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RESUMEN 

La hipótesis general que esta tesis quiere demostrar es que la integración arquitectónica de 

sistemas fotovoltaicos semitransparentes (STPV) puede contribuir a mejorar la eficiencia 

energética de los edificios. Por lo tanto, la investigación se centra en el desarrollo de una 

metodología capaz de cuantificar la reducción de la demanda energética del edificio 

proporcionada por estas novedosas soluciones constructivas. Al mismo tiempo, los parámetros 

de diseño de las soluciones STPV se han analizado para establecer cuales presentan el mayor 

impacto sobre el balance energético global del edificio y por lo tanto tienen que ser 

cuidadosamente definidos a la hora de optimizar el comportamiento energético del mismo. A 

la luz de estos objetivos, la metodología de estudio se ha centrado en tres puntos principales: 

 Caracterizar el comportamiento energético global de sistemas STPV en condiciones de 

operación realistas, similares a las que se darían en un sistema real; 

 Caracterizar el comportamiento energético global de sistemas STPV en condiciones 

controladas, con el objetivo de estudiar la variación del comportamiento del los 

elementos en función de parámetro de diseño y operación; 

 Evaluar el potencial de ahorro energético global de los sistemas STPV en comparación 

con soluciones acristaladas convencionales al variar de las condiciones de contorno 

constituidas por los parámetros de diseño (como el grado de transparencia), las 

características arquitectónicas (como el ratio entre superficie acristalada y superficie 

opaca en la fachada del edificio) y las condiciones climáticas (cubriendo en particular la 

climatología europea).  

En síntesis, este trabajo intenta contribuir a comprender la interacción que existe entre los 

sistemas STPV y el edificio, proporcionando tanto a los fabricantes de los componentes como a 

los profesionales de la construcción información valiosa sobre el potencial de ahorro 
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energético asociado a estos nuevos sistemas constructivos. Asimismo el estudio define los 

parámetros de diseño adecuados para lograr soluciones eficientes tanto en proyectos nuevos 

como de rehabilitación. 
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ABSTRACT 

The general hypothesis this work seeks to demonstrate is that the architectural integration of 

Semi-Transparent Photovoltaic (STPV) systems can contribute to improving the energy 

efficiency of buildings. Accordingly, the research has focused on developing a methodology 

able to quantify the building energy demand reduction provided by these novel constructive 

solutions. At the same time, the design parameters of the STPV solution have been analysed to 

establish which of them have the greatest impact on the global energy balance of the building, 

and therefore which have to be carefully defined in order to optimize the building operation. 

In the light of these goals, the study methodology has focused on three main points: 

 To characterise the global energy behaviour of STPV systems in realistic operating 

conditions, similar to those in which a real system will operate; 

 To characterise the global energy behaviour of STPV systems in controlled conditions 

in order to study how the performance varies depending on the design and operating 

parameters; 

 To assess the global energy saving potential of STPV systems in comparison with 

conventional glazing solutions by varying the boundary conditions, including design 

parameters (such as the degree of transparency), architectural characteristics (such as 

the Window to Wall Ratio) and climatic conditions (covering the European climatic 

conditions). 

In summary, this work has sought to contribute to the understanding of the interaction 

between STPV systems and the building, providing both components manufacturers and 

construction technicians, valuable information on the energy savings potential of these new 
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construction systems and defining the appropriate design parameters to achieve efficient 

solutions in both new and retrofitting projects. 
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1 INTRODUCTION  

1.1 Energy use in Spain 

According to the latest data published by Eurostat (European Commission 2014), the total final 

energy demand of Spain was approximately 83 Mtoe in 2012. Analysing the data by sector 

(Tab. 1.1 y Tab. 1.2), the most energy-intensive sectors were transport, which led to a demand 

for 33 Mtoe corresponding to 40% of the total; the industrial sector that accounted for 25% of 

the demand with 21 Mtoe; and building related sectors, namely residential and services, which 

produced together a demand of 25Mtoe, corresponding to 31% of total. 

Tab. 1.1. Final energy use in Spain in the period 2005-2012. Data expressed in ktoe. Sources: (European 
Commission 2014; Eurostat 2014). 

 2005 2006 2007 2008 2009 2010 2011 2012 

Industry 30980 25383 27451 25832 21205 21449 21371 20776 
Transport 39944 41087 42328 40531 37911 37192 36037 33348 
Agriculture 3110 2811 2942 2695 2359 2240 2401 2714 
Residential 15132 15578 15624 15495 15923 16919 15626 15498 
Services 8415 8927 8819 9296 9405 9797 10203 10046 
Others 186 1692 962 786 965 1487 1032 746 

Total 97766 95477 98126 94636 87768 89084 86670 83127 

Residential 
and services 

23547 24505 24442 24791 25328 26716 25829 25544 

 

If the historical evolution of the data is analysed, it can be seen that in the last eight years the 

national final energy demand has been reduced by 15%, mainly due to the contraction of the 

industrial sector caused by the economic circumstances in recent years. On the contrary, the 

demand of the building sector (residential and services) has remained fairly constant (the 

coefficient of variation of the values in the 2005-2012 period is about 4%) in absolute terms, 

rising from 24% of the national demand in 2005 to 31% in 2012. 
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Tab. 1.2. Final energy use in Spain in the period 2005-2012. Data expressed in percentage. Sources: (European 
Commission 2014; Eurostat 2014). 

 2005 2006 2007 2008 2009 2010 2011 2012 

Industry 31.7 26.6 28.0 27.3 24.2 24.1 24.7 25.0 
Transport 40.9 43.0 43.1 42.8 43.2 41.7 41.6 40.1 
Agriculture 3.2 2.9 3.0 2.8 2.7 2.5 2.8 3.3 
Residential 15.5 16.3 15.9 16.4 18.1 19.0 18.0 18.6 
Services 8.6 9.3 9.0 9.8 10.7 11.0 11.8 12.1 
Others 0.2 1.8 1.0 0.8 1.1 1.7 1.2 0.9 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Residential 
and services 

24.1 25.7 24.9 26.2 28.9 30.0 29.8 30.7 

 

1.2 Energy use in Spanish buildings 

Once stated the importance of the building sector in the final energy demand of the country, it 

is interesting to study the main uses of energy in buildings. A first approximation can be made 

by analysing the energy sources used in the sector in 2012 (Tab. 1.3). As can be seen, 37% of 

the total energy resources consists of fuels (solid, oil and gas products), so we can estimate1 

that at least this amount of energy is used to produce thermal power via combustion 

processes, i.e. to heat the buildings in the months of negative energy balance and to produce 

Domestic Hot Water (hereinafter DHW). Moreover, considering that the category "Renewable 

energy" also includes biomass, and that biomass too is almost used to generate thermal 

power, it can be estimated that the actual amount of energy used for building heating and 

DHW is even greater. 

Tab. 1.3. Energy resources used to cover the demand of the residential and services sectors in Spain in 2012. 
Source: (European Commission 2014). 

 Solid fuels Oil products Gas Renewable energy Electricity Total 

 [ktoe] [ktoe] [ktoe] [ktoe] [ktoe] [ktoe] 

Residential 110 2750 3510 2673 6456 15499 
Services  1417 1618 113 6897 10045 
Total 110 4167 5128 2786 13353 25544 

Total [%] 0.4 16.3 20.1 10.2 52.3 100.0 

 

These data seem consistent with the results of the IDAE project SECH-SPAHOUSE (IDAE 2011b) 

on the energy consumption of the residential sector in Spain. Even if this study, published in 

June 2011, is limited since focused on the residential sector only, it is still relevant as it 

                                                             
1
 It is assumed that cogeneration, trigeneration and cooling absorption systems are not relevant in 

terms of energy demand of the whole country due to the reduced penetration of these technologies in 
the national HVAC market. 
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represents one of the few available studies on the use of energy in Spanish residential 

buildings. According to this report, 66% of the final energy used in Spanish households is for 

heating and DHW, 22% is used to power electrical appliances, 7% for baking, 4% for lighting 

and only 1% for cooling. 

To estimate how the energy consumption is distributed not only in residential but in 

commercial buildings also, some interesting facts can be deduced reformulating the 

information contained in the report Plan de Acción de Ahorro y Eficiencia Energética 2011-20 

published by IDAE in 2011 (IDAE 2011a). According to this source, the final energy 

consumption of buildings in 2010 was 24395 ktoe, corresponding to 26% of the national total. 

In the same year, the final energy demand of the residential sector was of 16377 ktoe, more 

than twice the one of the commercial sector that was of 8018 ktoe. If the final energy use in 

commercial and residential buildings is analysed, it can be noted that consumption patterns 

are completely different. 

These aspects can be observed in Fig. 1.1, where the final energy use in residential (a) and 

commercial (b) buildings in 2010 in Spain is shown. As can be seen, in residential buildings, 

47% of the energy is used for heating and only 1% for cooling, while in commercial buildings 

these percentages are 33% and 25% respectively. 

Other substantial differences are constituted by DHW and lighting loads: while in residential 

buildings these uses implies an energy demand of 27% and 4% respectively, in commercial 

buildings only 4% of the total energy is used for DHW and a relevant 21% for lighting. 

In light of these data, it seems reasonable to conclude that all the energy saving measures 

designed for the residential sector should preferably be focused on reducing the energy 

demand for heating and DHW, firstly promoting the improvement of the building thermal 

envelope and then fostering the installation of more efficient thermal facilities. As regards the 

commercial buildings, the improvement of the envelope should be approached not only to 

optimize the behaviour in the cold months, but taking into account also the importance of the 

cooling loads. In addition, it can be inferred that the strategies oriented to reduce the lighting 

loads (optimization of natural lighting, implementation of more efficient lighting systems, etc.) 

could be potentially effective in commercial buildings, while they are intended to have a 

significantly lower impact if oriented to residential buildings.  
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(a) (b) 
Fig. 1.1. Final energy use in residential (a) and commercial (b) buildings in 2010 in Spain. Source: Compiled by the 
author on the basis of (IDAE 2011a). 

If we analyse the demand data in terms of final energy resource, differentiating only between 

fuels (including in this case coal, oil products, gas and biomass) and electricity, we obtain the 

graphs shown in Fig. 1.2. As can be seen, in residential buildings 69% of the energy used is 

constituted by fuels and only 31% by electricity. This distribution is almost exactly opposite in 

commercial buildings, where fuels constitute only 33% of the total and 67% consists of 

electricity. Looking at the uses of the fuels in both the residential and commercial sectors, the 

largest fraction corresponds to heating (39% and 27% respectively), being the DHW also 

important in the residential sector (24%). Regarding the use of electricity, in the residential 

sector it is mainly used to power appliances (16%) and for heating (8%), while in commercial 

buildings the main uses are cooling (25%), lighting (21%) and supply of electrical appliances 

(15%). 
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(a) (b) 

Fig. 1.2. Use of fuels (red) and electricity (blue) in residential (a) and commercial (b) buildings. Source: Compiled 
by the author on the basis of (IDAE 2011a). 

In light of these data, it seems justified to raise the study of the energy saving potential 

associated with the use of STPV construction systems that, apart from being fully compatible 

with the most widely used construction solutions in commercial buildings (such as curtain walls 

and double skin facades), on the one side can improve the thermal and luminous behaviour of 

the envelope and on the other side generate electric power at the point of consumption. 

1.3 Solar energy in Spain 

Currently the capacity of the grid connected PV generation park is about 4.7 GW, which 

corresponds to 4.3% of Spanish electricity generation capability whose total capacity is 108 

GW (Red Eléctrica de España 2013b). In energy terms, in 2013 the Spanish photovoltaic 

installations as a whole injected into the grid 8.4 TWh, covering 3.2% of national electricity 

demand that was of 261 TWh (Red Eléctrica de España 2013b). The average annual final yield2 

of all the photovoltaic systems was approximately of 1790 hours in 2013, in line with the 

values recorded in 2012 (1800 hours) (Red Eléctrica de España 2013a), 2011 (1745 hours) (Red 

Eléctrica de España 2012) and 2010 (1732 hours) (Red Eléctrica de España 2011). 

 

With regard to the number and type of the systems, in the country there are about 60696 

photovoltaic systems (UNEF 2014), with an average specific power of 77kW. 77% of the 

                                                             
2
The final yield is defined as ratio between the energy produced during a period of time, e.g. during one 

year, and the nominal power of the plant. This parameter expresses how many hours the power plant 
has worked at full nameplate capacity. 
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systems have a AC nominal power comprised between 5 and 100kW, 22% have a lower than 

5kW nominal power and 2% have greater than 100kW nominal power (UNEF 2014). 

