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This work presents the design and the performance evaluation of a novel building integrated photovoltaic module suitable for building with complex envelopes shape, especially geodesic domes.

Experimental and numerical studies were realized in order to validate the system installation procedure and integration configurations. An experimental analysis of the thermal behavior and the electrical production of a south-oriented triangular photovoltaic module stuck on a polymer textile was performed in cold season considering four slopes between 0° and 90° in order to represent the dome facets main tilts. The results permitted to evaluate the consistency of the assembly process defined. Moreover, the system electrical efficiency was between 6.5% and 8.5% with an array yield up to 8.8Wh/Wp. With a PV module heating lower than 50°C, all slopes considered gave satisfactory thermal and electrical results. Finally, a thermal and electrical numerical model of the system developed and validated experimentally permitted to confirm tests observations. A calculated monthly mean module temperature lower than 22°C, a monthly array energy yield up to 54.8 Wh/Wp and an annual cumulative energy production up to 5.9kWh highlighted that slopes between 30° and 60° represents good compromise. As further studies, different weather conditions, orientations and aspects will be considered using the numerical model for the system configuration optimization.

INTRODUCTION

Building integrated photovoltaic modules should ensure the basic functions of the traditional construction elements they replace (such as water tightness, air tightness, daylighting, shading, mechanical rigidity or structural integrity, shelter or safety …). As a part of the building envelope structure, the dismounting of the photovoltaic modules should lead to their replacement by the corresponding building element. Thus, for the design of this kind of installations, three main levels of integration are identified [START_REF] Farkas | Designing photovoltaic systems for architectural integration: Criteria and guidelines for product and system developers[END_REF]. The first level of design is basic and consists in adapting the photovoltaic modules to the building envelope through a flexibility in their shape and color. The second level includes the adaptation of the remaining integration surface by providing dummy (nonactive) elements similar to solar modules but as added envelope.

Then, the third level of design consists in providing all elements of the BIPV installation including the finishing and jointing components according to two approaches starting from the module or from the integration surface (roof or façade). This last approach is the most adopted and according to the market trends, various kind of photovoltaic products are developed (such as opaque or semitransparent, glazed or flexible and planar or curved) for the design of BIPV installations on roof and façade (see figure 1).

Figure 1: Main configurations of building integrated photovoltaic installations [START_REF] Shukla | Recent advancement in BIPV product technologies: A review[END_REF].

Therefore, the development of fully building integrated photovoltaic products market is conditioned by various parameters such as esthetics and variety in shape and form, in addition to performance and cost. These requirements are even more important considering the 2010 European energy policies (European Commission, 2013) incitation to construct Nearly Zero Energy Buildings in which the energy needs are, for most part, covered by renewable energy sources, especially, solar energy components nearby or on the building. Thus, various projects and studies are being realized in order to maximize the application or integration of photovoltaic modules on buildings at design and renovation phase and to propose new systems configurations. In 2016, in an overview on building integration of photovoltaic/thermal hybrid systems, Yang and Athienitis highlighted the importance, among other requirements, of the definition of a suitable and esthetical integration configuration since the design phase and of the choice of the photovoltaic technology [START_REF] Yang | A review of research and developments of building-integrated photovoltaic/thermal (BIPV/T) systems[END_REF]. Then, in 2018, Youssef et al introduced another original approach consisting in defining optimal locations for photovoltaic modules on buildings envelope and adapting the design of new buildings shape to solar projects through the application of the Shape grammar theory [START_REF] Youssef | Generating proper building envelopes for photovoltaics integration with shape grammar theory[END_REF]). In addition, [START_REF] Aguacil | Active surfaces selection method for building-integrated photovoltaics (BIPV) in renovation projects based on self-consumption and self-sufficiency[END_REF] proposed a methodology to select relevant photovoltaic modules integration surfaces for building renovation based on an optimal balance between the electrical production, the building energy performance and architectural requirements. Moreover, Ding et al. presented an optimization of photovoltaic modules integration configurations considering the impact of their angular dependency on their electrical production, especially in the case of thin film modules.

They explained that these technologies allows an easier building integration thanks to their esthetical aspects, their lightweight and their flexibility [START_REF] Ding | Influence of photovoltaic angle-dependence on overall power output for fixed building integrated configurations[END_REF], which is confirmed by other studies [START_REF] Xu | Parallel experimental study of a novel super-thin thermal absorber based photovoltaic/thermal (PV/T) system against conventional photovoltaic (PV) system[END_REF] [START_REF] Biyik | A key review of building integrated photovoltaic (BIPV) systems[END_REF] [START_REF] Wu | A review of thermal absorbers and their integration methods for the combined solar photovoltaic/thermal (PV/T) modules[END_REF] [START_REF] Shukla | Recent advancement in BIPV product technologies: A review[END_REF] (Shukla et al., 2018a) [START_REF] Bednar | Modelling of flexible thin-film modules for building and product integrated photovoltaics[END_REF] (Hugues et al., 2018). But, thin film technologies (such as copper, indium and selenium modules, organic photovoltaic modules and copper indium gallium selenide modules) have lower electrical efficiency compared to crystalline silicone modules, therefore, a largest installation area is necessary, especially on complex buildings [START_REF] Hofer | Electrical design and layout optimization of flexible thin-film photovoltaic modules[END_REF]. For buildings with complex shape, photovoltaic modules integration is often avoided mainly due to few suitable integration surfaces limiting energy losses related to reduced active area, existing complex shadings and multiple orientations and slopes [START_REF] Walker | High-resolution, parametric BIPV and electrical systems modeling and design[END_REF] [START_REF] Li | Optimal design of photovoltaic shading systems for multi-story buildings[END_REF]. Therefore, only few studies and projects address the application or integration of photovoltaic modules on buildings with complex envelopes.

