
 

 

 

 

 

 

www.pvsites.eu 

 
 
 
 
 
 
 
 
 

Report on simulation work for 
crystalline-silicon based BIPV elements 

 
 
 
 
 
 
 
 
 
 
 
 
 

Project report 
 

NOBATEK, TECNALIA 
 

November 2017 
 
 

 

This project has received funding from the 
European Unionôs Horizon 2020 research 
and innovation programme under grant 
agreement Nº 691768 



 

 

 

 

 

Report on simulation work for crystalline-silicon based BIPV elements 2 

 

Summary 

This document describes the results obtained from the simulation activities conducted at element 
and building level for the glass-glass products based on crystalline-silicon technology developed in 
WP3 ñBIPV modules based on crystalline silicon technologyò of PVSITES project.  

The first part of the document describes the objectives and the methodology used for the modelling 
at element and building level. It also exposes the links with other activities within the project.  

The second part of the report provides the main results obtained in terms of individual modules 
performance in the configurations designed for the experimental buildings and demo sites and the 
performance of each BIPV product for specific building typologies and different locations. 

The results presented herein will feed directly tasks 2.3 ñBIPV products portfolioò and task 9.8 
ñImplementation of the BIPV product portfolioò, dedicated to the definition and implementation of a 
BIPV products portfolio.  
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About the PVSITES project 
PVSITES is an international collaboration co-funded by the European Union under the Horizon 2020 
Research and Innovation program. It originated from the realisation that although building-integrated 
photovoltaics (BIPV) should have a major role to play in the ongoing transition towards nearly zero energy 
buildings (nZEBs) in Europe, the technology in new constructions has not yet happened. The cause of 
this limited deployment can be summarised as a mismatch between the BIPV products on offer and 
prevailing market demands and regulations.  

 

The main objective of the PVSITES project is therefore to drive BIPV technology to a large market 
deployment by demonstrating an ambitious portfolio of building integrated solar technologies and 
systems, giving a forceful, reliable answer to the market requirements identified by the industrial members 
of the consortium in their day-to-day activity.  

 

Coordinated by project partner Tecnalia, the PVSITES consortium started work in January 2016 and will 
be active for 3.5 years, until June 2019. This document is part of a series of public reports summarising 
the consortiumôs activities and findings, available for download on the projectôs website at 
www.pvsites.eu. 
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1 EXECUTIVE SUMMARY 

1.1 Description of the deliverable content and purpose 

This document is associated with task 3.6 ñModelling at element and building levelò. It provides the 
methodologies used for the simulation of the BIPV modules at element and building level and reports 
the corresponding results.  

The aim of task 3.6 is to apply (and develop where needed) physical models for the BIPV products 
based on crystalline silicon technology, at element and building level, in order to characterize their 
main properties at different levels (optical, thermal, mechanical and electrical), make this information 
available for the manufacturer (Onyx Solar) and feed the BIPV products portfolio. In this sense, it 
complements the experimental work from task 3.7 (Performance validation testing).  

The use cases associated with the demonstration sites have been simulated in the framework of 
task 8.1. ñDesign of demonstration installationsò. The main results in terms of impact of the BIPV 
products on the energy performance of the buildings and on the comfort (temperature and light level) 
are presented in deliverable D8.2 ñResults of modelling and BIPV strategies for every demo siteò, 
which also includes a set of conclusions about the BIPV impact according to the technology used. 
For this deliverable, representative building configurations will be simulated for different climate 
zones, in order to get additional information on the technology performance.   

1.2 Relation with other activities in the project  

Table 1.1 depicts the main links of deliverable D3.7 to other activities (work packages, tasks, 
deliverables, etc.) within PVSITES project. The table should be considered along with the current 
document for further understanding of the deliverable contents and purpose. 

Table 1.1 Relation between D3.7 and other activities in the project 

Project 
activity  

Relation with current deliverable 

WP2 ï T2.3 
WP9 ï T9.8 

The results presented in D3.7 provide direct inputs to feed the BIPV product 
portfolio (tasks 2.3 and 9.8) and to generate useful information for dissemination 
materials.  

WP3 ï T3.7 The simulation work presented herein complements the laboratory testing in task 
3.7 for the characterization of crystalline-silicon based glass-glass products.  

