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The majority of incident solar irradiance causes thermalization in photovoltaic (PV) cells, attenuating their efficiency. In order to use solar energy on a large scale and reduce carbon emissions, their efficiency must be enhanced. Effective thermal management can be utilized to generate additional electrical power while simultaneously improving photovoltaic efficiency. In this work, an experimental model of a hybrid photovoltaic-thermoelectric generation (PV-TEG) system is developed. Ten bismuth telluride-based thermoelectric modules are attached to the rear side of a 10 W polycrystalline silicon-based photovoltaic module in order to recover and transform waste thermal energy to usable electrical energy, ultimately cooling the PV cells. The experiment was then carried out for 10 days in Lahore, Pakistan, on both a simple PV module and a hybrid PV-TEG system. The findings revealed that a hybrid system has boosted PV module output power and conversion efficiency. The operating temperature of the PV module in the hybrid system is reduced by 5.5%, from 55°C to 52°C. Due to a drop in temperature and the addition of some recovered energy by thermoelectric modules, the total output power and conversion efficiency of the system increased. The hybrid system’s cumulative output power increased by 19% from 8.78 to 10.84 W, compared to the simple PV system. Also, the efficiency of the hybrid PV-TEG system increased from 11.6 to 14%, which is an increase of 17% overall. The results of this research could provide consideration for designing commercial hybrid PV-TEG systems.
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INTRODUCTION
An unprecedented challenge in the 21st century is to fulfill the outgrowing energy demand of the world with eco-friendly, efficient, cost-effective, and sustainable energy resources. Being clean, sustainable, and the most abundant energy resource on the earth, solar energy draws a great deal of attention to address a plethora of energy issues. As a matter of fact, cumulative solar irradiance reaching the earth’s surface is greater than 7,500 times the total energy consumption per year which is 450 EJ worldwide (Thirugnanasambandam et al., 2010; Moh’d A et al., 2017).
Numerous studies on the conversion of solar energy into thermal, electrical, and chemical energies through photothermal, photovoltaic, and photochemical processes have been conducted in recent years. However, solar photovoltaic conversion is now widely used in a variety of applications. In recent years, PV cell technology has advanced at a rapid pace (Khan et al., 2016). Many researchers are investigating the thermodynamics of solar PV energy conversion utilizing the first and second laws of thermodynamics for performance analysis and efficiency enhancement (Joshi et al., 2014; Arabkoohsar et al., 2015; Esmaili et al., 2015). To investigate the influence of the band energy gap on the efficiency of solar PV cells, Baruch et al. (1995) used a thermodynamic approach. Rusirawan (2012) thermodynamically performed an exergetic analysis of a PV system utilizing the photon energy approach. Sundaram et al. (2015) conducted an exergy and energy efficiency analysis of a 5 MW PV power plant in south India. Bicer et al. (2016) evaluated the irreversibilities related to the photothermoelectric processes in solar PV systems using a comprehensive approach.
Currently, PV systems are used in various applications (directly or indirectly) such as power generation from household rooftop and building integrated scale to large grid station, refrigeration and air conditioning, solar cooking, solar drying, water heating and desalination, lightening systems for streetlights, and traffic signals (Ma et al., 2015). Solar power generation through PV systems has the highest power density among all renewable energy sources (Smil, 2005). Solar plants have a potential life of more than 25 years, but they can persist for up to 100 years (Lakatos et al., 2011). Solar photovoltaic is expected to account for around 16% of worldwide energy output by 2050 (Sathe et al., 2017). Santhi Rekha and Sukchai (2018) developed and tested a parabolic solar concentric cooker with and without phase change material (PCM). They verified that the cooking power of a solar concentric cooker with PCM is two times that of a solar concentric cooker without PCM. Salilih and Birhane (2019) proposed a method for analyzing a vapor compression refrigeration system under real-life situations using PV and compressor characteristics from the datasheets. Manokar et al. (2018) experimentally investigated the performance of PV module-integrated solar still that generates power and desalinates water simultaneously. In another paper, they investigated the influence of mass flow rate in an inclined solar panel combined with a spiral tube water heater experimentally (Manokar and Treatment, 2019). Kabeel et al. (2019) conducted an experiment on inclined PV panel solar still with PCM as well as cover cooling. The findings revealed that the efficiency and power of the inclined PV panel solar still depend upon panel surface, cover, and water temperature. Sasikumar et al. (2020) demonstrated experimentally that higher water flow conditions reduce the electrical, thermal, and energy efficiency of solar panels, as well as the rate of distilled water production.
