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A photovoltaic (PV) collector converts sunlight directly into electrical energy about 20% 
while the rest is wasted as heat energy. This heat energy increases the operating 
temperature of the PV collector which has negative impacts on the semiconductor 
material and electricity production.  Concerning the issue, the PV collector is then 
integrated by both the finned absorber and Thermoelectric Cooler (TEC) modules which 
is known as a PV/T-TEC collector. This study aims to determine the performance of the 
PV/T-TEC collector based on the tropical climate condition in Bandarlampung, Indonesia 
(latitude 5°27΄S and longitude 105°16΄E). Furthermore, the finned absorber and TEC 
modules are attached underneath the PV collector surface to act as a heat sink. Air as a 
working fluid was specifically passed through the PV/T-TEC collector to absorb the unused 
waste heat. Thus, the irradiation level and air mass flow rate are varied in the range of 
700-1000 W/m2 and 0.0075-0.075 kg/s, respectively. Based on data obtained from the 
experimental tests, the highest values of the thermal and electrical efficiency are found 
to be 26.3 % and 9.8 %, respectively. The temperature difference between the two sides 
of the TEC is found to be less than 2.2 oC and there is a 0.3% increase in the total electric 
power generated from the TEC modules which cover 12% of the PV collector surface.  

Keywords: 

Photovoltaic; thermal; electrical; fins; 
TEC  

 
1. Introduction 
 

One of the renewable resources that can potentially be developed is solar energy. A Photovoltaic 
(PV) collector is a device that converts solar energy into electricity about 20% and the rest is wasted 
as heat energy [1]. Concerning the unused waste heat of PV collector, Zulkurnain et al., conducted 
research on residual heat of PV systems which is be implemented in AC systems. It is reported that 
the solar PV waste heat has possibility to be utilized for desiccant solution regeneration [2]. 
Furthermore, the unused waste heat may also cause a decrease in the electrical efficiency of the PV 
collector [3]. Moharrama et al., reported that the electrical efficiency of the PV panel decreases about 
0.5% when the operation temperature rises about 1 oC [4]. In other words, the electrical efficiency of 
the PV collector rises every time the temperature of the PV surface decrease [5].  
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To reduce the operating temperature of the PV collector, it is necessary to combine the PV panel 
with the thermal collector which is known as PV/T collector to absorb the unused waste heat. The 
development of this type of collector began in 1970 as reported by Chow [6], where the PV/T 
collector keeps the operating temperature remains constant and at the same time produces the hot 
fluid as a working fluid that can be used for various purposes. Meanwhile, the testing methods for 
thermal and electrical performances contribute to the development of the PV/T collector as well [7-
8]. Additionally, Zwalnan et al., also investigated numerically the effect of building thermal load for 
building applications. It is concluded that the low emissivity PV collector is recommended for building 
applications [9]. 

Concerning the working fluid of a PV/T collector, it can be air or water which acts as a heat transfer 
medium, where the water-based PV/T system has higher electrical efficiency than that of an air-based 
PV/T system [10]. Based on the structure of a PV/T collector, the heat transfer area can be extended 
by using fins that serve as a heat sink for increasing the heat transfer rate [11]. To implement fins in 
heat transfer system, the cooling technique using rectangular microchannel heat sinks was also 
developed by Wan [12]. In this case, the thermal resistance in the developed region is higher than 
the hydrodynamic entrance region.  

Based on the climatic condition of the testing, Bashir et al., implemented the experiments of 
several different PV collectors in Taxila, Pakistan [13]. The results revealed that the electrical power 
of the different PV collectors increases with the rise of solar irradiation. Ali et al., tested the 
performance of a PV panel during the peak of summer and found out that the efficiency was much 
lower than that at the same location in January [14]. Antoni and Saro developed a numerical design 
model and a parameter simulation of the solar thermal collector for the European climate, which 
were applied during winter at inlet fluid temperature of -5 oC and a mass flow rate of 45 kg/s/m2 [15]. 
The result stated that the energy rate was about 460.77 kWh/m2/y and the average heat flux was 
93.03 W/m2 for the climate of Stuttgart-Germany. Thus, Narkwatchara et al., reported that the 
tropical climate region contributes to the negative impacts on the electrical production of PV 
collectors [16]. Furthermore, Misha et al., conducted simulation and experiments tests of the PV/T 
water system under Malaysian weather conditions. The results concluded that with the increase in 
the mass flow rate, the cell temperature is decreased. The maximum electrical efficiency is found to 
be 11.71% [17]. 