The main solutions proposed in these analyzes for this kind of buildings are the modification of the photovoltaic field layout and of the modules electrical architecture design or technology, the optimization of the building envelope coverage through the selection of an elementary planar photovoltaic module surface, or the discretization of the curved buildings envelope in various planar surfaces. Thus, in 2019, Walker et al. developed a high-resolution network modeling and an optimization method for the design of electrical architecture and layout of rectangular bendable copper, indium and selenium photovoltaic strips integrated on irregularly curved surfaces in order to maximize active area according to existing shading effects [START_REF] Walker | High-resolution, parametric BIPV and electrical systems modeling and design[END_REF]. Previously, in 2016, Groenewolt et al. explained that thin film photovoltaic modules, especially the high-efficiency copper, indium and selenium technology, are relevant solutions for the integration into buildings with double-curved surfaces, complex geometries, metal thin sheets and flexible layers without the usage of substructures fastening profiles found in standard installations (Shukla et al., 2018b). In order to maximize the number of integrated thin film photovoltaic modules on a double-curved surface, they chose a triangle as elementary shape for photovoltaic module design with a method of triangulation based on initial unbent rectangular panels [START_REF] Groenewolt | Methods for modelling and analysis of bendable photovoltaic modules on irregularly curved surfaces[END_REF]. This triangular shape used, among other applications, for discretization of geodesic domes surface into facets [START_REF] Porta-Gandara | Solar performance of an electrochromic geodesic dome roof[END_REF] was also selected by [START_REF] Bednar | A strategy for implementation of triangular thin-film photovoltaic modules[END_REF]. Thus, in the framework of a research project concerning the integration of copper, indium and selenium photovoltaic modules into geodesic dome facets, they introduced the balanced strip pairs strategy which is another triangulation method consisting in the division of the module into cells of equal area by straight cuts. To enhance the esthetical aspects, they proposed to use dummy modules in order to hide the irregularity of the shapes of the elementary triangles obtained. Moreover, they evaluated numerically the electrical architecture design of these triangular PV modules [START_REF] Bednar | A strategy for implementation of triangular thin-film photovoltaic modules[END_REF]. Although their relevance, these approaches most of the time address electrical performance modelling, testing and optimization, including few times, a simplified prediction model for the PV module temperature, and the impact of the mounting procedure on the PV field performance, cost and lifetime. Nevertheless, more studies and configurations are necessary to increase know-how and encourage photovoltaic applications on buildings with complex shape. Mainly considered in the development of solar photovoltaic/thermal hybrid collectors for the coupling of PV modules on the thermal absorber, the integration method is important. Indeed, it can lead to gradual detachment of the photovoltaic element from its support (due to the presence of air bubbles in adhesive layers (Abdelrazik et al, 2018)) or damages on building structure (due to solar system weight) or additional costs for mounting profiles (in case of a mechanical fastening [START_REF] Wu | A review of thermal absorbers and their integration methods for the combined solar photovoltaic/thermal (PV/T) modules[END_REF] [START_REF] Jia | Development and applications of photovoltaic-thermal systems: A review[END_REF]. Compared to previous studies, this work proposes to optimize photovoltaic modules building integration consistency through the design and the performance evaluation of a novel, esthetical, lightweight photovoltaic component suitable for buildings with complex shape. This component comprises a triangular photovoltaic module [START_REF] Bednar | A strategy for implementation of triangular thin-film photovoltaic modules[END_REF] in order to optimize the number of elements installed on the building and a dummy film mounted on a rigid polymer substrate or a metal sheet. The main novelty and originality of this prototype is its optional mounting method. Indeed, the system could be fixed with an adhesive layer on the building envelope in order to avoid the use of any heavy mounting structure. But, it could also be fixed with self-gripping strips (such as Velcro strips) in order to facilitate its replacement in case of failures without damaging the building envelope and to limit module detachment risks, which is not the case with photovoltaic membranes and existing products on the market. An innovative optimization approach is applied consisting first, in the detailed analysis of the thermal behavior and the electrical production of the solar installation. Then, the consistency of the mechanical contact between the photovoltaic module and its integration surface is evaluated through a simple identification of adhesion failures risks considering temperature gradients between layers. The advantage of this method for engineers and installers compared to existing approaches is that it allows optimizing both the impact of the solar installation on the building energy demand and its lifetime. In this study, numerical and experimental analyses performed in order to evaluate the thermal behavior and electrical performance of the solar component are presented in the case of an integration into a geodesic dome, which has rarely been considered in literature. Outdoor tests performed in cold season on a south-oriented thin film photovoltaic triangle stuck on a polymer substrate at Le Bourget du Lac are described. The relevance of the assembling process used to realize the test prototype is, first, evaluated with the defined approach. Then, in order to have an overview of suitable locations for the photovoltaic triangle on the geodesic dome cover, an estimation of the impact of parameters such as the component slope on its constituting layers temperature and its electrical performance is presented. Finally, using the measured data, a thermal and electrical numerical model developed for the solar component is validated based on a statistical analysis and used to predict its annual electrical energy production and thermal behaviour.

DESCRIPTION OF THE EXPERIMENTAL STUDY

PROTOTYPE DESCRIPTION

The triangular photovoltaic component suitable for integration (BIPV) into a geodesic dome cover (see figure 2a) studied is composed of an active part (a CIGS PV module, as initial choice of PV technology) and a dummy part (see figure 1b) and has a size varying according to its location on the building envelope. For a unique shape of the solar active part, the basic triangular CIGS PV module considered in this study was designed [START_REF] Bednar | A strategy for implementation of triangular thin-film photovoltaic modules[END_REF] in order to fit with geodesic domes with a frequency of 3 and 6 or 7 m of diameter and with a frequency of 4 and 9 m of diameter. Figure 2a presents an example of BIPV triangle integration on a geodesic dome cover facets. Mainly, southoriented and high-located surfaces were considered for PV integration in order to avoid shadings.

More precisely, the CIGS PV module (of dimensions 1.06m x 1.06m x 1.26m) and the dummy part were encapsulated between two ethylene-vinyl acetate (EVA) layers for total triangle dimensions of 1.58m x 1.58m x 1.48m. The EVA back sheet was stuck on a rigid layer (a polymer substrate or a metal sheet) to be fixed on the geodesic dome cover using three Velcro strip elements (male and female). The junction box could be mounted at the backside of the PV module or on its edge in order to avoid realizing holes on the geodesic dome cover and thus to limit sealing issues (See figure 2b). For these outdoor tests, following CIGS material provision issues, a triangular BIPV module prototype was manufactured with nanomaterial PV cells instead of CIGS PV cells (see figure 3), which have the desired mechanical behaviour (mainly lightness, thinness and flexibility). However, other thin film technologies could be used to achieve the objectives of this work. The PV module was composed of nine (9) PV cells of 223.8cm² (nearly 14.96cm x 14.96cm) connected in series and laminated on a black rigid polymer substrate with EVA layers. No dummy part was included in the tests prototype. The geodesic dome cover was represented by a white polyvinyl chloride (PVC) (melting temperature higher than 180°C; good stability to natural ageing, recyclable and durability between 8 and 18 years) triangular textile element corresponding to one triangular facet of the envelope (see figure 2a). As preliminary study, a flash-test of the BIPV triangle prototype was performed in order to obtain its electrical characteristic after to the modification of the PV cell technology. (See table 1) 

Presentation of the assembly process of the BIPV triangle and the geodesic dome cover

Due to humidity issues, instead of using the expected Velcro strips, the tested BIPV prototype was stuck on the white PVC textile element of the geodesic dome cover with a specific adhesive layer (glue). Figure 4 shows the main steps of assembly of the PV module and the PVC layer consisting first in locating (see Figure 4a) and realizing a hole on the PVC layer for the junction box (see Figure 4b), then in applying the glue layer (see Figure 4c) and finally in rubbing the backside of the PVC layer with a soft cloth for a better distribution of the glue (see Figure 4d).

In addition, in order to define the most suitable type of adhesive layer, some preliminary gluing tests were performed during few days using different processes.

-A SI 595 glue after scraping the PVC textile surface (LOCTITE superflex clear silicon transparent glue).

-An 11 FC SIKA glue.

-An 11 FC SIKA glue after scraping the PVC textile surface.

-A PVC glue (PVC-U of Tangit) after application of a stripper (PVC-U/C ABS of Tangit).

