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Abstract: - A large part of solar irradiation is lost in different forms in the photovoltaic system hybridized with 
a TEG thermoelectric generator. This is disadvantageous for the best contribution of the TEG generator. The 
losses occur mainly on the front and rear of the PV-TEG hybrid system. They are usually radiation losses, 
natural convection losses, and forced convection losses due to the wind. In this paper, we studied the 
interaction of these different losses in both faces of the hybrid system according to different environmental 
factors such as solar radiation, ambient temperature, and wind speed. This study concerns two types of PV-
TEG hybrid systems, the PV-TEG system with an optical concentrator and the one without an optical 
concentrator. It aims to determine the influence of environmental factors on these different losses and also to 
determine the dominant losses in both types of the PV-TEG hybrid system. The determination of the dominant 
losses and the estimation of their quantity makes it possible to make decisions for the optimization of these two 
hybrid systems, by adding solutions to reduce these dominant losses and transferring it towards the 
thermoelectric generator so that it can generate more electric power, and by avoiding that, these solutions 
strongly influence the performance of these two hybrid systems. For this purpose, an appropriate model is 
developed which includes all these losses.  

  

Key-Words: - Photovoltaic, Thermoelectric, solar energy, thermal energy, Hybrid system, energy recovery, 
wasted energy, thermal losses. 
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1   Introduction 
Science has proven the possibility of using solar 
energy by converting it into useful energy that 
humanity can benefit from. Attention has shifted to 
using solar energy; as it is characterized by its 
cleanliness and environmental friendliness, since it 
does not adversely affect the environment. Designed 
photovoltaic cells (PV cells) are renowned for their 
ability to convert incident solar radiation directly 
into electric power. In spite of this, an enormous 
portion of incident radiation is turned into dissipated 
heat instead of being converted into electric power 
by PV cells, [1]. 

To increase solar radiation conversion into 

useful power, PV cells are usually mixed with other 
systems, [2].  Among the ideas that have been 
applied to PV cells is to harness the induced heat by 
making it useful. For example, research papers have 
been conducted on the applicability of 
thermoelectric devices (TEG) to render the amount 
of heat produced by PV cells useful by turning it 
into additional power, [3]. When a TEG device is 
affixed behind the PV cell, its upper side 
temperature differs from that of its lower side due to 
the produced heat, this produces an electrical 
potential difference, [4].  

In literature, research papers have been aimed 
study at studying the efficacy of combining a PV 
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system with a TEG device [5], [6], [7]. The 
researchers in [5] have made a TEG devise behind 
the PV cell and determined its efficiency in 
converting solar radiation into electrical power. The 
results of this study [5] showed that the ability of the 
PV-TEG composed system to convert solar energy 
has improved by 23% compared to a single PV 
panel. Other work [6] also reached positive results, 
by confirming a 10% improvement in the efficiency 
of the PV-TEG composed system in converting solar 
energy into electrical energy. The dye-sensitized 
(DSSC) cell was used in the PV-TEG composed 
system for this work [6] as a PV cell. 

Also, to raise the efficacy of this PV-TEG 
composed system in producing electrical energy, 
efforts have been made to make improvements to it. 
Whereas, the researchers in [7] added an inserted 
selective absorber between the DSSC cell and the 
TEG device, which led to a 13% improvement in 
efficiency.  

To augment the electrical power of the PV-TEG 
composed system with Si cells, the researchers in 
the paper [8] added water pipelines to cool the TEG 
underside. They found that the electrical power 
produced by the new PV-TEG composed system 
increased by 30% if we compare it with that of the 
Si cells working alone under the same conditions. A 
different design was made by the researchers in [9], 
in which they placed a heat-pipe-based under a set 
of PV cells to cool it down and also to supply the 
TEG underside with the heat drawn. The new design 
showed an additional improvement compared to the 
same PV cells working alone. 

The authors of [10] studied the effect of 
parameters on the PV-TEG composed system, i.e., 
PV cell current, radiation, and TEG structural 
parameters. The work elaborated in [10] also 
concluded that the performance of the PV-TEG 
composed system is advantageous compared to the 
PV cell working alone. The results confirm that the 
PV-TEG composed system with si-cell as a PV cell 
is advantageous compared to the same PV cell 
working without an additional system. 

