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Nowadays, exploitation and production of maximum energy from the solar 

spectrum is a major concern. In the present paper, a numerical study of a new 

hybrid system consisting of a parabolic trough concentrator coupled with a 

cylindrical thermoelectric generator is performed using the Gauss-Seidel 

iterative method. A realistic climatic condition is used regarding direct sunlight 

and ambient temperature. The effects of thermoelectric generator thickness 

together with hot and cold flow on the electrical and thermal performance are 

analyzed and discussed. In order to validate the results of the numerical model, 

a new validation method has been used. The obtained results show a good 

agreement with the exact results. Furthermore, for a cold mass flow rate of 0.25 

kg/s, the maximum thermal efficiency is attained at 60.646%, along with an 

electrical efficiency of 9.72% corresponding to 273.15 W in additional to 

power output. 
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1 Introduction 
 

 The petroleum industry is widely used around the 

world to produce electrical energy. However, its 

negative effects on the environment and accumulation 

of toxic gases (CO2, N2O, CH4 ...) in the atmosphere 

[1,2] have provoked many investigators to explore on 

clean and renewable energies which can be used 

without any negative effects on our planet. According 

to the statistics provided by the International Renewable 

Energy Agency (IRENA) in 2019 [3], the production of 

electrical power from renewable systems has shown a 

significant development where the overall power 

produced from solar systems was 8,594 GW, while that 

from wind was around 622.704 GW (worldwide). 

 The world production of hydropower and biogas 

increased significantly from 2010 to 2019, where these 

renewable systems produced a net power output of 

1024.833 GW and 9.518 GW at 2010, respectively, 

while they increased to 1310.292 GW and 19.453 GW 

in 2019. The significant power output of renewable 

systems has stayed low compared to petroleum systems 

[4]. To this effect, several researches have been carried 

out to develop renewable systems for producing more 

power than petroleum systems.  

 In this context, the interesting renewable systems under 

consideration are the parabolic trough systems. Thus we 

have cited only the new developments related to these 

systems which was achieved by combining standard 

parabolic trough systems and PV systems with 

thermoelectric modules [5,6]. Soltani et al [7] 

developed a tri-generation system by integrating 

parabolic trough concentrator with PV cells and 

thermoelectric modules (PV/TEG-PTC). They found 

that the maximum power output is about 240W with a 

maximum thermal efficiency of 57%. Also, they have 

found that the maximum electrical efficiency and power 

output of TEG are about 0.5% and 2.3W, respectively.  

 Miljkovic et al. [8] proposed another hybrid parabolic 

trough configuration which can produce thermal and 

electrical power by combining parabolic trough 

collector with TEG characterized by three kinds 

(Bi2Te3, PbTe2 and SiGe). The hybrid parabolic trough 

concentrator can produce 152 W of electrical power.             

  

Another combination technique changes the geometric 

design of the collector. Chao Li et al [9] studied the 

effect of environmental factors (wind speed, solar 

irradiance, and ambient temperature) on the conversion 

efficiency of solar thermoelectric co-generation 

(STECG). They found that the electrical efficiency of 

STECG increased with increasing sun irradiation, while 

it decreased with increasing wind speed and ambient 

temperature. Also, the thermal efficiency of STEGC 

reduced from 66.66% to 63.28% with increasing sun 

irradiation. This is due to the increase in heat loss from 

19.82% to 23.23%. Similarly, Mahmoudinezhad et al. 

[10] introduced a new hybrid parabolic trough 

concentrator integrated with photovoltaic cells and 

planar thermoelectric modules. They reported that the 

additional power output of the hybrid parabolic trough 

concentrator reached 19.13 W. Also, they observed that 

overall efficiency of the hybrid system was 50.99 %. An 

experimental/theoretical analysis of a new hybrid solar 

thermoelectric generator (HSTEG) was introduced by 

Sundarraj et al [11]. Six thermoelectric generator 

modules and electrical heaters were integrated inside 

the parabolic trough collector. The reported maximum 

thermal and electrical efficiency was about 61% and 

1.2%, respectively. The maximum power output was 

4.7 W.  

 In the present study, by the same way as of the previous 

studies, to improve the electrical and thermal 

performance of the parabolic trough system, we propose 

a new combination method. Thus, a new hybrid system, 

combined parabolic trough concentrator with 

cylindrical thermoelectric generator has been proposed 

and analyzed. A 0-D mathematical model is introduced 

to examine the thermal and electrical efficiencies of the 

hybrid system, respectively. Seven non-linear thermal 

equations are solved by the Gauss-Seidel method. This 

is the first study in which a hybrid parabolic trough 

system is modeled using two fluids and a 

cylindrical thermoelectric generator. Also, a novel 

validation technique has been used to validate our 

numerical model. 
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2 System descriptions 
 