As shown in Fig. 1.3, the evolution of the PV power installed over the years has not been 

uniform but has been directly affected by the continuous modifications of the national 

regulatory framework. In fact, only in 2008, due to the adoption of Real Decreto (RD) 661/2007 

of 25 May 2007, formulated to regulate the electricity production in the Régimen Especial (a 

special regulation framework for renewable and cogeneration technologies), approximately 

57% of the currently installed power was installed. This RD, which provided attractive 

incentives for photovoltaic generation, especially for systems in the power range from 5 to 

100kW with a feed in tariff of around 0.45 €/kWh, turned Spain in the world's largest PV 

market (ASIF 2009) and generated the construction of powerful photovoltaic parks divided into 

100kW systems. In fact, approximately 82% of the installed capacity in 2008 followed this 

configuration that, although not being the most efficient one from an energy standpoint, it 

was the most interesting from the economic point of view. 

 

Fig. 1.3. Photovoltaic power yearly installed in Spain from 2007 to 2013 and aggregate. Sources: Compiled by the 
author on the basis of (UNEF 2014; Red Eléctrica de España 2013b). 

To present a brief chronological regression about the unsettled evolution of the regulatory 

framework of the sector in the last few years, it must be said that just one year after the 

approval of RD 661/2007, the RD 1578/2008 passed with the aim of promoting a more 

balanced market development. This regulation, which involved a reduction of the incentives 

and introduced the classification of the systems in three categories (on roof or façade with a 

nominal power lower than 20kW, on roof or façade with a nominal power greater than 20kW 
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and ground-mounted PV systems) produced a considerable effect in 2009 (Fig. 1.3), in which 

only 17 MW were installed. At the end of 2010 the Real Decreto-Ley (RD-L) 14/2010 was 

passed, by which the annual final yield of the PV systems was limited, discouraging de facto 

the implementation of technological improvements aimed to enhance the productivity of the 

systems3. At the end of 2011 the RD 1699/2011, supposedly the normative in which self-

consumption will be regulated, was published. Actually this RD only established the grid 

connection processes, the technical conditions and the application procedures for the grid 

connection of small power generation systems (up to 100kW), but it did not regulate 

administrative, technical and economic conditions for the self-consumption of electricity 

produced in the interior grid of a consumer. Technical conditions for the grid connection of 

self-consumption systems are also contained in the Low-Voltage Electrotechnical Regulations 

(REBT ITC-BT-40) that today is also the basis of shortened and simplified procedure for the 

legalization of the grid connection of self-consumption systems without surplus energy 

injection into the grid (namely zero-injection systems) published in several autonomous 

communities (for instance Aragon, Basque Country, Catalonia, Community of Madrid, La Rioja 

and Navarre) (UC3M 2015). In January 2012, the RD-L 1/2012 that closed the pre-assignment 

procedure of remuneration and removed the economic incentives for all the power generation 

facilities based on renewable sources was approved. With the Law 15/2012 of December 27th 

new taxes on electricity generation were established, promptly charged to the electricity 

consumers by the companies operating in the Régimen Ordinario (the regulation framework 

for non-renewable technologies), while with the RD-L 2/2013 of February 1st denied practically 

this possibility to the renewable sector, eliminating the retribution possibility calculated on the 

basis of the market price + bonus option (introduced with the article 24.1 of the RD 661/2007) 

and forcing it to receive the regulated tariff. 

In more recent times, the RD-L 9/2013 repealed all the previous legislation and established a 

new remuneration framework in which the concepts of Régimen Especial and production-

related Feed-In-Tariff disappeared in favour of the concepts of reasonable profitability and 

typical installation to be applied retroactively to already existing PV installations. The Law 

24/2013 of the electricity sector defined for the first time self-consumption as “consumption 

of electricity coming from generation plants connected within the internal grid of a consumer 

                                                             
3
 To show this trend it is worth saying that in 2009 (before the adoption of the RD-L 14/2010) the annual 

final yield of the national PV generation park was 1932 hours, about 10% higher than those recorded in 
2010. This reduction can be attributed to the increased number of the fixed PV systems in relation to 
sun-tracking systems, which in turn occurred on the one side due to the reduction of the PV modules 
prices and on the other because of the limitation of the annual final yield introduced with the RD-L 
14/2010. Both elements affected the profitability of tracking systems. 
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or through a direct power line associated with a consumer”. Furthermore the Law established 

four configurations of self-consumption systems (supply with self-consumption, generation 

with self-consumption and generation with self-consumption through a direct power line, 

other self-consumption configurations) and indicated that “The Government will establish the 

administrative and technical conditions for the grid connection of self-consumption systems”. 

However, up to the present day, self-consumption regulatory framework has not been clearly 

defined yet, being currently highly fragmented as shown in Tab. 1.4  

Tab. 1.4. Regulatory framework about self-consumption grid connected systems. 

 Zero-injection systems 
Grid Injection 

Low Voltage (LV) 
P≤100kW 

Grid Injection 
High Voltage (HV) 

P>100kW 

Technical conditions REBT ITC-BT-40 
REBT ITC-BT-40 
RD 1699/2011 

REBT ITC-BT-40 
HV regulations 

System legalization REBT REBT 
Depends on the 

autonomous community 

Grid access and 
connection 

REBT RD 1699/2011 RD 1955/2000 

 

In 2014, RD 413/2014 regulated the activity of electricity generation production from 

renewable energy sources, cogeneration and waste. Finally, with the Order IET/1045/2014 

new compensation parameters of each typical installation were established. 

In short, in the last 7 years a structural modification of the legislative framework of the 

renewable energy sector has been made (by nothing less than 4 RD-L, 3 RD and 2 Laws, just to 

mention the most relevant) to the extent of creating a deep regulatory uncertainty that ended 

up strangling the PV national market, as it is evident by observing the annual installed capacity 

curve (Fig. 1.3). The last result of this regulatory mismanagement is the lack of rules related to 

the administrative, technical and economic conditions of the consumption of the electricity 

produced within the internal grid of a consumer for his own consumption, i.e. a complete legal 

framework regulating the self-consumption. In this context, since June 2013 when a proposal 

of the RD that should regulate these aspects was leaked, a draft in which the famous Peaje de 

Respaldo4 was introduced, the PV market has been tied-up, repressed by the lack of a fair, 

clear and stable regulatory framework. 

                                                             
4 According to the legislature, a fee that supposedly should have to be paid by the self-consumer for 
using the energy produced by its own generation system, in order to contribute to cover the costs of the 
electrical system. Under the terms defined in the RD draft, this fee actually makes economically unviable 
the implementation of PV self-consumption systems. 
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1.4 Object of the research 

Within the general framework of studying the possibilities of incorporating the photovoltaic 

technology into the urban fabric and more precisely in the envelope of the buildings, the 

discipline that deals with the replacement of traditional passive construction elements with 

active components (Building Integrated Photovoltaic BIPV) is relatively recently and is 

attracting increasing attention due to several factors, including: 

 The growing interest in improving the efficiency of buildings and maximizing the local 

energy generation, as suggested by the European Directive 2010/31 (European 

Commission 2010) which states that from January 2021 all newly constructed buildings 

have to be "nearly zero-energy buildings"5; 

 The growing interest for a progressive change of paradigm in the generation of 

electricity, from the present centralized system to a distributed approach 

characterized by a significantly higher number of generation points and bidirectional 

energy flows at distributed levels; 

 The evolution of the PV products that from standardized and scarcely adaptable units, 

with limited and undesirable aesthetic characteristics for building integration, have 

evolved into a very broad range of possibilities, providing the designers with suitable 

products to design well-integrated and architecturally pleasant systems. In many cases 

this freedom has changed the perception of PV systems, which rather than being seen 

as a something "to hide" are usually now recognised as an added value of the 

architectural project. However, in spite of the BIPV products market expansion, a lack 

of knowledge about the actual behaviour of these building solutions still exists. 

Likewise, tools and methodologies suitable to analyse the performance of these 

multifunctional products have not been yet proposed, hampering the diffusion of PV 

building product into the construction industry; 

 The extraordinary price reduction that PV modules have experienced in recent years 

(around 85% since 2007 (UBS 2014)), which have contributed to bringing this 

technology and the construction world closer. Furthermore, in the case of BIPV 

solutions that replace conventional building materials for photovoltaic elements, the 

differential cost only between the two alternative solutions has to be considered. 

                                                             
5 A “Nearly Zero-Energy Building” is defined in Article 2 of the European Directive 2010/31 (European 
Commission 2010) as “a building that has a very high energy performance […]. The nearly zero or very 
low amount of energy required should be covered to a very significant extent by energy from renewable 
sources, including energy from renewable sources produced on-site or nearby”. 



10  Introduction 

 

In this area, Semi-Transparent Photovoltaic (STPV) elements, electricity producing 

multifunctional products designed to replace the traditional glazing systems, are one of the 

most promising BIPV solutions in the near future, as they have a central role in the global 

energy balance of a building. The importance of the glazing elements in the behaviour of a 

building is easily explained by taking into account that the façade openings constitute the 

fraction of the building envelope more permeable to energy exchanges with the outside, and 

therefore the constructive solutions intended for these applications affect deeply heating, 

cooling and lighting demand.  

However, rather than for the actual global energy efficacy, which is still under study and that 

this work aims to help clarify, most of the STPV existing systems have been made mainly for 

aesthetic reasons. In fact, BIPV elements convey the image of modern, efficient and 

technologically advanced buildings, and are generally used with the main objective of making 

visible the relationship of the project developer with renewable energy, receiving the positive 

influence of the “green touch” in terms of image.  

In order for the integration of these elements in the building envelope to be fully efficient and 

provide an optimal comfort, it is firstly necessary to characterize how they affect the building 

energy balance. In fact, to design an efficient STPV system means sizing a system capable of 

achieving sometimes conflicting requirements, such as: 

 Perform as a sunscreen in summer to avoid overheating; 

 To provide solar gains and thermal insulation in winter to reduce heating loads; 

 To ensure the maximum use of natural lighting providing luminous comfort conditions; 

 To protect the users against possible glare; 

 To allow a good outward view; 

 To produce the maximum electricity output, compatibly with other aspects to be 

considered; 

The added difficulty in the design of the system is that all these functions must be performed 

(and optimized) in transient state, since both the external (irradiance, sun position, 

temperature, etc.) as well as the indoor conditions (thermal loads, thermal and luminous 

comfort conditions, etc.) are subject to continuous variations. 

To know how the constructive parameters of the STPV element (material, size, transparency, 

etc.) and the characteristics of the architectural integration (orientation, tilt, interaction with 
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other elements, type of building, etc.) influence the operation of the building from an energy 

point of view, would provide: 

 The manufacturers of the elements with valuable information on the energy savings 

potential, not only related to the electricity production, provided by the STPV systems; 

 The construction professional with the knowledge of the energy advantages of these 

new constructive solutions, including the appropriate design parameters to plan 

efficient systems in both new and rehabilitation projects.  

Therefore, this work has sought to contribute to the understanding of the interaction between 

STPV systems and buildings analysing how the energy behaviour is modified when the design 

parameters vary and evaluating the energy advantages with respect to traditional glazing 

solutions. 

1.5 Hypotheses 

This research tests the following hypotheses: 

 The façade integration of STPV systems can contribute to improving the energy 

efficiency of buildings, reducing the overall energy demand; 

 Despite the complexity of studying STPV systems, derived from the multiple effects 

they have on the overall energy balance of the building, it is possible to estimate the 

energy savings potential that these systems provide in comparison with a reference 

case, characterized by the use of traditional solutions compliant with the current 

regulation. 

1.6 Objectives 

The general objectives of this thesis are: 

 To define a methodology focused on analysing the overall energy performance of 

building glazing solutions based on Semi-Transparent Photovoltaic STPV elements; 

 To evaluate the energy convenience of STPV glazing solutions compared to 

conventional construction elements. 

Concurrently with the general objectives, in the research development specific objectives have 

been defined and summarized below: 

 To characterize the thermal behaviour of STPV solutions through: 
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o Outdoor measurements, to take into account the variability effect of real 

climatic conditions; 

o Indoor measurements, to assess the effect of the design parameters over the 

thermal behaviour without depending on the local climatic conditions; 

o Dynamic simulations, to evaluate the effect of different locations and climatic 

conditions over the thermal behaviour of the elements. 

 To evaluate the daylighting characteristics of STPV solutions through: 

o Outdoor measurements, to take into account the effect of the variability of the 

real climatic conditions; 

o Dynamic simulations, to evaluate the effect of different locations and climatic 

conditions over the luminous behaviour of the elements. 

 To evaluate the electrical performance of STPV elements through: 

o Outdoor measurements, to take into account the effect of the variability of the 

real climatic conditions; 

o Dynamic simulations, to evaluate the effect of different locations and climatic 

conditions over the electric behaviour of the elements. 