Another idea that has been tested theoretically 
and experimentally on the PV-TEG composed 
system is based on the use of a spectrum splitter, 
[11], [12], [13], [14], [15], [16], [17]. The 
technology is mainly based on dividing the 
incoming solar radiation into short wavelengths that 
are transmitted to the PV cell while the long 
wavelengths are reflected on the TEG device. This 
technique has shown its potential to improve the 
efficacy of the PV-TEG composed system, [12]. 

To increase the electric power of the PV-TEG 
composed system, a concentrator for the incoming 

solar radiation has been adopted by several 
researches, [18], [19], [20], [21]. The results 
revealed that the PV-TEG composed system with a 
solar concentrator could provide more electrical 
power compared to a CPV cell without a TEG 
device, [18]. 

Authors in [22], [23] built a novel PV-PCM-
TEG composed system with phase-changing 
material PCM. The results proved that adding PCM 
to the PV-TEG composed system improved its 
performance. 

All the mentioned studies mainly focus on the 
electrical power produced and on the efficiency 
along with optimization of the PV-TEG hybrid 
system composed of PV and TEG devices. 
Nevertheless, the analysis of energy losses that 
occur in PV-TEG composed systems has not 
attracted interest. Besides, identifying all types of 
losses, their percentage and quantity, which are as 
follows: radiation loss, forced convection loss, and 
natural convection loss. These energy losses that 
take place on the upper and lower sides of the PV-
TEG composed system were incorporated into the 
mathematical model of our study.  

Our previous paper [24], it was shown that 
meteorological variables can affect the ability of the 
PV-TEG composed system to generate power, which 
are wind, ambient temperature, and solar radiation. 
Thus, the wasted energy must be studied by 
changing these climatic factors. This will allow us to 
observe the change of each type of loss occurring 
and to identify the dominant loss and the conditions 
and causes of its dominance.  

Our study gives a deep vision the wasted energy 
in the PV-TEG composed system, by defining the 
percentage and magnitude of each energy loss. The 
forms of wasted energy that have been studied are as 
follows: energy lost by radiation, energy wasted by 
forced convection, and energy lost by natural 
convection. All these wasted energy forms 
eventuating in the upper and lower sides of PV-TEG 
composed system are evaluated by changing wind 
speed, ambient temperature, and solar radiation.   

 
 

2   System Description 
The hybrid system we are about to study is a direct 
combination of two systems that can generate 
electrical energy through different processes. These 
two systems are, on the one hand, the PV cell 
directly affixed to the upper interface of the TEG 
system, as shown in Figure 1.  

As for the PV cell, it consists of 5 layers. So that 
the first layer exposed to solar radiation is a 
transparent glass followed by an EVA layer which is 
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also transparent, directly below it we find crystalline 
silicon cells responsible for converting part of the 
incoming solar radiation into useful electrical 
energy and another part into thermal energy, under it 
we find another layer of EVA and directly we find 
the final layer, which is the tedlar. 

As for the TEG system, it consists of an upper 
layer of ceramic that is attached to the tedlar layer of 
the PV cell, followed by a group of small confluent 
units made up of p-type and n-type semiconductors 
material, which are electrically assembled in series, 
which is responsible for converting thermal energy 
into additional electrical energy. Immediately after 
these units, we find another lower ceramic layer.   

 
Fig. 1: Layers constituting the PV-TEG hybrid 
system 

 
 

3   Types of Wasted Energy 
The study deals with determining the change of the 
lost energy in terms of the meteorological variables 
for the PV-TEG hybrid system. Hence, it is 
necessary to identify the different forms in which 
thermal energy is lost on the one hand, and on the 
other hand, the places in which the energy is lost. 
For our study, we consider that the loss occurs at the 
front and back facade due to the fact that its area is 
very large compared to the thickness of the system. 
As for the energy loss in this system, it is wasted in 
the form of radiation, natural convection and forced 
convection. 

In this paragraph we will also present 
mathematical relations for each type of energy loss, 
as well as simulate it. 

Table 1 presents information on the properties 
of the PV system used in this study. 
 