 According to Fig. 1, the new parabolic trough 

concentrator configuration is divided into two main 

parts. The first part is the primary circuit, which consists 

of the solar reflector (1) and the hybrid collector (2), 

which includes the glass cover (3), absorber tube (4), 

tubular thermoelectric generator (5), hot and cold water 

(6, 7). When the sun radiation is reached at the solar      

 

 

 

 

 

reflector (1),  it will be  focused directly at the glass 

cover (3) via the said mirror (1). Thus, a portion of these 

rays will be partially transmitted to the absorber tube 

(4). Then, a significant thermal power amount (Thermal 

energy stored within absorber tube) is absorbed by the 

hot fluid (Therminol VP1) (6) due to the convective heat 

transfer between the hot fluid (6) and the inner surface 

of the absorber tube (4). Also, due to the direct contact 

between  the hot  fluid (6) and upper  side  of  TEG, the   

Nomenclature   

L       Collector length (m)  ��  Overall efficiency of hybrid PTC (%) 

l        Collector width   (m)   

Subscripts 

F       Focal distance    (m)   

ω      Shape factor  Ab         Absorber 

α�     Transmittance − absorptance factor  g            Glass 

K       Incident angle modifier  h, hy      Hot, Hydraulic 

ρ       Surface reflectivity  PTC       Parabolic trough concentrator  

ρ       Density of glass  ,kg
m./ 0  

 HPTC    Hybrid parabolic trough concentrator 

C       Specific heat     ,j
kg. K/ 0  TEG       Thermoelectric generator 

α       Absorptance factor                                                                         ou           Outside  

D       Diameter   (m)  in            Inside 

μ       Dynamic viscosity   ,kg m. s/ 0 
 max       Maximum 

e       Height (m)  c             Convection 

n       Number of thermoelectric modules  r              Radiation 

S       Seebeck coefficient (V/K)  cd           Conduction 

∆x     Space step  (m)       am          Ambiant 
k       Thermal conductivity   =W m. K/ ?  f              Fluid 

∆t     Time step    (s)  Sim        Simulated 

P       Power output  (W)  Ref         Reference 

σ       Stefan Boltzmann coefficient(W/mC. KD)  cr            Characteristic 

ε        Emittance  TE          Thermoelement 

A       Surface area  (mC)  TEGc      Hot side  temperature 

FG      Sun  irradiation  (W/mC)  TEGf      Cold side temperature  

HI       Mass flow rate (kg/s) 

v      Velocity  (H/J) 

 hf            Hot fluid 

ρr      Electric resistivity (Ω. H)  cf            Cold fluid 

�LMN  Efficiency of TEG (%)  TAv       Average temperature 

�OLP  Thermal efficiency of PTC (%)  T            Temperture  
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Table 1. Hybrid system components properties. 

 

 

 

 

 

Components Proprieties Values 
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S� 0.864 
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U 1 
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W 0.109 
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^W 1.2 

XYZ
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]_` 500 

R_` 8020 

^_` 45 
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heating process of the TEG upper side is similar to that 

of hot fluid which increases the top side temperature of 

TEG.  

 In order to create a large temperature difference across 

the thermoelectric generator, cold water (7) is passed 

through the inner side of TEG using a regular pump (9). 

Thus, the cold water (7) is passed along the hybrid 

collector to the storage tank (12) at 45°C. As a result, 

the outlet cold water is used to heat the tank's water 

through a heat exchanger as shown in Fig. 1. 

Meanwhile, a hot fluid pump (8) is used to circulate the 

hot fluid (6) from the principal tank (10) to the inlet of 

the hybrid collector towards the main tank. 

 During the running time, the temperature of the hot 

fluid (6) can exceed 100°C, which is sufficient to 

evaporate the water inside the principal tank (10) by 

means of a heat exchanger. Thus, the generated steam is 

used to rotate a turbine (11) at a high pressure 

(secondary circuit), which produces a significant 

amount of power which is stored in the power plant. 

Also, the power output generated by TEG is mainly 

used for supplying the pumps (8, 9).  