WP4 ï T4.3 Task 4.3 conducts a very similar approach as the one followed in task 3.6 but for 
the CIGS thin film technology provided by FLISOM.  

WP7 Some of the algorithms developed within this task have been or are being 
implemented in the software tool. The information generated will feed the database 
of products within the software tool.  

WP8 ï T8.1 D8.2 provides the simulation results obtained for the demonstration sites in terms 
of impact of the BIPV products on the energy performance of buildings as well as 
on the comfort (temperature and lighting).  
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1.3 Reference material 

D8.1 ñEnergy audit of buildings and identification of BIPV possibilities in every demo siteò, deliverable 
of the PVSITES project delivered at M15. 

D8.2 ñResults of modelling and BIPV strategies for every demo siteò, deliverable of the PVSITES 
project, in preparation, to be delivered in month 23. 

 

1.4 Abbreviation list 

BIPV: Building-integrated photovoltaics  

CPR: Construction Products Regulation 

EQE:  External Quantum Efficiency 

EVA: Ethyl-vinyl acetate 

FEM:  Finite Elements Method 

IBC: Interdigitated Back Contact 

IR: InfraRed 

IQR:  Inter Quartile Range 

LVD: Low Voltage Directive 

PV:  Photovoltaics 

PVR:  PV Coverage Ratio 

QCD:  Quartile Coefficient of Dispersion 

SHGC: Solar Heat Gain Coefficient 

U:  U value, thermal transmittance coefficient 

WP:  Work Package 

WWR: Window-to-Wall Ratio 
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2 BIPV PRODUCTS 

The aim of WP3 ñBIPV modules based on crystalline silicon technologyò is to take semi-transparent 
and opaque glass-glass BIPV technologies to a pre-industrial stage by providing a multiple answer 
to the market needs identified and defined in task 1.1. ñMarket and stakeholder analysis and needsò. 
This section provides a short description of the different technologies developed by ONYX (sections 
2.1 and 2.2) and Tecnalia, Film Optics and Onyx (section 2.3) within WP3 of PVSITES project. The 
calculations have been focused on the technologies and configurations selected for the experimental 
buildings (low concentration element in skylight and façade configuration, to be tested in Acciona 
and CEA facilities) and demo sites (semitransparent back-contact technology for Tecnalia building 
and opaque hidden bus bars and L-interconnections modules for Vilogia building).  

2.1 Semitransparent modules with back-contact solar cells 

The product is a glass-glass semitransparent solar PV module. It uses Sunpower Interdigitated Back 
Contact (IBC) solar cells encapsulated between two glass sheets with EVA polymer. The IBC 
technology has two main advantages: 

- Improved efficiency (from ~ 16% to ~25%) with zero shading loss and lower resistive loss, 

- Improved aesthetical aspect with invisible bus bar.  

 

Figure 2.1: See-through back contact solar cell 

Besides, depending on their architectural use, semi-transparent PV modules can play an important 
role in building energy use. When used as windows or shading devices, they affect the solar heat 
gain and natural lighting availability, and this has several consequences [1]: 

- During summer time, semitransparent modules reduce the cooling needs, or improve the 
occupant thermal comfort if the building temperature is uncontroled. 

- During winter time, the modules generally increase the heating needs. 

- Over the year, semitransparent BIPV reduces the natural lighting level and may increase 
artificial lighting consumption, depending on the regulation strategy.  
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Given these conflicting effects, several articles ([1], [2], [3]) indicate that the PV cell to transparent 
surface ratio has a strong impact on the energy performance and may be optimised. The objective 
is to get the appropriate balance between electricity production, thermal and lighting energy needs. 

The impact of this product on the building overall energy needs will be analysed herein through 
appropriate state of the art models. 

2.2 Hidden busbars and L-interconnections for opaque BIPV solutions 

BIPV modules with visible bus bars or L-interconnections with a metallic aspect may cause 
unaesthetic effects when integrated in a building façade since these silver stripes present a marked 
contrast with the uniform appearance of the silicon cells. Therefore, ONYX has developed a 
technology where a black conductive ribbon is implemented over the welded cells in a string. 
Combined to black plastic sheets to hide the L-interconnections, and to a fully black frit patterned 
rear glazing, the final product will be a fully black PV glazing/glazing unit that will answer the aesthetic 
constraint, while maintaining the performance level. 