 

Table 1. Values of the PV Panel Properties 
Properties of the PV Panel Symbol Value 

Area of PV Panel (m2) AP 1 
Thickness of glass (mm) LG 3 [25] 
Thickness of EVA (mm) LE 0.5 [25] 

Thickness of Silicon cell (mm) LS 0.4 [25] 
Thickness of tedlar (mm) Lt 0.1 [25] 

Thermal conductivity of glass 
(W/m.K) kg 0.9 [25] 

Thermal conductivity of EVA 
(W/m.K) kE 0.35 [25] 

Thermal conductivity of Silicon cell 
(W/m.K) kS 148 [25] 

Thermal conductivity tedlar 
(W/m.K) kt 0.2 [25] 

The emissivity of silicon cell 𝜖𝑠 0.9 [25] 
Efficiency at a reference condition 𝜂𝑟𝑒𝑓 18.4 % [26] 
Solar cell temperature coefficient 𝛽 0.0038 [26] 

Absorptivity of glass 𝜖𝑔 0.02[27] 
 

3.1  Energy Wasted in PV Panel 
When we put the PV cells in sunlight, they start to 
generate electrical energy with the photovoltaic 
effect. But the bulk of the solar energy will be 
converted into heat. Some of this heat is transferred 
by conduction to the TEG system, while the rest is 
lost to the upper facade of the PV cells. This heat 
loss takes place in the form of natural convection, 
and forced convection due to the presence of wind 
and radiation loss, as shown in Figure 2. Regarding 
radiation loss, it is divided into two parts, radiation 
loss in the direction of the sky and radiation loss in 
the direction of the ground, because the hybrid 
system is often tilted at a certain angle.   
 

 
Fig. 2: Heat transfer mechanisms occurring at the 
Frontend of the PV system 

  
3.1.1   Energy Wasted by Forced Convection 
For the energy loss in the form of forced convection 
due to the wind, it is calculated by the following 
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relation: 
 F,g w P g aQ h A T T  

- AP: is the area of the PV cells. 
- Tg: temperature of the upper surface of the 

solar cells. 
- Ta: ambient temperature. 
- hw: coefficient of heat transfer for forced 

convection which is due to wind speed [28]: 
n

a
w

294.26
V

273.16 T
h 5.678 a b

0.3048


 

   
   
    

  
    

 

- a, b, and n are constant values given by 
reference, [29]. 

- V: wind velocity. 
 

According to Relation No (1) and (2), the 
energy lost due to the wind is related to the 
temperature of the glass and that of the ambient and 
the wind speed. To find out the response of this type 
of lost energy, we simulated it according to the 
change in wind speed and ambient temperature with 
respect to a fixed glass temperature. 

 
Fig. 3: Simulations of lost energy by forced 
convection due to wind as a function of ambient 
temperature and wind velocity with a glass 
temperature Ta=20 
 

Figure 3 gives a representative result of this 
simulation. The energy lost, according to Figure 3, 
appears to be more important as wind speeds 
increase and ambient temperature decreases. This is 
due to the fact that the loss coefficient is related to 
the wind speed according to relation N 2, as well as 
the fact that the decrease in the ambient temperature, 
considering the glass temperature fixed, makes the 
difference between them increase according to 
relation N 1. So, the decrease in the ambient 
temperature and the high wind speed are the factors 
that motivate the increase of energy loss.  

3.1.2  Energy Wasted by Natural Convection 

The lost energy by natural convection can be 
calculated by the following relation: 

 N,g P N,g g aQ A h T T   

hN,g: The heat transfer coefficient for natural 
convection in the upper surface of the hybrid system 
is [30]: 

     
1/3 1/3 1/ 4a

N,g cr cr

k
h 0.14 GrPr Gr Pr 0.56 Gr Pr cos θ

L
    

 
With: 

- Grcr: the Critical number. 
- Gr: Grashof number. 
- Pr: Prandtl number. 

 

 
Fig. 4: Simulations of lost energy by natural 
convection as a function of ambient temperature and 
glass temperature 

 
As shown in relation No (3), the lost energy by 

natural convection is related to ambient and glass 
temperature. To get an idea of how this wasted 
energy is affected by these factors we simulate it in 
Figure 4. According to Figure 4, it appears that the 
energy wasted by natural convection is very 
important at a low ambient temperature and more 
important when the glass temperature is also high. 
Thus, the decrease in the ambient temperature along 
with the rise in the glass temperature are factors that 
increase the importance of the energy lost by natural 
convection.  

 
3.1.3  Energy Wasted by Radiation 

As for the losses of radiation towards the sky and 
towards the ground, they are respectively as follows: 
 

 P gro

R ,P ,gro

R ,P ,gro

T T
Q

R
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 P sky

R ,P ,sky

R ,P ,sky

T T
Q

R






 

with: 
- TP: Temperature of the upper surface of the 

solar cells. 
- Tgro: represents the temperature of the 

ground which is often taken with a value 
equal to ambient temperature Tgro=Ta [31], 
[32]. 

