Experimental Investigation of a Hybrid Photovoltaic-Thermal System: Energy and Exergy Analysis
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Abstract. Photovoltaic (PV) energy production offers an alternative to fossil fuels, but the rising temperature of PV cells lowers their efficiency. The photovoltaic thermal system (PVT-S) overcomes this problem by recovering excess heat, which improves both electrical and thermal performance, thus optimizing overall system efficiency. In this context, this study analyses a PVT-S’ energy-exergy evaluation, based on an outdoor experiment conducted with the climatic circumstances typical of El Jadida city, where the water flow rate is 120 L/h. The PVT-S reduces the PV cells' mean temperature by 5.06°C compared with the reference PV panel (PV-P), thus improving system performance. It gains a daily electrical efficiency of 18.54%, higher than that of the PV-P (18.07%). The electrical exegetic efficiency reaches a maximum value of 19.08%, while the thermal exegetic efficiency reaches 0.844%. Its total energy efficiency reaches 69.42%, with a total exegetic efficiency of 19.64%, demonstrating a significant improvement in overall system efficiency. 
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INTRODUCTION
Nations' development is now closely linked to their capacity to exploit clean, renewable energy sources [1]. This is particularly true of Morocco, which has strong renewable energy potential and has set ambitious targets to accelerate its energy transition to sustainable resources [2]. To support this strategy, the country has put in place several nationally determined contributions (INDCs), relying mainly on solar energy for various sectors such as agriculture, energy, and building  [3]. In the building sector, Morocco aims to boost the adoption of solar systems by increasing the installation of thermal collectors to 40,000 m² per year for water heating, and by reaching a global installed capacity of 1,000 MWp for PV-Ps by 2030 [4]. The integration of PVT-Ss represents a promising solution to accompany this transition, increasing the efficiency of solar installations while optimizing the use of solar radiation. These hybrid systems combine a PV-P with the absorber plate of a thermal system, enabling them to produce electricity and heat simultaneously [5]. The light energy within the response band of the PV material is converted into electricity [6-7], while the residual heat, usually lost in traditional PV-Ps, is recovered to heat a fluid circulating behind the absorber plate [8]. This extracted heat can be exploited for a diverse range of applications, such as swimming pools, heating buildings, or industrial uses, reinforcing the interest of PVT-Ss in the Moroccan energy mix [9-10].
PVT-S performance is highly dependent on heat exchanger design, system components, operating conditions, and climate [11]. Few studies have been carried out on PVT-Ss under Moroccan climatic conditions. In this context, Ben Seddik et al. [3] optimized the thermal and electrical efficiencies of a water-based PVT-S for Moroccan climatic conditions using a combination of Taguchi's method and genetic algorithm. Their study showed that the optimized parameters increased energy production, with an annual gain of 15.5% to 19% while reducing CO2 emissions compared with a non-optimized panel. Boulfaf et al. [12] tested an air-cooled PVT collector in Agadir, Morocco. Forced convection cooling reduced the temperature of the cells by 14.2°C, increasing the annual energy produced by 1.13% (217.68 vs. 215.24 kWh/m²). The system achieved a maximum thermal gain of 290.13 W, an electrical efficiency of 10.88% at noon, and maintained 98.5% of its efficiency in summer, outperforming conventional PV and the performance observed in Iran, India, and Algeria. El Alami et al. [13] numerically studied the effect of coolant inlet temperature and solar irradiance on the performance of PVT systems. The results show that an increase in irradiance reduces electrical efficiency by 0.45% when irradiance increases from 200 to 1000 W/m² at an inlet temperature of 27°C. Thermal efficiency