For several decades, experts from academia and industry have concentrated and conducted extensive research on the PV systems to convert solar energy into electricity. However, the conversion efficiencies of PV modules available in the market have been recorded in the range of 10–15 percent as it utilizes the visible range of solar radiation only. The infrared range is transmitted and induces thermalization of PV cells which adversely affects its efficiency and output power (Dimri et al., 2017). Different techniques for cooling PV modules have therefore been suggested and among them, the fully fledged technologies are air and water cooling with practical implementation worldwide (Makki et al., 2015). In addition to these two, the potential solutions that have also been investigated are nanofluid, heat pipe, and thermoelectric cooling. Hence, the operating temperature of the PV modules can be maintained at an appropriate level to ensure adequate efficiency and power output. The conversion efficiency of PV has been reported to decrease by a range of 0.25–0.5 percent per degree rise in its operating temperature depending on the material used (Grubišić-Čabo et al., 2016). It demonstrates that cooling for photovoltaics is important as its performance will be favored by a slight decrease in operating temperature. Therefore, effective recovery of waste heat from a PV module will not only improve its efficiency but also provide additional useful energy simultaneously.
Thermoelectricity (TE) is essentially a bidirectional energy transformation technology for the conversion of thermal energy into electricity, and vice versa. This technique offers an alternative to conventional processes used for heating, cooling, and power generation from waste heat. The primary benefits of adopting these thermoelectric (TE) devices include gas-free emission, noiseless operation, significant scalability, vibration and maintenance-free operation without moving components, and long-term operational reliability (He et al., 2015; Li et al., 2018). However, the widespread implementation of thermoelectric generators (TEGs) has been limited by low conversion efficiency. The conversion efficiency of these devices depends upon two parameters, geometry and material, and a lot of researches have been conducted to optimize these parameters, eventually improving their efficiency (Li et al., 2017; Shkatulov et al., 2019).
Thermoelectric devices have also been investigated recently for cooling of PV systems by transforming PV cell’s surplus heat into electricity (Deng et al., 2013; Zhu et al., 2016). Cooling photovoltaics using thermoelectric increases conversion efficiency and power production of PV systems, implying the feasibility of constructing a realistic hybrid photovoltaic-thermoelectric generation (PV-TEG) system (Li et al., 2014). Wang et al. (2011) experimentally examined the performance of a dye-synthesized solar cell (DSSC) and a thermoelectric module and discovered that using a TE module improved system efficiency from 9.39 to 13.8%. Lin et al. (2015) derived the mathematical model of hybrid PV-TEG system and proposed its optimal design for practical implementation. They analyzed the effect of TEG structural parameters and PV module operating conditions on hybrid PV-TEG performance. Zhang et al. (2014) estimated the efficiency of hybrid concentrated photovoltaics with thermoelectric generators (CPV-TEG) theoretically by using different PV modules. Kossyvakis et al. (2016) experimentally investigated the output of tandem PV-TEG system of multicrystalline silicon photovoltaic module. They claimed that TE modules with tiny legs boost the power performance of the hybrid system. Sark (2011) claimed from PV-TE hybrid system’s model that the efficiency of this system can be increased by 8–23 percent. Dallan et al. (2015) experimentally compared the PV system alone; the output of the hybrid PV-TEG system increases by integrating TEG as a heat pump in this system. Rejeb et al. (2020) presented a statistical model to investigate the effect of various parameters on the conversion efficiency of a CPV-TEG system, including solar irradiance, optical concentration, thermoelectric leg height, load resistance, and ambient temperature. Novel multicrystalline photovoltaics with the incorporation of bismuth telluride modules on its rear side was proposed by Babu and Ponnambalam (2018). The suggested design results in 5 percent increased electricity production with 6 percent improvement in conversion efficiency under standard test conditions (STC). Cotfas et al. (2016) conducted a simulation study of flat plate PV-TEG system in LABVIEW and reported a power gain of 7 percent with an overall efficiency of almost 19 percent. Liu et al. (2020a) investigated how different glass coatings affected the performance of hybrid PV-TEG with light and heat management. According to the findings, the selective coating can increase the system’s power generation by approximately 14%. In MATLAB/Simulink, Verma et al. (2016) presented simulation models of the PV-TEG system with two independent maximum power point tracking (MPPT) controllers to extract the maximum power. Shittu et al. (2020) examined exergy analysis of a hybrid PV-TEG system with a microchannel heat pipe. The results demonstrate that the hybrid system outperforms the simple system, and the absence of insulation behind the microchannel heat pipe improves the hybrid system’s electrical performance. Liu et al. (2020b) designed a water-cooling-assisted PV-TEG system and reported the temperature and conversion efficiency of the system at a steady state. Findings revealed that, at 1000 W/m2, the steady-state temperature of the PV cell drops from 86.8°C to 54.1°C, while the overall efficiency rises from 15.6 to 21.1 percent.