Unlike conventional crystalline panels, hidden bus bar products display a uniform appearance. This 
aesthetical advantage allows architectural applications such as cladding or ventilated façade: 

 

  

Figure 2.2: Front view of 
hidden busbar and L-

interconnections product 
(2nd generation) 

Figure 2.3: Vented cladding on Botanic garden of Denver 

Being an opaque product, the fraction of solar radiation that is not either reflected or converted into 
electric energy is converted to thermal energy. Used as cladding, this product can affect the overall 
building performance. Therefore, modeling strategies are required to assess the impact of the 
product on the building heating/cooling needs and on occupant thermal comfort. 

2.3 Low concentration, solar-control BIPV product for skylights and 

façades 

These products are composed by semitransparent PV modules in conjunction with integrated optical 
elements (Fresnel lenses) that concentrate solar radiation onto the cells during the central part of 
the year and allow light passing towards the interior of the building during the winter with a double 
effect: (1) an increase in PV production in comparison with a traditional PV system of same installed 
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power (2) a decrease of the energy demand of the building during the summer. The details on system 
design can be found in deliverables D3.1 ñLow-concentration, solar control system: report on lens 
and module designs and validity rangesò and D3.2. ñLow-concentration, solar control system: report 
on architectural integrationò.  

        

Figure 2.4: General view of low concentration element in skylight configuration 

 

   

Figure 2.5: General view of low concentration element in façade configuration.  
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3 MODELLING OBJECTIVES 

According to EN 50583 standard for BIPV modules and systems, photovoltaic modules are 
considered to be building-integrated if they constitute a construction product providing a function as 
defined in the European Construction Product Regulation CPR 305/2011. In this context, the term 
ñfunctionò refers to one or more of the following:  

¶ Mechanical rigidity or structural integrity 

¶ Primary weather impact protection: rain, snow, wind, hail 

¶ Energy economy, such as shading, daylighting, thermal insulation 

¶ Fire protection 

¶ Noise protection 

¶ Separation between indoor and outdoor environments 

¶ Security, shelter or safety 

As electrical systems, BIPV modules are subject to the applicable electro-technical requirements as 
stated in the Low Voltage Directive (LVD) 2006/95/EC and the corresponding CENELEC standards.  

Any BIPV product entering the market needs, therefore, to demonstrate the fulfillment with these EU 
regulations, and both manufacturers and project designers need tools for a full characterization of 
BIPV products in this sense. The approach to show compliance with CPR and LVD is the testing 
according to the corresponding standards, as described in Tasks 1.3 ñStandardization needsò and 
3.7 ñPerformance validation testingò of PVSITES project. Additionally, some of these standards (e.g. 
for the optical and thermal properties of glazing systems) require a standardized calculation. In some 
cases, however, the calculation procedures in the standards are not suited to the specificities of a 
glazing system with encapsulated PV cells (e.g., the calculation of the solar factor as stated in EN 
410 standard) and therefore novel and accurate procedures have to be developed to address these 
issues.    

The general objective of the modeling activities proposed herein is to complement the experimental 
laboratory testing from Task 3.7 in order to provide a complete characterization of the BIPV products 
that can be used by the manufacturer for market activities and the architects and project designers 
in order to evaluate the potential performance of a building with integrated photovoltaic products. In 
addition to this, the newly developed calculation models will form part of the software tool developed 
in WP7 to support the design stages of BIPV products.  

The simulation activities will be considered both at element and building levels in order to generate 
a complete set of information on the products performance and their influence on specific building 
and climate conditions.   
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4 SIMULATION AT ELEMENT LEVEL 

4.1 Optical calculations at element level 

The optical modelling includes the analytical calculation of transmittance, reflectance and 
absorptance of each product in different encapsulation conditions from a basic set of initial 
experimental UV-Vis-NIR spectrophotometry measurements. Analytical algorithms based on the 
transfer matrix-based method developed by T. Baenas and M. Machado (Solar Energy 125 (2016) 
256-266) [4] for multilayer glazing systems and photovoltaic modules have been implemented and 
applied to the project products. The calculations allow a layer-by-layer study of the radiation 
absorption within the BIPV module, as an additional tool to define, from the glazing design phase, 
the thermal and mechanical processing needed for each glazing component. The absorptivity of the 
solar cells in a particular encapsulation condition can also be determined by calculation (M. Machado 
et al, Solar Energy 135 (2016) 77-83) [5]. This magnitude is directly related to the cell efficiency in a 
specific encapsulation condition. The analytical calculation for a range of glass panes types and 
thickness, as well as polymeric interlayer types and thickness is also possible from a reduced set of 
initial experimental UV-Vis-NIR spectrophotometry measurements.   