Nesarajah et al., presented a detailed comparison between the Peltier element (also known as a 
Thermoelectric Cooler-TEC) and a Thermoelectric Generator-TEG for the generation of electrical 
energy [18]. The result of this research indicated that the temperatures within the range of 0-100°C, 
the TEC was as good as the TEG. This result is significant for the development of the thermoelectric 
utilization system where the TEC itself is 15 times cheaper than the TEG. Besides, Alghanima also 
investigated the effect of position and design parameters of the fan and TEC on the Refrigerator 
performance. It is concluded that the direction of the fan can contribute to the temperature 
distribution and the heat transfer process [19]. Furthermore, Chottirapong et al., stated that TEG can 
also generate continual power up to 290 mW implemented to solar cells in Thailand climate [20].  

Sourav et al., reviewed the Photovoltaic–Thermal (PV/T) technology on applications and its 
advancement. It is reported that various parameters affect the performance of PV-TEG such as the 
method of integration of TEG, location, and properties of TEG and its thermal resistance [21]. Thus, 

Umar et al., also reviewed the configuration of the PV/T-TEG system from several research results 
for increasing energy output both experimentally and numerically [22]. It is shown that increasing 
the concentration ratio increases the efficiency of TEG so that it contributes to the hybrid system. 
Meanwhile, Yoonbeom et al., investigated different interfaces between the PV and TEG components 
in term of heat transfer enhancement. The result shows that interfaces with high solar-energy-
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absorption efficiency and the high thermal conductivity contribute to increase the PV/T-TEG 
performance [23]. Furthermore, evaluation of PV-TEG system in term of experimental and 
comparative performance were carried out by Muhammad et al., as well. In this study, the operating 
temperature of the PV module decreases about 5.5% and consequently increase the PV-TEG output 
power about 19 % [24]. In addition, Song et al., reported that solar thermoelectric generators without 
optical concentration become a promising alternative solar energy thermal utilization technology 
because they are also economical and simple to implement [25]. Jia et al., also studied 
implementation of silicon grease to reduce the thermal contact between PV and TEC surfaces to 
enhance the performance of Photovoltaic-Thermoelectric [26]. Moreover, the performance of PV-
TEC integrated with parabolic through collector was analyzed by Shohreh. The electrical performance 
is increased by placing them on the lateral area of absorber tube [27]. Meanwhile, three different 
type of PV modules such as opaque, semitransparent and aluminum base were investigated by Neha. 
It is concluded that the performance of aluminum base of PV/T-TEC is higher than the others [28]. 

The data regarding the characteristics of the PV/T-TEC collector especially in tropical climate 
regions remains limited. The different responses of collectors may occur because of certain variables, 
such as ambient temperature, testing regions, types of PV collectors, working fluids, the intensity of 
solar radiation, types of thermoelectric, and others. In the present study, the testing of the 
performance of a PV solar panel collector was combined with a thermal collector and TEC 1-12706 
modules which act as a heat sink. The thermal collector connected with straight fins and TEC modules 
is then attached underneath the PV collector surface. This PV/T-TEC collector was tested with air as 
the working fluid. Therefore, the main objective of this study is to characterize the performance of 
PV/T-TEC in term of thermal and electrical efficiency based on Bandarlampung climate conditions 
(latitude of 5°27΄S and longitude of 105°16΄E).  
 
2. Methodology  
 

Figure 1 and 2 describe the design and photograph of the absorber as a heat sink with the 
common type of straight fins combined with TEC 1-12706 modules. Further, the dimension of straight 
fins and TEC is (25.4 mm high, 1 mm thick, 12.7 mm fin spacing) and (40 x 40 x 3.8 mm) respectively. 
The straight fins made from aluminum are the most widely used heat sink due to simple 
manufacturing, good conductivity, low density, and low cost. Furthermore, the TEC is a device that 
can act as a generator to produce electricity due to the different temperatures of the two sides of 
TEC. The TEC itself can be as good as the TEG within a range temperature less than 100 oC and much 
less costly than a TEG [15]. This can be a motivation to propose the use of TEC in the present study.  