1.7 Thesis structure 

This thesis consists of seven Chapters. Chapter 2 describes the BIPV sector, including the 

definition of the type of systems, the state-of-the-art of the research and of the market, the 

normative framework about BIPV solutions and the most relevant diffusion barriers. Chapter 3 

presents the research methodology, introduces the general approach and explains the specific 

stages of the investigations. In Chapter 4, the characterization in realistic operation condition 

of the STPV elements behaviour is explained in detail. This chapter presents the 

multifunctional outdoor testing facility developed to assess simultaneously the thermal, 

luminous and electric performance of the elements and the results of the experimental 

campaign carried out with it. Chapter 5 presents the indoor characterization of the thermal 

properties of the elements, mainly oriented on assessing its sun-screening properties. It also 

describes how these properties vary depending on the electrical operating conditions of the 

elements. In Chapter 6, the energy saving potential of the STPV elements is estimated under 

several design configuration and locations. To that end, a novel methodology based on the 

combination of multiple simulation tools has been used. Finally, in Chapter 7, the main findings 

are summarized and conclusions are drawn. 
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2 STATE OF THE ART 

2.1 Definitions and classification 

In the area of the photovoltaic systems installed in buildings, the distinction between two 

types of solutions is internationally accepted (German Solar Energy Society (DGS) 2013; 

Roberts & Guariento 2009; Montoro et al. 2011; IEA-SHC Task 41 2012c; CENELEC 2012; Martín 

Chivelet & Fernandez Solla 2007): 

 Additive (known as Building Added/Adopted/Attached Photovoltaics, BAPV); 

 Integrative (known as Building Integrated Photovoltaics, BIPV). 

In an additive solution, conventional photovoltaic modules are secured to the roof or onto the 

façade using a dedicated mounting structure and the PV system is an additional technical 

element of the building. The building envelope is fully functional without the PV system and 

this is installed with the sole function of generating power. 

In an integrative solution, building roof or façade components are replaced with photovoltaic 

components designed to be architecturally integrated in the building. The BIPV elements 

become part of the building envelope and, as well as having the function of generating 

electricity, perform one or more typical architectural functions such as heat and noise 

insulation, sun shading, weather protection and safety. For this reason, the BIPV elements are 

also called multifunctional elements, since the power generation is always accompanied by 

other functionalities. Another difference between BAPV and BIPV solutions is that the fixing 

systems usually used to install the BIPV elements in the building envelope are not additional 

metal structures as in the case of BAPV systems, but consist of solutions similar to those used 

to install conventional building elements, except that in this case not only the mechanical 

attachment of the units but also the electrical interconnection between them is implemented. 

In this sense, a variety of special PV components have been developed in the last years and is 
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available on the market to match building integration needs (Cerón et al. 2013). Furthermore, 

compared to BAPV solutions, the integrated ones in general offer the intrinsic advantage of 

improving the profitability of a construction project from the substitution of traditional 

materials by the photovoltaic multifunctional elements.  

Regarding the possibility of installing PV solutions in the built environment, most building 

surfaces reasonably free of shadows are suitable. Following a topological approach based on 

the placement of the PV elements in the building envelope, a categorization could be (IEA-SHC 

Task 41 2012c): 

Tab. 2.1. Integration typologies of PV elements into the building envelope.  

 Roof elements:    

 o Opaque:   

   Tilted roofs 

 
   Flat roofs 

 
 o Semi-transparent   

   Translucent roof and 
skylights 

 
 Façade elements    

 o Opaque   

   External layer of the 
façade system 

 
   Whole façade system 

 o Semi-transparent   

   Whole façade system 

 
 External devices    

 o Shading component 

(louvers and overhang) 

 

 
 o Safety devices 

(balconies parapets) 
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In the following sections the main characteristics of the integration opportunities will be 

summarized. 

2.1.1 Opaque elements for roofs 

Regarding opaque elements for tilted roofs, several products such as tiles, shingles and slates 

exist on the market, both with crystalline and thin-film technologies. Formally this elements 

match with common roof products, offering an alternative aesthetic approach on account of 

their likeness to ordinary roof tiles and simplifying the installation (Fig. 2.1 (a)). In practice, the 

solar tiles use involves some disadvantages since requires every tile to have its own cabling: 

with several hundred tiles per roof the same number of electrical connections have to be 

plugged, each of which represents a weak point potentially susceptible to the infiltration of 

water and humidity. Indeed, very few of these products, which represented the first approach 

of the tile industry to the PV integration, are nowadays present in the market. The most of the 

tile producers turned to bigger, more cost-effective units that can replace a horizontal tile 

segment of several tiles. Moreover, prefabricated and insulated roofing systems with 

integrated thin film laminates are also available on the market and suitable for industrial or 

residential buildings.  

 

(a) (b) 
Fig. 2.1. Amorphous silicon photovoltaic tiles (a) and a full-roof installation with c-Si elements (b). Sources: 
(Petter Jelle et al. 2012; Heinstein et al. 2013). 

In the case of flat opaque roofs, a recent trend is using a waterproof membrane as a support 

on which flexible thin-film laminates are glued, providing a simple and economic integration 

possibility (Fig. 2.2).  
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(a) (b) 

Fig. 2.2. Example of solution for flat roof: Biohaus, Germany, plastic substrate, © Flexcell (a) and special rack 
system for flexible laminate on stainless steel substrate, © Unisolar (b). Source: (IEA-SHC Task 41 2012c). 

2.1.2 Semi-transparent elements for roofs 

As regards the semi-transparent roof products, in most cases the BIPV elements are used in 

skylights as complete roof covering, fulfilling all its functions. In fact, these solutions provide 

thermal insulation and controlled daylighting while simultaneously the basic function of 

electricity generation is provided. The daylighting pattern provided by the semi-transparent 

BIPV element is very different depending on the PV technology used, and this is a fundamental 

aspect to be considered in designing roof and façade solutions. In fact, modules based in 

crystalline cells produce a dynamic light square pattern that may be appropriate in common or 

transit areas, but can be annoying in working zones in which the building users spend many 

hours (Fig. 2.1 (b)). On the other hand, thin-film elements produce a much more uniform 

daylighting pattern, ensuring luminous comfort conditions compatible with most tasks. Beyond 

this, in both cases, when the BIPV element makes up the building thermal envelope itself, it is 

important to consider in detail the thermal characteristics of the product (such as the thermal 

transmittance and the solar factor), in order to avoid overheating and excessive thermal 

losses. 

(a) (b) 
Fig. 2.3. Examples of skylights with a-Si semi-transparent BIPV modules (a) and crystalline ones (b). Sources: 
(Petter Jelle et al. 2012; Onyx Solar 2015). 
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2.1.3 Opaque elements for façades 

Although most BIPV systems have been developed for roof integration (IEA-SHC Task 41 

2012c), due to the higher solar irradiation availability if compared with vertical planes, in the 

near future the utilization of roof surfaces only for capturing solar irradiance will not be 

enough to meet ambitious goals such as the nearly zero energy demand of the buildings 

established by the European policy (European Commission 2010; Voss & Musall 2012). Many 

studies (Chow et al. 2007; Quesada et al. 2012; Guardo et al. 2009; Corgnati et al. 2007; Eicker 

et al. 1999) point out that the huge solar integration potential of façades cannot be missed in 

order to reach the nearly zero energy balance. 

Concerning opaque façade solutions, the main uses of BIPV elements may be reduced to two 

groups: the PV component substitutes the external layer of the building façade system or it 

substitutes the whole façade systems. In the first case the main architectural function 

developed by the PV element is simply to protect the façade from the weather elements and 

to give the building its external architectural appearance. The PV element is used as a cladding 

of a cold façade or as the external skin of a double-skin façade, since the remaining 

functionalities are developed by other specific layers (for instance, in the case of the cold 

façade the load-bearing exterior wall situated behind the cladding and the air gap provides the 

structural support, the thermal insulation is provided by the insulating material and the 

acoustic insulating layer protects against noise (German Solar Energy Society (DGS) 2013). 

 
(a) (b) (c) 

Fig. 2.4. Examples of façade cladding solutions: (a) Soltecture Solartechnik GmbH, Berlin, Germany, © Soltecture; 
(b) Paul-Horn Arena, Tübingen, Germany, Alman-Sattler-Wappner, © Sunways; (c) detail of multi-layer and 
ventilation principles. Source: (IEA-SHC Task 41 2012c) 

When the opaque PV component constitutes the whole façade system, it has to perform as a 

compact multi-layer system, providing weather, thermal and noise protection while defining 

the building external appearance. Opaque curtain wall systems as those shown in Fig. 2.5 are 

an example of this PV integration opportunity.  
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Fig. 2.5. Example of opaque PV curtain wall: Zara Fashion Store, Cologne, Germany, Architekturbüro Angela und 
Georg Feinhals, © Solon. Source (IEA-SHC Task 41 2012c). 

2.1.4 Semi-transparent elements for façades 

In this case, the BIPV element itself always represents the whole building façade system, so it 

has to meet additional requirements to the weather protection, such as thermal and noise 

insulation, sun shading and light regulation. A constructive system that exemplifies this 

building solution is the curtain wall with both opaque and translucent zones, in which each 

zone has to perform specific functions. It is worth noting that in this case some of the 

capabilities required are opposed, meaning that inevitably the improvement of one impairs 

another. For instance, when a high daylighting capability is required (higher transparency), the 

solar protection is usually limited, as well as the electricity generation (due to a lower 

superficial power density). It is clear that the more architectural functions the BIPV element 

has to develop, most important is the balance between them in order to optimize the façade 

efficiency and consequently the building energy behaviour. 

(a) (b) 
Fig. 2.6. Examples of semi-transparent façades, using a-Si elements in the Schott Headquarter Mainz, © Schott (a) 
and crystalline frameless modules with spider glazing system in the GreenPix Media Wall, Beijing, China, Simone 
Giostra & Partners, © Simone Giostra & Partners/Arup (b). Source: (IEA-SHC Task 41 2012c) 

In this work, the attention has been focused on semi-transparent BIPV elements that can 

replace the whole building façade system because, as pointed out above, these solutions have 
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an interesting optimization potential related to the several roles that they play (such as 

thermal insulation, solar gains control and light regulation) in the building energy balance. 

2.1.5 External devices 

The two main typologies of PV external devices are solar shading systems and safety elements. 

In the first option, the both glass-glass and opaque PV elements are used to implement 

horizontal or vertical blade louvers (that can be fixed or mobile) and canopies in order to 

protect the building façade openings from the solar radiation. In this case the PV component 

itself is not an integral part of the thermal envelope of the building and has the only purpose 

of shading the façade openings to reduce the solar gains. For this reason, thermal and acoustic 

properties are not relevant, and the design of the element has to be defined in order to ensure 

only the required solar gains of the building throughout the year. 

  
(a) (b) 

Fig. 2.7. Views of the PV solar shading systems of the Almedalen Library (Sweden) (a) and of the Reina Sofía 
Foundation Alzheimer Centre (Spain) (b). Source: (Lamela Arquitectos n.d.; IEA-SHC Task 41 2014) 

In the second option, PV elements are used to implement parapets, mostly using glass-glass 

semi-transparent modules made of security glass. In glazed verandas, the residual heat 

generated at the back of the modules can also be used to improve the thermal comfort in the 

cold seasons, while the space can be opened for natural ventilation in summer time. 

 
Fig. 2.8. Example of PV spandrels using semi-transparent PV modules, Housing Estate, Ekovikki, Finland, Oy Reijo 
Jallinoja. Source: (IEA-SHC Task 41 2012c). 
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2.2 Research on BIPV systems 

Building-integrated Photovoltaics (BIPV) is one of the most promising technologies enabling 

buildings to generate part of their electricity needs while performing one or several 

architectural functionalities (Pagliaro et al. 2010; Petter Jelle et al. 2012; Ban-Weiss et al. 2013; 

Oliver & Jackson 2001). In fact, to minimize the final energy demand of buildings, it is 

necessary firstly to cut down the energy demand needed to guarantee thermal and lighting 

comfort and then to cover the residual demand using local efficient energy systems (European 

Commission 2010; Li et al. 2013; Annunziata et al. 2013). In this sense, due to the important 

role played by glazing elements in the building envelope to reduce energy demands for 

heating, cooling and lighting loads, the relationship between façade design and building energy 

performance has been widely investigated (Denton et al. 2007; Iqbal & Al-Homoud 2007; Hien 

et al. 2005; Bodart & De Herde 2002; Inanici & Demirbilek 2000). If, on the one hand, the state-

of-art best performing commercial fenestration products and future research opportunities 

have been extensively studied (Petter Jelle et al. 2012; Gil-Lopez & Gimenez-Molina 2013; 

Chow et al. 2010; Chow et al. 2009), on the other hand the innovative and emerging 

technology consisting of using semi-transparent photovoltaic modules (STPV, transparency 

provided by separating individual solar cells within the module or by eliminating parts of the 

solar cells during their manufacturing process) integrated in façades has not been 

appropriately studied yet (Olivieri et al. 2014; Quesada et al. 2012).  

