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Abstract

:

The integration of photovoltaic (PV) and thermoelectric (TE) modules in PV-TE systems has shown potential for expanding the utilization of the solar spectrum, enhancing the total power output, and reducing the space that is required for PV power plants. This paper discusses the characteristics of a practical PV-TE system model. Typically, to boost the power output of the TE component, a significant temperature difference is induced across the thermoelectric generator (TEG) module using various heat removal methods. These cooling techniques not only enhance the TEG module’s efficiency but may also improve the performance of the PV component. In this study, we evaluate the efficiencies of PV-TE systems that are equipped with polycrystalline silicon solar cells and seven distinct TEGs under four different conditions. Initially, the PV-TE hybrid systems are tested without a cooling mechanism at an ambient temperature of 25 °C (Standard Test Conditions EN/IEC 61215). Subsequently, we examine the systems with a passive cooling approach, employing aluminum heat sinks to facilitate improved heat dissipation. Further tests involve an active cooling system using water and then nanofluid as coolants. The results from these assessments aim to establish a benchmark for enhancing the efficiency of future PV-TE systems.
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1. Introduction


The post-industrial revolution era witnessed rapid development and a surge in comfort demands, driving an increased energy consumption and, consequently, heightened CO2 and greenhouse gas emissions. A total of 80% of the emission of greenhouse gases, predominantly stemming from fossil fuel usage, pose a significant contemporary environmental challenge. This trajectory is projected to elevate global temperatures by 0.6 to 2.5 °C in the coming 50 years, with dire implications for our environment, chiefly as the prime drivers of global warming and ensuing climate change. Researchers working on solar cell technologies have focused on new solar cell technologies. Their efforts have centered on reducing material usage and costs, adopting innovative hybrid approaches, and augmenting the production capacity. In recent decades, photovoltaic research has demonstrated remarkable progress in enhancing efficiency, evolving from around 13% in 1977 (for single-junction, non-concentrated single-crystalline solar cells) to the current record efficiency of 47.6% in concentrated, four-junction solar cells [1]. Concurrently, the cost of solar energy has plummeted from USD 77 per watt in 1977 to a mere USD 0.35 per watt in 2023 [2]. Although photovoltaic technology is commercially used in lots of countries as the major renewable energy source, the efficiency of the PV plants is still quite low, because more than 80% of the potential energy coming from the sun to the PV power plant area is wasted. On the other hand, the cost of pure PV solar modules is decreasing due to new research on increasing the efficiency of solar cells [3,4,5].



Photovoltaic researchers have pursued three primary strategies: developing new materials, enhancing sunlight utilization for energy recovery, and employing photovoltaic–thermoelectric (PV-TE) systems to convert heat into electricity. The rising global population constrains the available land for future photovoltaic power plants, underscoring the need for improved solar cell efficiency and photovoltaic system effectiveness, with PV-TE emerging as a noteworthy solution. Especially, in recent decades, hybrid power generation systems like photovoltaic hybrid systems such as PV-TE have gained enormous awareness [6,7,8].



Using thermoelectric generators (TEGs) in PV-TE systems offers a promising way to harvest thermal energy and boost power output. The use of TE modules increases the power output, and previous laboratory test results showed an increase of up to 39% of PV-TE compared with the PV of a PV-TE without the TE part [9,10,11,12]. TE modules directly convert heat energy into electricity, based on the temperature differences between the plains of the module. Unlike photovoltaic cells that rely on high-energy photons, TEGs can convert heat from lower-energy photons into electricity without increasing the cell temperature of the PV part. One of the advantages of the PV-TE system is the demolishing of the adverse influencing factor of the heat for the PV solar cell, as this heat is converted to electrical energy by the TE part of the PV-TE system [13,14]. A PV-TE hybrid system is a useful technology to use the solar irradiation in full spectra and obtain a higher amount of energy [15,16]. PV-TE hybrid systems are proposed, tested, and fabricated in order to increase the total efficiency of solar energy [17,18,19,20]. Especially in recent years, PV-TE hybrid systems have gained more attention [21,22,23,24,25,26,27,28,29,30].



PV-TE hybrid systems are particularly effective in regions with high solar irradiation [31,32,33,34,35], but even in areas with lower solar radiation, the TE component can generate power when the PV-TE system has a cooling mechanism, making them commercially viable and profitable [36,37,38,39,40].



