sinks and 

the TEG are considered over a wide range of mass flow rate in laminar regime by computational 

methods. Considering the maximum net power in the system, the required pumping power in the heat 

sinks is discussed versus the power generation in the TEG for different thermal conductivity of the 

Bismuth Telluride based thermoelements and imposed hot junction temperatures. Fig. 1 shows 

configuration of the heat sinks with the TEG, indicating the symmetric calculation domain that is a 

quarter of the TEG and heat sinks. 

 

2. Governing equations 

The effect of radiation and natural convection heat transfer are neglected in this study and the surfaces 

exposed to the surroundings are assumed to be insulated.  

 

2.1 Thermoelectric generator 

Under steady-state condition, the electric field is irrotational and the well-known coupled equations of 

thermoelectric constitutive [22] including both the heat flow and the continuity of electric charge 

equations are [23]:  

The maximum power generation by the TEG occurs at the matched load, where the internal electrical 

resistance of the uni-couple is equal to the imposed electrical load resistance [12]: 

The internal resistance of the TEG in (3) is as follows [9]: 

ܴ ൌ ݊ ൈ ൫ܴ୬ ൅ ܴ୮൯ ൌ ݊ ൈ ൥൬ߪ୬
୬ܣ
୬ܪ
൰
ିଵ

൅ ቆߪ୮
୮ܣ
୮ܪ
ቇ
ିଵ

൩. (4) 

.ߘ ሺሾߎሿ. ሻܬ െ .ߘ ൫ൣ݇୲ୣ୥൧. ൯ܶߘ ൌ ሶݍ , (1) 

.ߘ ሺሾߪሿ. ሾߙሿ. ሻܶߘ ൅ .ߘ ሺሾߪሿ. ሻ߮ߘ ൌ 0. (2) 

୲ܲୣ୥ି୫ୟ୶ ൌ
ሺߙ∆ܶሻଶ

4ܴ
. (3) 
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In this study, the length of the studied thermoelements is 2	mm with squared footprint area of 1	mmଶ. 

The distance between the thermoelements is 0.8	mm. The thickness of the ceramic substrate and the 

silver interconnectors are 0.07	mm and 0.1	mm, respectively. 

For better consideration of the effect of flow and heat transfer in the heat sink on the power generation 

in the TEG, the properties of thermoelements are taken constant in this study. The thermoelectric 

materials are Bismuth Telluride (BiଶTeଷ) with electrical resistivity and Seebeck coefficient equal to 

9.09	Ω.m and േ0.2	mV K⁄ , respectively. Thermal conductivity of the thermoelements affects the heat 

flux across the TEG module and the power generation. Therefore, three values for thermal conductivity 

of the thermoelements are considered, 0.8	W m.K⁄  [24, 25], 1.6W m.K⁄  [26], and 2.0W m.K⁄  [27]. 

The ceramic substrate is Alumina (AD െ 995,Nom. 99.5%	AlଶOଷ) with thermal conductivity of 

30	W/K.m. The interconnector is Silver with thermal conductivity of 429	W/K.m. Linear variation of 

the interconnector electric resistivity with the temperature is 	0.0038T ൅ 1.52 ൈ 10ି଼	Ω.m [28]. 

 

2.2 Heat sink 

To calculate distribution of velocity and temperature for laminar and incompressible flow in the heat 

sinks the following continuity, momentum and energy equations are solved [29]: 

.׏ ሬܸԦ ൌ 0, (5) 

.׏୤൫ሬܸԦߩ ሬܸԦ൯ ൌ െ݌׏ ൅ ଶ׏୤ߤ ሬܸԦ, (6) 

.୤ܿ୤൫ሬܸԦߩ ൯ܶ׏ ൌ ݇୤׏ଶܶ. (7) 

The rate of heat removal from the heat sink to the coolant flow is: 

ܳ ൌ ሶ݉ ܿ୤ሺ ୭ܶ െ ୧ܶሻ. (8) 

The required pumping power for the flow is related to the pressure drop and the volumetric flow rate in 

the heat sinks and can be calculated as follows: 

୮ܲ୳୫୮ ൌ Δ(8) .ܹ݌ 
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The pressure drop in the heat sink is an important factor that influences net power of the module. The 

net power supplied by the TEG is the power generation by the TEG minus the required pumping 

power. 

୬ܲୣ୲ ൌ ୲ܲୣ୥ െ ୮ܲ୳୫୮. (9) 

Water is used as the coolant fluid with the inlet temperature of 290	K. The range of the flow inlet 

velocity to the microchannels is 0.01 െ 0.7	m s⁄  that produces Reynolds number 3.9 െ 276.3 in the 

PFHS and 2.2 െ 153.5 in the CCHS. Fixed temperatures considered for the hot junction are 350	K, 

450	K and 550	K. The designed microchannels have the same hydraulic diameter equal to 75	μm. 

Table 1 presents properties of the coolant fluid and the heat sink used in the simulation. 