 

  

Figure 1. Descriptive diagram of the HPTC system 

 

2.1 Energy balance and calculation process 

In order to study the thermal and electrical performance 

of the HPTC system, a numerical model was used, 

which based on heat transfer analysis between the heat 

transfer fluid, absorber tube and the sky.  

 

 A cross-sectional view of the HPTC system and 

thermal coefficients is shown in Fig. 2. From Fig. 2.  

�zq��
�
 and �zq���

�
are the convective and radiative 

exchange coefficients between the upper side of glass 

cover (3) and the ambient (2) and sky (1), respectively. 

���qz
�
 and ���qz

�
 are respectively the coefficients of 

heat exchange by convective and radiative between the 

upper side of absorber tube (4) and inner surface of glass 

cover (3). Also, ���q��
�
 is the convective exchange 

coefficient between the inner side of absorber tube (4) 

and the heat transfer fluid (5). �LMNq��
�
 is the 

coefficient of heat exchange by convective between the 

heat transfer fluid (5) and the upper side of TEG (6) 

while �LMNq��
�	is the convective exchange coefficient 

between the inner side of TEG (6) and the cold fluid (7). 

�z�qz��G,����q����G and �LMN�qLMN��G  are the radial 

conduction resistances through the glass cover (3), the 

absorber tube (4) and the cylindrical TEG (6), 

respectively. The expression for each coefficient of heat 

exchange is listed in A1-A18. 

 

 

Figure 2. Cross sectional view of the HPTC collector 

 

 The thermal and electrical study of all solar systems is 

mainly based on an energy balance. To this effect, 

starting from the first thermodynamic law [12], the heat 

balance equations of the present hybrid system are listed 

in the following as 

 

 

 

 

 

 



Habchi et al./ Journal of Interfaces, Thin films, and Low dimensional systems 

 

256 

 

 

 

• Glass cover: 

�z�z�z �nz�� �  �Sz¡¢FG j �z£z
�Cnz
�C¤

j ¥¦�§������qz=n��  nz?
j ¥¦�§������qz	=n��  nz?
 ¥¦�§z��zq��=nz  n��?
 ¥¦�§z��zq¨��=nz  n̈ ��?, �1� 

• Absorber: 

��������� �n����
�  �S�¡¢FG j ���£�� �

Cn��
�C¤

 ¥¦�§������qz=n��  nz?
j ¥¦�§������qz	=n��  nz?
 ¥¦�§������qz	=n��  nz?
 ¥¦�©������q��=n��  n��?, �2� 

• Hot fluid: 

��������� �n����
� ¥¦�©������q��=n��
 n��?j���£�� �

Cn��
�C¤

 ¥¦�§LMN����qLMN�=n��
 nLMN�?  HI ����� �n���¤ , �3� 

• Hot side of TEG: 

�LMN�LMN�LMN �nLMN���
� ¥¦�§LMN����qLMN�=n��
 nLMN�?  nLMN�  nª«�LMN� , �4� 

 

 

 

 

 

 

 

• Cold side of TEG: 

�LMN�LMN�LMN �nLMN���
� nª«  nLMN��LMN�
 ¥¦�©LMN��LMN�q��=nLMN�
 n��?,																																					�5� 

• Cold fluid: 

��������� �n����
� ���£�� �

Cn��
�C¤

j ¥¦�©LMN��LMN�q��=nLMN�  n��?
 H��I ��� �n���¤ .																																		�6� 

 

 To simulate the six nonlinear equations (1-6), the 

Gauss-Seidel method is adopted where this technique is 

based on the finite difference method in order to 

discretize the six equations by means of schemes of 

Table 2 and Fig. 3. Meanwhile, the discretized 

equations are illustrated in Table 3. 

 

Figure 3. Discretized cross-section of the hybrid collector. 
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Table 2. Discretization schemes 

  

2.2 Climatic conditions and input parameters  

 According to Table 3, the set of discretized equations 

are transformed into a matrix system which is written as 

[M]{T}={B}. Then the Gauss-Seidel method is used to 

solve the stated matrix using the boundary conditions 

shown in Table 3. Moreover, for a faster convergence, 

a time and space step of 10 sec and 0.2 m have been 

chosen. The second member {B} contains climatic 

conditions, namely, the ambient temperature ��_¬	� 
and sun irradiation��d�.  
 In the present work, we have chosen the climatic 

conditions of Mohammedia [13] (western Morocco) 

corresponding to 21st December, 2018, as clearly  

presented in Figs. 4a and 4b. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Variation of ambient temperature (panel a) and  

sun irradiation (panel b) in 21/06/2018. 