The design of the absorber proposed here is only 12% of the PV panel surface covered by the TEC 
modules. This is to see the influence of the temperature difference available of TEC sides during the 
test in Bandarlampung climate conditions. The TEC modules are then arranged in three rows (27 
pieces) and attached close to the inlet of the PV/T-TEC collector.  

The specifications of the Photovoltaic (PV) panel tested in this study can be seen in Table 1. Thus, 
several experiments are carried out to obtain the values of parameters such as the irradiation (G), air 
mass flow rate (ṁ), the inlet and outlet fluid temperatures (Tf,in and T f,out), hot and cold temperature 
of the TEC, ambient temperature (Tamb), voltage of the PV panel and the TEC (V), current of the PV 
panel and the TEC (I), and an average temperature of the PV panel surface (Ts,PV). Then, the collected 
data was analyzed to determine the thermal and electrical efficiency of the PV/T-TEC collector. 
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Fig. 1. Model of straight fins and TEC 

 

  
(a) (b) 

Fig. 2. (a) Photograph of straight fins and (b) TEC 1-12706 
 
 Table 1 
 The specifications of the PV panel 
Items Unit Value 

Maximum Power (Pmax) W 50.0 
Maximum Power Voltage (Vmp) V 17.6 
Oven circuit voltage (Imp) A 2.85 
Short circuit current (Isc) A 3.04 
Nominal Operating Cell Temp (NOCT) oC 45±2 

 
The experiments are conducted to find out the thermal performance of PV collectors in the form 

of surface and fluid temperatures. Besides, this work was also to find out the electrical efficiency.  
The thermal performance is calculated through the following equation [29] 
 

ηth = 
ṁ cp(Tfo-Tfi)

A G
                                  (1) 

 

where ηthis the thermal efficiency (%), cp is the air specific heat (W/m2 oC). Tf,in is the inlet fluid 

temperature (oC) Tf,out is the outlet fluid temperature (oC), A is the absorber area (m2), G is the 
irradiation (W/m2), while the electrical performance is determined through the next formula 
 

ηel = 
𝐼 𝑉

A G
                                                 (2) 
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where I is the current generated by the PV panel (A), V is the voltage of the PV panel (V), A is the PV 
collector area (m2) and G is the irradiation (W/m2). The electrical efficiency of the PV/T-TEC collector 
in this study is obtained through the equation below: 
 

ηel = 
Power of PV panel + Power of TEC

A G
                                                (3) 

 
Figure 3 illustrates the photograph and flowchart of the experimental setup which consists of 

various research components. The solar simulator with 12-300 (Watt) halogen lamps is applied as a 
representation of the solar radiation. The irradiation level is varied in the range of 700-1000 W/m2. 
The PV/T-TEC collector is placed perpendicular to the direction of incoming radiation. The fluid 
temperature and air mass flow rate are measured with a type K thermocouple and an anemometer 
respectively. Concerning the radiation, it is recorded with a Solar meter, while the electric current 
and voltage were measured with Solar Charge Controller TS-45 Tristar.  
 

  
(a) (b) 

Fig. 3. (a) Photograph of the experimental setup and (b) The flow chart of the experimental 
procedures (1) (PV/T-TEC collector (2) Solar power meter (3) Digital thermometer (4) Solar 
simulator (5) Blower (6) Anemometer (7) Solar charge controller (8) Accu (9) Lamp) 

 
3. Results and Discussion 
 

In the present study, the experiments were conducted to obtain the values of several parameters. 
The irradiation level and air mass flow rates were varied in the range of 700-1000 W/m2 and 0.0075-
0.075 kg/s, respectively. The measured data were recorded every 10 seconds. The PV/T-TEC collector 
was tested indoors using a solar simulator which is the representation of solar radiation.  