The lack of knowledge about STPV solutions in terms of global energy performance is 

particularly emphasised in view of the fact that the active building envelope is required to 

perform multiple (and sometimes opposed) requirements such as: solar shading in summer to 

avoid overheating, solar gains and thermal insulation in winter to reduce heat loads, 

daylighting provision to reduce lighting loads, outside view allowance to the occupants and 

maximum electrical output supply. Thus, to improve the building overall energy efficiency, the 

achievement of a balance between these functionalities is required. Nevertheless to date, 

research on the multi-functional effect of STPV solutions on the building energy balance has 

been limited.  

In fact, research on STPV elements has been focused on three main approaches: 

 Experimentally monitoring the energy performance of STPV elements and/or systems; 

 Modelling the heat transfer process and fluid dynamics behaviour of STPV elements 

and/or systems; 
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 Assessing the multi-functional effect of STPV solutions on the building energy balance, 

using simulation software and experimental analyses 

In the following sections, the most relevant studies in each approach will be briefly presented.  

2.2.1 Experimentally monitoring the energy performance of STPV 

elements and/or systems 

Up to now, very limited experimental research has been conducted on the energy 

performance of STPV modules. One of the studies on this issue was carried out by Park et al. 

(Park et al. 2010) who used an indoor setup (solar simulator) to analyse the variation of the I-V 

curve of a mc-Si STPV module depending on the colour of the glass on the backside and an 

outdoor setup to investigate the effects of solar radiation, ambient temperature, and glass 

used on the temperature and electrical performance of the STPV modules. The results showed 

that the power decreased about 0.5% per the 1 C increase of the PV module temperature. It 

was also found that the colour of the glass used for the module affected the PV module 

temperature and consequently its electrical performance. Another related study was 

conducted by Li et al. (Li et al. 2009). They experimentally tested a-Si STPV modules to 

determinate the visible and solar transmittances and the daily mean conversion efficiency. The 

recorded results were then used to estimate the performance of the façade system applied to 

a generic reference office building in terms of energy, environmental and economic issues. The 

electricity reduction represented about 12% of the annual building demand. Han et al. (Han et 

al. 2013) compared the outdoor performance of a naturally ventilated STPV façade with a 

conventional clear glass façade. They demonstrated that the ventilated system reduces the 

possibility of potential overheating problems and that the conversion efficiency of a-Si PV 

modules slightly decreases from 4.7% to 4.4% when its temperature increases about 16°C. 

Robinson and Athienitis (Robinson & Athienitis 2009) used an experimental setup to validate 

the simulated work plane illuminance values in an office with a mc-Si STPV module. It was 

found that the optimal PV area ratio, defined as ratio of opaque PV cells coverage to 

fenestration area, was 80-90% for all façade orientations studied from East through South 

through to West as well as for PV efficiencies of 6 to 16%. Furthermore, it was demonstrated 

that the use of STPV over opaque PV modules can significantly increase the overall net 

electricity generation of the façade, due to an increased work plane illuminance and thus a 

reduced lighting load. Chen et al. (Chen et al. 2012) developed a calorimetric hot box (Chen & 
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Wittkopf 2012) and a solar simulator to measure the Solar Heat Gain Coefficient (SHGC)6 of 

five different STPV glazing. They studied the angular effect of the incident solar radiation and 

of the electrical load on the SHGC values. They found that with an increasing angle of 

incidence, the SHGC and power generation are reduced significantly (up to 20%). On the other 

hand, the influence of the electrical operation conditions can reduce the SHGC by only 3–6%. 

2.2.2 Modelling the heat transfer process and fluid dynamics 

behaviour 

Regarding the definition of heat transfer models to evaluate the heat gain given by STPV 

modules in building integrated applications, a significant contribution was provided by Fung et 

al. (Fung & Yang 2008). They presented a one-dimensional heat transfer model and found that 

the area of solar cells in the PV module has significant effects on the total heat gain, since 

nearly 70% of total heat gain can be reduced if the solar cell area ratio, defined as PV module 

area covered by solar cells, is 0.8. However, other parameters like the solar cells efficiency and 

the PV module's thickness have only limited influence. The model was validated using a 

calorimeter box at steady state conditions: a difference of 4.1% was found between the 

experimentally measured heat gain and the simulated results. Wong et al. (Wong et al. 2008) 

presented power generation, thermal balance and daylight models of roof integrated multi-

crystalline silicon (mc-Si) STPV and incorporated them into EnergyPlus (Crawley et al. 2001) to 

carry out overall energy consumption analysis in five climate regions in Japan. It was concluded 

that with appropriate optimization measures (transparent insulation material and opaque 

movable insulation depending on the climate region) net energy savings in the range of 3.0-

8.7% could be achieved relative to the base case of BIPV roof. Another one-dimensional 

transient model of four different roofs including opaque BIPV was used by Wang et al. (Wang 

et al. 2006) to assess the impacts of BIPV on buildings heating and cooling loads in Tianjin, 

China. It was found that the PV roof integration with ventilated air-gap is appropriate for the 

application in summer (low cooling load and high PV conversion efficiency), on the contrary in 

winter, non-ventilated (closed air gap) installation of PV elements is more effective mainly due 

to the reduced heating-loads caused by the improved roof thermal resistance. A mathematical 

model and computer code were developed by Han et al. (Han et al. 2009) to study the heat 

transfer by natural convection of air in a novel type of a-Si STPV system. They analysed the 

                                                             
6 The Solar Heat Gain Coefficient - SHGC is the ratio of the solar heat gain through the glass relative to 
the incident solar radiation on the glazing. SHGC includes both the solar energy directly transmitted 
through the glazing plus the solar energy absorbed by the glazing and subsequently transmitted inward 
by convection and radiation. In Europe this parameter is commonly called “g-value” or “solar factor”. 
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effect of cavity air thickness on the overall heat transfer through the window and concluded 

that the optimum thickness for the air layer in Hong Kong climate conditions is in the range of 

60–80mm. Chow et al. (Chow et al. 2006) proposed a numerical model of four configurations 

of a ventilated solar screen window system. The heat flows were analysed for office hours 

based on the TMY weather data of Hong Kong. A high saving potential was found in summer 

using the proposed ventilated window, whereas in winter the benefit of interchanging glass 

panes was not justified based on the numerical results obtained. Computational Fluid 

Dynamics simulation was used by Guardo et al. (Guardo et al. 2009) and Gan (Gan 2009) in 

order to evaluate the influence of construction and operation parameters of an active 

transparent facade on solar gain and to assess the effect of the size of air gap between PV 

modules and the building envelope on the PV performance respectively. According to the first 

study, the parameters that affect the most the reduction on solar load gain are related with 

the optical properties of the glass. In the second case, it was found that to reduce the 

overheating potential, a minimum air gap of 0.12m between the PV module and the building 

envelope would be required. In the same research line Infield et al. (Infield et al. 2006) 

proposed a simplified methodology, based on an extension of widely used the U- and g-values, 

for calculating the thermal impact on building performance of an integrated ventilated PV 

façade. They found that four parameters describing ventilation gains and transmission losses 

can be used to adequately characterise the thermal performance of partially transparent 

ventilated PV façades.  

2.2.3 Assessing the multi-functional effect of STPV solutions on the 

building energy balance 

In this context, most studies concerning energy performance assessment have been carried 

out using commercially available simulation software. Bahaj et al. (Bahaj et al. 2008) compared 

the impact of electrochromic glazing, holographic optical elements, aerogel glazing and thin 

film PV on two highly glazed buildings in arid Middle Eastern climates using TRNSYS. They 

concluded that glazing integrated thin-film PV solutions are potentially the most promising 

solution providing an annual cooling load reduction of 31%. The same software was used by 

Song et al. (Song et al. 2008) to calibrate the experimental power output data (DC output) of a 

commercialized single plate STPV thin-film module modified into a double-glazed one. It was 

found that the experimental and simulated data fitted comparatively well, with a relative error 

of 8.5% in terms of annual electricity output. De Boer and van Helden (Boer & Helden 2001) 

performed the optimization of the design of STPV modules for building integration taking into 
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account the cooling and heating load, as well as the daylight distribution and the power output 

of a STPV system integrated in an office room in Madrid. Using different simulation software 

packages (TRNSYS, WINDOW, Adeline) they concluded that building specific design parameters 

like orientation, slope of PV surface or internal gain intensity influence the building 

performance largely than the PV module properties. Miyazaki et al. (Miyazaki et al. 2005) 

expounded the effect of thin-film solar cell transmittance and window to wall ratio (i.e. ratio of 

glazing area to wall area) on the energy consumption of office buildings in terms of heating 

and cooling loads, daylighting, and electricity production. The simulation was carried out using 

EnergyPlus and it was found that the total electricity consumption of the building could be 

reduced by 55% using optimum STPV windows. The reduction in annual cooling energy as the 

result of applying a PV cladding system in a commercial building in United Arab Emirates was 

calculated by Radhi (Radhi 2010). The analysis carried out using Energy-10 software shows that 

the cooling energy consumption declines by about 6% due to the thermal insulation function 

provided by façade integrated PV modules. Also concerning the total building energy demand, 

Ng et al. (Ng et al. 2013) used the simulation tool EnergyPlus to examine six commercially 

available amorphous silicon STPV elements. They defined a new index to evaluate the overall 

energy performance in Singapore and found that BIPV glazing solutions provide an energy 

savings rate of between 17% and 41% compared to common window glazing for large façade 

openings. He et al. (He et al. 2011) compared experimentally and numerically the performance 

of a-Si PV double and single glazing windows in east China. They found that the double-glazing 

solution can reduce to 46% the indoor heat gains, improving the indoor thermal comfort level. 

An experimental study was performed by Peng et al. (Peng et al. 2013) in order to assess the 

thermal performance of a ventilated PV double skin façade in Honk Kong. They studied the 

variation of the Solar Heat Gain Coefficient (SHGC) and U-value7 depending on the operation 

mode of the façade, defining the optimum strategy to improve its thermal behaviour under 

different weather conditions. Lu et al. (Lu & Law 2013) estimated the overall energy 

performance corresponding to five orientations of a STPV system installed in Hong Kong by 

integrating the simulation results of thermal, power and visual behaviours. The main finding of 

the work was that the system would lead to an annual electrical benefit of about 1300kWh in 

the best case orientation (south-east). 

                                                             
7 The U-value (also referred to as thermal transmittance or U-factor) is the standard way to quantify 
overall heat flow. It expresses the total heat transfer coefficient of the system (in Wm-2

K
-1

), and includes 
conductive, convective, and radiative heat transfer. It represents the steady state heat flow (expressed 
in watts) through each square meter of glazing surface for a 1 degree Kelvin temperature difference 
between the indoor and outdoor air temperature. The insulating value or R-value (thermal resistance) is 
the reciprocal of the total U-value (R=1/U). For a given glazing, the lower the U-Factor (higher R-value), 
the better is the insulating property. 
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In summary, various studies into STPV systems have focused on their energy performance and 

influence on the buildings energy balance based on existing simulation programs. However, 

global behaviour of this type of PV modules could not be correctly represented by any of the 

commercial simulation tools because they do not implement specific models that properly and 

simultaneously reflect the singularities of these elements, such as the daylighting and power 

generation functions. At the same time, current research includes thermal modelling of STPV 

modules but the predictive models proposed have been validated by limited experimental 

data. 

Furthermore, while recent years have seen an increasing number of building energy codes and 

standards focused on improving the energy efficiency of the construction sector (CTE 2013; 

GmbH 2011; Asdrubali et al. 2008), at present a specific standard that considers PV elements 

as constructive components does not yet exist or it is just starting to emerge (CENELEC 2012). 

In the specific case of glazing products, useful tools that enable designers to adopt energy 

effective project solutions, i.e. the integration of simulation software with reliable and detailed 

optical data like the International Glazing Database (IGDB) (LBNL-IGDB 2014) or the newer 

Complex Glazing Database (CGDB) (LBNL-CGDB 2014) are being improved constantly, but STPV 

elements are still not properly considered. 

Consequently, it is worth considering the performance of innovative STPV solutions in 

comparison with well-established constructive elements in order to assess the energy saving 

potential of these novel construction products to move toward net zero energy buildings. 

Besides, a lack of research exists on the performance of multifunctional STPV façade in the 

Mediterranean region, characterized by a high annual solar irradiation and a wide range of 

ambient temperatures (Olivieri et al. 2014). For these reasons, a performance comparison with 

conventional glazing in Mediterranean conditions is necessary in order to assess realistically 

the energy saving potential that STPV solutions might provide. 

