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Abstract: Photovoltaic (PV) panels are essential to the global transition towards sustainable energy, offering a clean, renewable source that reduces reliance on fossil fuels and mitigates climate change. High temperatures can significantly affect the performance of photovoltaic (PV) panels by reducing their efficiency and power output. This paper explores the consequential effect of various rooftop coverings on the thermal performance of photovoltaic (PV) panels. It investigates the relationship between the type of rooftop covering materials and the efficiency of PV panels, considering the thermal performance and its implications for enhancing their overall performance and sustainability. The study compares four rooftop covering materials: wooden flakes packs (both dry and wet), polystyrene, and woolen insulation. The measurements were implemented under Iraqi weather conditions. The comparison was based on the PV panels’ thermal behavior and its impact on conversion efficiency. The results revealed that covering the roof beneath the installed PV panels reduces their temperature and increases efficiency. The best performance was observed when placing wet wooden flakes beneath the panels, with an efficiency increase of 5%. Moreover, the woolen insulation offered an efficiency rise of 12% near sunset. The main outcome of this work is that the wet–wooden–flakes showed the best performance improvement of the PV panels.
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1  Introduction

Solar energy is one of the most readily available sources and can be converted into clean electric power using photovoltaic systems. Environmental concerns related to global warming and greenhouse gas emissions are prompting the engineering community to search for more renewable sources or develop new technologies to exploit clean energy sources [1]. Iraq experiences long hours of sunshine, and studies have shown that it receives over 3000 h of solar radiation annually in Baghdad alone. The potential solar irradiation in Iraq amounts to 2000 kWh/m²/year. Iraq’s mean monthly total solar exposure, including indirect and direct sunlight, varies throughout the year, ranging from 2766 Wh/m²/day in December to 6842 Wh/m²/day in June [2].

Additionally, the average solar radiation on a flat surface in Iraq ranges from 4.5 kWh/m²/day in the northern regions to 5.7 kWh/m²/day in the southern areas [3,4]. The installation of photovoltaic panels as a power source in Iraq started years ago; however, significant steps to consider it as an additional power source began in 2019 [5]. Households and businesses began to use it as a replacement for generator power or as the main source of electricity in rural areas. Starting in mid-2019, Iraq initiated a more sustained effort with the assistance of global organizations to create a solar strategy aimed at installing several thousand megawatts of large-scale solar facilities, along with 5 MW of household photovoltaic systems by 2028 [5].

Heat is one of the problems facing this initiative as due to the hot weather in this region, the PV cell has become very hot, which reduces its efficiency. The efficiency of a PV module drops by 0.5% for every 1.0°C rise in surface temperature [6]. Several studies were conducted to reduce the temperature of the PV cells using different techniques, such as lowering the temperature, reducing resistance, and increasing power production [7]. Sivaram et al. [8] used ventilated airflow from a room to cool the backward surface of a rooftop PV panel. Moreover, Salameh et al. [9] cooled a PV module using the exhausted air from an Air conditioning unit. The findings showed an improvement in the PV system by 11% to 18% when the Air Conditioning (AC) system load rose from 0.0 to 160 kW. Modified with the Phase Change Material (PCM), the PV temperature was controlled using the ventilated air from the Heating, Ventilation, and Air Conditioning (HVAC) [10]. Based on the natural convection, several studies focused on installing fins over the back side of the PV [11–13]. Several fin configurations and patterns were examined, and an improvement of 1.5% in efficiency was recorded [12,13]. Ducted airflow was also one method to reduce the PV system temperature [14–20]. This technique is based on attaching a duct over the underside of the PV panels and forcing the air to flow inside it. The impact of the number of channels inside the duct [15], the velocity of the airflow [17], and locating various configurations of the fins and baffles inside the duct [16] and [20] were examined. Moreover, Hudișteanu et al. [21] found an increase of 6.5% in power production using Perforated fins located at the back surface of the PV panels.

To use low energy air blowing system, Hussien et al. [18] attached several Directe Current (DC) fans to the duct and estimated a 1.34% efficiency improvement. In other techniques, the lower surface of the PV panels provided several configurations of heat sinks [22–26]. The results showed an improvement in the PV system’s performance due to temperature dissipation. In one of the recent studies, the author [27] combined cooling using humid air and thermal electric generators, which cool and produce electricity [27]. The configuration has a temperature reduction of 5.2°C and a PV efficiency increase of 4.96% [27].