TE modules offer solid-state reliability, although their cost does not always align with efficiency. In fact, a less expensive TE module can outperform a pricier one. Their cost depends on materials, working temperatures, and size. As the TE module converts this heat into electricity, the PV component temperature decreases, boosting PV efficiency. An active cooling system in PV-TE hybrids keeps the TE module’s cold side consistently cool, increasing energy efficiency and mitigating environmental impacts. Traditional PV systems raise the backside temperature of PV modules to 25–30 °C above the ambient temperature, but with a TE module beneath the PV module, this heat is directly converted into electrical energy, eliminating this environmental concern [41].



In this study, we evaluated the performance of PV-TE systems, specifically those using polycrystalline silicon solar cells, coupled with seven different types of TEGs. Our assessment was carried out under four distinct conditions. Initially, we analyzed the PV-TE hybrid systems’ efficiency at an ambient temperature of 25 °C without any cooling mechanism. We then progressed to incorporate a passive cooling system, utilizing aluminum heat sinks designed to enhance heat dissipation significantly. Further evaluations included an active cooling system, first using water and then nanofluid as coolants. The insights derived from these varied tests have laid the groundwork for advancing the efficiency of PV-TE systems.




2. Materials and Methods


In this study, we conducted a detailed analysis of the performance of photovoltaic–thermal (PV-TE) systems that integrate poly-crystalline silicon solar cells with seven distinct thermoelectric generators (TEGs) under various temperature scenarios. These systems were examined in four separate configurations: without a cooling system, with passive cooling, and with active cooling utilizing either distilled water or a nanofluid as the coolant medium. For clarity and ease of reference in the resultant graphs and tables, the TEGs are designated numerically (e.g., TEG1, TEG2). Additionally, Table 1 presents a thorough summary, listing the identification number, manufacturer details, and model specifications, thermoelectric materials used, the thickness of the thermoelectric generator (TEG is the thicknesses of the thermoelectric generator (TEG), surface, P-N junctions, and the plate materials for each TEG). The dimensions of each TEG are 40 × 40 mm.



The PV-TE system schematic in Figure 1 depicts the PV module in the upper section and the TE module in the lower section. Incident sunlight on the PV module generates electron–hole pairs if the photon energy exceeds the semiconductor’s bandgap energy (Egap), resulting in electrical energy. However, lower-energy photons increase the module’s temperature, raising its resistance due to the temperature–resistance relationship. This diminishes the PV module’s efficiency. The TE module is directly affixed to the PV module’s rear surface, allowing the thermal energy produced in the PV module to transfer to the TE module. TEGs are designed to generate an electric potential by utilizing the Seebeck Effect, which occurs at the junction of two dissimilar conductors at different temperatures. Through this phenomenon, TEGs are capable of converting thermal energy to electrical energy. The pursuit of increased efficiency in TE modules through advanced and diverse strategies is imperative for optimizing the overall functionality and performance of PV-TE hybrid systems. Enhancements in this domain promise to yield substantial improvements in energy conversion efficiency, thereby elevating the efficacy and potential application of these hybrid systems in various sectors [42,43,44,45].



The electrical illustration of the PV and TE parts of the hybrid system is depicted as a four-wire system. This allows for the independent measurement and evaluation of energy from the PV and TE parts, as well as a more accurate assessment of their respective efficiencies. The PV and TE parts each have their own distinct electrical output systems.



The TE modules have two plate sides. In PV-TE systems, the side which is connected to the PV module is the hot side, and the other side is the cold side. In the simplest PV-TE systems, the hot side receives heat from the PV part while the cold side, not connected to any equipment, only dissipates heat into the air. Under normal conditions, the temperature difference between the rear side of a working PV module and the ambient air is approximately 25–30 °C. If the ambient temperature is relatively warm, the cold side of the TE module heats up quickly, potentially equalizing with the hot side’s temperature. In the assessment of the PV-TE hybrid system, precise temperature control plays a pivotal role. As previously outlined, the ambient temperature (Ta) is set at a constant 25. However, our primary focus in this research is on regulating the hot side’s temperature (Th) of the TEG using constantly calibrated test equipment from our laboratory. For this study, we experimented with TEGs at Th values ranging from 30 °C to 70 °C. But for commercialization, the values of 50 °C and 70 °C are important. This is because the TE part utilizes the temperature difference between the cold side and the hot side, which is affixed to the back sheet of the PV part, as its energy source. The temperature of the hot side of the TE is proportional to the temperature of the back sheet of the PV module. The backside of the PV part is normally 25–30 °C higher than the Ta. This means that Th is nearly 50 °C when the Ta is 25 °C. For the tests without a cooling system and with a passive cooling system, the initial value of the temperature of the cold side of the TEG (Tc) was equal to the Ta. But for the active cooling systems, a liquid with 10 °C temperature was provided to the test system. Tests were conducted in the accredited Photovoltaics and Calibration Laboratories at the Turkish Standards Institution, compliant with EN ISO/IEC 17025 requirements [46]. The equipment used was meticulously calibrated. The tests followed the EN/IEC 61215 standards and were conducted at an ambient temperature of 25 °C [47]. The temperature on the TE component’s hot side was varied from 30 °C to 70 °C in 5 °C increments for measurements.