During the numerical simulation, the following 

assumptions are considered: 

• Uniform repartition of sun irradiation around 

the absorber tube. 

• The heat transfer is considered along one 

dimension that is z-axis. 

• Thermoelectric generator properties are 

constants. 

• Uniform cold fluid mass flow rate. 
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 Table 3. The Discretized equations of the HPTC system  

Components Discretized energy balances Boundary conditions 

 Glass cover 

° ≤ ³ ≤ ` 

 ´µ . ¶·x∆·¸qµ j ¹µ. ¶·x∆·¸  ´µ. ¶·x∆·¸xµ  ºµ. ¶·x∆·¸x�»xµ� � ¼µ ½ T�t, 1� � T�t, 2�
T�t, b� � T�t, b j 1� 

    Absorber 

` j ¾ ≤ ³ ≤ °` j µ 

 ´° . ¶·x∆·¸qµ j ¹°. ¶·x∆·¸  ´°. ¶·x∆·¸xµ  ºµ. ¶·x∆·¸q�»xµ� 
 ¿µ. ¶·x∆·¸x�»xµ� � ¼° 

 

½ T�t, b j 2� � T�t, b j 3�T�t, 2b j 1� � T�t, 2b j 2� 

         

    Hot fluid 

°` j À ≤ ³ ≤ ¾` j ° 
 ´¾ 	. ¶·x∆·¸qµ j ¹¾. ¶·x∆·¸  Á.¶·x∆·¸xµ  ¿µ. ¶·x∆·¸q�»xµ� 
 Â. ¶·x∆·¸x�»xµ� � ¼¾ 

 

 

½T�t, 2b j 3� � T�t, 2b j 4�T�t, 3b j 2� � T�t, 3b j 3� 

        

 Hot side of TEG 

¾` j Ã ≤ ³ ≤ À` j ¾ 

 

 

¹À. ¶·x∆·¸  ´À. ¶·x∆·¸x�»xµ�  Â. ¶·x∆·¸q�»xµ� � ¼À 	

 

 

½T�t, 3b j 4� � T�t, 3b j 5�T�t, 4b j 3� � T�t, 4b j 4� 

    TEG interface 

À` j Ä ≤ ³ ≤ Ã` j À 

 

°. ¶·x∆·¸  ¶·x∆·¸x�»xµ�  ¶·x∆·¸q�»xµ� � Å	
 

½T�t, 4b j 5� � T�t, 4b j 6�T�t, 5b j 4� � T�t, 5b j 5� 

Cold side of TEG 

Ã` j Æ ≤ ³ ≤ Ä` j Ã 

 

 

 ´Ã . ¶·x∆·¸qµ j ¹Ã. ¶·x∆·¸  ´Ã	¶·x∆·¸xµ  Â°. ¶·x∆·¸x�»xµ� � ¼Ã 

 

 

 

½T�t, 5b j 6� � T�t, 5b j 7�T�t, 6b j 5� � T�t, 6b j 6� 

    Cold fluid 

Ä` j Ç ≤ ³ ≤ Æ` j Ä 

 

 

¹Ä. ¶·x∆·¸  Á°. ¶·x∆·¸xµ  Â°. ¶·x∆·¸q�»xµ� � ¼Ä 

 

 

 

½T�t, 6b j 7� � T�t, 6b j 8�T�t, 7b j 6� � T�t, 7b j 7� 

 

 

 

 

 

 

 

 

 

 

 

Coefficients 

�� � ªÈ�È
�∆É�Ê		; 	Ë� � 2

ªÈ�È
�∆É�Ê j

ÌÈªÈPÈ
∆® j ¥¦�§���ÍÎÏ �Ð j ¥¦�§z��§ 	;  

�� � ¥¦�§���ÍÎÏ �Ð   
 ¦� �  �Sz¡¢FG j ÌÈªÈPÈ

∆® n®¯ j ¥¦�§z=n����zq�� j n̈ ����zq¨��?	; 
 

�C � ªÑÒ�ÑÒ
�∆É�Ê 	;ËC � 2

ªÑÒ�ÑÒ
�∆É�Ê j

ÌÑÒªÑÒPÑÒ
∆® j ¥¦�§������q�� j

¥¦�©������q�� ;�� � ¦�§������q�� ;	Ó� � ¥¦�©������q�� ;      