The above-mentioned cooling techniques are mainly based on using several active methods. However, the location of the PV modules in a relatively cold environment while retaining the same solar load could improve the performance [1,28–36]. The impact of installing the PV panels over a greened rooftop is investigated by [28–31,33–35]. The results reported an improvement in the performance of the PV system between 6.2% and 8.8% [28]. Although the showdown from the PV panel on the rooftop has a significant impact [37] the heat reflected and dissipated from the rooftop affects the PV panel temperature. Furthermore, taking into consideration the impact of the reflected solar irradiance from the roof, Mahmood et al. [36] applied a cool coating. The results showed an improvement in peak power output by 3.30%. Osma-Pinto et al. [31] studied the impact of the height of the installation, the type of the roof, and the airflow velocity beneath the PV panels. Four height ranges, three velocity levels, and green and concrete roof types were examined. The efficiency of the PV system improved by 1.30% when installed on the green surface. Ramkiran et al. [33] conducted an experimental study on various passive cooling methods, such as plant cooling, greenhouse and plant cooling, coir pith, and phase change material cooling, which were the different approaches analyzed in the research. The significant increase, in power amounting to 11.34% was seen when utilizing coir pith cooling. The largest drop in temperature reaching 14°C was noted in the cooling of plants inside a greenhouse. Gazania rigens and Sedum Clavatum were chosen for the PV system while a PV gravel setup was used as the roof, in the research [34]. The results obtained for five sunny days showed a rise in the maximum power output of the PVs of 1.29% to 3.33% based on the plant type.

Iraq’s hot weather effects made the temperature of the PV panel very high, reaching up to 81°C in August [38]. As above concluded, passive cooling increases the PV system’s electrical efficiency by 15.0% with temperature reduction from 6.0–20 [39]. Several studies considered the impact of rooftop covering and greened rooftops on the thermal performance of the PV panels. However, their suggested materials are costly and could be difficult to implement, which adds to the high cost of the PV panels. This work suggests four new rooftop covering materials placed under the PV panels, and these are: wooden flakes packs (both dry and wet), polystyrene, and woolen insulation. The thermal behavior and the conversion efficiency of the PV panel was examined under Iraqi hot summer conditions. These suggested materials are relatively cheap and can be used in buildings where it is difficult to make their rooftops green.

2  Experimental Setup

2.1 Installation of PV Panels

Two Photovoltaic (PV) panels were installed to enable the comparison, as depicted in Fig. 1. The PV panels are Monocrystalline cell panels (Model: DSP-150M) with dimensions of 1460 mm × 660 mm × 35 mm were used. The maximum power of the PV panels is 150 W, the rated voltage (Vmp) is 18 V, and the maximum current is 8.33 A [40]. Both sets of PV panels were installed with an inclination angle of 30° facing towards the south in Hilla city (32.4736° N, 44.4252° E). An adjustable steel frame was used for the installation.
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Figure 1: Experimental setup

2.2 Selected Material Specifications

In this work, the cost of the utilized material to be placed under the panel was low. Therefore, three types of material were selected: Wood flakes pack (Fig. 2a), polystyrene insulation board (Fig. 2b), and glass wool installation (Fig. 2c). These three materials can be used as additional layers of insulation over the roof in hot weather, except for the wood flakes, as suggested in this research. It should be mentioned that the covering area under the panel did not exceed the projected area of the inclined panel. This is because, in this work, only the area beneath the system is considered. Although a larger covering area could affect the temperature of the PV panel differently, this case was left for future work.
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Figure 2: Selected materials: (a) wood flakes pack, (b) polystyrene board, and (c) glass wool

2.3 Data Collecting Tools

A temperature data logger, with 24 channels the Uni T UT 3224 model was used to gather information from K type thermocouples. Each PV panel had eight thermocouples attached to its back (refer to Fig. 3a). Solar radiation was measured using a power meter that ranged from 1.0 to 2000 W/m² (refer to Fig. 3b). Wind speed readings were taken using an anemometer the UNI T UT 363 BT model, which can measure speeds between 0 and 30 m/s (refer to Fig. 3c). The voltage and current output of the PV panels were monitored using a multimeter labeled as Model; UT60EU (refer to Fig. 3d). As per the user manual of these devices the accuracy of measurements for this study is detailed as follows; the solar power meter has a measurement error rate of around 10% the data loggers reported instability is within or less, than ±0.1°C. The anemometer has an estimated error margin of 5.0%.
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Figure 3: Measuring devices