2.3 The BIPV market 

2.3.1 Photovoltaic and construction industries 

Modern photovoltaic technology enables buildings to be transformed from energy users to 

energy producers (Prasad & Snow 2005). From the older concept according to which for 

“building integration” the installation on the building roof of PV modules with the sole aim of 

maximizing the electricity generation was understood, the view has evolved into the present 
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concept of BIPV system, in which not only the electricity generation is taken into account, but 

also functional, architectural, structural and aesthetic aspects. According to this new approach, 

the PV element is no longer just one of the many components of the building technical 

facilities but becomes a construction constituent of the building envelope, which can serve as 

weather protection, heat insulation, shading modulation, noise protection, thermal isolation 

and electromagnetic shielding just to mention some options. 

All this has been made possible by the rapid progress of the PV market in the last years, which 

evolved from rigid, standardized and architecturally unattractive solar panels into a variety of 

products available in rigid and flexible formats, opaque and semi-transparent, mate and in a 

wide range of colours, providing today designers with multiple degrees of freedom to 

transform buildings into energy producing constructions. 

The Building Integrated Photovoltaic market is the result of joint efforts of the Photovoltaic 

and Construction industries aimed at developing products for buildings envelope that comply 

with applicable codes and standards and contribute to a reduction of buildings energy 

demand. In this context two main challenges arise, namely: 1 - the architectural integration of 

BIPV products (multi-functionality of PV modules, so that besides their electrical generation 

function they are used as constructive elements); and 2 – the contribution of buildings to the 

new paradigm of Distributed Generation, where electricity is produced close to consumption 

in small- scale facilities that interact with the buildings own electrical facilities and electricity 

distribution networks. 

In the coming years, a relevant segment of the PV market is expected in building applications, 

especially in countries characterized by a high demographic density and high costs of building 

land (Heinstein et al. 2013). To fully exploit this potential detailed knowledge is required about 

the possibilities of BIPV solutions and present needs of the construction industry, so that 

appropriate solutions can be developed and implemented. 

Within Activity 10 (Architectural integration) of the ATON project (a project financially 

supported by the Spanish Centre for Industrial Technological Development, reference CEN-

20091009, namely “Research and development of new generation technologies based on thin-

film solar cells”) an extensive market survey of BIPV products arising from the PV and 

Construction industries was carried out (Cerón et al. 2010). Overall, 238 BIPV products 

manufactured or commercialised by 109 companies were analysed and classified in two main 

groups: 
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 BIPV modules (BIPV-M). In this group PV modules especially designed for building 

integration, according to the manufacturers (with physical and/or aesthetical 

characteristics of interest from a constructive point of view), have been considered. 

 PV constructive elements (PV-CE). These products typically arise from Construction 

materials companies (in cooperation with the PV industry) and constitute more 

innovative elements in terms of design and architectural functionality. They consist of 

constructive elements that incorporate solar cells or PV modules, to be used in roofs 

and façades. Only standardized products have been considered in this group (custom-

made products can be also found in the market, designed according to particular 

specifications in terms of modularity). 

In the study both technical specifications (such as the PV technology, the weight and power 

density and the quality standard applied) and architectural integration aspects (such as 

aesthetics, appearance, composition and mechanical characteristics) were analysed. Regarding 

the technical aspects, it emerged that crystalline silicon (c-Si) was by far the most widely used 

technology in both BIPV-M (65%) and PV-CE (62%) groups. These data seems to be in line with 

the results of more recent BIPV market studies (Heinstein et al. 2013; Cerón et al. 2013), in 

which the PV products based on c-Si technology are still recognized as the most widespread 

and predominant on the market.  

Regarding thin-film technologies (such as amorphous (a-Si) and micromorph (μm-Si) silicon, 

Copper Indium Selenide (CIS), Copper Indium Gallium (di) Selenide (CIGS)), despite all the 

positive predictions that were done as recently as 2010 (Pagliaro et al. 2010), the market 

penetration of these technologies (about 35% and 38% of the BIPV-M and PV-CE groups 

respectively, (Cerón et al. 2013)) is taking place more slowly than expected, to the extent that 

some of these technologies have now even being declared ‘dead’ by the media and some 

competing industries (Heinstein et al. 2013). This is due to a series of factors, but probably the 

most important is the falling price of poly-silicon that has dragged down the price of the c-Si 

based elements, reducing the gap in terms of production cost between c-Si and thin-film 

products. However, the cost gap between the two types of technologies is still significant (the 

cost is in the order of 40 Euros per square meter for a-Si modules and 120–200 Euros for c-Si 

products (Heinstein et al. 2013)), and clearly represent a competitive advantage for the thin-

film elements since they come in the same price range with conventional building materials 

(Heinstein et al. 2013). Another factor that may have contributed to a slower than expected 

introduction of the thin-film technologies in the market is the diffused overriding focus on the 

Standard Test Condition (STC) PV element efficiency, usually regarded as the most important 
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parameter to choose the most appropriate PV technology for the project. Looking only at the 

efficiencies, 6-10% a-Si elements do not seem to be able to compete with c-Si products, 

showing efficiencies up to 20%. This not true at all and can cause misunderstanding and false 

conclusion since cell and module efficiency rates are exclusively assessed under ideal 

laboratory conditions and have very small significance on the Annual Energy Yield (the ratio 

between the energy produced (kWh) and power installed (kWp)) under real weather conditions 

within a certain region, as has been shown in a large number of studies (Hegedus 2013; 

Ransome 2009; Zinsser et al. 2010; Zinsser et al. 2007; Ueda et al. 2008; Jardine et al. 2001; 

Cereghetti et al. 2001; Eikelboom & Jansen 2000; Makrides et al. 2012; Zinsser et al. 2009; 

Kroposki et al. 2000; Cronin et al. 2011; Minemoto et al. 2009). On the other hand, PV 

technology heavily influences the generator size for a specific nominal power and 

consequently the electricity that can be generated per square meter of solar collecting surface 

(kWh/m2). In fact, a 1kWP PV generator made up using thin-film modules with STC efficiency of 

6% requires approximately 16.7 m2, whereas the required surface is reduced to only 5 m2 if c-Si 

modules with 20% efficiency are used. This aspect may be particularly important in BIPV 

applications, in which available solar collecting surfaces are normally reduced. Accordingly, in 

order to design Nearly Zero Energy Buildings (NZEB) is first of all mandatory to minimize the 

building energy demand, as it has been confirmed by Directive 2010/31/EU (European 

Commission 2010).  

Weight of BIPV products also is a relevant issue because it influences the applicability of the 

system into the supporting structure. According to the market study previously mentioned 

(Cerón et al. 2013), weight per unit surface is below the acceptable value of 20 kg/m2in 48% of 

BIPV-M and in 70% of PV-CE. Remarkably, 12% of the BIPV modules and 7% of PV constructive 

elements showed a unitary weight over 30 kg/m2, which may reduce the cases in which the 

product can be used, or increase the costs for the structural design of the associated roofs and 

façade. In terms of power density, almost 60% of BIPV modules showed the considerably high 

values (between 100 and 150 W/m2), with the remaining 40% falling under 100 W/m2. In PV 

constructive elements 57% showed power densities below 100 W/m2 and almost 30% power 

densities over such limit. The lower power densities of these products can be explained by 

their more complex geometries in comparison with BIPV modules; in addition, as explained 

before, by the more frequent use of a-Si technology, with power densities below 60 W/m2. 

Quality standards related to design qualification and type approval for flat-plate PV modules 

are EN-IEC 61215 (International Electrotechnical Commission 2005) for crystalline Silicon 

technologies and EN-IEC 61646 (International Electrotechnical Commission 2008) for thin-film 
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technologies. Moreover, the standard EN-IEC 61730 (International Electrotechnical 

Commission 2013a; International Electrotechnical Commission 2013b) describes the 

constructive requirements that PV modules must meet in order to guarantee electrical and 

mechanical safety. In addition, manufacturers typically provide a power guarantee in which a 

maximum power loss is guaranteed after a number of years (for example, 10% after the first 

10 years and 20% after 20 years of operation), as well as product guarantees (for example, 5 

years). In the case of BIPV modules, 54% of the products demonstrated compliance with both 

types of quality standards (EN-IEC 61215 (c-Si) or EN-IEC 61646 (thin-film) and EN-IEC 61730), 

and 25% only with one type (typically the design qualification standard); 21% did not offer 

information about quality standards compliance. Power and product guarantees were 

provided in 98% and 94% of the products respectively. For PV constructive elements only 30% 

of the products demonstrated compliance with both types of quality standards and 40% did 

not provide any information; power and product guarantees were provided in 48% and 67% of 

the products respectively. 

Regarding the aesthetics and composition of the BIPV modules, the results indicate that 55% 

of the elements are semi-transparent (glass-glass configuration) with rectangular geometry, 

31% are opaque also with rectangular geometry, 8% constitute opaque membranes or metallic 

films, 5% are cylindrical shaped modules and 1% are opaque and square shaped. If we list the 

products according to mechanical characteristics, BIPV modules without frame represent 55% 

and the remaining 45% is represented by modules with frame (aluminium, stainless steel or 

plastic). Considering the important characteristic of components size in the building industry, 

only 11% of the BIPV modules have dimensions that are multiple of 100 mm.  

A clear difference between BIPV modules and PV constructive elements is that usually the 

latter have specific information about the installation method or fixation and also, general 

information about architectural integration. Regarding the architectural integration properties, 

the products have been classified in roof and façade elements. Concerning roof products, the 

more common PV constructive element is the solar tile, with 58% of the elements surveyed. 

This group includes both classic ceramics and slate tiles that incorporate photovoltaic cells and 

mini-modules, thus enabling the replacement of full sections of traditional tiles. Waterproofing 

PV constructive elements designed for opaque flat and sloped roofs represent 36% of the 

products, and flexible opaque elements 28%. Roof semi-transparent PV elements, generally 

used in skylights and atriums, constitute only 3% of the market offer. Flexible 

transparent/translucent elements consisting of structural inflating membranes (a technology 

that is new in the Construction industry) represent about 1%. Multipurpose PV constructive 
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elements fitting different roof types constitute 34% of the products, whereas 5% can be 

mounted without distinction on roofs as well as on façades. 

Regarding the elements typically used in façade integration, 86% consist of opaque and 

translucent materials that incorporate PV modules and can be used to develop continuous 

façade solutions such as double skin façades or curtain walls. Window elements amount to 

57% of the products and 7% corresponds to louvers and shading systems in general. PV 

constructive elements fitting different façade types constitute 57% systems, whereas 27% of 

the elements can be mounted without distinction on roofs as well as on façade. 

To summarise, at present the BIPV market offers two types of products: PV modules with 

physical and/or aesthetical characteristics of interest from an architectural perspective (BIPV 

modules) and PV constructive elements that are in general more innovative in terms of design 

and architectural functionality. In terms of PV technology, multi-crystalline Silicon is the most 

used technology in BIPV modules, whereas amorphous Silicon is the preferred one in PV 

Constructive elements. Unitary weight is generally higher in BIPV modules than in PV 

constructive elements: values above 30 kg/m2 can be found, which might imply lower 

installation possibilities and/or higher structural costs, especially in roofs. Power density is also 

higher in BIPV modules. Regarding aesthetical aspects of BIPV modules, the main typology 

consists of semi-transparent/translucent elements. In terms of mechanical characteristics, 

frameless modules represent slightly more than 50% of the market. Detailed information 

about the architectural characteristics of these products, such as installation methods and 

architectural functionalities, is very limited. In the PV constructive elements market the more 

common roof products are solar tiles, followed by waterproofing elements to be mounted on 

flat or sloped roofs. In façade integration the majority of elements are used as conventional 

materials to fit in solutions such as double skins or curtain walls, followed by windows 

elements. Unlike BIPV modules, PV constructive elements have specific information about 

installation and building integration techniques. 

It can be concluded that although a relevant number of products for building integration can 

be already found in the market, a closer collaboration between the Photovoltaic and 

Construction industries is still strongly recommended in order to further develop attractive, 

reliable and cost-effective products. In fact, even if BIPV products are in general deeply 

characterized from an electrical point of view, relevant information about the actual 

performance in real operating conditions is still missing. In particular, a lack of knowledge 



State of the art 31 

 

about the impact of BIPV solutions on the overall building energy balance, which includes not 

only electrical performance but also thermal and luminous behaviour, has been identified. 

2.3.2 Examples of BIPV systems 

Following the classification of the BIPV solutions defined in section 2.1, in this section a 

selection of relevant examples of well integrated systems in which both the 

functional/constructive and formal integration qualities have been archived (IEA-SHC Task 41 

2012c) are presented, including the main characteristics of the building and of the solar 

element used. For selecting the BIPV system examples, several aspects have been taken into 

account, such as the integration quality on the basis of functional and constructive criteria 

(multifunctionality of PV elements used as building products), the aesthetic quality of the 

integration design (system positions and dimensions, visible materials, surface textures and 

colours, shapes and sizes of the elements), the degree of novelty and complexity of the 

solutions and finally the availability of information about the projects. 