	¦C �  �S�¡¢FG j ÌÑÒªÑÒPÑÒ
∆® n®¯ ; 

�. � ªÔÕ�ÔÕ
�∆É�Ê j

�I ÔÕPÔÕ
∆É  ;	Ö � 	¥¦�§LMN����qLMN� ;× � ªÔÕ�ÔÕ

�∆É�Ê 	;¦. �
ÌÔÕªÔÕPÔÕ

∆® n®¯ 	;	Ë. � 2 ªÔÕ�ÔÕ�∆É�Ê j
ÌÔÕªÔÕPÔÕ

∆® j �I ÔÕPÔÕ
∆É j ¥¦�©������q�� j

¥¦�§LMN����qLMN� ; Ó� � ¥¦�©������q�� ; 

ËD � 2 ªÔØ�ÔØ�∆É�Ê j
ÌÔØªÔØPÔØ

∆® j ¥¦�§LMN����qLMN�	;¦D � ÌÔØªÔØPÔØ
∆® n®¯ ; 

Ö � 	¥¦�§LMN����qLMN� 	;  
�� � ªÙØ�ÙØ

�∆É�Ê  ;		ÖC � ¥¦�©LMN�� LMN�q��	;	¦� � ÌÙØªÙØPÙØ
∆® n®¯ 	; 

Ë� � 2 ªÙØ�ÙØ�∆É�Ê j
ÌÙØªÙØPÙØ

∆® j ¥¦�©LMN��LMN�q�� 	; 
 ×C � ªÙÕ�ÙÕ

�∆É�Ê 	; ¦r � 	
ÌÙÕªÙÕPÙÕ

∆® n®¯ 	;	ÖC � ¥¦�©LMN��LMN�q��	 

Ër � 2 ªÙÕ�ÙÕ�∆É�Ê j
ÌÙÕªÙÕPÙÕ

∆® j ¥¦�©LMN�� LMN�q�� j �I ÙÕPÙÕ
∆É 	; 
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3 Results and discussion 

3.1 Validation 

 In this section, the thermal and electrical performance 

of the HPTC system are presented and discussed. 

Before that, to validate our numerical model, one of the 

following methods is performed regarding the 

numerical model validation: 

1. Validation with experimental model. 

2. Validation of each subsystem independent from 

the other. 

 The first method requires considerable time and 

investment to be carried out properly. For this reason, 

we have chosen the second method to validate our 

numerical model. Based on this method, the parabolic 

trough system is validated separately for TEG (Isolated 

TEG). The obtained results are compared with [14]. 

Then, we validate the obtained results with that of [15]. 

 3.1.1 PTC validation part 

 During the validation of our simulation program, the 

same climatic conditions in [14] are respected, also, the 

same working fluid is used (Therminol VP1). Therefore, 

the temperature distribution of each component of [14] 

is strongly and roughly similar to that of our  simulation 

as clearly shown in Fig. 5. To prove the validation of 

our numerical model, two mathematical equations have 

been used as shown by the following equations 

Ú�� � ∑ �|�Ýq�Þ|�ßàáâ
ã ,                                             (7) 

Úä�� � ∑ �|�Ýq�Þ| �Þ/ �ßàáâ
ã ,                                       (8) 

where, å� is the value for the base case, åæ is the 

deviation from the base value, and N is the number of 

numerical data. 

 

 

 

 

 

 

Figure 5. Temperature evolutions of all the PTC’s components. 

Table 4. Percentage and absolute errors of all the PTC’s 

components. 

 Error 

% 

 Absolute Error 

Glass temperature        

(°C) 

3,62 2,194 

Absorber temperature 

(°C) 

2,392 3,514 

Fluid temperature        

(°C) 

2,278 2,587 

 

 Based on Table 4, the absolute error and its percentage 

are relatively small, which is acceptable which validate 

our numerical model. 

3.1.2 Cylindrical thermoelectric validation part 

 In order to compare the obtained numerical results of 

the TEG with that presented in [15], the same numerical 

model has been used, keeping all assumptions and 

conditions applied to the isolated TEG in [15]. 

 

Figure 6. Thermoelectric efficiency of  numerical and exact results 

[15]. 
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Figure 7. Hot and cold sides temperature of thermoelectric generator 

of exact (panel a) and numerical results (panel b) [15]. 

 

Table 5. Percentage and absolute errors of the TEG sides 

temperature and efficiency of our numerical model and literature 

results. 