3. Results and Discussion


The outcomes of our tests on the TE modules that were tested without a cooling system closely aligned with our initial expectations. In Figure 2a, we present the results of the voltage-time tests performed on seven TEGs, all operating at a constant hot side (Th) temperature of 50 °C. A noteworthy observation from our findings is the very short time that it takes for both sides of the TEGs to reach temperature equalization. Specifically, we observed that TEG2 and TEG3, featuring ceramic plates, exhibited superior performance when subjected to a hot-side temperature (Th) of 50 °C. It is worth emphasizing that this temperature closely approximates the back sheet temperature of the PV module under Standard Test Conditions (STC). Conversely, the two TEGs that were equipped with graphite plates demonstrated relatively lower output performance when compared to their ceramic counterparts. These observations provide a valuable understanding of the distinctive thermal characteristics that are associated with various TEG configurations and their potential implications for the overall system performance.



Expanding upon our observations, Figure 2b illustrates that even under a Th of 70 °C, the TEGs with ceramic plates maintain higher output levels compared to the TEGs with graphite sheets. Notably, TEG2 and TEG3 consistently deliver superior outputs, mirroring the results observed at 50 °C Th. This reaffirms that TEGs with graphite sheets exhibit lower output levels, underscoring the performance differences between TEGs with ceramic and graphite plates, which remain consistent even at higher operating temperatures of 70 °C Th. In the context of advancing PV-TE efficiency, the next step entails the incorporation of an aluminum heat sink beneath the cold side of the TE module, as visually depicted in Figure 3. This approach extends the duration of the temperature equalization across both sides of the TE module, serving as a critical enhancement in our research.



To conduct this investigation, we opted for an aluminum heat sink with dimensions that were identical to the TE modules in use. This approach effectively transforms the PV-TE system into one with a passive cooling system. The results obtained through this methodology are designated by the label “PC” (passive cooling) in our graphical representations. This strategic initiative marks a critical advancement in our research. It elucidates the prospective benefits derived from incorporating passive cooling mechanisms into the PV-TE system, aimed at enhancing the overall performance and efficiency The experiments for the TE component of the PV-TE system were conducted at the Calibration Laboratory of the Turkish Standards Institution. To characterize the PV component of the PV-TE hybrid system, we used a heating plate from the ACSII-2000 Temperature Calibration System, provided by Anritsu Meter Co., LTD, Tokyo, Japan. The heating plate of this unit consistently maintains the required temperature, ensuring that the hot side of the TE component remains at the necessary temperature throughout testing. Figure 4 illustrates the schematic of the testing method for the TE component. For all test types in this research, the tests are conducted at temperatures ranging from 30 °C to 70 °C Th, with 5 °C increments.



To enhance the efficiency of the PV-TE system, we implemented an active cooling system as a key component of our research methodology. This system employs a liquid tank containing a stable-temperature liquid refrigerant. The temperature of this liquid is meticulously maintained at a constant level throughout the experimental process. The active cooling system comprises several integral components, including a liquid pump, flexible piping, and an aluminum water cooling block heat sink, all of which share identical plate dimensions with the TE modules that are employed. These elements collectively facilitate the circulation of the cold liquid, which plays a pivotal role in actively cooling the TE portion of the system, as illustrated in detail in Figure 5.