Data reported have been taken from the web-based database elaborated by BIPV experts 

within the Subtask C: Concepts, Case Studies and Guidelines of the IEA-SHC Task 41 Solar 

Energy and Architecture (IEA-SHC Task 41 2014).  
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2.3.2.1 Roof integrated opaque elements - UMWELT ARENA Switzerland 

Building facts BIPV system 

Use: Exhibition centre Element manufacturer: 
3S Swiss Solar 

Systems AG 

Size [m2]: 11000 Technology: Monocrystalline Si 

Address: 
Türliackerstrasse 4, 
Spreitenbach, CH 

Standard elements: 4500 

Web page www.umweltarena.ch Customised elements: 1000 

Owner: Walter Schmid AG System size [m2] 5300 

Architect: Réne Schmid Architekten Nominal power [kWp]: 750 

Energy Consultant BE Netz AG Annual yield [kWh/m2] 102 

 

Umwelt Arena in Spreitenbach (Switzerland) is a new exhibition centre designed with the aim 

of supporting the engagement of the city in encouraging people to use renewable energy. The 

building consists of a thermo-active concrete structure (concrete structure works as heating 

and cooling element as well as thermal storage system) with a prefabricated wood roof having 

the shape of 33 large and differently tilted triangles, which integrate a total of 5500 grey-black 

monocrystalline silicon modules. The PV roof takes up multiple functions, protecting against 

weather and producing electricity. 

 

Fig. 2.9. Example of roof integrated opaque elements. Umwelt Arena, Spreitenbach (Switzerland). 
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2.3.2.2 Roof integrated semi-transparent elements - City of Design, Saint-Étienne, 

France 

Building facts BIPV system 

Use: Exhibition centre Element manufacturer: Schüco 

Size [m
2
]: 64000 Technology: Monocrystalline Si 

Address: 
3, rue Javelin Pagnon Saint-

Étienne, FR 
Standard elements: 0 

Web page http://www.citedudesign.com Customised elements: 325 

Owner: Saint-Étienne Métropole System size [m
2
]: 205 

Architect: LIN Finn Geipel and Giulia Andi Nominal power [kWp]: - 

Energy Consultant - Annual yield [kWh/m
2
]: - 

 

City of Design in Saint-Étienne is a new institution for research, education, communication and 

services related to design. The building envelope is made up of equilateral triangles which are 

filled with materials having different properties and visual aspects. The roof covering consist of 

14000 equilateral triangles of different materials, part of those integrates PV elements as 

skylight solution. In particular, 325 customized triangular c-Si elements are fully integrated into 

the roof design, covering a total surface of 205m2. 

 

Fig. 2.10. Example of roof integrated semi-transparent elements. City of Design, Saint-Étienne (France). 
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2.3.2.3 Façade integrated opaque elements – Power tower, Austria 

Building facts BIPV system 

Use: Office Element manufacturer: 
ertex solartechnik 

GmbH 

Size [m2]: 22652 Technology: Polycrystalline Si 

Address: Böhmerwaldstraße 1-3, Linz,AT Standard elements: - 

Web page http://www.energieag.com Customised elements: - 

Owner: Auftrag der Energie AG System size [m
2
] 638 

Architect: 
Weber + Hofer Partner AG 

Architekten ETH SIA 
Nominal power [kWp]: 66 

Energy Consultant 
Prof Kaufmann & Partner ZT-

Gmbh 
Annual yield [kWh/m2]: 65 

 

The Power Tower is the first self-sustaining, passive-energy tower block in the world, meeting 

almost its own energy requirements from renewable sources. The multi-functional shell, made 

of glass and materials with high thermal resistance, features many of the design characteristics 

of a passive building. With its surface of about 650 square meters, the PV system installed on 

the south-west façade of the tower is one of the biggest façade-integrated PV systems in 

Austria. The system is an integral part of the building envelope, serving as weather protection. 

Furthermore it produces about 42000 kWh of electricity per year. 

Fig. 2.11. Example of façade integrated opaque elements. Power Tower, Linz (Austria). 



State of the art 35 

 

2.3.2.4 Façade integrated semi-transparent elements – GREENPIX Zero Energy 

Media Wall, China 

Building facts BIPV system 

Use: Entertainment complex Element manufacturer: Suntech 

Size [m
2
]: 44000 Technology: Polycrystalline Si 

Address: 
No. 26 Fuxing Road, Haidian 

District, Beijing 
Standard elements: 0 

Web page greenpix.sgp-a.com Customised elements: 2292 

Owner: Jingya Corporation System size [m
2
] 2292 

Architect: Simone Giostra & Partners Nominal power [kWp]: - 

Energy Consultant Arup & Partners Annual yield [kWh/m
2
]: - 

 

GreenPix Zero Energy Media Wall applies sustainable and digital media technology to the 

curtain wall of Xicui entertainment complex in Beijing. Featuring the largest colour LED display 

worldwide and the first PV system integrated into a glass curtain wall in China, the building 

façade harvests solar energy by day and uses it to supply the 2300m2 LED display at night. The 

polycrystalline photovoltaic cells are laminated within the glass of the curtain wall and placed 

with changing density on the entire building skin. The density pattern allows natural light when 

required by interior program and reduces heat gains and cooling loads. 

  

  
Fig. 2.12. Example of façade integrated semi-transparent elements. GreenPix Zero Energy Media Wall, Beijing 
(China). 
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2.3.2.5 External devices –Energimidt, Denmark 

Building facts BIPV system 

Use: Office building Element manufacturer:  

Size [m2]: 4200 Technology: 
Monocrystalline 

and amorphous Si 

Address: 
Tietgensvej 2-4, Silkeborg, 

Denmark 
Standard elements: - 

Web page www.arkfo.dk Customised elements: YES 

Owner: Energimidt System size [m2] 472 

Architect: Aarstiderne Arkitekter Nominal power [kWp]: 31.6 

Energy Consultant Søren Jensen Rådgivende Annual yield [kWh/m2]: 40 

 

This office building is designed with a focus on the many ways solar energy solutions can be 

integrated into architecture. The facade is conceived as a major energy producing surface with 

thin film PV elements installed on the moving glass shutters and crystalline PV solutions 

mounted on the opaque facade. C-Si Semi-transparent PV elements are integrated in the café 

and meeting rooms’ windows and in balcony parapets, providing sun shading functionalities. 

Finally, the building roof accommodates a conventional PV system. 

   

   
Fig. 2.13. Example of PV external devices, such as moving window shutters and balcony parapets. Energimidt, 
Silkeborg (Denmark). 
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2.4 Normative framework about BIPV elements 

The international normative framework about BIPV elements reflects the dual functions of 

these products, which are once PV components and building materials. Since a specific 

regulation for BIPV products is still in the development phase (CENELEC 2012), nowadays the 

quality of the products can be proved only by satisfying both the standards on the electrical 

characteristics of photovoltaic modules and those on buildings materials. 

The best established international standards and conformity assessment bodies for all fields of 

electrotechnology are the International Electrotechnical Commission (IEC) and the European 

Committee for Electrotechnical Standardization (CENELEC). Regarding building materials, the 

largest international standard-setting bodies are the International Organization for 

Standardization (ISO) and the European Committee for Standardization (CEN). Furthermore, 

each country has also a single recognized national standards body, which usually does not 

prepare the technical content of standards (may or not depending on the level of activity and 

initiative of the specific technical committees and sub-committees), such as the Spanish 

Association for Standardisation and Certification (AENOR) in Spain and the Ente Nazionale 

Italiano di Unificazione (UNI) in Italy, but is legally responsible for the development and 

dissemination of technical standards, as well as of the transposition of international standards 

in the country concerned. 

In the following paragraphs, the most relevant standards concerning BIPV elements are 

reported. They have been classified into four groups, according to the standardisation subject: 

PV modules, Grid-connected PV systems, Building materials and BIPV standards. 

2.4.1 PV modules standards 

The standards normally applied to test the quality of PV modules (including BIPV) are: 

 IEC/EN 61215: Crystalline silicon terrestrial photovoltaic (PV) modules – Design 

qualification and type approval; 

 IEC/EN 61646: Thin-film terrestrial photovoltaic (PV) modules - Design qualification 

and type approval; 

 IEC/EN 61730-1: PV module safety qualification – Requirements for construction; 

 IEC/EN 61730-2: PV module safety qualification – Requirements for testing; 

 IEC/EN 60904-1: Measurement of photovoltaic current-voltage characteristics; 

 IEC/EN 60904-2: PV device – Requirements for reference solar devices; 

 IEC/EN 61345: UV test for photovoltaic (PV) modules; 
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 IEC/EN 61701: Salt mist corrosion testing of photovoltaic (PV) modules; 

 IEC 61853-1: PV modules performance testing and energy rating – Irradiance and 

temperature performance measurements and power rating; 

 EN 50380: Datasheet and nameplate information for photovoltaic modules; 

2.4.2 Grid-connected PV systems standards 

In this field, the most relevant standards are: 

 IEC/TS 61836: Solar photovoltaic energy systems – Terms, definitions, symbols; 

 IEC/EN 62446: Grid connected photovoltaic systems – Minimum requirements for 

system documentation, commissioning tests and inspection; 

 IEC/EN 61727: Photovoltaic (PV) systems - Characteristics of the utility interface; 

 IEC 60364-7-712: Electrical installations of buildings - Part 7-712: Requirements for 

special installations or locations - Solar photovoltaic (PV) power supply systems; 

 IEC/EN 61140: Protection against electric shock – Common aspects for installation and 

equipment; 

 IEC/EN 61277: Terrestrial photovoltaic (PV) power generating systems - General and 

guide; 

 IEC/EN 61724: Photovoltaic system performance monitoring - Guidelines for 

measurement, data exchange and analysis; 

2.4.3 Building materials standards 

Concerning the building materials standards, those most related to BIPV solutions are: 

 EN 410: Glass in building – Determination of luminous and solar characteristics of 

glazing; 

 EN 673: Glass in building – Determination of thermal transmittance (U-value) – 

Calculation method; 

 EN 674: Glass in building – Determination of thermal transmittance (U-value) – 

Guarded hot plate method; 

 EN 675: Glass in building – Determination of thermal transmittance (U-value) – Heat 

flow meter method; 

 EN 1279-5: Glass in building – Insulating glass units – Part 5: Evaluation of conformity; 

 EN 1990: Eurocode: Basis of structural design; 

 EN 1991 (all parts): Eurocode 1: Actions on structures; 

 EN 1993 (all parts): Eurocode 3: Design of steel structures; 
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 EN 1999 (all parts): Eurocode 9: Design of aluminium structures; 

 EN 12179: Curtain walling – Resistance to wind load – Test method; 

 prEN 12488: Glass in building – Glazing requirements – Assembly rules for vertical 

glazing; 

 EN ISO 12543-1: Glass in building – Laminated glass and laminated safety glass – Part 

1: Definitions and description of component parts; 

 EN ISO 12543-2: Glass in building – Laminated glass and laminated safety glass – Part 

2: Laminated safety glass; 

 EN ISO 12543-3: Glass in building – Laminated glass and laminated safety glass – Part 

3: Laminated glass; 

 EN ISO 12543-4: Glass in building – Laminated glass and laminated safety glass – Part 

4: Test methods for durability; 

 EN ISO 12543-5: Glass in building – Laminated glass and laminated safety glass – Part 

5: Dimensions and edge finish; 

 EN ISO 12543-6: Glass in building – Laminated glass and laminated safety glass – Part 

6: Appearance; 

 EN 12600: Glass in building – Pendulum test – Impact test method and classification 

for flat glass; 

 EN 12758: Glass in building – Glazing and airborne sound insulation – Product 

descriptions and determination of properties; 

 EN 13116: Curtain walling – Resistance to wind load – Performance requirements; 

 EN 13119: Curtain walling – Terminology; 

 EN 13501-1: Fire classification of construction products and building elements – Part 1: 

Classification using data from reaction to fire tests; 

 EN 13501-2: Fire classification of construction products and building elements – Part 2: 

Classification using data from fire resistance tests, excluding ventilation services; 

 EN 13501-5: Fire classification of construction products and building elements – Part 5: 

Classification using data from external fire exposure to roofs tests; 

 EN 13830: Curtain walling – Product standard; 

 EN 13947: Thermal performance of curtain walling – Calculation of thermal 

transmittance; 

 EN 13956: Flexible sheet for waterproofing – Plastic and rubber sheets for roof 

waterproofing. Definitions and characteristics; 
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 EN 14351-1: Windows and doors – Product standard, performance characteristics – 

Part 1: Windows and external pedestrian doorsets without resistance to fire and/or 

smoke leakage characteristics; 

 EN 14449: Glass in building; Laminated glass and laminated safety glass – Evaluation of 

conformity/Product standard; 

 EN 14782: Self-supporting metal sheet for roofing, external cladding and internal lining 

– Product specification and requirements; 

 EN 14783: Fully supported metal sheet and strip for roofing, external cladding and 

internal lining/Product Specification and requirements; 

 EN15804:2012: Sustainability of construction works; Environmental product 

declarations - Core rules for the product category of construction products; 

 EN15941:2010, Sustainability of construction works; Environmental product 

declarations  - Methodology for selection and use of generic data; 

 EN15942:2011,  Sustainability of construction works; Environmental product 

declarations -Communication format business-to-business; 

 EN15978:2012: Sustainability of construction works; Assessment of environmental 

performance of buildings - Calculation method; 

 EN 16002:2010: Flexible sheets for waterproofing - Determination of the resistance to 

wind load of mechanically fastened flexible sheets for roof waterproofing.  