 

Temperature and efficiency of 

TEG 

Absolute 

Error 

Error % 

Tcold side(°C) 1.25 2.063 

Thot side(°C) with cooling system 2.4 0.773 

Thot side(°C) with Tcold 

side(°C)=27°C 

5.61 1.73 

ç��� with cooling system 0.0987 1.775 

ç��� with Tcold side(°C)=27°C 0.19125 4.275 

 

 Figure 6 shows the variation of the TEG’s electrical 

efficiency versus sun irradiation. We can notice that the 

electrical efficiency increases with increasing of the sun 

irradiation on both cases (with cooling system and with 

Tcold side=27°C). Therefore, the numerical and exact 

solutions have the same tendency where the 

maximum error percentage is about 4.275%, which 

validate our numerical model.  

 The effect of sun irradiation on the hot and cold sides’ 

temperature of TEG are presented in Figs. 7a and 7b. 

The hot side temperature increases significantly with 

increasing the sun irradiation, while the cold side 

temperature increases slightly due to the cooling system 

effect. When the cold side temperature is set at 27°C, 

the hot side temperature increases more when using a 

cooling system. Thus, this performance is similar to that 

of [15]. 

 To confirm the validity of numerical results, we use 

Eqs. (7) and (8), where, N is the number of numerical 

data which is equal to 8. Based on Table 6, in the first 

case (cooling system case), the absolute error is about 

2.4 corresponding to 0.773% in maximum percentage 

error. Moreover, when Tcold side=27°C, the percentage 

error can achieve up to 2.063% with an absolute error 

of 1.25 which validate our numerical model. According 

to Table 5 and Table 6, the absolute and percentage 

errors are still reasonable and acceptable, thus, our 

numerical model is in good agreement with the exact 

results [14,15]. 

3.2 Effect of hot fluid flowrate 

 Figures 8a and 8b show the variation of the HPTC 

components temperature. As shown in Fig. 8b, when the 

hot fluid flow rate is increased, the temperature of heat 

transfer fluid is decreased due to the heating process of 

the hot fluid within the absorber tube. i.e. the hot fluid 

heating is decreased with the increase of the hot fluid 

flow rate, this behaviour is similar to that of [18].  Also, 

the temperature of the absorber tube is decreased when 

the hot fluid flow rate increases which is due to an 

increase of convective heat losses between the absorber 

tube and hot fluid. 

 According to Fig. 8a, the hot side temperature of  TEG 

is gradually decreased due to the low thermal amount 

exchanged between the heat transfer fluid and the 

TEG’s hot side. Also, the temperature difference 

decreases when the hot fluid flow rate increases. The 

upper side temperature of TEG decreases with 

increasing hot flow as seen in Figs. 8a and 8c. 
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Figure 8. Effect of hot fluid flowrate on the PTC/TEG components 

temperature distribution (panels (a) and (b)) and the temperature 

difference of TEG (panel c). 

3.3 Effect of cold fluid flow rate 

 The effect of cold flow rate on the PTC component 

temperature is shown in the panels of Fig. 9. When the 

cold fluid flow rate increases, the cold side temperature 

of TEG decreases significantly as clearly shown in Fig. 

9a.  

 The upper side temperature of TEG and hot fluid 

temperature decreases due to high cooling effect as seen 

in Fig. 9b. Thus, the temperature difference across the 

TEG is increased with increasing the cooling fluid flow 

rate as shown in Fig. 9c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Effect of cold fluid flowrate on the PTC/TEG components 

temperature distribution (panels a, b) and the temperature difference 

across the TEG sides (panel c). 
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3.4 Effect of TEG thickness 

 The TEG thickness has an important role on the 

temperature difference variation.  Figs.10a and 10b 

present the temperature of the hot and cold sides at 

mcf=0.5 kg/s and mhf=0.1 kg/s, while the TEG thickness 

was varied from 2.9 to 5.8 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Temperature evolution of hot (panel a) and cold sides 

(panel b) of the TEG and temperature difference of the TEG (panel 

c) at different TEG thickness. 

 

 It could be noticed that the temperature of hot side of 

the TEG is increased with increasing TEG thickness, 

while the cold side temperature is increased slightly 

when the TEG thickness is increased. This is clearly 

shown in Figs. 10a and 10b. Therefore, the TEG 

temperature difference is increased when the TEG 

thickness is increased which is clearly presented in Fig. 

10c. 