The assembly process based on the application of the stripper and the PVC glue was finally selected for the tests prototype. Nevertheless, more tests would be necessary in order to validate this choice for the final product considering also Velcro strips used for army activities or adhesive tapes (Shukla et al, 2018b). Since a hole was realized in the white PVC textile element for the junction box, technical solutions should be proposed in order to ensure air and water tightness of the geodesic dome, in case of progressive or partial detachment of the PV module. (For example, the modification of the location of the junction box or the installation of a double skin envelope)

Description of the experimental setup

The BIPV triangle was connected to an electronic load due to the low nominal electrical power installed and the PVC textile element was mounted with a thong on a metal frame fixed on the balcony of an experimental house at INES site (See figure 5a, c andd). The test bench could be inclined from 0° to 90° and was oriented to 15.3° at South-East. (See figure 5b) The instrumentation of the BIPV triangle permitted to obtain thermal, electrical and weather data (See figure 5). Twenty-four (24) T-type thermocouples were stuck on the BIPV triangle using both aluminum scotch tape and dark colored scotch tape on the PV module and on the PVC layer (See figure 7a and figure 7b). They permitted the measurement of temperatures on both sides of the active part of the PV module (on the front layer avoiding shadings (see figure 6a) and on the backside of some PV cells (see figure 6b)) and on the front side and the backside of the PVC textile element (see figure 6a and figure 6c). Each thermocouple was named according to its location on the surfaces of the BIPV triangle (so, A, for its front side, B, for the interface between the PV triangle and the PVC layer and C, for its backside) and the number of the columns and rows indicated in figure 6.

(a) (b) (c) (d) (e)
A weather station was installed on the balcony comprising pyranometers in the PV module plane (at the top and left side of the mounting structure) and in the horizontal plane (at the bottom and left side of the mounting structure) for solar radiations measurement. Due to the presence of the building wall and the roof overhang, the pyranometers were installed on the mounting structure in order to detect possible shadings on the BIPV triangle. An anemometer was mounted behind the horizontal pyranometer for wind velocity and direction measurement (See figure 5b). In addition, a PT100 sensor was fixed for ambient air temperature measurement (See figure 5c).

All sensors were connected to a Graphtec data logger (see figure 5e) permitting also to measure open circuit voltage values. Table 2 presents the specifications of the installed sensors and their uncertainties.

Table 2: The monitoring was realized with a 1min time step and data files were stored in the data logger internal memory. In order to analyze the impact of the BIPV triangle location on the geodesic dome cover on the thermal behavior and electrical performance of the south -oriented PV system, a parametric test campaign has been launched by varying its slope. Scenarios with slopes values of 0°, 30°, 60° and 90° were fixed each one for two to four days, according to weather conditions in order to ease the comparison of results.

In parallel to this test campaign, a thermal and electrical numerical model of the BIPV triangle has been developed and validated in order to predict its performance in various operating conditions.

THERMAL MODELLING OF THE TRIANGULAR BIPV MODULE

Thermal analysis and heat balance

The following hypotheses were considered for the numerical modelling of the BIPV triangle according to its initial configuration (see figure 2b) including an active part and a dummy part (see figure 8a). A simplified 1D dynamic thermal and electrical model was developed based on a nodal approach and the discretization included the BIPV module and the geodesic dome cover element (see figure 8b). One temperature node noted Tpv is for the active part of the BIPV triangle and includes the CIGS PV module, a portion of the EVA front sheet and back sheet and a portion of the rigid substrate.

Indeed, the thermal conductances by convection and by radiation on the front side of the PV module are supposed higher than other thermal conductances between the layers of the BIPV component [START_REF] Brinkworth | Design procedure for cooling ducts to minimize efficiency loss due to temperature rise in PV arrays[END_REF]) [START_REF] Brinkworth | A validated model of naturally ventilated PV cladding[END_REF]. An open circuit and a grid connected operation conditions of the PV triangle were considered in the numerical model through a kronecker number (equal to 1 if the PV module is grid connected and to 0 if

it is in open circuit condition). The solar radiation is supposed uniform on the triangle. The global solar radiation is considered as an input or can be calculated based on the available diffuse and the beam solar radiations data. Since the width of the Velcro strips is very low (nearly 15mm), the air gap between the PV triangle and the geodesic cover is considered as a solid layer through a heat transfer by conduction.

The sky temperature was calculated based on the ambient air temperature Ta. [START_REF] Swinbank | Long wave radiation from clear skies[END_REF] (See Equation 1):

(1)

A heat balance was realized at nodes Tpv, Tdummy and Tcover. [START_REF] Assoa | Dynamic study of a new concept of photovoltaic-thermal hybrid collector[END_REF] -At the PV module temperature node: (see Equation 2)

(2)

Qpv is the solar radiation absorbed by the PV module and is given by Equation 3 [START_REF] Assoa | Dynamic prediction of a building integrated photovoltaic system thermal behavior[END_REF]) [START_REF] Chow | Performance analysis of photovoltaic-thermal collector by explicit dynamic model[END_REF]) [START_REF] Zondag | The yield of different combined PV -Thermal collector designs[END_REF]:

(3)

Where Gt is the global incident solar radiation (W/m²), Ki,j is the thermal conductance between nodes i and j (W/K). Si is the surface of i layer (m²). Ti is the temperature at node i (°C), Mi is the mass of the material i (kg). Ci is the specific heat of the material i (J/ (kg.K)) and dt the discretization time step (s). βpv is the temperature coefficient (%/°C), ηpvref is the reference efficiency of the PV module (-), τEVA is the transmittance of the EVA layers (-) and αi is the solar absorption coefficient of the layer i (-).

-At the dummy part temperature node (see Equation 4):

(4)

-At the temperature node of the cover element surface (see Equation 5):

(5)

The thermal conductances Ka,pv and Ka,dum corresponding to convective heat transfers between the PV module and the ambient air and between the dummy part and the ambient air depend on the wind velocity (MacAdams, 1954) (see Equation 6and Equation 7) :

(6) (7)

The thermal conductances Ksk,pv and Ksk,dum corresponding to radiation heat transfer between the PV module and the sky and between the dummy part and the sky are obtained with Equation 8and Equation 9, with Tsk in Kelvin (K). [START_REF] Fraisse | Development of a simplified and accurate building model based on electrical analogy[END_REF] (8) (9)

The electrical power Pelec produced by the PV module is determined with Equation 10.

(10)

Based on this heat balance, a new subprogram (Type) was realized in TRNSYS17 software environment in order to determine the layers temperature and the PV module electrical power production and efficiency.

Experimental validation of the numerical model

The developed numerical dynamic model has been validated on some days using the results of the test campaign scenarios with a 1min time step and focusing on the PV module temperature since the configurations of the modelled and tested BIPV triangles were different. Indeed, in the test prototype, the dummy part is not included. Although the periods considered for the numerical model validation were reduced, they were representative of most of weather conditions and of some operation conditions, allowing a satisfactory analysis of the calculated results accuracy, namely, sunny days, cloudy days and days with low and high levels of solar radiation, different slopes and shadings. The size and main physical parameters used in the numerical model are presented in table 3. The solar radiation in the BIPV module plane is lower than 1000W/m² during the four days considered for the slope of 90°. The horizontal solar radiation is lower than 500W/m² (See figure 9b).