This is evident from the literature that the efficiency of the PV module increases with the integration of TEG on its backside. However, all these studies assume a steady temperature gradient through TEG which is not valid in case of solar input. Therefore, in this work, the performance of the hybrid PV-TEG system is evaluated at transient hot side temperature of the TE module.
Most of the previous researches have concentrated on describing two individual technologies (PV and TEG) separately and integration of TE modules with monocrystalline PV modules especially. Furthermore, researchers have employed the PV-TEG integration with other auxiliaries such as water or other types of fluid circulation to cool the PV-TEG system, spectrum splitting mechanism, and lubricants between PV and TEG. These auxiliaries add additional cost to the PV-TEG system and require energy as well as proper maintenance for their operation. This study investigates the integration of a silicon-based polycrystalline PV panel with bismuth telluride-based TEG without the usage of any additional component as a way to improve the PV module’s output power and efficiency. An experimental model of a hybrid PV-TEG system is developed in which 10 bismuth telluride-based thermoelectric modules are attached to the rear side of a 10 W polycrystalline silicon-based photovoltaic module in order to recover and transform waste thermal energy to usable electrical energy. The results for both simple and hybrid systems are presented, and it is clear that a hybrid system has boosted output power and efficiency.
MATHEMATICAL MODELLING OF PV AND TE MODULE
The photovoltaic effect is the generation of electrical voltage across a material when it is exposed to light. A photovoltaic cell is a junction between two semiconductors, p-type and n-type, when photons strike on the junction, electron-hole pairs are generated. The induced electric field diffuses and separates these electron-hole pairs at the junction; these separated charges travel in opposite directions, eventually flowing in the external circuit, hence producing electrical current as shown in Figure 1 (Huen et al., 2017).
[image: Figure 1]FIGURE 1 | Hybrid PV-TEG system.
Modeling of PV Module
The equivalent electrical circuit used to model a PV module is shown in Figure 2. Kirchhoff’s Current Law helps to create characteristic models of PV module. Thus, an ideal PV cell series model can be expressed mathematically as follows:
[image: image]
where Ipv is the output photovoltaic current of PV module, Iph is the current generated by incoming photons given in Eq. 3, and Is is the saturation current of diode.
[image: Figure 2]FIGURE 2 | Simplified equivalent circuit of PV cell.
In an actual PV module, one diode and two resistances, one in series and the other in parallel, are used as shown in Figure 3 (Belkassmi et al., 2017).
[image: image]
where Irs is the current through added resistance and incoming photons produce current Iph, which is expressed as
[image: image]
[image: Figure 3]FIGURE 3 | Equivalent circuit of PV cell with one diode.
Isc is the short-circuit current, Ki is current conductivity, T is the module temperature, and G is solar irradiance, while To and Go are the temperature and solar irradiance at STC which are 25°C and 1000 W/m2, respectively (Zainal and Yusoff, 2016).
Thus, the resistance current can be mathematically expressed as
[image: image]
Iscr represents short-circuit current, Voc is open-circuit voltage, q is the charge on electron, Ns is the number of PV cells in one module, k is Boltzmann constant 1.38 × 10−23 J, and A is diode ideality factor, while diode current is expressed as (Zainal and Yusoff, 2016)
[image: image]
Eg is the bandgap energy, so Eq. 1 becomes (Zainal and Yusoff, 2016)
[image: image]
Rs and Rsh are resistance in series and parallel, respectively; PV modules are made up of connected PV cells that can be arranged in series, parallel combination. The following equation can be used to measure the input power due to irradiance from light sources (Belkassmi et al., 2017):
[image: image]
where Apv is the exposed surface area of the PV module, while the maximum efficiency of the PV module is expressed as an equation (Belkassmi et al., 2017):
[image: image]
Generally, characteristic curves of a PV module can be seen in Figure 4. The red curve depicts variations in current and voltage, while the green curve depicts variations in power and voltage.
[image: Figure 4]FIGURE 4 | Characteristic curves of PV cell.