Optical simulation is provided for the c-Si based glass-glass products developed within PVSITES 
project for demonstration sites, except the low concentration, solar control module, for which 
extensive optical simulations at element level formed part of the product design itself and were 
provided in deliverable 3.1.  

4.1.1 Semitransparent modules with back-contact solar cells 

In order to generate the optical data needed for the calculation of multiple encapsulation 
configurations, a basic experimental characterization was performed, as follows (all measurements 
in the 280-2200 nm wavelength range):  

- Reflectance measurement of bare back-contact solar cell.  

- Reflectance measurement of encapsulated back-contact solar cell + 1 layer EVA film + 4mm 
extraclear glass.  

- Transmittance and reflectance of 4 mm extraclear glass. 

- Transmittance and reflectance of a 4+4.1 laminated glass with no PV cells using a 0.45 mm 
EVA film.  

All measurements were performed by TECNALIA using a JASCO V-670 spectrophotometer with a 
150 mm integrating sphere, at normal incidence.  

From these measurements, the optical properties of any laminated glass configuration using these 
components can be generated, including other glass thicknesses and number of EVA films (the 
internal transmittance of the used EVA film is calculated from the previous measurements so that it 
can be used in subsequent calculations for any other number of films). As an example, the properties 
of a 6+6.4 laminate (two 6 mm glass panes plus 4 EVA layers) are shown. This is the specific 
configuration chosen for the BIPV façade at Tecnalia demo site. 

For completion, the external quantum efficiency (EQE) of the bare and encapsulated (4+4.2 
configuration) back-contact solar cells has also been experimentally determined with a Bentham 
PVE 300.  From these measurements, the external quantum efficiency and the short-circuit current 
of the cells in the encapsulation for Tecnalia demo site (6+6.4) have been calculated.  
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a) Results: solar cell experimental characterization and Jsc calculation 

 

Figure 4.1: Experimental reflectance of a bare and encapsulated (in 4+4.2 configuration) back-contact 
solar cell.  

 

It is interesting to remark that the glass-encapsulation reduces the reflectance in the visible range, 
due to the lower gradient of refraction indexes in the air-glass-encapsulant-cell system than in the 
air-cell system.  

 

Figure 4.2: Experimental external quantum efficiency of a bare and encapsulated (in 4+4.2 
configuration) back-contact solar cell.  

From these curves, it is possible to calculate the short-circuit current of the back-contact cells used 
in the prototypes, both in bare and encapsulated conditions (i.e., calculating the corresponding Jsc 
for a 6+6.4) configuration), resulting in:  
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Bare cell: Jsc=40,68 mA/cm2 

Encapsulated cell (4+4.2): Jsc=37,61 mA/cm2 

Encapsulated cell (6+6.4)= 37,45 mA/cm2 

Encapsulation implies, therefore, a 7,9% reduction of the short-circuit current of the back- contact 
cells.  

b) Results: Glazing system (glass and EVA polymer) experimental characterization 

 

 

Figure 4.3: Experimental transmittance of a 4mm extraclear glass and a 4+4.1 laminated glass with 
0.45 mm EVA film.  

 

Figure 4.4: Experimental reflectance of a 4mm extraclear glass and a 4+4.1 laminated glass with 0.45 
mm EVA film.  
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Figure 4.5: Calculated internal transmittance of 1 and 4 EVA films.   

 

c) Results: laminated glass calculation in the demo-site configuration 

 

 

 

Figure 4.6: Calculated transmittance of a 6+6.4 laminated glass (configuration specified for Tecnalia 
demo site) shown together with the 4+4.1 experimental transmittance for comparison.  




















































































