The wind velocity is, most of the time, lower than 2.5m/s with a maximum value of 4m/s. (See figure 9a) In the period considered, the solar radiation on the plane tilted at 60° is lower than 1000W/m² and the horizontal solar radiation is lower than 600W/m² (See figure 10b). The wind velocity is often up to 2.5m/s with a maximum value of 3.5m/s. (See figure 10a) The solar radiation on the plane at 30° and the horizontal solar radiation are respectively up to 700W/m² and 500W/m², in this period (See figure 11b). The wind velocity is lower than 2m/s with a peak value of 3.8m/s. (See figure 11a)

(a) (b)
(a) (b)
(a) (b)
Figure 12: Weather data (wind direction and velocity (a) and solar radiation on horizontal planes (b))

during the fourth scenario (slope of 0°) in cold season.

The solar radiation on the horizontal PV module plane during the fourth scenario period is lower than 500W/m². The solar radiation measured with the horizontal pyranometer is lower than 600W/m² (See figure 12b). The two curves are close as expected, although shading effects noticed on the horizontal solar radiation curve (See figure 12b). The comparison of the two curves shows that the shading effects due to the building wall and the roof overhang are reduced in cold season (low sun height). The main shadings observed seem to be due to the anemometer for wind velocity and wind direction measurement behind the horizontal pyranometer. The wind velocity is most of the time lower than 1.5m/s but it can reach 3.3m/s. (See figure 12a)

Experimental validation

Figures 13, figure The analysis of figures 13, figure 14, figure 15 and figure 16 shows that the profiles of the calculated and the measured PV module temperatures are close, although the numerical model underestimates the PV module temperature mainly during daytime (especially for high solar radiations). Thus, the numerical thermal model is able to predict the PV module temperature dynamics for clear days and cloudy days. The differences of temperatures are, most of the time, lower than 5°C

nearly in absolute value. The higher differences (up to 15.69°C in absolute value) could mainly be explained first by the instantaneous shading of the pyranometers. Indeed, the calculated PV module temperature curves show that, as expected, the thermal model is more influenced by the variations of the incident solar radiation than the measurements, decreasing with the presence of shadings on the pyranometer in the plane of the BIPV triangle. For example, in figure 11b (for a slope of 30°), the decrease of the incident solar radiation due to shadings on this pyranometer at the end of the first day leads to the decrease of the calculated PV module temperature curve on this day (see figure 14a), while the measured temperature curve is not influenced. This highlights that the BIPV triangle was not shaded at the corresponding hours, which leads to higher absolute differences between the measured and the calculated PV module temperatures (reaching -15.69°C nearly). Moreover, figure 14b indicates absolute differences between -15.69°C and 11.83°C on the period with a slope of 30° with a mean absolute difference of -0.13°C. For the two days of this period, the mean daily absolute differences were of respectively -1.15°C and 0.13°C, with higher discrepancies (in absolute value) on the first day due to the shaded pyranometer, as expected, and lower values on the second day (cloudy day with reduced level of solar radiation) (see figure 11b). The maximum daily absolute differences (in absolute values) were of respectively 15.69°C and 6.79°C, for these two days. The same observations could be made during the scenario with a horizontal slope of the BIPV triangle (see figure 13a)

presenting hours with shadings on the horizontal pyranometers on the first day (see figure 12b). Figure 13b indicates absolute differences between -8.24°C and 7.15°C on the considered period with a mean absolute difference of -0.1°C. On this period, the mean daily absolute differences were of respectively -0.02°C on the first day (sunny day with shaded pyranometer) and 0.18°C on the second day (cloudy day with high level of solar radiation). Maximum daily absolute differences (in absolute values) were of respectively 8.24°C and 7.21°C on these two days. Highest differences are observed during hours with shadings on the pyranometer and clouds.

Important discrepancies could be also due to the fact that the absorption of solar radiation by the PV module was calculated based on the measured global solar radiation and not on separate diffuse and beam solar radiations data. Indeed, higher discrepancies are mainly observed at hours with high solar radiation level and partial clouds (see figure 15b and figure 16b), corresponding to variations of proportion between the beam and the diffuse solar radiations while lower differences are noted at low solar radiations level. Thus, figure 15b presents absolute differences comprised between -10.25°C

and 10.46°C with a mean absolute difference of -0.27°C during the period with the slope of 60°. On a daily base, the mean daily absolute differences were of respectively -0.55°C on the first day (partially sunny day) and -0.03°C (cloudy day with high level of solar radiation). Maximum daily absolute differences (in absolute values) were of respectively 10.25°C and 9.12°C, for these two days. Then, Figure 16b shows absolute differences between -9.66°C and 6.9°C on the four days considered for the slope of 90° with a mean absolute difference of -0.44°C. On a daily base, the mean daily absolute differences were of respectively -1.36°C for the first day (partially cloudy day with shadings on the pyranometers), 0.06°C for the second day (cloudy day with solar radiation up to 210W/m² nearly), -0.60°C for the third day (cloudy day with high level of solar radiation) and -0.37°C for the fourth day (cloudy day with high level of solar radiation). Maximum daily absolute differences (in absolute values)

were of respectively 8.51°C, 2.38°C, 9.66°C and 8.27°C for these days. For the slope of 90°, more important differences are also observed during periods with shadings and during periods with clouds and high level of solar radiation, confirming previous results.

Results of mean absolute differences and maximum discrepancies on a daily base show that the thermal model has a satisfactory accuracy and tends to underestimate the PV module temperature.

Moreover, it can be observed that absolute differences variations are coherent along the considered test periods according to the weather conditions and the presence of shadings, permitting to use this thermal model on longer periods for simulation with some knowledge of expected uncertainties.

Nevertheless, the accuracy of the model is reduced in periods with shadings existing only on the pyranometer and not on the BIPV module, thus, this aspect should be further investigated. In addition, the analysis highlights that the developed thermal model could contribute to detect more or less precisely existing shadings on a BIPV system.

Then, table 4 presents a more detailed analysis of the accuracy of the developed numerical model based on statistical parameters [START_REF] Assoa | Thermal analysis of a BIPV system by various modelling approaches[END_REF]. For each BIPV triangle slope, the mean bias error (MBE), the mean absolute error (MAE) and the root mean square error (RMSE) were calculated. The MBE value is a statistical parameter indicating whether the model tends to overestimate or underestimate the measured data. The RMSE value represents the reliability of the numerical model. The mean bias error values are negative for all slopes and are comprised between -0.44°C with a slope of 90° (vertical configuration) and -0.02°C with the slope of 0° (horizontal configuration). Thus, the thermal model slightly underestimates the measured data on the considered testing periods. The mean absolute error values for all slopes are reduced and comprised between 0.31°C with the slope of 90° and 1.97°C with the slope of 0° highlighting that, the thermal model provides a satisfactory prediction of mean PV module temperature on the considered testing periods. The root mean square error values are more important and comprised between 1.83°C with the slope of 90° and 3.42°C with the slope of 0° (horizontal). The variations of statistical parameters according to the slope are due to the difference of solar radiation conditions on each tests period, which confirms that the thermal model accuracy depends on the weather conditions. Further statistical analysis on larger periods according to the solar radiation level and avoiding nearby shadings would be relevant to confirm the first results.