- Tsky: refers to the temperature of the sky, 
[33]: 

3/2
sky aT 0.0552 T  



- RR,P,gro: radiation resistance on the top of the 
crystalline cell toward the ground. 

RR,P,gro =
1

ϵgFP,groσAPV(TP+Tgro)(TP
2 +Tgro

2 )




- RR,P,sky: radiation resistance on the top of the 
crystalline cell toward the sky. 

RR,P,sky =
1

ϵgFP,skyσAPV(TP+Tsky)(TP
2 +Tsky

2 )




- ϵg is the glass emissivity. 
- σ is the Stefan-Boltzmann constant. 
- FP,gro and FP,sky are respectively 

configuration factors of the ground and the 
sky: 

  P,gro
1F 1 cos θ
2

   

  P,sky
1F 1 cos θ
2

   




Fig. 5: Simulations of lost energy by radiation as a 
function of ambient temperature and glass 
temperature 

 
Figure 5 represents a simulation of the wasted 

energy by radiation response in terms of ambient 

and PV cell temperature. The wasted energy 
represented here is the sum of the energy wasted by 
radiation towards the sky and that towards the 
ground. It is clear in Figure 5 that the radiation 
wasted energy is very important at a PV cell's high 
temperature and at a very low ambient temperature.    

The simulations that we have done show the 
factors that affect the various types of energy losses 
that we study in this paper. They are, however, 
insufficient to demonstrate the individual response 
to these energy losses during the operation of the 
combined PV-TEG system. Therefore, to study 
these energy losses, it is necessary to provide a 
mathematical representation of the PV-TEG 
integrated system that enables us to simulate these 
types of energy losses, which is the subject of the 
next paragraphs.    

 
3.2   Energy Wasted in the TEG System 
After the TEG system receives the heat induced by 
the PV panel, the latter produces additional 
electrical energy. However, a significant portion of 
this heat will be lost on the back facade after it has 
passed through its component layers. When it 
reaches the back facade of the TEG system, it is lost 
by forced convection induced by the wind, by 
natural convection and then by radiation as shown in 
Figure 6. As for the radiation loss, it will also be 
divided into radiation loss towards the sky and then 
towards the ground. 
 

 
Fig. 6: Heat transfer mechanisms occurring at the 
backend of the TEG system 

 
Table 2 presents information on the properties 

of the TEG system used in this study. 
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Table 2. Values of the TEG system Properties 

Properties of the TEG system Symbo
l Value 

Area of 30 thermocouple ATE 0.01 m2 [34] 

Thickness of ceramic Lc 0.2 mm [25] 

Thickness of thermoelectric 
units LTE 1 mm [25] 

Thermal conductivity of 
Ceramic  kc 30 (W/m.K) [25] 

Thermal conductivity of 
thermoelectric units kTE 2×(930.6T -1.981T2 ) 

×10-9 W/m.K [27] 

Seebeck coefficient S 
(44448.0+1861.2Ta-
981T2) ×10-9 V K-1  

[27] 

 Electrical resistivity ρ 
2×(5112+163.4T -

0.6279Ta2)×10-10 Ω·m 
[27] 

Thomson coefficient 𝜇 
2 × (930.6T −

1.981T2) × 10−9 
(V/K) [27] 

The emissivity of the ceramic 𝜖𝑐 0.85 [25] 
 

3.2.1   Energy Wasted by Forced Convection 

For the energy loss in the form of forced convection 
due to the wind, it is calculated by the following 
relation: 
 

 F,cr w TE cr aQ h A T T  

- Tcr: represents the temperature of the down 
surface of the ceramic layer. 

- ATE: area of the back façade of the TEG 
system. 

 

3.2.2  Energy Wasted by Natural Convection 

The lost energy by natural convection can be 
calculated by the following relation: 

 N,cr PV N,cr cr aQ A h T T   


hN,cr refers to the natural heat transfer coefficient 
[30]: 
 

 

2

1/6
a

N,cr 8/278/16

k0.387Rah 0.825
L1 0.492 / Pr

 
 

  
    

 

- Ra is Rayleigh number.               