2.4 Experimental Procedure

Five days of measurement were conducted, and both panels without roof covering were measured. These are to assess potential performance differences. Subsequently, the four days involved using a wood flake pack (both wet and dry) for two days, a polystyrene insulation board for one day, and glass wool insulation on the final day. The selected days were ensured to have no clouds, clear skies, and low wind speeds. The data collected included the upper surface temperature (measured by a single thermocouple), eight temperature sensors on the lower surface of the panels, the ambient temperature, and the temperature in the space between the panels and the ground (measured by a floating thermocouple, as shown in Fig. 4a,b). The temperature was reported as a ratio of Tr to eliminate the impact of varying ambient temperatures on different days. The Temperature ratio (Tr) represents the ratio of the local temperature to the ambient temperature (Tsurf/Tamb). The PV system’s solar irradiance, wind speed, current, and voltage were also collected. The measurements were conducted daily from 9:00 to 19:00 h, as these are the daylight hours during this time of the year. The wood flake packs were evenly wetted using one liter of water hourly. Besides temperature measurement, the conversion efficiency of the PV panel (ηp) is calculated using Eq. (1), where Pmax(W) is the maximum power produced by the PV panel (I × V) with a 0.5-amp load, Ap is the panel’s surface area, and Isolar is the incident solar irradiance (W/m²) on the panels.

ηp(%)=Pmax(Ap×Isolar)×100(1)
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Figure 4: Location of the thermocoupls

3  Results and Discussion

3.1 Temperature Variation of the PV Panels with Different Roof Covering

The variation of temperature distribution over the top surface of the PV panel was recorded hourly (9:00–18:00 h) for the four days of the test as a temperature difference of ΔT. ΔT represents the difference between the temperature for the PV panel with the roof covering and the panel without roof covering. The results showed that the area under the PV panel covered with the polystyrene board had a higher temperature than the clean one, with a maximum temperature difference of 2.2°C at 14:00 h, Fig. 5. However, a reduction at 18:00 h. was recorded, which can be attributed to the decrease in ambient temperature. The wet-flakes pack showed a temperature reduction most of the day with a maximum drop of 0.8°C at 15:00 h, followed by a dry wood-flakes pack at 0.3°C at 17:00 h, Fig. 5.
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Figure 5: Hourly temperature difference between the PV panel top surface with the roof covering under it and the panel without for the four types of roof covering

The floating temperature sensor measurements showed an increase in the temperature after placing the Polystyrene board by 2.2°C at 14:00 h. and a reduction with installing the wet wood flakes pack, Fig. 6. The decrease in temperature was expected since, after locating the wet-wood flaks pack, there will be evaporation in the water and a reduction in the local temperature under the PV panel, Fig. 6. It is worth mentioning that the wind speed has a noticeable impact on the data; for instance, the measurements at 16:00 showed a more significant reduction, which is attributed to the high wind speed at this time, which was 2.2 m/s.
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Figure 6: Hourly floating Temperature difference between the PV panel with the roof covering under it and the panel without for the four types of roof covering

A comparison between the temperature over the lower surface of the panels was made for all cases, Figs. 7–10. To eliminate the impact of the change in the ambient temperature throughout the testing days, the local temperature of the PV panel is normalized over the ambient temperature (Tr) (Tr = Tsurf./Tamb). The addition of polystyrene insulation showed an increase in temperature compared to the PV panel without placing the insulation beneath it, Fig. 7. This is attributed to the impact of the reflected solar radiation from the surface of polystyrene insulation as it has a color. However, adding dry-wood flakes reduced the temperature for noon h and 15:00 h, Fig. 8. The texture of the dry-wood flaks could cause dissipation of the incident solar irradiance besides the insulation behavior of this type of material. A slight increase in the temperature was measured early at 9:00 h. in the front right region of the PV panel. This can be regarded as the sun’s location at this time, which affects the ground near this side of the PV (not covered with the dry wood flakes); therefore, the roof reflects the heat to the panel.
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Figure 7: Temperature distribution (Tr) of the back surface of the PV panel with polystyrene board insulation as a rooftop covering
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Figure 8: Temperature distribution (Tr) of the back surface of the PV panel with dry-wood flakes pack rooftop covering
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Figure 9: Temperature distribution (Tr) of the back surface of the PV panel with wet wood flakes pack rooftop covering
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Figure 10: Temperature distribution (Tr) of the back surface of the PV panel with woolen insulation rooftop covering

Moreover, adding water to the wood flakes also showed an increase in the temperature at 9:00 h. over the same side of the PV panel, Fig. 9. However, a noticeable decrease in the temperature was observed at 12:00 h and 15:00 h, Fig. 9. Making the dry wood flakes wet causes an evaporation of the water. It decreases the temperature at the lower region of the PV panel (Fig. 6), compared to the panel without insulation and the dry one, Figs. 8 and 9.

A small reduction in the temperature was measured for the PV panel with the woolen insulation compared with the clear one, Fig. 10. Although it performs better than the PV panels with polystyrene insulation, the shiny surface of this type of material also reduces the temperature level, Fig. 2c. Based on the value of Tr at 12:00 h. (which represents the highest level of solar irradiance recorded (Imin = 1099.1 W/m2 and Imax = 1208.1 W/m2)) better the selected materials, the wet wooden flakes should the superior thermal performance with averaged Tr of 1.46. It should be mentioned that Tr at 18:00 h was ignored during the results as it was found that the temperature of the PV panels is almost equal to the ambient temperature at this time of the year.