Modeling of TE Module
A portion of the residual heat that is conducted directly from the bottom of the PV module to the hot side of the TE module is used to generate electrical energy, while the remaining is transferred to the heat sink and eventually to the environment. A TEG’s basic unit is made up of a number of p-type and n-type semiconductor elements. The basic thermoelectric effects for transforming thermal energy into electricity are the Seebeck and Peltier effects. According to the Seebeck effect, an open-circuit voltage is generated in a thermoelectric material as long as a temperature gradient exists across it.
[image: image]
where S is called the Seebeck coefficient or thermopower, a material property that relates open-circuit voltage Voc with the temperature gradient ΔT.
According to the Peltier effect, when an electric current I is passed through a junction of two dissimilar materials, heat P is generated or absorbed at the junction:
[image: image]
where π is the Peltier coefficient and Tj is the junction temperature.
Besides these two effects, there is Joule’s heat caused by TEG electrical current, Fourier’s heat conduction owing to temperature difference through TEG junctions, and Thomson’s heat caused by both temperature difference and electrical current. Based on all of these results, the heat flow rate from the rear side of the PV module to the TEG hot face and from the TEG cold face to the heat sink is expressed as
[image: image]
[image: image]
where Qh and Qc are the heat flow rates from the hot and cold side of the TE module, respectively, N denotes the number of thermoelectric pairs, R represents the electrical resistance, and K is the thermal conductance of one thermoelement pair.
The electrical currents and voltage generated from TEG are expressed as 
[image: image]
[image: image]
where Rin is the internal resistance of the TE module (Rin= NR) and Rload is the external load resistance. So, the output power generated by TEG is given as
[image: image]
And the efficiency of the TE module is given as
[image: image]
PV-TEG Performance
The overall conversion efficiency of the hybrid PV-TEG system can be expressed as the sum of the individual efficiencies of PV (ηpv) and TEG (ηteg) (Narducci et al., 2018).
[image: image]
where Ppv is the output power of the PV module, Pteg is the TEG output power, Apv is the surface area of the module, calculated by multiplying the length with the width of the PV module, and Pin is the input solar power.
Figure 5 shows the schematic stages of hybrid PV-TEG mathematical modeling calculations. The sum of PV and TEG output determines total power output and overall efficiency.
[image: Figure 5]FIGURE 5 | Schematic calculation for hybrid PV-TEG.
EXPERIMENTAL SETUP
Experimental setup, consisting of solar panels without thermoelectric modules and with thermoelectric modules, is shown in Figures 6A,B, respectively. In this work, two 10-W polycrystalline silicon-based PV panels are used. As an alternate method for lowering the operating temperature of the PV module and generating electrical power at the same time, ten thermoelectric modules were glued on the rear side of one photovoltaic panel at appropriate distances. The results for both simple and hybrid systems are presented, and it is clear that a hybrid system boosted output performance parameters of PV module, like open-circuit voltage, current, power, and conversion efficiency.
[image: Figure 6]FIGURE 6 | (A) Simple PV and (B) Hybrid PV-TEG systems, respectively.
Two polycrystalline photovoltaic panels of 10 W were used to carry out the comparative performance analysis as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Simple PV and hybrid PV-TEG systems set for comparison.
Photovoltaics were positioned at a fixed tilt angle of 46° towards the south. To evaluate the performance of a simple PV and hybrid PV-TEG system, the setup was tested under the climate conditions of Lahore (31.5204° N, 74.3587° E), Pakistan. Typical 10 consecutive days of winter from February 25th to March 6, 2021, were chosen to collect the experimental data. The experiments were carried out from 8 a.m. to 4 p.m. The specifications of the PV module used in these experiments are given in Table 1.
TABLE 1 | Specifications of PV module.
[image: Table 1]Bismuth telluride (Bi2Te3) thermoelectric modules were used in this study since they are the most commercially available on the market. Table 2 shows the specifications of one TE module.
TABLE 2 | Specifications of TE module.
[image: Table 2]Irradiance data for a prescribed location were extracted from Tutiempo Network, S.L. Temperature, current, and voltage were manually measured on daily basis with 1 h interval from 8 a.m. to 4 p.m. A k-type thermocouple was used to measure the temperature of the rear sides of both panels at various points and an average temperature of the rear side was recorded. A UT33B+ digital multimeter (DMM) was used to measure the output voltage and current of the simple PV system and hybrid PV-TEG system. The power output of both systems was calculated by multiplying voltage by current, and the efficiency of both systems was calculated using the analytical relation from Eq. 17. After the acquisition of experimental data, output parameters were plotted with time using MATLAB.