 
Fig. 7: Simulations of lost energy by natural 
convection as a function of ambient temperature and 
glass temperature 

 
As per Figure 7, the wasted energy by natural 

convection at the back side is important at low 
ambient temperature and high ceramic temperature. 

 
3.2.3   Energy Wasted by Radiation 

As for the losses of radiation towards the sky and 
towards the ground, they are respectively as follows: 
 

 cr gro
R,cr ,gro

R,cr ,gro

T T
Q

R


  

 cr sky
R,cr ,sky

R,cr ,sky

T T
Q

R


  

- RR,cr,gro: the radiation resistance on the 
bottom of ceramic layer toward the ground. 

Rr,cr,gro =
1

ϵcrFcr,groσAPV(Tcr+Tgro)(Tcr
2 +Tgro

2 )
   

- RR,cr,sky: the radiation resistance on the 
bottom of the ceramic layer toward the sky. 

  

Rr,cr,sky =
1

ϵcrFcr,skyσAPV(Tcr+Tsky)(Tcr
2 +Tsky

2 )
 

- Fcr,gro and Fcr,sky are, respectively, the 
configuration factors for the ground and the 
sky. 

  cr,gro
1F 1 cos π θ
2

   

  cr,sky
1F 1 cos π θ
2

  








4    Energy Balance Equations 
This part which is interested in the modeling of 
energy transfer is divided into 5 sections namely; 
Energy balance equation for (1) the upper facade of 
glass, (2) the upper facade of silicon cell (3) the 
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upper facade of thermoelectric units (4) lower 
facade of thermoelectric units (4) down facade of 
ceramic layer. 

The energy equations extracted are based on the 
application of the energy balance on 5 surfaces of 
the hybrid system. The choice of the 5 surfaces is 
mainly based on the calculation of the temperature 
necessary to calculate each type of energy lost, 
which are: 

- Tg: temperature of the upper surface of the 
glass. 

- TP: Temperature of the upper surface of 
silicon cells. 

- TH: Temperature of the hot side of 
thermoelectric units. 

- TC: Temperature of the cold side of 
thermoelectric units. 

- Tcr: Temperature of the down surface of the 
ceramic layer. 

As for the thermal resistance of each group of 
layers Rj, it is written as follows: 

𝑅𝑗 =

∑
𝐿𝑖

𝐴𝑖𝑘𝑖

𝑛
𝑖 

Such as: 
- i: Name of each layer. 
- j: Name of each group of layers. 
- 𝐿𝑖: Length of layer type i. 
- 𝑘𝑖: Conductivity of layer type i.  

 
4.1  Energy Balance Equation for the Upper 

Facade of Glass 
When the solar radiation G passes through the layers 
of the photovoltaic panel, a part of it is absorbed by 
the glass Gα = G αg where αg is the glass absorption 
coefficient. The generated heat by conduction 
through EVA and glass layers is denoted as QEVA-g 
and it is lost on the surface of the glass by natural 
convection QN,g, and forced convection QF,g. 

 
The expression of QEVA-g is as follows: 

 
 P g

EVA g
EVA g

T T
Q

R










- REVA-g: represents the thermal resistance of 
the EVA and the glass, which is expressed 
using equation (21). 

 
The following equation describes the energy balance 
for the upper facade of glass: 

 
   P g

P w P g a P N,g g a
EVA g

T T
0 Ga A h A T T A h T T

R



     

 

4.2   Energy Balance Equation for the Upper 

Facade of Silicon Cell 
When the transmitted radiation Gt reaches the solar 
cell, a part of it is converted into electricity PPV 
through the photovoltaic effect, and the other part is 
absorbed G(αP τg) by the cell material where αP is 
the solar cell absorption coefficient and τg is the 
transmissivity of the glass.  

A portion of absorbed energy by cell material is 
lost in the ambient atmosphere by radiation to the 
ground QR,P,gro, radiation to the sky QR,PV,sky, and by 
conduction QEVA-g through EVA and glass.  The 
remaining part of the energy, which is noted as QP-

EVA-t-cr, passes through the solar cell towards the 
EVA, the tedlar, and the top ceramic layers  

 
The expression of each heat flow is as follows: 

 P
P,EVA,t ,cr

P,EVA,t ,cr

T T
Q

R
H








- RP,EVA,td,cr Represents the thermal resistance 
of the silicon cell, EVA, tedlar and ceramic 
layers, which is expressed using equation 
(21). 