This strategic integration of an active cooling mechanism represents a significant advancement in our research efforts, with the aim of optimizing the overall performance and efficiency of the PV-TE system. By precisely controlling the temperature of the circulating liquid, we can explore the potential benefits and intricacies of active cooling, thus contributing valuable insights to the field of thermoelectric power generation. In this phase of our experimental endeavors, we used distilled water as the coolant for the active cooling experiments. Cold water with a temperature of 10 °C is circulated in the active cooling system. With this system, the temperature difference between the cold and the hot side of the TE part is increased, and the TE part of the PV-TE system achieved higher efficiencies in the experiments. The results obtained through this active cooling approach, where distilled water was utilized as the coolant, are distinctly labeled with the designation “AC” (active cooling) in our graphical representations. This approach has proven instrumental in achieving higher efficiencies within the PV-TE system, a promising development that stands as a testament to the potential advantages of actively controlling the temperature dynamics in thermoelectric power generation.



The figures presented in Figure 6a,b highlight discernible disparities in both the current and voltage outputs of TEG3 under three distinct operating conditions. These findings underscore a notable trend: the implementation of an active cooling system consistently results in elevated voltage and current outputs from the TEG. Additionally, a significant benefit of the active cooling system is the rapid achievement of stable and consistent values for both the current and voltage. This attribute is particularly valuable, as it significantly reduces the time required to achieve steady-state performance, thus enhancing the reliability and efficiency of TEG3. These observations substantiate the advantages of incorporating an active cooling system within the PV-TE hybrid system, demonstrating its potential to improve output characteristics and overall system stability.



The analysis of the current and voltage outputs from TEG4 under three distinct conditions, as illustrated in Figure 7a,b, underscores the favorable impact of employing an active cooling system. It is evident that incorporating this system results in significantly higher voltage and current outputs from the TEGs. This outcome mirrors the trends observed in the case of TEG3, reaffirming the active cooling system’s capability to swiftly establish and maintain stable current and voltage values, a critical factor that could pave the way for the commercialization of PV-TE hybrid systems.



Moreover, a noteworthy observation from the results of TEG4 is its superior performance when compared to TEG3, both equipped with cooling systems. This variation in performance can be attributed to the inherent semiconductor characteristics of TEGs. These devices exhibit differing efficiencies at varying temperatures and temperature differences of their cold and hot sides.



Subsequently, we explored the utilization of nanofluids as a coolant to further augment the temperature differential across the TE module, thereby enhancing the efficiency of the TE modules. The results obtained through this method are explicitly marked with the designation “nAC” (nanofluid active cooling) in our graphical representations. In pursuit of higher voltage, current, and power outputs, we utilized a Gamma Aluminium Oxide (Alumina, Al2O3) nanofluid, specifically in the gamma phase, with an average particle size ranging from 20 to 50 nm as the coolant. This choice is supported by previous research findings and theoretical considerations, which collectively indicate that an active cooling system employing nanofluids yields superior electrical outputs compared to one utilizing distilled water as the coolant [48,49]. These findings further underscore the potential of advanced cooling techniques to optimize the performance of PV-TE systems.



Figure 8a,b present the power outputs of TEG3 and TEG4 using four different methods: without a cooling system, with passive cooling, with active cooling, and with an active cooling system using nanofluid, all under 50 °C Th in mW. The results indicate that both the active cooling system and the active cooling system with nanofluids achieve significantly higher outputs compared to the passive cooling system. The results show that TEG4 has a still higher electrical output than TEG3. The experimental results from this research clearly demonstrate the performance increase in PV-TE systems compared to pure PV parts. Table 2 displays the power outputs of pure PV, PV-TE with TEG3 without cooling, PV-TE with TEG3 with passive cooling, and PV-TE with TEG3 with active cooling using distilled water and nanofluids. We can easily see that the active cooling is a very successful way to obtain higher outputs from PV-TE systems. Under stable conditions, using TEG3 with an active cooling system result in a 3.59% power increase with distilled water and a 3.69% power increase with the nanofluid.



According to our experimental test results, TEG4 has the highest electrical outputs, both with passive cooling and active cooling, of all the TEGs that we have used for this research. Table 3 gives us information about the power outputs of pure PV, PV-TE with TEG4 without cooling, PV-TE with TEG4 with passive cooling, and PV-TE with TEG4 with active cooling by using distilled water and a nanofluid.