 

Table 1 Properties of the coolant fluid and the heat sink. 
Dimension ݇ୟ୪ሺW m K⁄ ሻ ݇୤ሺW m K⁄ ሻ ߩ୤ሺkg mଷ⁄ ሻ ߤ୤ሺkg m. s⁄ ሻ ܿ୤ሺJ kg. K⁄ ሻ 

Value 237 0.6 998.2 0.001 4182 

 

The thermoelectrical characteristic of the thermoelements are implemented in a three dimensional 

simulation environment and are solved by the finite element method, Mechanical, in conjunction with 

the computational fluid dynamics (CFD) simulation environment, CFX, that solves the thermal and 

fluid coupled equations in the heat sinks and in the coolant fluid. To reduce the computational effort, a 

symmetry boundary condition is imposed, which surrounds a quarter of the TEG and the heat sinks. 

 

3. Validation 

For validation, the results in this study are compared to results of previous 3D numerical models. 

 

3.1. Thermoelectric generation 

The thermoelectric power generation in this study is compared with a coupled thermoelectric model 

with 127 uni-couple to the common CFD simulator FLUENT through a user defined function 

introduced by Chen et al. [30] that is justified by experimental results. The length of thermoelements is 

1.6	mm with cross section area of 1.4 ൈ 1.4	mmଶ, and the linear load resistance equal to 3.4	Ω. 
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Moreover, the power generation in this study is compared with a set of ANSYS couple-field elements 

[23]. Compared to the previous studies, the maximum difference in power generation is 14.2	%, and it 

happens at  temperature different 40	K. Fig. 2 illustrates good agreement between simulated power 

generation in this study and the previous studies [23, 30]. 

 

 

Fig. 2 Comparison of power generation in the TEG module compared to ref [23] and ref [30]. 
 

3.2. Heat sinks 

The thermal characteristic of the PFHS is validated with the numerical investigation by Chen et al. [31] 

with the same geometrical details. Fig. 3 shows variation of the circumferential Nusselt number along 

the PFHSs with the same geometrical details and boundary conditions. Moreover, thermal resistance of 

the CCHS is compared to results of [20] that consider characteristics of CCHSs. The comparison of the 

thermal resistance is revealed by Fig. 3 over a range of Reynolds number, where the maximum 

difference in thermal resistance is 13.8% at Re ൌ 924. The difference at the smallest input of Reynolds 

number (Re ൌ 400), which is closer to the considered condition in this study, is 0.9%. The results of 

this study are in good agreements with two other studies confirmed by Experimental data. 
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Fig. 3 Comparison of the Nusselt number in the PFHS with ref [31] (ݒ୧ ൌ 3 m s⁄  ୧ܶ ൌ 293.15	K, ݍ ൌ
30	W cmଶ⁄ ), and comparison of the thermal resistance of CCHS with ref [20] (ݓୡ ൌ 1.5	mm,ݓ୵ ൌ 1 mm, 

ୡୡܪ ൌ 5 mm). 
 

4. Results 

The aim of computational model used in this study is to demonstrate detailed results for 3D 

temperature distribution and voltage generation in the TEG affected by the flow in the micro-structured 

heat sinks. The application of the heat sinks provides realistic thermal boundary condition in the TEG 

in contrast to the commonly works on thermoelectricity, where the cold junction is at constant 

temperature. The flow temperature rises along the heat sink due to absorbing heat. Therefore, 

temperature on the cold junction of the thermoelements is not constant, and each thermoelement 

generates different voltage. However the electric potential increases in the series design of the n and p-

type thermoelement, as is illustrated in Fig. 4 The effect of flow temperature variation on the 

temperature distribution in the thermoelements can be seen in Fig. 5 This effect is more visible at low 

flow velocity due to rapidly increase of the flow temperature along the heat sink. For better 

comparison, Table 2 shows the voltage generation in the thermoelements for sample inlet velocities.  
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Fig. 4 Generation of the electric voltage, ݒ୧ ൌ 0.5 m s⁄  ୦ܶ ൌ 550 K, ݇୲ୣ୥ ൌ 1.6	W m. K⁄ . 
 

 

Fig. 5 Temperature distribution in the TEG and fins of CCHS, ݒ୧ ൌ 0.01 m s⁄  ୦ܶ ൌ 550	K, ݇୲ୣ୥ ൌ 1.6 W m.K⁄ . 
 
Table 2 Voltage generation in the thermoelements for sample inlet velocities, ୦ܶ ൌ ୲ୣ୥݇ ,ܭ	550 ൌ 1.6W m. K⁄ .  

୧ሺmݒ s⁄ ሻ voltage generation in TEG with CCHS ሺVሻ voltage generation in TEG with PFHS ሺVሻ 
 4#ܧܶ 3#ܧܶ 2#ܧܶ 1#ܧܶ 4#ܧܶ 3#ܧܶ 2#ܧܶ 1#ܧܶ

0.01 0,04542 0,04462 0,04428 0,04401 0,04765 0,04680 0,04634 0,04599 
0.10 0,05131 0,05103 0,05085 0,05067 0,05162 0,05144 0,05132 0,05120 
0.70 0,05168 0,05163 0,05160 0,05156 0,051760 0,05172 0,05171 0,05168 
 

At higher flow rate condition, the thermal performance of the PFHS is slightly superior to the CCHS. 