RESULTS AND DISCUSSION
Since literature has revealed that the conversion efficiency of PV module is reduced due to an increase in its temperature, this designed methodology utilized thermoelectric cooling in conjunction with power generation to extract heat from the PV module. After analyzing experimental averaged data for 10 consecutive days of winter from February 25 to March 6, 2021, it is discovered that all of the performance parameters of this hybrid PV-TEG system, including voltage, current, power, and efficiency, have improved.
Transient Variation of Irradiance and PV Module Temperature
Figure 8A depicts the transient variation of solar irradiance and PV module operating temperature with simple and hybrid systems. Solar irradiance data for our prescribed location were extracted from Tutiempo Network, S.L. Temperatures of a simple PV module and a hybrid system were manually measured using a k-type thermocouple every hour from 8 a.m. to 4 p.m. on a daily basis. Temperatures were taken at various locations on the back surfaces of both panels, and an average temperature was calculated. It has been noted that the maximum solar irradiance during this 10-day period occurred between 11 a.m. and 12 p.m. In addition, for both systems, the maximum module operating temperature was at this time (12 p.m.). The maximum average temperature measured for the simple PV system was 55°C. When TEG modules were connected to it, the operating temperature of this hybrid system dropped to 52°C as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Transient variation of (A) solar irradiance and (B) PV module operating temperature, respectively.
Transient Variation of Voltage and Current
Figures 9A,B depict the transient variation of voltage and current, respectively, in a simple as well as hybrid PV system. A UT33B+ digital multimeter (DMM) was used to measure voltage and current of simple and hybrid PV system. The hybrid system’s open-circuit voltage is actually the sum of the voltages produced by the PV and TEG modules. It is discovered that the open-circuit voltage for both simple and hybrid systems reached its maximum value of 19.73 and 21.43 V, respectively, at 12 p.m. noon, as shown in Figure 9A. Also, the short-circuit current in both cases followed the same trend as voltage. At 8 a.m., the electrical current values for simple and hybrid PV system are 0.184 A–0.213, respectively. The maximum value for a simple PV system that occurred at 12 p.m. is 0.445 A, while it is 0.506 A for the hybrid PV system as shown in the current vs. time graph in Figure 9B.
[image: Figure 9]FIGURE 9 | Transient variation of (A) voltage and (B) current of simple PV and hybrid PV-TEG system, respectively.
Transient Variation of Power and Efficiency
Figures 10A,B depict the transient variation of power and conversion efficiency, respectively, in a simple as well as hybrid PV system. It is noticed that, due to a drop in temperature and the addition of some recovered energy by thermoelectric modules, both the total output power and conversion efficiency of the hybrid PV-TEG system are enhanced. When compared to a simple PV system, the hybrid PV-TEG system’s total output power increased by 19%, from 8.78 to 10.84 W. The maximum power for both systems reached at 12 p.m. as presented in the power vs. time graph of Figure 9A. Also, the overall conversion efficiency of the aforementioned two systems occurred between 11 a.m. and 12 p.m. with numerical values of 11.6 and 14%, respectively.
[image: Figure 10]FIGURE 10 | Transient variation of (A) output power and (B) efficiency of simple PV and hybrid PV-TEG system, respectively.
CONCLUSION
In this work, an experimental and comparative performance evaluation of a simple flat plate polycrystalline PV system and a hybrid PV-TEG system is analyzed. All performance parameters including current, voltage, power, and efficiency for both systems are calculated over a ten-day period in Lahore, Pakistan, from February 25 to March 6, 2021. The experimental results briefly show that a hybrid PV-TEG system boosted output power and efficiency. The following conclusions can be drawn based on the experimental averaged data gathered for 10 days:
• The operating temperature of the PV module in the hybrid system dropped from 55°C to 52°C, which is 5.5% lower than the simple PV system.
• Due to a drop in temperature and the addition of some recovered energy by thermoelectric modules, the total output power of the hybrid system increased from 8.78 to 10.84 W, which is 19% more than the simple PV system.
• Efficiency of the hybrid PV-TEG system increased from 11.6 to 14%, which is an increase of 17% overall.
This work concludes that thermoelectric cooling in combination with power generation is a considerable way to improve the PV module’s output power and conversion efficiency. This hybrid PV-TEG system proposes effective use of residual heat accumulated on PV module resulting in improved performance when compared to the simple PV systems. The findings of this research could provide consideration for designing commercial hybrid PV-TEG systems ranging from domestic rooftop applications to large-scale solar power stations.
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