Nevertheless, the statistical results are consistent with the ones obtained during the experimental validation of nine simplified and detailed thermal modelling approaches of a BIPV system during one year and especially in winter period (with MBE between -1.49°C and 0.78°C; MAE between 1.35°C and 2.15°C and; RMSE between 1.8°C and 2.58°C) [START_REF] Assoa | Thermal analysis of a BIPV system by various modelling approaches[END_REF].

Since one of the main objectives of this numerical model was to calculate the annual electrical production of the BIPV triangle, validation results have shown that the accuracy of the thermal model was satisfactory. Nevertheless, a numerical model with a more detailed discretization would be relevant for a more detailed analysis of all existing gradients of temperatures along the BIPV triangle.

EXPERIMENTAL PARAMETRIC STUDY OF THE PERFORMANCE OF THE SOLAR COLLECTOR

The experimental parametric study was realized in cold season (in December), in a period with fog in the morning during some days and permitted to obtain thermal and electrical results according to the slope of the south-oriented BIPV triangle.

Analysis of the thermal results

The experimental thermal results were analyzed in order to evaluate the impact of the location of the solar component on the geodesic dome cover considering the same orientation. The maximum value of the mean temperatures at the front side and the backside of the PV module are of respectively nearly 39.4°C and 46°C (thus, there is a difference of temperatures of 6.6°C) for a maximum outdoor ambient air temperature of nearly 29°C (See Figure 17a).

Thermal behavior in the layers of the BIPV triangle

On areas of the PVC layer without PV module, the maximum value of the mean temperature is of 27°C nearly at the backside and at the front side. On areas with PV module, the PVC layer maximum value of the mean temperature is of 48°C nearly at the backside. (See Figure 17b) The important gradient of temperatures between areas of the PVC layer with and without PV module of nearly 21°C could be explained, as expected, by its low thermal conductivity (of 0.2W/m/K). In addition, without PV module, the both sides of the PVC layer are cooled by convective heat transfer with the outdoor ambient air and radiation heat transfer with the sky and the environment.

Moreover, in the vertical configuration, considering the measurement points defined in figure 6, the PV module maximum temperature of nearly 50°C is obtained, as expected, at its interface with the PVC textile element front side, so at the level of the adhesive layer (glue). Indeed, the backside of the PV modules is in contact with the PVC insulation layer. The difference of maximum temperatures between the front side and the backside of the PV module is of nearly 7°C.

Finally, table 5 presents a summary of the thermal results obtained during the tests campaign with the scenarios at 60°, 30° and 0° of slope. The variations of the cumulative horizontal solar energy (sum of the solar energy values measured on each time step during a scenario period) are due to the fact that the scenarios had to be realized on different periods. -For a slope of 60°, table 5 indicates that the PV module maximum backside temperature was of nearly 52°C and the difference of maximum temperatures between the backside and the front side of the PV module was of nearly 7°C. In areas of the PVC textile element without PV module (around the PV module), the maximum value of the layer mean temperature was of 32°C nearly on the backside (see temperature sensors TC11 and TC111 on figure 6c) and of 36°C on the front side (see temperature sensors TA11, TA111, TA66 on figure 6a). The maximum value of the PV module mean temperature was of 46°C for an ambient temperature of 13°C nearly.

-During the tests with a slope of 30°, the PV module maximum backside temperature was of 44°C for an ambient air temperature up to nearly 15°C. The difference of maximum temperatures between the two faces of the PV module was of nearly 5°C. In areas of the PVC layer without PV module, the mean temperature was up to 30°C nearly on the backside and to 31°C on the front side. The maximum value of the PV module mean temperature was of 39°C.

-For a slope of 0° (horizontal configuration of the BIPV triangle), the PV module maximum backside temperature observed was of nearly 31°C. A lower difference of maximum values of mean temperatures (of nearly 2°C) between the two faces of the PV module is observed compared to the other configurations (29°C on the front side and 31°C on the backside). This could be explained by the fact that in cold season, the front side of the PV module receives less solar radiation due to highest angle of incidences. In areas of the PVC textile element without PV module, the mean temperature was up to nearly 25°C on its backside and nearly 23°C on its front side. The maximum value of the PV module mean temperature was of 26°C for a maximum ambient air temperature of nearly 12°C.

Thus, results of figure 17 and table 5 highlight that the four slopes considered are relevant in cold season for the integration of the BIPV triangle on the geodesic dome facets facing south since the PV module maximum mean temperatures and maximum temperatures are reduced and equal or lower than 50°C.

Then, in order to estimate more precisely the uniformity of the mechanical contact between the PV module and the PVC layer through the adhesive (glue) layer and, thus, the relevance of their assembly method, a comparative analysis of temperatures within the BIPV triangle layers was performed considering two PV cells.

Impact of the assembly method on thermal behavior of the triangular BIPV module

For the four slopes taken into account, the gradients of temperatures between the PV module backside and the PVC layer front side are presented. The temperature sensors located at the level of the PV cell close to the middle of the PV module (see TB36 on figure 6) and at the level of a second PV cell in the angle to the right (see TB19 on figure 6) were considered. (See figure 18) The comparison of curves in figure 18 shows that the higher difference of temperatures between the PV module backside and the PVC layer backside is of 4°C considering all configurations.

(a) (b) (c) (d)
Nevertheless, the lower values observed with the PV cell in the angle compared to the PV cell in the middle of the triangle (maximum difference of gradients of 1.6°C nearly) show that the PV module backside temperature and the PVC layer backside temperature are closer. This result could be due to a lower thermal resistance at the level of the adhesive layer (PVC-U glue with a thermal conductivity of 0.15W/m.K) between the two layers and so, to a local lower thickness of glue in the area of the PV cell in the angle of the PV triangle.

For the horizontal configuration of BIPV triangle, the differences of temperatures between the PV module backside and the PVC layer backside obtained considering the two PV cells are higher. This could be explained by the fact that the angles of incidence of solar radiation are the highest in cold season in this configuration, reducing the absorbed solar radiation (see figures 9 and 10) and thus the heating of the PV module. Since the PVC textile element is more exposed to solar radiation reflected by the ground, its differences of temperatures with the PV module backside increase.

Based on these results and on a similar analysis with other measurement points (see figure 6), the thermal contact between the PV triangle and the PVC textile element is not uniform along the BIPV triangle, for all slopes considered. This could be explained by the complexity to spread a constant thickness of glue on the layers. Nevertheless, the reduced maximum gradient of temperatures of 1.6°C observed between measurement points at the backside of the PV module and of the PVC layer highlights that the assembly process selected is relevant, in this case.