As discussed by Kim et al. [20], for small dimensionless required pumping power, 

log൫P୮୳୫୮ ൫μଷ ൫ρଶD୦,୤୰൯ൗ ൯⁄ ൯, and large dimensionless heat sink length, log൫ܪୡ D୦,୤୰⁄ ൯, the PFHS is 

recommended. For the considered inlet velocity in this study, the dimensionless required pumping 
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power is smaller than  11.35 for dimensionless heat sink length equal to 1.03, where the FPHS is 

recommended. Moreover, at low flow rate the PFHS shows much better performance than the CCHS.  

Microchannel heat sinks contain several channels in contrast to typical heat sinks with large scale 

channels which make it difficult to achieve constant wall temperature or constant wall heat flux. 

Therefore, conjugate heat transfer effect should be accounted for the microchannel heat exchangers, 

particularly at low Reynolds number [32]. As is mentioned in previous works [21, 33] and as Fig. 5 

reveals in this study, the heat distributes in the part of the CCHS that no fin is designed. Therefore, 

thermal performance of the CCHS drops at the low flow inlet velocity and power generation in the 

TEG is less than that with PFHS. Since water is considered as the coolant fluid in this study, the 

temperature variation of the cold junction is limited in a small range of temperature. However suitable 

temperature is available on the cold junction due to relatively high specific heat capacity of the water. 

Therefore, as Fig. 6 shows, the voltage generation does not drop sharply when the flow inlet velocity 

decreases. However, the effect of the hot junction temperature dominates in voltage generation and the 

power generation is strongly affected by temperature difference of the cold and hot junctions (3). 

 

Fig. 6 Variation of electric voltage generation and required pumping power with flow inlet velocity, ݇୲ୣ୥ ൌ
1.6 W m.K⁄ . 

 

When the system operates at high inlet velocity and low temperature difference, the net power of the 

system can be minus due to high required pumping power and small power generation. Therefore as 

Fig. 7 reveals, depending to the design of the heat sink, the limitation of inlet velocity needs to be 
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considered to avoid of minus net power. On the other hand, with decrease of the inlet velocity the 

power generation reduces, however a smaller pumping power is required due to lower pressure drop in 

the heat sink (8). In addition, to avoid of vaporization of the coolant fluid, there is a lower limit for the 

flow inlet velocity. In between of the low and high limitations of the flow inlet velocity there is an 

optimal point for each hot junction temperature and type of heat sink that makes maximum net power 

in the TEG. When the hot junction temperature increases the maximum net power occurs at higher flow 

inlet velocity, because the increase of the voltage generation is greater for higher hot junction 

temperature compared to that for small hot junction temperature. 

 

Fig. 6 Variation of thermoelectric net power with flow inlet velocity, ݇୲ୣ୥ ൌ 1.6	W m. K⁄ . 
 

Researchers in the field of thermoelectrics have been tried to minimize thermal conductivity of the 

thermoelectric materials in order to provide higher temperature difference and to enhance power 

generation in TEGs. However, the effect of thermal conductivity needs to be considered in conjunction 

with the heat sink. As Fig. 8 shows, the thermal conductivity does not have strong influence on 

maximum value of the net power and the maximum net power is slightly superior for smaller thermal 

conductivity materials. However, applying smaller thermal conductivity material makes advantages of 

providing the maximum net power at lower inlet velocity and smaller pumping power. 

Over studied range of the flow inlet velocity, the heat transfer rate in the PFHS is higher compared to 

the CCHS and it makes higher heat flux across the TEG (Fig. 8). For constant hot junction temperature 

and thermal conductivity of thermoelectric materials, the higher heat flux creates higher temperature 
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difference in the TEG and enhances the voltage generation. Although the required pumping power is 

smaller in the CCHS, the overall net power in the TEG with PFHS is slightly superior to that with 

CCHS. It should be noted that this evaluation is based on the particular considered microchannel 

dimensions, type of coolant fluid and boundary conditions. 

 

Fig. 8 Variation of thermoelectric net power and heat flux across the TEG with flow inlet velocity, ୦ܶ ൌ 550 K. 
 

5. Conclusions 

The configuration effects of PFHS and CCHS on the power generation, the required pumping power 

and the net power are compared in this study over a wide range of flow inlet velocity. The 3D 

governing equations of thermoelectricity and flow are solved, and analysis of the model generates 

detailed description of the temperature distribution, voltage generation, required pumping power and 

the net power in the TEG through realistic thermal boundary conditions. The results illustrates that each 

thermoelement generates individual voltage due to effect of flow temperature variation along the heat 

sink. In between of the low and high limitations of the flow inlet velocity there is an optimal point for 

each hot junction temperature and type of heat sink that the thermoelectric net power in the module is 

the maximum. The results also show that, the maximum net power occurs at lower flow inlet velocity 

when the hot junction temperature decreases and when the thermal conductivity of the thermoelements 

is smaller. Thermal conductivity of thermoelectric materials does not have strong influence on 

maximum power generation for the considered heat sink geometries. The CCHS requires smaller 

pumping power but the overall net power in the TEG with PFHS is slightly superior to that with CCHS. 
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