2.4.4 Specific BIPV standards 

Actually the specific BIPV standards in force or in development are: 

 CENELEC - prEN 50583-1 (draft): Photovoltaics in buildings – Part 1: Modules; 

 CENELEC - prEN 50583- 2 (draft): Photovoltaics in buildings – Part 2: Systems; 

 International Code Council AC365: Acceptance Criteria for Building-Integrated 

Photovoltaic (BIPV) Roof Modules and Panels (adopted throughout most of the United 

States). 

The prEN 50583 draft standard is being developed in order to provide a harmonized normative 

basis for the application of BIPV in Europe. It incorporates applicable existing codes and 

standards, but also proposes new test methods and adapted requirements. Taking into 

account that in Europe BIPV products and systems have to comply with the normative 

framework of CENELEC as well as CEN, technical prerequisites such as the low voltage and 

building construction directive/regulation constitute the technical background that specifies 

the requirements for such products and systems. The draft standard is composed of two parts: 



State of the art 41 

 

the first applies to photovoltaic modules used as construction products and the second applies 

to photovoltaic systems that are integrated into buildings with the photovoltaic modules used 

as construction products. The draft standard firstly defines the terms of BIPV and BAPV 

modules (prEN 50583-1) and systems (prEN 50583-2): 

 BIPV modules: Photovoltaic modules are considered to be building-integrated, if the PV 

modules form a construction product providing a function as defined in the European 

Construction Product Regulation CPR 305/2011 (European Parliament 2011). Thus the 

BIPV module is a prerequisite for the integrity of the building’s functionality. If the 

integrated PV module is dismounted (in the case of structurally bonded modules, 

dismounting includes the adjacent construction product), the PV module would have to 

be replaced by an appropriate construction product. The building’s functions in the 

context of BIPV are 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 

Inherent electro-technical properties of PV such as antenna function, power generation 

and electromagnetic shielding etc. alone do not qualify PV modules as to be building-

integrated. 

 BAPV-modules: Photovoltaic modules are considered to be building attached, if the PV 

modules are mounted on a building envelope and do not fulfil the above criteria for 

building integration. In other words, PV modules are considered to be building attached 

if the integrity of the building functionality is independent of the existence of the 

photovoltaic module. 

 BIPV-system: Photovoltaic systems are considered to be building-integrated, if the PV 

modules they utilize fulfil the criteria for BIPV-modules as defined in prEN 50583-1 and 

thus form a construction product providing a function as defined in the European 

Construction Product Regulation CPR 305/2011. 
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 BAPV-system: Photovoltaic systems are considered to be building attached, if the PV 

modules they utilize do not fulfil the criteria for BIPV-modules as defined in prEN 

50583-1. 

Furthermore the draft standard summarizes the general (Low Voltage Directive 2006/95/EC, 

European Construction Product Regulation CPR 305/2011), electrical (EN 61215, EN 61646, EN 

61730) and building-related (Eurocodes EN 1990, EN 1991, EN 1993 and EN 1999) 

requirements of the BIPV modules and systems. In addition, prEN 50583 assigns application-

specific requirements to PV modules divided into the main categories “containing” and “not 

containing glass panes”. Regarding the first group, it further differentiates specific 

requirements depending on five mounting categories. As regards the second group, the draft 

standard differentiates three groups (BIPV modules based on polymer waterproofing sheet, 

based on metal sheet and based on other materials) and specifies the specific requirement of 

each of them. 

In conclusion, this document, which is currently (February 2015) being reviewed by the 

national standard bodies agents, aims to be a useful tool to assist planners, installers and 

manufacturers to see through the wide range of relevant regulations from the electrotechnical 

and the constructional world. 

Regarding the ICC-AC365, it establishes guidelines for evaluation of building-integrated 

photovoltaic (BIPV) roof covering systems, such as modules, shingles and panels. This 

standard, developed by the International Code Council and widely adopted in the USA, 

establishes criteria for BIPV as a roofing material and dictates its performance on stability, 

wind resistance, durability, and fire safety. 

2.5 BIPV diffusion barriers 

Although the BIPV market is growing (from the US$2.1 billion worth in 2012 it was estimated 

that it will worth US$7.5 billion worldwide by the end of 2015 (NanoMarkets 2012) and a 

growth at a Compound Annual Growth Rate comprised between 6.4% (BCC Research 2015) 

and 15.4% (CNBC 2015) over the period 2014-2019 is forecasted), his development has been 

completely contradictory to what serious and thoroughly researched market reports had 

predicted and assumed in the last recent years (Frost & Sullivan 2010; Pagliaro et al. 2010; 

GTM Research 2010).  
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If on the one side, the advantages of BIPV systems (the contribution of the active energy-

producing construction element to the building energy self-sufficiency and comfort, the 

favourable effect on the overall costs of the building project replacing conventional 

construction products and the aesthetic value rendered to the whole construction, especially 

in contrast to conventional BAPV solutions) are clear to see, on the other side, there are yet 

too many obstructing factors that still form part of the equation. Some of the aspects that 

seem to be of considerable importance to promote the BIPV market in the near future are 

described below. 

2.5.1 The BIPV perception of market actors 

Most investors, decision-makers, private home-owners, architects and building technicians still 

find the practical implementation of available BIPV solutions difficult, and there is often both a 

considerable lack of consciousness and a persistent resistance among the building market 

actors towards this matter. Despite innumerable examples of BIPV buildings have already been 

built around the world, BIPV solutions are still recognized today as something prestigious, 

extraordinary, expensive and almost strange. In spite that the BIPV advantages has been 

addressed and talked about for more than two decades, and over this period the PV products 

supply has expanded enormously from rigid to flexible, and from opaque to semi-transparent 

and coloured, the solar powered construction systems are obviously not yet considered to be a 

mainstream technology in building practice. Nevertheless the impressive cost reductions 

achieved by all PV-technologies compared to few years ago (a cost reduction in the order of 

85% in the last 7 years according to (UNEF 2014)), cost issues still tend to be cited as an 

obstacle, as reports the international survey conducted within IEA Task 41 project (IEA-SHC 

Task 41 2012a). According to this web-based survey that involved 600 architects and engineers 

from 14 countries, 73% of the building sector technicians identify in high cost the main barrier 

of using PV systems in architecture. On the other hand it must be said that the cost argument 

is sometimes blindly and uncritically repeated, considering that not always all the cost aspects 

related with the BIPV systems are correctly evaluated. In fact, added value of BIPV products as 

multi-functional building components is usually not taken into account in the evaluation of the 

costs, neither for instance is taken into account the fact that STPV elements generates 

electricity and if well designed reduces the thermal and lighting loads, lowering the building 

operation costs. Beyond this, the still limited diffusion of BIPV systems among conventional 

and standard residential and commercial buildings (existing applications are mostly limited to 

showcase or prestigious projects where the stakeholders may be more motivated by other 

considerations, i.e. the desire to show a green image, than by pure cost effectiveness) does not 
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help to clarify the doubts over the costs, the longevity of integrated PV products and the 

maintenance requirements. All of this makes that, in most cases, conventional BAPV no-

integrated and supposedly cheaper solutions are preferred to the integrated ones. 

2.5.2 The limited cooperation and mutual understanding between the 

BIPV actors 

BIPV projects require close cooperation between several distinct actors: manufacturers (which 

in turn can be from the building or the PV industry), planners, architects, installers, developers 

and users. One of the main problems is simply the lack of mutual understanding and 

knowledge concerning everyday practice, in a context in which the communication, the 

professional exchange and a close networking are crucial elements (Koinegg et al. 2013). The 

lack of a common language between the players in the BIPV market hinders the understanding 

of the other partners work and needs. Even something as simple as the measurement 

standards used in different contexts could complicate the BIPV deployment. For instance, 

players related with the construction industry such as architects and planners refer to surface 

units to indicate the price of building materials (€/m2), whereas the PV industry and installers 

use power units (€/WP). If this incongruence remains unresolved, it could create 

communication difficulties in planning the BIPV project (EPIA et al. 2008). 

2.5.3 The shortage of specialised and integrated BIPV companies 

The complexity of integrating BIPV in the planning process requires specialist and 

multidisciplinary knowledge that necessitate the coordination of several actors. It would be so 

much functional to have vertically integrated BIPV companies able to develop the entire BIPV 

project, ideally including the manufacturing of the products also. In this way, the same 

specialised company follows the project development from the very start of the planning 

process to the monitoring stage, being the only interlocutor with the project promoter or 

directly with the investor. This integrated approach would have numerous advantages, such as 

the BIPV consideration right from the beginning of the project (this aspect is crucial, since 

those projects in which the building integration idea is introduced at an advanced stage of the 

project nearly always fails (Koinegg et al. 2013)), the avoidance of communication problems in 

defining the project characteristics and the proper design of the system on the basis of an 

accurate knowledge of the properties of the BIPV element used. Furthermore and above all, 

from the investor point of view, a single company would be responsible of the correct 

operation of the system and will have to assume all the warranty issues if something does not 

work as expected. 
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2.5.4 The lack of specific BIPV supporting programmes 

While conventional PV is driven by cost reductions, BIPV is driven by the constantly increasing 

demand for energy-efficient buildings due to national and international energy standards, such 

as the Directive 2010/31/EU (European Commission 2010). But a European Directive itself is 

not sufficient to create the right conditions for the BIPV diffusion, especially taking into 

account that the new directive has still to be translated and implemented into national laws 

and the typical slowness of the construction industry to incorporate new building solutions. As 

the case of France, Switzerland and Italy well illustrates (in these countries respectively 59%, 

30% and 30% of all the PV systems are building integrated), to promote the BIPV 

implementation three main elements are required: ambitious demands in terms of legal 

building approval, specific BIPV legal incentives and the availability of innovative products 

promoted by successful marketing campaign (Heinstein et al. 2013). On the other hand in the 

countries where BIPV issues have been neglected in the national energy programmes, such as 

Germany and Spain, only around 1% and 2% of all PV installations are building integrated. 

Likewise in Austria, modest BIPV incentives led to a market share of BIPV of probably around 

4% (Tragner 2012). It is worth mentioning that modest specific BIPV incentives can be 

sufficient to stimulate the market, as happen in Switzerland where the administration offered 

for BIPV installations only 10% higher feed-in tariff. 

2.5.5 The ineffectiveness of promotional strategies 

To improve BIPV penetration in the market, it has to be seen (and promoted) as one of the 

several existing energy saving strategies, such as improving the building envelope insulation, 

reducing the summer overheating installing sun shadings, replacing the lighting systems with a 

more efficient one or reducing air infiltration and heat losses and gains by replacing the 

windows. Clearly the nominal power of the system, as well as the efficiency of the components 

or the overall system Performance Ratio, are not the key factors to promote BIPV solutions 

because not specialised designers and users are not aware about what does these quality 

meters mean in terms of real world performance. Promoters of BIPV projects have to distance 

themselves from the “fetish for cell efficiency % rates” (Heinstein et al. 2013), and use much 

more customer-friendly performance metrics. In fact, the conversion of the nominal power 

into energy production is not a trivial task not even for a PV specialist, most especially in the 

case of semi-transparent BIPV systems that not only produce electricity but can also reduce 

the building thermal loads and improve the daylighting use. It could be much more effective to 

declare the expected energy savings associated with the system; exactly in the same manner in 
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which a façade insulation solution is promoted, i.e. declaring not only the new U-value of the 

retrofitted envelope, but also the new estimated values (expressed both in kWh and in Euros) 

of the annual energy demand for the building heating and cooling. 

For the BIPV sector in general, and ever more for the STPV elements segment, it is essential 

that the added value of multifunctional building components in terms of global energy savings 

is properly included in the investors calculations, which is barely the case because a 

comprehensive methodology is not available yet. In light of this, the present work has been 

formulated and carried out with the aim of assessing the effect of the BIPV solutions on the 

building integral energy balance, to finally promote the marketability of these products. 
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3 METHODOLOGY 

In the previous chapter the state-of-the-art of the research about STPV systems, the state of 

the market, the normative framework and the diffusion barriers have been presented. This 

Chapter discusses the methodology used to carry out the study developed within this doctoral 

thesis. Firstly the general approach is presented, and then each phase of the work is explained 

in detail. 