To determine an initial time for recording data, time constant testing at constant fluid mass flow 
rates was carried out. As shown in Figure 4, the time constant based on the operating temperature 
of the PV collector is found to be 400 s. Thus, the initial time to record data is approximately 4 times 
the time constant value [30]. 
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Fig. 4. Response time of PV/T-TEC collector 

 
3.1 Thermal Performance of PV/T-TEC Collector 
 

In this work, experiments were carried out to determine the characteristic of the PV/T-TEC 
collector. The performance parameters are represented by surface temperature, outlet fluid 
temperature, and the thermal efficiency of the PV/T-TEC collector. Figure 5 shows the relations of 
the air mass flow rates and the surface temperatures of the PV/T-TEC collector associated with 
variation of irradiation level. The air as a working fluid based on the Bandarlampung climate 
conditions was passed under the PV/T-TEC collector to extract the unused waste heat. While the 
irradiation level is provided by solar simulator since the indoor testing. Thus, ambient airflow (V = 1 
m/s) was also moved over the surface of the PV/T-TEC collector to meet the requirements of testing 
[19]. Experiments without ambient airflow (V = 0 m/s) were also involved to see the effects on the 
operation temperature of the PV/T-TEC collector. 
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Fig. 5. Effect of the mass flow rate and irradiation 
level on the surface temperature 
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As described in Figure 5, it is seen that the higher the air mass flow rate, the lower the 
temperature of the PV/T-TEC surface. The higher air mass flow rate increases the heat transfer 
process to absorb the unused waste heat. Hence, this might be attributed to the increase in electrical 
efficiency as expected in the study. In the other case, there is a significant temperature difference 
between with and without an ambient airflow movement over the surface PV/T-TEC collector. The 
operating temperature of PV/T-TEC collector without an ambient airflow is higher about 8-12 oC than 
that of with an ambient airflow especially at irradiation level of 965.7 (W/m2). This is because the 
process of heat transfer convection occurs on the PV/T-TEC collector surface. Hence, the unused 
waste heat is then transferred to the ambiance by flowing air over the PV/T-TEC collector surface. 
The airflow movement over the surface implemented here is to simulate the outdoor conditions as 
required by EN-12975 standard.  

The effect of radiation and the mass flow rate on thermal efficiency can be seen in Figure 6. It 
shows that the higher the mass flow rate, the thermal efficiency is also increased. Besides, it is also 
obvious that there is no significant difference in thermal efficiency based on irradiation level. On the 
contrary to the mass flow rate, the variation of irradiation level does not significantly affect the 
thermal efficiency in the present study. 
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Fig. 6. Effect of the mass flow rate and irradiation level 
on thermal efficiency 

 
The implementation of the working fluid based on the climate in Bandarlampung region as 

presented in Table 2 and Figure 7, the outlet fluid temperature increased with the increase in air 
mass flow rate, irradiation level and the difference between the outlet and inlet of fluid temperature. 
Again, the irradiation level does not affect significantly the outlet fluid temperature in comparison 
with the air mass flow rate.  Thus, results given by applying the ambient fluid movement over the 
surface (with V=1 m/s and without V=0 m/s) do not also contribute significantly to the difference of 
the outlet fluid temperature as can be seen at G=965.7 (W/m2).  
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Fig. 7. Effect of the mass flow rate and irradiation 
level on outlet fluid temperature 

 
Table 2 
The inlet (Tf,in) and outlet (Tf,out) of fluid temperature 

ṁ (kg/s) 

G=703.6 
(W/m2) 
V=1(m/s) 
Tf,i(oC) Tf,o(oC)  

G=883.4 
(W/m2) 
V=1(m/s) 
Tf,i(oC) Tf,o(oC) 

G=965.7 
(W/m2) 
V=1(m/s) 
Tf,i(oC) Tf,o(oC) 

G=965.7 
(W/m2) 
V=0(m/s) 
Tf,i(oC) Tf,o(oC) 