is highest when the inlet temperature is below ambient temperature, reaching 68.66% at 27°C and 66.62% at 29°C under an irradiance of 200 W/m². Elaouzy and El Fadar et al. [14] studied the integration of PV, PVT, geothermal heat pumps (GSHP), and green roofs (GR) systems in a typical residential building across six Moroccan climates. The results show that PV and PVT technologies offer the best energy, environmental, and economic performance, with maximum efficiency in desert climates and minimum efficiency in Mediterranean climates. El Manssouri et al. [15] studied a bi-fluid PVT-S. The results show that in winter, it increases thermal energy by 20% and total efficiency by 15.3% compared to a conventional collector, with a slight electrical loss of 0.2%. No gains are observed in summer. El Alami et al. [16] evaluated the annual performance of a glass-Tedlar PV-P in a semi-arid climate, comparing experimental data with a numerical model developed using COMSOL Multiphysics. The results show that January is the best performing month with an average power of 153.4 W and a maximum efficiency of 15.5%, while August and October have the lowest yields, with 132.1 W and 130 W, and a minimum efficiency of 12.9% in August. Hissouf et al. [17] studied the influence of dispersing copper (Cu) and alumina nanoparticles in neat water on the performance of a PVT-S. The results show that a 2% volume fraction of Cu nanoparticles improves thermal efficiency by 4.1% and electrical efficiency by 1.9%. A mathematical model, validated by experimental data, was deployed to evaluate the daily performance of the system in Agadir, Morocco. Hachchadi et al. [18] studied the thermal and electrical inputs of a PVT air system to preheat the air in a 300 m² building and power the fans. They used a numerical model to evaluate thermal and electrical performance. The results indicated a thermal energy saving of 38.3% (3148.36 kWh/year) and an improvement in electrical efficiency of 2%, with an annual saving of 73.77 kWh. Ben Seddik et al. [4] compared the performance of PV, SDWH, and PVT systems for the building trade in Morocco. The PVT-S showed the best energy efficiency (12%), followed by PV (11%) and SDWH (3%). In environmental terms, SDWH and PVT have lower CO2 emissions than PV. The economic performance of SDWH and PVT systems is sensitive to the subsidized price of gas, underlining the importance of subsidy policies. Er-raki et al. [19] studied a hybrid PVT-S in the meteorological conditions of Essaouira, Morocco. Experimental results revealed that this hybrid system offers an overall efficiency of 42.72%, much higher than that of a conventional PV-P, which does not exceed 8.22%. The system's electrical and thermal efficiencies were 9.78% and 3.07% respectively. Hissouf et al. [20] proposed a model to evaluate the performance of a PVT-S in Agadir. The results showed that the use of Cu-water nanofluid improved energy production, with 5,548 kWh of thermal energy and 1,273 kWh of electrical energy per day. They recommended the unglazed PVT collector, which produced 37.4% more thermal energy and 11.5% less electrical energy than the glazed collector.
The objective of this study is to examine the energy and exergy performance of a PVT hybrid system, comparing it with that of a reference PV-P, under the environmental conditions of the city of El Jadida. The objective of this analysis is to support the national energy strategy by providing concrete data on the operation of PVT-Ss under local conditions. In addition, the study seeks to enrich existing databases and gain a better understanding of how these high-performance systems vary in different regions of Morocco by gathering experimental data in several cities across the country.
THERMODYNAMIC ANALYSIS
Energy analysis
Energy analysis is the evaluation of a system's performance based on the amount of energy it receives, transforms, and releases, according to thermodynamics’ first law. It measures efficiency based solely on energy balances, without considering the quality of that energy [21-22].
Electrical efficiency is determined by the following equation [23-24]:

                                                                                                                                                       (1)
According to [10], the thermal energy is:

                                                                                                                                                (2)
According to [25], the TEF is:

                                                                                                                                                         (3)
Exergy evaluation
Exergy analysis assesses a system's performance by evaluating the energy quality and generating useful work capability, in line with thermodynamics’ second law. It identifies where and how irreversibility and efficiency losses occur in a system by comparing the actual state to an ideal reversible state [22, 26].
According to [27], the PVT-S’ exergy balance under steady-state conditions is:

                                                                                                                                          (4)




Where , , , and are solar radiation (or input),  electrical,   thermal, and losses of exergy.
According to [28], the exergy input rate is:                                           

                                                                                                                (5)
and Tsun = 5777 K is the sun’s surface temperature [29].
The PVT-Ss output exergy rate is [30] :

                                                                                                                                                (6)
Thermal exergy is [31]:

                                                                                                                            (7)
Electrical exergy is:

                                                                                                            (8)
Thermal and electrical exergy efficiency are [28] :

                                                                                                                                                              (9)

                                                                                                                                                            (10)
The overall exergy efficiency is [22-24] :

                                                                                                                                                   (11)
RESULTS AND DISCUSSION
To assess the PVT-S’ energy-exergy criteria under the environmental conditions prevailing in El Jadida. To this end, a series of experimental measurements was carried out to find the evolution of the system's thermal-electrical parameters during a sunny day (October 14, 2023). Figs. 1a and 1b show the experimental arrangement, comprising a PVT-S and a PV-P (reference), as well as the instruments used for data acquisition. To ensure stable and optimal installation, the PVT and PV were set on a rigid support with a 33° tilt angle directed to the south to maximize their exposure to solar radiation. The electrical performance of the two systems, evaluated under STC conditions, is listed in Table 1. In addition, Table 2 expresses the apparatus used and the recording frequencies of the various constraints. The uncertainty analysis and additional details on this experiment are available in [9, 11]. The experiment was conducted with a 120 L/h water flow rate to ensure the PVT-S’s cooling. Weather conditions, like ambient temperature and irradiation, were noted every 10 minutes between 11 h 08 and 17 h 38. The first measurements, recorded at 11 h 08 (Fig. 2), indicated 26.8°C ambient temperature and 717.1 W/m² irradiation. With the gradual increase in sunshine, these values peaked around noon before gradually decreasing in the late afternoon. At the end of the measurements, at 17 h 38 min, the irradiation and ambient temperature were 165.37 W/m² and 24.8°C, respectively. The evolution of the water temperature at the PVT-S inlet over time is also illustrated in Figure 2.
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	FIGURE 1. Experimental set-up (a) and measuring instruments (b).


TABLE 1. Key technical parameters of the PVT and PV modules at STC.
	Constraints
	PVT-S
	PV-S

	Brand
	DualSun Spring
(DSTI375G1-360SBB5)
	DualSun Flash 
(DS375G1-360SBB5)

	Area
	1.876 m2

	Cells
	Monocrystalline PERC

	Cells number
	360

	Power (Pmax)
	375.0 W

	Voltage (Vmpp)
	40.40 V

	Current (Impp)
	9.28 A

	Open-circuit voltage (Voc)
	48.90 V

	Short-circuit current (Isc)
	9.89 A

	T coefficient power
	-0.34 %/°K

	Functioning temperature
	-40°C to ±85°C

	T coefficient of Isc
	0.04 %/°K

	Empty collector’s weight
	27.1 kg
	-

	T coefficient of Voc
	-0.27 %/°K

	Fluid’s volume
	5.0 L
	-


TABLE 2. Measuring tools and recording frequencies for experimental parameters.
	Measured parameter
	Instrument used
	Registration frequency

	Front and Rear Surface Temperatures of the PVT and PV
	Four K-type thermocouples connected to an Arduino Mega board
	Each minute

	Water inlet temperature
	Mercury thermometer
	Data recorded every ten minutes

	Water circulation rate
	MAG-VIEW MVM-030-PA flowmeter and control valve
	Continuous