P P PP A  G η 

- ηp: Efficiency of PV cell [27]: 
  p ref ref P refη η 1 β T T    

- ηref: PV cell efficiency at the reference 
temperature Tref=25℃, and reference solar 
radiation Gref=1000W/m2. 

- βref: Coefficient of temperature dependency 
of the cell. 

The following equation describes the energy 
balance for the upper facade of the silicon cell: 

 
 

     P g P gro P skyP cr
PV g PV P

P,EVA,t ,cr EVA g R,P,gro R,P,sky

T T T T T TT T
0 G α τ A P

R R R R


  
      

 

 

4.3  Energy Balance Equation for the Upper 

Facade of Thermoelectric Units 
Firstly, the thermal contact between the 
thermoelectric module and the PV module is 
supposed to be perfect, so that the heat, which 
passes down the PV module QP-EVA-t-cr, will be 
completely delivered to the TEG generator Qh. The 
heat through the hot side of the thermoelectric units 
Qh can be written as follows, [27]: 

 
 

   

2
H cTE TE

H TE H
TE

H TE

c TE H c

T TI Rs T I T
2 RQ n

μ T I T T
2

 
  

 
 
 
 

 

- ITE: Electrical current passing through the 
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TEG element [27]. 

      TE H H c c H c
TE

TE TE C

n s T T s T T μ T T
I

n  R R

    


 

- RTE: Resistance of the thermoelectric units. 
- RC: Load resistance is taken equal to RTE. 
- nTE: is the number of thermoelectric 

elements. It is determined by obtaining a 
surface equal to that of the PV cell 1 m2.  

- The properties of temperature dependency 
for the bismuth telluride (Seebeck 
coefficient s(T), Thomson coefficient 𝜇(𝑇) 
and resistivity coefficient 𝜌(𝑇) are given by 
[27].  

The heat, which passes down the PV module 
QPV-EVA-t-cr, will be completely delivered to the TEG 
generator Qh: 

P,EVA,t ,cr HQ Q 



 
 

 

   

P

P,EVA,t ,cr

2
H cTE TE

H TE H
TE

TE

c TE H c

T T

R

T TI R
s T I T

2 R
n

μ T I T T
2

H



 






 
 
 
 
 
 

 
 

4.4  Energy Balance Equation for the Lower 

Facade of Thermoelectric Units 
By taking advantage of thermal energy Qh, the 
thermoelectric units will produce an electrical power 
PTE, whereas the heat flow leaving these 
thermoelectric units is Qc. The heat through the cold 
side of the thermoelectric units Qc can be written as 
follows, [27]:   
 

 
 

   

2
H cTE TE

c TE c
TE

c TE

H TE H c
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The heat flow leaving the thermoelectric 
elements Qc is equal to the heat that passes through 
the cold layer of ceramic Qcr: 

c crQ Q  
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- Rcr: is the thermal resistance of the cold 
layer of ceramic, which is expressed using 

equation (21). 
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4.5  Energy Balance Equation for Ceramic 

Down Layer 
Finally, the heat that passes through the cold layer 
of ceramic Qcr will be dissipated by forced 
convection QF,cr, natural convection QN,cer and 
radiation QR,cr toward the sky QR,cr,sky and toward the 
ground  QR,cr,gro.  

The following equation describes the energy 
balance for down façade of the cold ceramic layer:  

     
   cr gro cr skyC cr ,b

w TE cr a P N,cr cr a

cr R ,cr ,gro R ,cr ,sky

T T T TT T
0 h A T T A h T T

R R R

 
      

 
 

Finally, the following equations that we have 
obtained: (23), (27), (32), (35) and (36) constitute a 
system of nonlinear equations. The resolution of this 
system with five nonlinear equations is obtained by 
applying the Newthon-Raphson method. 

 
 

5    Results and Discussion 
After identifying and describing the different types 
of energy loss that occur on both sides of the PV-
TEG hybrid system, it can be seen from Figure 8, 
Figure 9 and Figure 10 that the energy lost by forced 
convection, by natural convection, or by radiation at 
the top and bottom surface of the PV-PV hybrid 
system depends on the values of the climatic factors.  

To illustrate the behavior of each type of energy 
loss when a climatic factor changes, we simulated 
these losses as a function of ambient temperature, 
wind speed, and finally solar radiation separately.  