3.5 Power output and electrical efficiency of 

TEG 

 The power output variation of the TEG’s is presented 

in Fig. 11a. It can be noticed that the maximum 

electrical power increases with increasing the cold fluid 

flow rate, due to the temperature difference, which is 

mainly increased with increasing the cold fluid flow rate 

as explained in subsection 3.3. Also, the power output 

of the TEG increases with increasing the temperature 

difference as explained by Eq. (9) and shown in Fig. 

11b. Thus, the optimal power output can be reached at 

mcf=mhf=0.25 kg/s. 

èLMN,��É = ©(�∆L)Ê

Dæàé
.                                           (9) 

 Figure 12 shows the evolution of the TEG’s electrical 

efficiency as a function of sun irradiation. The cold fluid 

flow rate is varied from 0.25 to 0.4 kg/s with mhf set at 

0.25kg/s. Based on Eq. (10), we can notice that the 

electrical efficiency increases with increasing sun 

irradiation. This is due to the increases of temperature 

difference with increasing sun irradiation as explained 

by [9]. From Figs. 11 and 12, we can also notice that the 

power output of TEG increases when the electrical 

efficiency increases due to the strong linear relationship 

between the electrical efficiency and the power output 

as explained by Eq. (11). Thus, the maximum electrical 

efficiency is reached at 9.72% corresponding to 273.15 

W in maximum power generation.  

 ηëìí = ,ëîïðñqëîïðò
ëîïðñ

0 ó�xôëõöq�
ó�xôëõöxîîïðò

îîïðñ

,             (10) 

 Pëìí = ηëëìí(∆n) (�xôëõö)÷îïðøîïð

ùîïð
 ,          (11) 

where, Aëìí, këìí, and  Z, Lëìí are respectively the 

cross section of TEG, Thermal conductivity, and merite 

factor, length of  TEG.  
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Figure 11. Power output of TEG at various mass flow rate during 

the whole day (panel a) and for different ∆T (panel b). 

 

Figure 12. Electrical efficiency of TEG as a function of sun 

irradiation at different cold fluid flow rates. 

 

 

 

3.6 Thermal efficiency of the HPTC system  

 Figure 13 shows variation of the HPTC’s thermal 

efficiency. The cold fluid flow rate is varied from 0.25-

0.4 kg/s with mhf=0.25 kg/s. Based on Eq. (12) [19], it 

could be noticed that the thermal efficiency (PTC only) 

decreases slightly with increasing the cold fluid flow 

rate as shown in Fig. 13. Also, based on Eq. (13) [20], 

the thermal efficiency of the HPTC system is 

significantly improved due to integration of the tubular 

thermoelectric generator inside the PTC system, where 

the maximum value can be reached at  60.646% 

corresponding to 273.15 W for the optimal power 

output of TEG, which is obtained at mhf =0.25 kg/s with 

mhf=0.25 kg/s. 

 

�OLP = ɸýÔ
ªþØ�N�

,                                                  (12) 

�� = �OLP + �LMN ,                                                (13) 

where, ɸ®� is the useful thermal power, �OLP is the 

aperture area, and FG  is the sun irradiation. 

 

 

Figure 13. Variation of the HPTC efficiency at different cold fluid 

flow rates. 
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4 Conclusions  

 

 The thermal and electrical performance of the HPTC 

system has been investigated. A numerical model was 

presented while a set of nonlinear equations were solved 

via the Gauss-Seidel technique. The calculation 

procures were developed in MATLAB (R2015a) to 

examine the electrical and thermal performance of the 

HPTC system. Our major findings are summarized as  

• The maximum electrical efficiency is 9.72% 

corresponding to 273.15 W as elecrical power 

output.  

• The overall thermal efficiency of the HPTC 

system is about 60.646%, which means that our 

hybrid system has the ability to generate both 

thermal and electrical power (additional 

electrical power) simultaneously, which is very 

promising for future parabolic trough collector 

developments.  
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Appendix 

  1. Heat transfer coefficients 

  1.1 Convection between glass cover and ambient 

 The convective heat transfer coefficient between the 

glass cover and ambient can take two expressions 

according to the wind speed value. Thus, when it has a 

low value, Churchill and Chu [21] proposed the 

following expression: 

�zq��
P = �Ñà�

���È

��
��
�	
0.6 + 0.387 ∗

��

�� æ�Ñà�
��x�|.���

þ�Ñà��
�

â~�
â~�
���
��

â
~

��
��
��

C

,                                       (A.1) 

 

where, air properties are calculated at 
LÈxLÑ�

C  , in which: 

 