Analysis of the influence of the slope on the BIPV triangle thermal behavior

In order to analyze the impact of the slope of the BIPV triangle on its thermal behavior, the PV module heating related to each configuration was estimated and corresponds to the gradient between the PV module mean temperature and the outdoor ambient air temperature. The analysis of this data permits to overcome the fact that the tests were not realized in parallel. The scattering of points on graphs is due to the momentary presence of clouds, fog or shadings during the test campaign. Figure 19 presents the PV module heating according to the solar radiation received in the plane of the BIPV triangle for the four slopes considered. Moreover, in each case, a first evaluation of the global thermal resistance of the BIPV triangle (or Ross coefficient) k was realized based on the PV module heating correlation (see Equation 11) in order to observe its variations according to the system slope. [START_REF] Skoplaki | A simple correlation for the operating temperature of photovoltaic modules of arbitrary mounting[END_REF][START_REF] Skoplaki | Operating temperature of photovoltaic modules: A survey of pertinent correlations[END_REF] 

The parameter k could be obtained by determining the slope of the trend curves of graphs in figure 18.

For this, since the number of measured values was reduced, the data were only slightly filtered by considering temperatures corresponding to incident solar radiation values higher than 10W/m². The comparison of the four graphs considering the same solar radiation values highlights, as expected, that the highest values of PV module heating in cold season are observed for the slopes of 90° with 36°C and of 60° with 37°C nearly. In addition, as expected, the lowest BIPV triangle heating are obtained for the horizontal configuration (up to 17°C for the slope of 0°). The maximum PV module heating for the slope of 30° is of 25°C. Since the horizontal configuration leads to a reduction of absorbed solar radiation in cold season, the slope of 30° gives a satisfactory BIPV triangle thermal behavior, in the testing site.

Table 6 presents the values of BIPV triangle heating and global thermal resistance according to its slope calculated using measured data in Equation 11.

Table 6: PV module heating and global thermal resistance of the BIPV triangle according to its slope calculated (with Equation 11) based on measured data (with Tpvmean, the PV module mean temperature and Ta, the outdoor ambient air temperature). to the one of a not-so -well cooled BIPV system integrated into a sloped roof. [START_REF] Skoplaki | A simple correlation for the operating temperature of photovoltaic modules of arbitrary mounting[END_REF] Nevertheless, since the monitoring was realized during few weeks, thermal results should be confirmed considering more data and using the validated numerical model in order to take into account different weather conditions.

Analysis of the measured and calculated electrical and thermal results

Analysis of the measured and calculated electrical results

An analysis of the electrical results has been realized in order to define the most suitable configurations for an optimal electrical production. The electrical data were calculated based on the measured results. For each slope, the PV module electrical power produced Pelec and efficiency ηpv In each configuration, the electrical efficiency values of the BIPV triangle were comprised between 6.5% and 8.5% during the test campaign with an electrical power production up to 14.7W. More precisely, for a slope of 90° (vertical configuration), the electrical efficiency of the BIPV component was comprised between 7% and 8.5% and the corresponding electrical power produced was lower than 14.7W in the testing period (See figure 20). In addition, for a slope of 60°, the system electrical efficiency was between 6.9% and 8.5% with an electrical power production up to 13.9W. Moreover, for a slope of 30°, the system electrical efficiency was comprised between 7.1% and 8.4% with an electrical power production reaching 9.9W. Finally, in the case of a horizontal configuration of the BIPV triangle, the electrical efficiency was between 7.5% and 8.5% and the electrical power production was up to 6.8W.

Table 7 shows the cumulative incident solar energy on the corresponding scenario periods and the electrical results calculated based on the measured PV module mean temperature for each slope. The values of cumulative electrical energy production were the most important during the scenarios with the slopes of 90° and 60° since the BIPV triangle received more incident solar energy compared to other testing periods (See table 7). During scenarios with a slope of 30° and an horizontal configuration, according to the performance ratio values, the system electrical performance were the closest to the standard test (STC) conditions. Nevertheless, the values of performance ratios obtained with the four slopes were close with lower values of nearly 95% and 98.1% respectively for the slopes of 60° and 90°. These results could be explained by a higher heating of the PV module tilted at 60° and 90° despite a higher electrical production since in cold season, the sun height is low on the site.

(See Tables 5 and6)

Nevertheless, according to the PV array energy yield, as expected, the performance of the PV triangle in cold period is more important with higher slopes, especially at 60°. This is confirmed, also, by the comparison of the variations of electrical efficiency and performance ratio with the one of the PV module mean temperature. Thus, the two electrical values decrease and then increase according to the slope of the BIPV triangle with a lowest value at the slope of 60° while the PV module mean temperature increases and then decreases with a peak value at the slope of 60°.

Moreover, at this slope, the PV module temperature (and heating) is the most important and the electrical efficiency is the lowest. Nevertheless, table 5 shows that, in the testing site, the slope of 30°

(with a mean PV module temperature of 39°C and an electrical efficiency of 7.5%) seems to represent a good compromise for the thermal behavior and the electrical performance of the BIPV triangle in cold season and for the choice of its location on the geodesic dome facets facing south. Finally, the thermal behaviour and the electrical performance of the BIPV triangle were further analyzed on a full year using the numerical model in order to confirm first tests observations.

Analysis of the predicted electrical and thermal performance

Due to the reduced number of the measured data, the validated numerical model has been used to predict the thermal behaviour and the electrical performance of the BIPV triangle (with a nominal electrical power of 15.27Wp) on a full year. For this, a Meteonorm weather data file of Lyon Satolas (France) was selected in TRNSYS17 software library since it is at a latitude close to the one of Le Bourget du Lac (45.75° of latitude and 4.85° of longitude). Lyon has also a temperate climate with warm summers and mild winters. The warmest month of the year is July with a slightly higher mean monthly temperature of 22.2°C and the coldest month is January with a mean monthly temperature of 3.4°C. The simulation time step considered was of 10min. In warm season, highest maximum of temperatures are observed for the slopes of 0° (with 54.9°C

in July) and 30° (with 58.2°C in July) due to higher sun height and thus, to more optimal incident angle. In cold season, highest maximum of temperatures are observed for the slopes of 90° (40.6°C in October) and 60° (45.4°C in October) due to lower sun height and thus to more optimal incident angle.

For all slopes, the monthly mean PV module temperatures are close and lower than 22°C with maximum values for the slopes of 30° (with 21.8°C in July) and 0° (with 21.7°C in July).

For a slope of 0° and the slope of 30°, the mean temperatures of the PV module are comprised respectively between -7.4°C and 54.9°C and between -7.4°C and 58.2°C. For the slope of 60° and for the slope of 90°, the mean PV module temperatures are respectively between -7.4°C and 52.7°C and between -7.4°C and 41.9°C. The levels of calculated temperature are consistent with the temperatures measured (see table 5). The differences could mainly be due to the weather data used for the simulation and to the site conditions (such as reflected solar radiation from environment or heat transfer by radiation with the supporting building).