0.009 31.1 41.0 31.8 43.9 31.9 44.1 31.3 44.6 

0.018 30.8 38.9 31.0 41.0 31.2 42.6 31.2 42.9 

0.037 30.4 37.2 30.3 39.1 30.4 39.5 30.1 40.1 

0.055 30.2 35.8 30.2 37.2 30.2 37.8 30.0 37.9 

 
3.2 Electrical Performance of PV/T-TEC Collector 
 

In terms of the electrical performance tests, similar procedures as that of the thermal 
performance tests are performed in this work. The effects of the irradiation level and the variation 
of mass flow rate on the electrical efficiency are depicted in Figure 8-9. It is seen that the increase in 
the air mass flow rate is also followed by the increase in electrical efficiency. This is because the use 
of the finned absorber and TEC modules as a heat sink can absorb more unused waste heat than the 
conventional PV collector. Consequently, the operating temperature of the PV/T-TEC collector will 
be lower than the PV collector without a heat sink, and electricity production will be increased. This 
also agrees with the results obtained from the earlier references [2-4].  
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Fig. 8. Effect of the mass flow rate and irradiation level 
on electrical efficiency of the PV/T collector 
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Fig. 9. Effect of the mass flow rate and irradiation level 
on electrical efficiency of the PV/T-TEC collector 

 

Besides, the higher the irradiation level, the higher the temperature of the TEC hot side, and 
consequently, the temperature difference (∆T) between the two sides of TEC is increased as seen in 
Table 3. Therefore, in this case, the output power of the TEC and the total output power of the PV/T-
TEC system are increased as well.  
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Table 3 
The temperature differences of the TEC 

ṁ (kg/s)  
G=703.6 (W/m2) 
V=1(m/s)  
∆T ( oC) 

G=883.4 (W/m2) 
V=1(m/s) 
∆T ( oC) 

G=965.7(W/m2) 
V=1(m/s)  
∆T ( oC) 

G=965.7(W/m2) 
V=0(m/s)  
∆T ( oC) 

0.009 1.65 1.86 1.91 2.17 

0.018 1.50 1.71 1.86 2.02 
0.037 1.38 1.55 1.73 1.76 
0.055 1.20 1.40 1.61 1.65 

 
Concerning working fluid applied in the present study, since the air has low density, small heat 

conductivity, and small volumetric heat capacity, so the temperature difference obtained from the 
two sides of the TEC based on the climate in Bandarlampung is found to be less than 2.2 oC as shown 
in Table 3. Thus, Figure 10 presents the comparison results for electrical efficiency of PV/T collector 
with and without implementing TEC modules. Hence, there is a 0.3 % increase in electrical power for 
only 12 % of the PV panel surface covered by the TEC modules. It implies that the beneficial use of 
TEC for increasing electrical power exists in tropical regions. 
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Fig. 10. Comparison of average electrical efficiency 
between the PV/T and PV/T-TEC collector 

 
4. Conclusions 
 

In the present study, the experiments were carried out to analyze the performance of PV/T-TEC 
collectors for the tropical climate of Bandarlampung, Indonesia. The results show that the increases 
in both the air mass flow rate and irradiation level enhance the thermal and electrical efficiency of 
the PV/T-TEC collector due to the utilization of the straight fins and TEC modules. Furthermore, the 
increase in irradiation level causes the temperature of the hot side of TEC modules to increase, so 
the temperature difference between the two sides of TEC (cold and hot sides) will be higher than 
before. Then, the electricity power TEC will be increased as well. The increase in the air mass flow 
rate (at the same irradiation level) reduces the operating temperatures, consequently, the 
temperature difference between the two sides of TEC (cool and hot sides) will be lower than before, 
so the electricity power TEC will be decreased. In general, however, the total amount of electrical 
efficiency of the PV/T-TEC collector is still increasing due to the decrease in operating temperature. 
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In terms of performance values, the highest thermal and electrical efficiency are found to be 26.3 % 
and 9.8 % respectively at a mass flow rate of 0.055 kg/s and irradiation level of 965.7 W/m2. The 
temperature difference between the two sides of the TEC is less than 2.2 oC and there is a 0.3% 
increase in the total electric power generated from the TEC modules which cover 12 % of the PV 
collector surface.  Thus, the results lead to the implication of PV/T-TEC collectors and could be 
beneficial use in the tropical regions. While several improvements are still required especially in 
terms of other configurations, quantities, types of both TEC and fins.  
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