è���� = P�Ñà� �Ñà�
�Ñà� ,                                             (A.2) 

 and, 

�Î��� = C.=LÈqLÑ�?.z.P�Ñà�.=ÌÑà�Ê?.,���È
}0

�Ñà�.�Ñà�.=LÈxLÑ�? .          (A.3) 

 
When the wind velocity takes high value, Zukauskas 

[22] established a new correlation as follows: 

  �zq��
P = �(������)(è�©���) �O�Ñà�

O�È
�â 

 

∗ �Ñà����È
.                                                              (A.4) 

The air properties are calculated at the ambient 

temperature n�� , except è�z that is calculated at the 

glass cover temperature nz. Where, C, m, n, takes 

values depending on the Reynolds and Prandtl 

numbers of the air as explained in [22]. 
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1.2 Radiation between glass cover and the sky 

The exchanged heat flux by radiation between the glass 

cover and sky can be written by[19]: 

 

ɸ�
zq���y = �zq���

���§z=nz − n̈ ��? =!"z��§z=nDz − nD¨��?.                                  (A.5) 

 

The heat transfer coefficient by radiation can be 

extracted from the previous relation [19]; 

 

�zq���
� = !"z=nCz + nC¨��?=nz + n̈ ��?.    (A.6)           

 

1.3 Convection coefficient between absorber     

tube and glass cover 

The convection coefficient expression is written as 

follows [22] : 

���qz
P = C#$ÕÕ

���ÑÒy�z%&àéÑÒ&��È
',                               (A.7)             

where ¢��� is the effective thermal conductivity, which 

takes the following expression: 

¢��� = 0.386 ∗ £��� ∗ � è����
0.861 + è����

��
D
 

∗ (�Î()
â .                                                          (A.8) 

The Rayleigh number �Î( is evaluated at )� =�àéÈq���ÑÒ
C  as explained by [22]:  

�Î( =
* + % ¦�©z

¦�§��
',D

=)�
.?%=¦�©z?

q.
� + (¦�§��)

q.
� ' 

∗ (F����è����)                                                  (A.9) 

 

 

 

 

1.4 Radiation coefficient between the absorber 

tube and glass cover 

The radiative heat exchange between the outer surface 

of absorber tube and inner side of glass cover given by 

the following equation [19]: 

���qz
� = -=LÊÈxLÊÑÒ?=LÈxLÑÒ?

â.ÑÒ
x� â.È

q��&��ÑÒ&àéÈ

.                 (A.10) 

1.5 Convection coefficient at the inner side of the 

absorber and TEG hot side 

The convective heat transfer between the heat transfer 

fluid and absorber tube is given by [23]: 

ɸ�
��q�� = ¥¦�©������q��=n�� − n��?,      (A.11)        

ɸ�
��qLMN� = 

¥¦�§ LMN����qLMN�=n�� − nLMN�?,               (A.12) 

where: 

 ����q�� = ����qLMN� 

= u.uC.=æ�|.�?(O�é)∗�ÔÕ�Ô
,                               (A.13) 

and, ¦� = (¦�©�� − ¦�§ LMN), 

in which: Re, Pr and khf are respectively Reynold and 

Prandtl number and thermal conductivity of hot fluid, 

with ‘n’ takes two values 0.4 and 0.3 for heating and 

cooling process, respectively. 

1.6 Convection coefficient between the inner 

surface of TEG and the cold fluid 

The expression of (�LMNq��
�
) is given by [24], where 

�� < 2300, the expression of ×0LMNq��
� can be 

written as:    

×0LMNq��
� = 4.36.                                        (A.14)    

If  3000 ≤ �� ≤ 5. 10r, the Nusselt number is [24]:  

×0LMNq��
� = ,Õ

�0(æ�q�uuu)O�

�x�C.w%1Õ
�'%O�

Ê
}q�',                   (A.15)                    
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with; 

Ð = (1.8 23�u(��) − 1.5)qC.                       (A.16)            

The final expression of �LMNq��
�
  in both cases is: 

�LMNq��
� = ã§Ø45{ÙÕÙ  �Õ�àéØ45 .                               (A.17)        

1.7 Thermal conduction coefficients 

The thermal conduction resistance is [24]:  

��G© =
y�z�����àé

�,
C6�é(                                              (A.18)                                      

where; k, ��§ and ��© is the thermal conductivity, outer 

and inner radius of absorber tube. In which, n: glass 

cover, absorber and TEG. 

 

 

 

 

 