Figure 22 presents the impact of the slope on the calculated monthly mean electrical efficiency of the south-oriented BIPV triangle. The analysis of figure 22 highlights that the monthly electrical efficiencies are close all along the year for all considered slopes and are comprised between 7.7% and 8.3%. The most important differences are observed in warm months with the highest electrical efficiency obtained with a slope of 90° (with 7.8%) and the lowest for the slopes of 30° and 0° (with 7.7%). This could be explained by the fact that in warm season, the sun height is higher, so the incident angle of the solar radiation is lower for the slopes of 0° and 30° leading to higher solar absorption and thus, PV modules temperatures (see figure 21). In cold months, the differences of electrical efficiencies are lower with slightly higher electrical efficiencies for the slope of 0°, which is consistent with experimental results (see figure 20).

Then, figure 23 For the slope of 0° and the slope of 30°, the monthly array energy yields of the PV module are comprised respectively between 6.2Wh/Wp and 54.8Wh/Wp and between 10.8Wh/Wp and 53.9Wh/Wp. For the slope of 60° and for the slope of 90°, the monthly array energy yields of the PV module are respectively between 12.8Wh/Wp and 43.9Wh/Wp and between 12Wh/Wp and 28.9Wh/Wp. The comparison of the monthly electrical energy productions for each slope in figure 23 confirms that in warm season (from April to September), the slopes of 0°, 30° and 60° (especially the slope of 30°) permit to obtain higher performances while in cold season, the slopes of 30°, 60° and 90°

(especially the slope of 60°) are optimal. With an annual cumulative incident solar energy of 1209kWh/m², the total energy productions for the slope of 0°, 30°, 60° and 90° are respectively of 5.35kWh, 5.95kWh, 5.47kWh and 4.02kWh confirming that a slope of 30° is optimal for the BIPV triangle electrical performance in the latitude considered. Nevertheless, since the slope of 60° could give satisfactory results, the application of the BIPV triangles on the geodesic dome facets with slopes between 30° and 60° could be optimal for good electrical performance and thermal behaviour all over the year.

CONCLUSION

In this work, the experimental and the numerical studies performed on a prototype of flexible triangular Building Integrated Photovoltaic module suitable for integration into geodesic domes have been presented. The dynamic numerical thermal and electrical model developed for the component has been detailed and validated with tests results obtained at Le Bourget du Lac. For all slopes, mean absolute error values between 0.31°C and 1.97°C, root mean square error values between 1.83°C and 3.42°C and mean bias error values between -0.44°C and -0.02°C have shown that, the thermal model has a satisfactory accuracy but slightly underestimates the measured data on the considered testing periods. The assembly process of the photovoltaic module and the geodesic dome cover (polyvinyl chloride) textile element has been first detailed and the outdoor experimental setup has been

described. An analysis of the thermal contact between the two layers has permitted a first validation of this process and has shown that a uniform spread of the adhesive layer is important in order to permit a homogenous thermal behavior and, thus, cooling of the system. The tests realized on the photovoltaic triangle have permitted to obtain an overview of its thermal behavior and electrical performance according to its slope (0°, 30°, 60° and 90°), thus, to its location on the geodesic dome for a south orientation, in cold season. The maximum mean temperature, of 52°C nearly, is observed, as expected, at the interface between the photovoltaic module backside and the front side of the cover layer and for a slope of 60°. The photovoltaic triangle heating values are lower than 50°C in cold season for the four slopes taken into account. The global thermal resistance of the system decreases from 0.0398°C.m²/W to 0.0349°C.m²/W when its slope varies from 90° to 0°, thus, in cold season, lowest slopes are more advantageous for the photovoltaic module cooling than the vertical configuration, as expected. In addition, the photovoltaic triangle thermal behavior is close to the one of a not-so-well cooled photovoltaic system integrated into a sloped roof. During the tests campaign, the electrical efficiency values of the photovoltaic triangle were comprised between 6.5% and 8.5% with an electrical power production up to 14.7W and a final yield up to 8.8Wh/Wp. The calculated annual cumulative energy production has given a maximum value of 5.9kWh obtained with the slope of 30°.

The results have shown that the four slopes considered from a horizontal to a vertical configuration, especially the slope of 30° in the tests site, give satisfactory electrical performance and thermal behavior, in cold season, and could be relevant for the mounting of the photovoltaic triangle on southoriented facets of the geodesic dome cover. Nevertheless, since the monitoring was realized on few weeks, the tests results have been confirmed using the validated numerical model. For all slopes, the monthly mean PV module temperatures are close and lower than 22°C with maximum values for the slopes of 30° (with 21.8°C in July) and 0° (with 21.7°C in July). In addition, the monthly electrical efficiencies are close all along the year for all considered slopes and are comprised between 7.7% and 8.3%. The monthly array energy yields of the PV module are up to 54.8Wh/Wp for all slopes. For an annual cumulative incident solar energy of 1209kWh/m², the results of total energy productions for the slope of 0°, 30°, 60° and 90° with respectively 5.35kWh, 5.95kWh, 5.47kWh and 4.02kWh confirms the tests observations in the latitude considered. Nevertheless, since the slope of 60° could give satisfactory results, the application of the BIPV triangles on the geodesic dome facets with slopes between 30° and 60° could be relevant for good electrical performance and thermal behaviour all over the year.

As further studies, the annual performance of the BIPV triangle will be estimated numerically in different weather conditions, orientations and slopes and a design optimization of the component configuration will be performed considering, also, its color. For this, the numerical model will be detailed in order to consider existing gradients of temperatures along the BIPV triangle and the whole geodesic dome and validated experimentally on larger periods, differentiating diffuse and direct solar radiations. 
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Figure 2 :

 2 Figure 2: BIPV geodesic dome a: location of solar elements (black and dark grey zones) on the geodesic dome cover facets (white and light grey zones); b: Layers of the triangular building integrated photovoltaic component. (Source SIARQ company)

Figure 3 :

 3 Figure 3: Lateral (a) and front (b) views of the prototype of BIPV triangle realized with nanomaterial technology for outdoor testing.

Figure 4 :

 4 Figure 4: Assembly process of the BIPV triangle on the PVC textile element: location (a) and realization of a hole on the PVC layer for the junction box (b), application of the glue layer (c) and rubbing of the backside of the PVC layer with a soft cloth to better distribute the glue (d).

Figure 5 :

 5 Figure 5: Tests bench fixed on the balcony of an experimental house at INES site (Le Bourget du Lac): front view (a) and side views (b) (c) of the test bench and sensors for weather data measurement; prototype mounting with thong (d) and Graphtec datalogger (e).

Figure 6 :

 6 Figure 6: Scheme of the location of thermocouples (blue dots) on the front side of the PV triangle (close to PV cells (black rectangles)) and on PVC layer surface (a), at the backside of the PV cells (b) and at the backside of the PVC layer under PV cells locations and on areas without the PV triangle (c).

Figure 8 :

 8 Figure 8: Schemas of the front view (a) and the cross-section (b) of the triangular BIPV module and location of the temperature nodes defined.

Figure 9 :

 9 Figure 9: Weather data (wind direction and velocity (a) and solar radiation on the horizontal and the vertical planes (b)) during the first scenario (slope of 90°) in cold season.