To observe the variation of each type of lost 
energy, we fixed the value of wind velocity and 
solar radiation for four cases (G = 500 W / m2; Vw 
= 4m/s, G = 1000 W / m2; Vw = 1m/s, G = 500; Vw 
= 1m/s and G = 1000 W / m2; Vw = 4m/s). We 
performed the simulation by switching the ambient 
temperature value between 0°C and 40°C. Figure 8, 
shows 4 simulations performed. In all simulations, 
the way of variation of all the types of lost energy 
considered in our study does not change. Whereas, 
the loss by convection at the front and rear of the 
PV-TEG hybrid system decreases linearly with the 
increasing value of the ambient temperature, while 
the loss by radiation on both sides increases its value 
linearly with the ambient temperature.  
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a    

 
b 

 
c   

 
d 

Fig. 8: Simulation of the energy losses in function of 
ambient temperature for a) G=500 W/m2; Vw=1m/s 
b) G=500 W/m2; Vw=4m/s c) G=1000 W/m2; 
Vw=4m/s and d) G=1000 W/m2; Vw=1m/s 

 
It is noticeable that the loss by radiation and 

natural convection in the front facade is greater 
compared to the posterior facade. Overall, the total 
loss in the front facade is greater than the total loss 
in the back facade. It is noted in Figure 1 that when 
the wind speed is weak and the intensity of solar 
radiation is strong the radiation loss is dominant in 
both façades at a slight rise in the ambient 
temperature. This is explained by the fact that the 
PV-TEG hybrid system’s temperature will be high 
due to the importance of the intensity of the 
incoming solar radiation, which becomes a large 
proportion of it to heat, and also because of the 
weak winds that cannot cool the system sufficiently. 
The elevated temperature of the PV-TEG hybrid 
system leads to the stimulation of radiation loss as 
the temperature of the PV-TEG hybrid system 
increases with the increase in the ambient 
temperature and the solar radiation intensity. These 
results confirm that, in all cases in regions of 
elevated temperature, radiation loss is predominant 
in the PV-TEG hybrid system. 

Figure 9 shows two simulations made for the 
variation of the various energy losses when the 
intensity of solar radiation changes between 100 
W/m2 and 1000 W/m2 for two cases (Vw=1m/s; 
Ta=10°C and Vw=1m/s; Ta=20°C). As per this 
figure, all studied energy losses change linearly and 
increase with increasing value of the solar radiation 
intensity. It is observed in this figure that the total 
losses at the front facade of the hybrid system are 
always greater compared to the posterior facade. 
Forced convection loss appears to tend to 
predominate with respect to low ambient 
temperature and high wind speed, while radiation 
loss predominates in the case of high ambient 
temperature and low wind speed. 

It is noticeable that the loss by radiation and 
natural convection in the front facade is greater 
compared to the posterior facade, in contrast to what 
occurs with forced convection. Overall, the total loss 
in the front facade is greater than the total loss in the 
back facade. It is observed in all cases that forced 
convection tends to dominate in higher wind 
velocity values. Whereas, at a certain value of wind 
velocity, forced convection becomes dominant 
despite the high intensity of solar radiation (Figure 5 
case b and d with G=1000w/m2). This is explained 
by the fact that wind velocity is the catalyst for 
forced convection, as it increases with the increase 
in its values. This is evidenced by relation No. 45. 
Thus, regions with high wind velocities are 
predominantly with forced convection losses even at 
important radiation intensities such as 1000 W / m2. 
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a   
b                                                                                                                                                                                                                                    

Fig. 9: Simulation of the energy losses in function of 
solar radiation for a) Vw=1m/s; Ta=10°C and b) 
Vw=1m/s; Ta=20°C 

 
As for Figure 11, it represents the change in 

energy loss with the change of the solar optical 
concentrator for 4 states Vw = 1 m/s; Ta = 10°C, 
Vw = 1 m/s; Ta = 20°C, Vw = 4 m/s; Ta = 10°C, Vw 
= 4 m/s; Ta = 20 °C. The change in energy loss by 
radiation appears to be exponential with the change 
in the optical concentration. Also, the energy lost by 
radiation at the front facade of the hybrid system is 
greater than that lost in the back facade. In addition, 
it clearly appears that radiation loss is dominant 
compared to the rest. In fact, the amount lost by 
radiation is much greater than the amount of energy 
lost for all types of energy losses combined, whether 
the ambient temperature and wind speed are high or 
low. Whereas for an optical concentration equal to C 
= 150, solar radiance equal to G = 600 W / m2, wind 
velocity of Vw = 1 m / s and ambient temperature 
equal to Ta = 25 °C, the energy loss due to radiation 
in the front façade represents 40% and in the 
posterior façade represents 24% of the overall 
energy loss in the PV-TEG hybrid system with solar 
concentration as per Figure 12. For more details on 
the influence of the solar optical concentrator on the 
electrical productivity of the photovoltaic-
thermoelectric hybrid system, refer to our article, 
[35]. 