4. Conclusions


In summary, our extensive research delves into the optimization of photovoltaic–thermoelectric (PV-TE) systems, focusing on performance enhancements that are achieved through advanced cooling strategies and the material composition in thermoelectric generators (TEGs). We have identified that ceramic-plate TEGs significantly outperform their graphite counterparts, particularly at higher operating temperatures, due to the rapid temperature equalization. This superiority is further enhanced by integrating both passive and active cooling systems, with nanofluids showing a substantial increase in the efficiency and power output of TEGs. These results highlight the potential of nanofluids in future PV-TE applications, promising avenues for enhancing system efficiency. Our scientific investigation also emphasizes the critical role of cooling systems in PV-TE hybrid systems. We found that TEGs with ceramic plates demonstrate more efficient heat transfer and energy output than those with graphite, mainly due to the distinct properties of micro-materials and nanomaterials. Moreover, the incorporation of an aluminum heat sink and Gamma Aluminum Oxide nanofluid in active cooling systems marked a significant advancement in the system design and performance. Cost-efficiency is also a paramount consideration for the commercial viability of these systems. While TEG4 showed the highest power output, its higher cost may limit its commercial use. Conversely, TEG3, with nearly the highest voltage output and a lower cost, emerges as a more viable option. Our findings suggest that when selecting TEG materials, favoring ceramic plates over graphite is pivotal due to their higher efficiency and potential cost-effectiveness. Furthermore, our study explored the influence of the p-n junction size in TEGs, revealing that a thinner junction, as seen in TEG4, enhances heat transfer efficiency. This indicates that optimizing the p-n junction size is crucial for maximizing the cooling capacity of TEGs, with significant design and performance implications. Integrating PV-TE systems into existing PV power plants represents a promising strategy to enhance the overall efficiency. By attaching TEGs under each solar cell and incorporating cooling block heat sinks with an active system, we can potentially transform current energy infrastructures with minimal disruption. These findings not only contribute to the scientific understanding of PV-TE systems but also provide practical guidance for future research and commercial applications. Further investigation is necessary to explore the long-term performance and scalability of these systems, particularly in real-world commercial settings. This future research will be crucial in realizing the full potential of PV-TE systems for a sustainable and efficient energy future.
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Figure 1. Configuration of the PV-TE system’s 4-wire electrical output setup. 
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Figure 2. (a) Voltage outputs of 7 TEGs without cooling system under 50 °C Th; (b) voltage outputs of 7 TEGs without cooling system under 70 °C Th. 






Figure 2. (a) Voltage outputs of 7 TEGs without cooling system under 50 °C Th; (b) voltage outputs of 7 TEGs without cooling system under 70 °C Th.



[image: Energies 17 00430 g002]







[image: Energies 17 00430 g003] 





Figure 3. Schematic representation of a photovoltaic–thermoelectric (PV-TE) system with an integrated passive cooling system. 
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Figure 4. TE part testing method. 
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Figure 5. Schematic representation of a photovoltaic–thermoelectric (PV-TE) system featuring an active cooling system. This diagram provides a detailed visual explanation of the system’s configuration and the functioning of its active cooling components. 
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Figure 6. (a) Current outputs of TEG3 without cooling system, with passive cooling system, and with active cooling system, under 50 °C Th; (b) voltage outputs of TEG3 without cooling system, with passive cooling system, and with active cooling system, under 50 °C Th. 
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Figure 7. (a) Current outputs of TEG4 without cooling system, with passive cooling system, and with active cooling system, under 50 °C Th; (b) voltage outputs of TEG4 without cooling system, with passive cooling system, and with active cooling system, under 50 °C Th. 
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Figure 8. (a) Power outputs of TEG3 without cooling system, with passive cooling system, with active cooling system, and with active cooling system with nanofluid, under 50 °C Th in mW; (b) power outputs of TEG4 without cooling system, with passive cooling system, with active cooling system, and with active cooling system with nanofluid, under 50 °C Th in mW. 
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Table 1. Characteristics and dimensions of thermoelectric generators (TEGs) in study, including surface thickness and PN junction area thickness.
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	Name
	Manufacturer
	Thickness of TEG in mm
	Thickness of

Surface in mm
	Thickness of PN Junction Area in mm
	Model
	TE

Material
	Plate Material





	TEG1
	Hebei, Shanghai, China
	3.87
	0.71
	2.45
	TEC1-12706
	Bi2Te3
	Ceramic Al2O3



	TEG2
	Euroquartz, Shanghai, China
	3.71
	0.73
	2.25
	SP1848 27145 SA
	Bi2Te3
	Ceramic Al2O3



	TEG3
	Kuongshun, Shenzhen,