Figure 10 :

 10 Figure 10: Weather data (wind direction and velocity (a) and solar radiation on horizontal and tilted planes (b)) during the second scenario (slope of 60°) in cold season

Figure 11 :

 11 Figure 11: Weather data (wind direction and velocity (a) and solar radiation on horizontal and tilted planes (b)) during the third scenario (slope of 30°) in cold season.

Figure 13 :Figure 14 :Figure 15 :Figure 16 :

 13141516 Figures 13, figure14and figure15present the calculated and measured PV module temperatures and their discrepancy, taking measured data as reference. Tpvmean represents the measured mean temperature of the front side and the backside of the PV module.

Figure 17

 17 Figure17presents the mean temperatures of the PV module and of the geodesic dome cover PVC textile element obtained considering a slope of 90° (vertical configuration).

Figure 17 :

 17 Figure 17: Mean temperature profiles at the front side and the backside of the PV module (Tpvmean) (a) and of the PVC textile element on areas with (Tpvc (pv)) and without (Tpvc) PV module (b) for a BIPV triangle slope of 90°.

Figure 18 :

 18 Figure 18: Gradient of temperatures at the level of the PV cells located in the middle (1) and in the angle to the right of the PV module (2) considering its backside (Tpv backside with TB36 (1) and TB19 (2) sensors) and the backside of the PVC textile element (Tpvc backside with TC36(1) and TC19(2) sensors) for a slope of 90° (a); 60° (b); 30° (c); 0° (d). (See figure 6)

  [START_REF] Bristow | Outdoor organic photovoltaic module characteristics: Benchmarking against other PV technologies for performance, calculation of Ross coefficient and outdoor stability monitoring[END_REF] [START_REF] Assoa | Thermal analysis of a BIPV system by various modelling approaches[END_REF] [START_REF] Assoa | Dynamic prediction of a building integrated photovoltaic system thermal behavior[END_REF] 

Figure 19 :

 19 Figure 19: PV module heating according to the global incident solar radiation for each slope during the test campaign in cold season (a: 90°; b: 60°; c: 30°; d: 0°) (Not filtered values).

Figure 20 :

 20 Figure 20 presents the electrical power and efficiency of the PV module calculated based on measured data according to the global incident solar radiation for the four slopes.

Figure 21 Figure 21 :

 2121 Figure21summaries the monthly variations of the calculated mean PV module temperature considering the weather data of Lyon Satolas.

Figure 22 :

 22 Figure 22: Calculated monthly mean electrical efficiency of the south-oriented BIPV triangle located at Lyon Satolas for a slope of 90°; 60°; 30°; 0° during a year.

Figure 23 :

 23 Figure 23: Calculated monthly array energy yield (a) and monthly cumulative electrical energy production (b) of the south-oriented BIPV triangle located at Lyon Satolas for a slope of 90°; 60°; 30°; 0° and cumulative incident solar energy during a year.
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Table 1 : Results of the flash-test performed on the BIPV triangle prototype Electrical data Values measured in STC conditions

 1 

	Short circuit current (Isc)	5.78A
	Open circuit voltage (Voc)	5.24V
	Nominal power at maximum power point (Pmax) 15.27Wp
	Voltage at maximum power point (Vmp)	3.27V
	Electrical current at maximum power point (Imp) 4.67A
	Cell electrical efficiency (ηpvref)	0.0758
	The nominal maximum power of the nanomaterial PV triangle was of nearly 15.27Wp with a cell
	electrical efficiency of 7.58%. The voltage and electrical current at maximum power point were
	respectively of nearly 3.27V and 4.67A. The short circuit current was of nearly 5.78A and the open
	circuit voltage of nearly 5.24V.	

Table 3 :

 3 Main physical parameters and some corresponding variables in the numerical model

	Parameter	Value	Parameter	Value
	Ratio of solar cell area to aperture area	0.45%	Heat capacity of PV cell (Cpv)	840J/kg.K
	(rc)			
	Density of rigid substrate (polymer)	2700kg/m 3	Heat capacity of EVA layer	1330J/kg.K
			(CEVA)	
	Density of PV module	2330kg/m 3	Heat capacity of dummy part	1330J/kg.K
			(polymer) (Cdum)	
	Density of EVA layer	30kg/m 3	Temperature coefficient (βpv)	-0.43%/K
	Area of dummy part (Sdum)	0.8945m²	Emissivity of EVA layer (ϵEVA) 0.85
	Area of PV module (Spv)	0.537m²	Stefan-Boltzmann number (σo) 5.67. 10 -8
				W/m².K 4
	Area of PV cells (Scell)	0.2007m²	Absorptivity of EVA (αdum)	0.04
	Thermal conductivity of EVA layer	0.1W/m.K	Absorptivity of dummy part	0.04
			(αdum)	
	Thermal conductivity of thin air layer	0.0262W/m.K Transmittivity of EVA layer	0.94
			(τEVA)	
	Thermal conductivity of rigid substrate	0.039W/m.		

K Absorptivity of PV module (αpv) 0.9

3.2.1 Weather conditions during the test campaign

The weather conditions were, most of the time, similar on the test campaign period, except during the tests with a horizontal BIPV triangle (slope equal to 0°). The main wind direction was at around North-West. Shading effects influenced the horizontal and tilted solar radiations measurements during some periods. (See figure

9

, figure
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, figure
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and figure

12

)

Table 4 :

 4 Statistical analysis of the accuracy of the thermal model results (MBE: the mean bias error;

	Slope of the BIPV triangle	MBE (°C)	MAE (°C)	RMSE (°C)
	90°	-0.44	0.31	1.83
	60°	-0.27	1.37	2.13
	30°	-0.13	0.84	1.94
	0°	-0.02	1.97	3.42

MAE: mean absolute error; RMSE: Root Mean Square Error).

Table 5 :

 5 Summary of the weather data and the thermal results obtained during the tests campaign onthe BIPV triangle (with Tpv and Tpvc respectively, the temperatures of the PV module and the PVC textile element and Ta the outdoor ambient air temperature) according to its slope.

	Slope (°)

Table 6

 6 testing conditions in cold season. These results are coherent with the range presented bySkoplaki et al. (between 0.02 and 0.04°C.m²/W) and show that the BIPV triangle thermal behavior is close

	Slope (°)

highlights that the values of k obtained decreases from 0.0398 °C.m²/W to 0.0349 °C.m²/W when the slope varies from 90° to 0°, confirming, as expected, that the PV module heating increases with

Table 7 :

 7 Summary of the cumulative incident solar energy on the corresponding scenario periods and of the electrical results of the BIPV triangle calculated based on the measured PV module mean temperature according to its slope (the cumulative electrical energy produced, the electrical efficiency, the performance ratio and the array energy yield)

	Slope (°) Cumulative	Cumulative	Electrical	Array	Performance	PV module
		incident	electrical	efficiency (%)	energy yield	ratio (%)	mean
		solar energy	energy		(Wh/Wp)		temperature
		(Wh/m²)	produced				(°C)
			(Wh)				
	90	7547	113	7.4%	7.4	98.1	43
	60	9182	134	7.2%	8.8	95.5	46
	30	3364	51	7.5%	3.3	99.3	39
	0	3584	56	7.8%	3.7	103	26