	Solar radiation
	Solarimeter SL 200 and reference cell HT304N
	Every 10 minutes

	Ambient temperature
		



	SOLAR-02



	Every 10 minutes

	Performance of PVT and PV systems in terms of electrical output
	Tracer I-V400w
	Every 10 minutes
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FIGURE 2. Weather conditions and PVT-S inlet water temperature over the course of the day.
Fig. 3 shows how the cell temperatures of the reference PV-P, the PVT-S, and the heat transfer fluid outlet temperature change over the course of the day. It can be seen that the cell temperature of the PVT-S remains lower than that of the reference PV-P throughout the day. On average, the daily cell temperature of the PVT-S is 42.59°C, while that of the PV-P reaches 47.65°C. This temperature reduction for the PVT-S is explained by the cooling effect induced by the circulation of the heat transfer fluid, which extracts heat from the PV-P, thus reducing its heating. In addition, the fluid outlet temperature is directly influenced by solar irradiance. It peaks around midday, with a value of 31.75°C recorded at 13h28. This rise in temperature is explained by the increase in solar irradiance, which favors greater heat transfer between the panel and the fluid circulating in the PVT-S.
[image: ]
FIGURE 3. PV-P and PVT-S cell temperatures and fluid outlet temperature at daytime.
Fig. 4 shows the PVT-S and PV-P electrical-thermal yields throughout the day. It can be seen that the PVT-S’s electrical yield remains higher than PV-P. On average, PVT-S’s daily electrical efficiency is 18.54%, compared to PV-P’s 18.07%. This development results from freezing caused by fluid motion, which limits the PC cells’ temperature rise and reduces performance losses, as shown in Figure 3. However, this improvement remains moderate for the PV panel’s partial freezing, which leads to temperature inhomogeneity that can reduce electrical efficiency. This phenomenon has been demonstrated in detail in studies [26, 32]. Furthermore, the PVT-S's thermal efficiency reaches a maximum of 50.43%, while its average thermal efficiency over the day is 39.74%. This variation is directly linked to changes in fluid outlet temperature and to weather conditions, particularly sunshine and ambient temperature, which influence heat transfer efficiency in the system.
[image: ]
FIGURE 4. Electrical-thermal efficiencies at daytime.
Fig. 5 illustrates the PVT-S's electrical-thermal exergy evaluation throughout the day. These exergies are maximum near midday as irradiation increases, the PVT-S engenders more thermal-electrical energy, leading to a rise in both thermal-electrical exergy. The maximum electrical exergy of 312.02 W is reached at 13h28, while the maximum thermal exergy of 13.47 W is reached at 12h48. This rise in thermal-electrical exergy positively influences both exergy output and exergy loss, as shown in Fig. 6. Indeed, when the system produces more energy, it is also more efficient in using this energy, which reduces exergy losses and improves overall system efficiency.
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FIGURE 5. PVT-S's electrical-thermal energy at daytime.
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FIGURE 6. PVT-S exergy output and exergy loss at daytime.
Fig. 7 illustrates the PVT-S's electrical and thermal exergy efficiency throughout the day. The electrical exergy efficiency decreases as irradiance increases. Escalating irradiance raises cell temperature, which reduces electrical efficiency. However, the electrical exergy efficiency reached its maximum value of 19.08% at around 16h18. But thermal exergy efficiency develops in the opposite direction to electrical exergy efficiency. The outlet fluid temperature increases as irradiance rises. Maximum thermal exergy efficiency is found 0.844% at 12h48.
[image: ]
FIGURE 7. Electrical-thermal exergy evaluation at daytime.
The evolution of the PVT-S's total energy and exergy efficiency throughout the day is shown in Fig. 8. The total energy efficiency reaches its maximum value of 69.42%, corresponding to the period when the PVT-S produces the highest energy, combining the electrical and thermal energy generated by the panel. In contrast, the average daily energy yield is 57.65%, reflecting a more stable performance throughout the day, influenced by changes in irradiance and temperature. As for total exergy efficiency, its maximum value reaches 19.64%, meaning that during this period, PVT-S produces a substantial amount of energy that is available for useful applications. On average, the daily exergy efficiency is 19.01%, showing consistent exergy performance throughout the day.
[image: ]
FIGURE 8. Evolution of the PVT-S's total energy-exergy efficiency at daytime.
CONCLUSION
In this study, the PVT-S’ energy-exergy efficiency was experimentally assessed with the weather conditions of El Jadida. Its main objective was to understand how the system reacts to variations in climatic parameters and to identify optimal system performance under these conditions. The main conclusions of this study, which summarize the results obtained during the experiments, are as follows:
The PVT-S maintains an average cell temperature of 42.59°C, less than PV-P, which reaches 47.65°C, thanks to the cooling effect provided by the heat transfer fluid.
The PVT-S improves average daily electrical efficiency by 0.47% over the reference PV-P thanks to fluid cooling, and achieves 50.43% optimum thermal efficiency.
The electrical exergy evaluation of the PVT-S decreases with increasing irradiance, reaching a maximum of 19.08%. Conversely, the thermal exergy efficiency evolves inversely, reaching a maximum of 0.844%.
The PVT-S’s maximum total and average daily energy efficiency are 69.42% and 57.65%, respectively, while the maximum total and average exergy efficiency are 19.64% and 19.01%, respectively.
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