 
(a)       

 
     (b) 

 
(c)   

 
(d) 

Fig. 10: Simulation of the energy losses in function 
of wind speed for a) G=500 W/m2; Ta=20 °C b) 
G=1000 W/m2; Ta=20 °C c) G=500 W/m2; Ta=10 °C 
and d) G=1000 W/m2; Ta=10 °C 
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(a) 

 
(b)                                                                                                                                   

 
(c) 

 
(d) 

Fig. 11: Simulation of the energy losses in function 
of wind speed for a) G=500 W/m2; Ta=20 °C, b) 
G=1000 W/m2; Ta=20 °C c) G=500 W/m2; Ta=10 °C 
and d) G=500 W/m2; Ta=10 °C 

 

 
Fig. 12: Percentages of the different types of losses 
in relation to the total loss at the level of the PV-
TEG hybrid system for C=150, G=600 W/m2, Vw=1 
m/s and Ta= 25 °C 

 
From the results obtained, it is clear that the loss 

of thermal energy in the PV-TEG hybrid system is 
carried out through three processes that occur at the 
front and rear façade of the PV-TEG hybrid system. 
The thermal energy is lost either in the form of 
radiation or by natural convection or forced 
convection. These types of losses have a different 
appearance depending on the meteorological factors 
in which the PV-TEG hybrid system operates, as 
shown in Figure 8, Figure 9, Figure 10, Figure 11 
and Figure 12. It was noted that the dominance 
conditions for each energy loss type differ.  

In summary, Table 3 (Appendix) gives a 
classification of the conditions of dominance for 
each type of energy loss according to climatic 
factors.    

 
 

6    Conclusion 
This study is based on a mathematical model that 
takes into account various thermal losses such as 
natural and forced convection and radiation, and the 
various effects that occur during operation of the 
PV-TEG hybrid system. The study relates to two 
types of PV-TEG hybrid systems, the PV-TEG 
system with an optical concentrator and the one 
without an optical concentrator. From the obtained 
results, each form of wasted energy changes 
differently depending on the meteorological factors 
in which the PV-TEG hybrid system operates. The 
increase in the ambient temperature is enough to 
make the loss by radiation increase and be important 
while the loss of natural and forced convection 
decreases. Also, the high wind speed leads to an 
increase in the wasted energy by forced convection 
by virtue of the fact that the wind is responsible for 
this type of loss, while the loss decreases by 

10%

11%

9%

6%

40%

24%
Front forced convection

Rear forced convection

Front naturel convection

Rear Naturel convection

Front radiation

Rear radiation
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radiation and natural convection. As for the value of 
the intensity of solar radiation, all types of energy 
loss increase with the increase of this climate 
parameter. 

The obtained results also determine the areas 
and conditions of dominance for each type of energy 
loss. For example, hot regions, which are 
characterized by high temperature and high solar 
radiation, are dominated by radiation loss on both 
faces of the PV-TEG hybrid system. As for regions 
that are characterized by high wind speed and low 
temperature, and whether the solar radiation is high 
or low, we find that the loss by forced convection is 
dominant. When using an optical concentration, we 
find that in all cases the radiation loss is dominant 
and its value is very great.  

This analysis of the wasted energy provides the 
possibility to determine the amount and percentage 
of the total energy loss as well as for each type of it 
and also enables the determination of the climatic 
conditions for the dominance of each type.  

This analysis, along with its data, opens the door 
to finding innovative solutions based on it by 
making a suitable design for this PV-TEG hybrid 
system or adding ideas and devices to it in order to 
improve its efficiency in the conversion of solar 
energy into useful energy. This is in order to push 
the PV cells to work at their maximum capacity by 
lowering their temperature, as well as by 
transferring the greatest amount of heat to the TEG 
system at the same time. 
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APPENDIX 

 
Table 3. Distribution of the dominance of each type of energy loss in the PV-TEG hybrid system depending on 

meteorological factors 
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