3.2 Impact on the Power Production

To ensure that the results were not compromised by design flaws or differences between the two PV panels (Panels A and B) shown in Fig. 1, voltage measurements were conducted without accounting for the impact of the chosen roof covering. In Fig. 11, Panel B produces a higher voltage rate than Panel A, with a maximum difference of 0.21 V at 12:00 h and a lower variation of 0.07 V at 9:00 h. This difference will be considered during the discussion of the results. It should be mentioned that the reading at 19:00 h. was neglected in this comparison as no voltage was recorded due to the low level of sunlight.
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Figure 11: Voltage variation with time (h) between the two employed PV panels; the measurements were taken with and without adding roof covering

Apart from the measurement at 09:00 and 18:00 h, adding the Polystyrene board rooftop covering showed a decrease in the voltage compared with the clean panel during most of the day times Fig. 11. It can be seen that the maximum improvement in the voltage becomes 0.15 V, Fig. 12, as compared with the clean one. This is attributed to the increase in the temperature of the PV panels after adding the insulation board, as shown in Fig. 7. A significant improvement in the voltage production of Panel B was noted when the dry wood flakes, Figs. 11 and 12, with a maximum difference between the two panels of 0.27 V at 17:00 h. This increase is supported by the reduction in the PV panel temperature as depicted in Fig. 8. Making the wood flakes wet showed an improvement in the voltage of the PV panels B, Fig. 11. The maximum variation was recorded as 0.29 V at 16:00 h, Fig. 12. This is regarded as the noticeable reduction in the panel temperature after adding this material, as shown above. At 18:00 h, when the woolen insulation was, the greatest increase in the voltage was measured by 0.32 V, Figs. 11 and 12. This is because, at this time, solar radiation has reached its lowest level of about 85 W/m2. The roof’s surface starts dissipating the stored heat, and the presence of the insulation prevents Panel B from gaining heat compared with A. This behavior recognizes this type of insulation as all the rest of the material can only block part of the rooftop heat.
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Figure 12: Voltage difference between the employed PV panels, with the selected covering materials compared with the clean one

The conversion efficiency of PV panels was calculated using Eq. (1). Fig. 13 compares Panels A and B efficiency after adding the roof covering materials. The results showed a high efficiency rate in the early hours of the day and reduced efficiency during the midday from 12:00 to 14:00 due to the high-temperature level during this period, Fig. 13. The highest efficiency levels were captured after 15:00 to 18:00 h due to the cooling effect over the PV panels and decreased irradiation incidence. The addition of the roof covering also played a role in increasing efficiency. The highest improvement in efficiency was estimated at 18:00 h after installing the wet-wood-flakes with an increase of 5% and for the woolen insulation of about 12%, Fig. 13 compared with the reported value that uses water spray from 9%–22% [41]. The highest efficiency during the selected day was when the dry wood flakes were installed. However, this depends on the environmental conditions on that day.
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Figure 13: PV panel conversion efficiency with time after adding the roof covering, compared with the clean panel

To conclude, adding the roof covering improves the panels’ performance. The best roof covering among the selected materials in the current work was wet-wood flakes during the day and woolen insulation during the afternoon. This means that for larger-scale PV systems, the addition of one of the two roof coverings will enhance power production. Furthermore, it would be expected that for the wet wood flakes, as the area increases, the rate of water evaporation increases, producing cool air under the system and reducing the temperature even more. This result showed range improvement compared with the previous work, where the other rooftop converging technique showed an enhancement [28].

4  Conclusions

An experimental investigation was performed into the impact of the different types of rooftop covering materials on the temperature of the Photovoltaic panels and, consequently, the electrical efficiency. Four types of materials were selected: (wooden flake packs (dry and wet), insulation foam, and woolen insulation). Comparisons between two panels (clean and modified) were made over five days with and without installing the roof covering. The temperature variation and the conversion efficiency were evaluated. The results showed that placing the wet-wood-flakes lowered the surface temperature of the PV panel with a temperature reduction most of the day with a maximum drop of 0.8°C at 15:00 h, followed by a dry wood-flakes pack at 0.3°C at 17:00 h. The worst material was the polystyrene insulation, which had a higher temperature than the clean one, with a maximum temperature difference of 2.2°C at 14:00 h. The optimal performance was achieved by placing wet wooden flakes beneath the panels, resulting in a 5% increase in efficiency. Furthermore, woolen insulation provided a 12% boost in performance around sunset. This work suggests using wet–wood–flakes to enhance the performance of the PV panels installed over the rooftops of the building.
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