3.1 General approach 

As stated in the Introduction, the general hypothesis this work seeks to demonstrate is that 

STPV systems can contribute to improving the energy efficiency of buildings. Accordingly, the 

main objective of the study is to quantify the building energy demand reduction provided by 

these novel constructive solutions and at the same time to establish which design parameters 

are the most relevant to optimize the building operation, having the greatest impact on the 

global energy balance. In the light of these goals, the study methodology has focused around 

three main points: 

 To characterise the global energy behaviour of STPV systems in realistic operating 

conditions, similar to those in which a real system will operate; 

 To characterise the global energy behaviour of STPV systems in laboratory conditions 

in order to study how the performance varies depending on design and operating 

parameters; 

 To assess the global energy saving potential of STPV systems in comparison with 

conventional glazing solutions varying the boundary conditions, namely design 

parameters (such as the degree of transparency), architectural characteristics (such as 

the Window to Wall Ratio) and climatic conditions (covering the European climatic 

conditions). 
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In the following sections, the specific objectives as well as the test methods used in each stage 

of the study will be presented. 

3.2 Characterization under realistic operating conditions 

As exposed in Chapter 2, research about BIPV systems in general and focused on STPV 

solutions in particular is still far from being able to be considered exhaustive. As pointed out 

above, the experimental studies of the performance of these systems are still limited and 

usually based on limited experimental data. Using this consideration as a starting point, one of 

the foundational ideas that underpins this work is that, to reliably define the global energy 

efficiency and the daylighting quality provided by these systems, an analysis of the STPV 

elements performance when they are operating in conditions as close as possible to the real 

ones is required. In this sense, a comprehensive study focused in real climatic conditions has 

been considered necessary to evaluate the energy viability of these products and eventually to 

promote the progressive market penetration. For this reason, and facing the difficulty of 

working with STPV systems installed in real buildings, an outdoor multifunctional testing 

facility to simultaneously characterise the thermal, luminous and electrical performance of 

STPV elements has been designed and built. If on the one hand working with an outdoor 

system in general implies having to handle higher uncertainty ranges that when an indoor 

system is used, due for instance to the simple need of using weather resistant industrial 

equipments instead of more accurate laboratory apparatus, on the other hand this kind of test 

has the advantage of providing highly valuable information when a realistic assess of the 

system performance is desired. The testing facility, which has been used to carry out an 

extensive experimental campaign in which several STPV elements have been tested, has 

proven to be reliable and adequately accurate to carry out the proposed analyses. In the 

experimental campaign a wide range of products, characterized by varied thermal, optical, 

electrical and aesthetical properties, has been tested under heterogeneous weather 

conditions, allowing to highlight the main aspects to be improved both in winter and summer 

conditions. The definition of performance quality indices and the statistical analysis of them 

have made it possible to outline the general behaviour patterns of the STPV solutions. Next, in 

a successive phase of the study, data have been used to propose some optimization measures, 

concerning thermal, daylighting and electrical behaviour. 

In Chapter 4 the design criteria of the testing facility, as well as its operating characteristics, 

will be deeply explained. Likewise, measurements made and the quality indices developed to 

assess the behaviour of the elements will be presented. 
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3.3 Indoor characterization 

To study how the performance of STPV elements is modified when varying some of the 

physical (i.e. the degree of transparency) or operational (i.e. the working point) characteristics, 

a series of tests in controlled conditions have been conducted, consenting to make a 

considerable number of test in a relatively small time.  

This phase of experimentation has been covered within the research stay performed at the 

University for Applied Sciences of Southern Switzerland (SUPSI). In the stay, the 

implementation and optimization of an indoor experimental measurement system designed 

for determining the solar factor of STPV elements have been carried out. The system, which 

basically is made up of two calorimetric cells and a steady state solar simulator, has been 

successfully used to demonstrate that the sun protection properties of the STPV elements vary 

depending not only on the physical characteristics of the element but also on its electrical 

operating point.  

This result has interesting practical implications in the design of STPV systems. In fact, it means 

that the solar factor value (when available) specified in the data sheets of the element, if 

measured in open circuit conditions as usually happens, can give an idea of the sun screening 

properties of the façade, but surely it is not entirely representative of the actual behaviour of 

the STPV element that, once connected to the inverter, will operate at maximum power point. 

Chapter 5 will present the characteristics of the testing system, the measurements performed 

and the most significant results obtained. 

3.4 Assessment of the energy saving potential 

This phase of the experimentation has covered one of the most interesting aspects of the 

work, consisting of estimating the energy savings potential of STPV systems compared to 

conventional construction solutions. There is no doubt that such an assessment is necessary 

when it comes to evaluating the commercial viability and the applicability conditions of STPV 

strategies. 

The study was conducted starting from the experimental characterization of the spectral 

curves of a STPV commercial elements sample, which have been measured in collaboration 

with the CIEMAT (Centro De Investigaciones Energéticas Medioambientales Y Tecnológicas) 
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Photovoltaic Unit8. Next, the spectral transmittance and reflectance curves have been used to 

model the STPV elements in a package of simulation programs that have been jointly used to 

estimate the energy demand of a reference commercial building over a typical metrological 

year. 

The use of different calculation tools has been necessary due to the limitations of each 

individual tool to model aspects of very different nature, typical of the multifunctional 

elements here treated. In other words, each phenomenon has been analysed using the most 

reliable tool in its field: the thermal analysis has been done modelling the systems in 

EnergyPlus, the daylighting analysis has been carried out using a Radiance-based software and 

PVsyst has been used to estimate the electric performance. To univocally evaluate the global 

energy performance of different solutions, a novel Energy Balance Index has been defined. 

This parameter, calculated using the outputs of the simulations, allows taking into account all 

the energy flows related with the STPV system: the thermal loads, the lighting demand and the 

on-site electricity generation. In the study several design parameters of a STPV façade 

integrated system have been analysed, such as the Window-to-Wall Ratio, the degree of 

transparency of the STPV element and the building location. The investigation ended with the 

determination of optimal solutions, in terms of façade opening size and STPV elements to be 

used, for different Spanish and European climatic zones. 

All the methodological details of this phase of the study, as well as the results obtained are 

extensively explained in Chapter 6. 

 

 

                                                             
8 CIEMAT is a Spanish public research body assigned to the Ministry of Economy and Competitiveness 
under the Secretariat of State for Research, Development and Innovation, focusing on energy and 
environment and the technologies related to them. CIEMAT Photovoltaic Unit is one of the few 
accredited bodies to homologate PV modules in Spain. 
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4 CHARACTERIZATION IN REALISTIC 

OPERATING CONDITIONS 

4.1 Justification and objectives 

In this chapter the methodology defined to characterize the integral energy performance 

(thermal, daylighting and electrical behaviour) of semi-transparent BIPV elements under 

realistic operating conditions is presented. It includes the design principles, construction 

details and validation of an experimental facility by means of an extensive experimental 

campaign that has been carried out using prototypes of a-Si STPV modules with different 

transparency degrees representative of the market (Cerón et al. 2013; Petter Jelle et al. 2012; 

Baum 2011; Pagliaro et al. 2010). 

4.2 Methodology 

With the aim of assessing the global energy performance of the STPV elements in realistic 

operation conditions, an experimental testing facility has been designed, developed and built 

at the Solar Energy Institute of the Technical University of Madrid. The testing facility and 

methodology allow carrying out simultaneously three different analysis to estimate the 

thermal, daylighting and electrical performance of the elements, in order to assess the global 

behaviour of the elements. Before starting the measurements, the element under test is 

connected to a Maximum Power Point Tracker (MPPT), one superficial thermocouple is placed 

on the inner surface of the element and then the assembly is installed in the frontal face of the 

testing facility. At the same time, a small sample of the same STPV element under test is 

installed in the lightproof scale model designed to perform the daylighting test. At this point, 

the data collection, performed with a sample period of 60 seconds, can be started and 

continued over one week before replacing the element with the next one. All the items are 
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tested in this cyclical manner in order to ensure as much as possible homogeneous conditions 

between the tests. Later on, the effect on the element performance of the climatic condition 

variation is accurately taken into account in the statistical analysis of the measured data. 

To assess the thermal performance of the STPV modules, two parameters are proposed: 

 The first parameter, called Heat Gain Coefficient (HGC), is intended to describe the 

sun-shading performance of STPV modules. It is the ratio between the daily solar gains 

transmitted inside the test box through the module (per square meter of surface) and 

the daily irradiation available outside on the vertical plane (where the module is 

installed). This parameter has the same physical meaning as the widely used Solar Heat 

Gain Coefficient (SHGC), with the difference that the HGC is experimentally 

undertaken by measuring the total thermal loads transmitted inside the test box and 

the incident solar radiation on the glazing surface. In this sense, it is important to 

highlight that the direct component of the SHGC is normally determined on the basis 

of the spectral transmittance of the glazing, as described in (European Committee for 

Standardization 2011a). 

 The second parameter, called Heat Loss Ratio (HLR), is used to describe the insulating 

property of the module in comparison to a reference code-compliant glass. This 

parameter is the ratio between the night-time heat loss from the STPV test box 

towards the outside and the simultaneous heat loss from the reference glass test box 

towards the outside. Obviously, taking into account that the calculated thermal 

transmittance (the rate of heat transmitted under steady state conditions by 

conduction, convection and radiation per surface unit for a temperature difference of 

1 degree Kelvin between the interior and exterior of the element, see footnote 7 page 

24) of all the single pane STPV modules used in the present analysis is 5.7W/m2K 

approximately (only the degree of transparency changes from one module to another), 

whereas the U-value of reference double glazing is 2.9W/m2K, the HLR should be 

constant for all modules and larger than the unit. This parameter allows determining 

the insulating property of the STPV modules in real operation conditions (transient 

state), complementing the thermal transmittance information determined in 

laboratory under steady state conditions (European Committee for Standardization 

2011c; European Committee for Standardization 2011d). 

The daylight study is carried out performing relative and absolute analyses: 
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 The relative analysis, expressed by the Daylight Factor (DF), i.e. the ratio of the internal 

illuminance to the external illuminance, available simultaneously, allows predicting the 

percentage of the light available into the room under overcast skies (Muneer 2004).  

 In the other hand, absolute values of illuminance under overcast and sunny skies are 

useful to estimate the illuminance distribution into the room and to evaluate the 

daylighting performance of STPV modules under opposed conditions. In this sense, 

sunny and overcast skies only have been taken into account in order to assess the 

performance of STPV modules under extreme conditions. Days with variable 

cloudiness have not be considered, due to the difficulty of properly characterize a 

representative sample of variable skies conditions. 

The electrical performance evaluation of the elements is based on: 

 The daily efficiency, calculated by dividing the daily electrical energy output per square 

meter by the solar energy incident on the STPV module. 

 The I-V curve, measured at the beginning of the test (before and after the power 

stabilization period), in order to detect possible excessive discrepancies between 

technical data and the actual module performance. 

4.3 Design of a multifunctional testing facility 

With the aim of assessing the global energy performance of the STPV elements in realistic 

operation conditions, an experimental testing facility has been designed, developed and built 

at the Solar Energy Institute of the Technical University of Madrid. The system is composed of 

three independent measurement subsystems for thermal tests, luminous tests and electrical 

tests that allow carrying out a global analysis under the same ambient conditions. The exterior 

view of the testing facility is shown in Fig. 4.1. In the following paragraphs the measurement 

subsystems will be described in detail.  
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Fig. 4.1. West and south views of the testing facility. The STPV module is installed on frontal side of the left box. 
On the frontal face of the right box a code-compliant glass is mounted. On the upper face the scale model used in 
the daylighting tests and the reference solar cell are installed. 

4.3.1 Thermal testing system 

The aim of the thermal analysis is to investigate the thermal behaviour of four different 

transparency degree STPV modules when they are integrated in a building façade, in 

comparison with a code-compliant conventional glass. The thermal subsystem involves two 

highly insulated test boxes. The walls are made of 160 mm thick extruded polystyrene (XPS) 

board with phenolic plywood in both sides and protective plastic film as the outer layer. This 

configuration has a thermal transmittance value of approximately 0.2 W/m2K, which 

guarantees that the thermal flow through the opaque envelope is at least one order of 

magnitude lower than the thermal flow through the glazed surfaces, considering that the 

thermal transmittance of the reference glass and STPV modules are 2.9 W/m2K and 5.7 W/m2K 

respectively. Vertically, on the frontal face of one of the boxes the STPV module is installed 

while on the other box a conventional glass in compliance with the Spanish Technical Building 

Code (CTE 2013) is mounted. This configuration allows performing a comparative analysis with 

the following advantages: it minimizes the effect of measurement errors and simplifies the 

interpretation of results as the reference element is a conventional, well known product. In 

particular, for the specific case of Madrid analysed in the experimental campaign, the 

reference glass consists of a double glazed unit having a thermal transmittance of 2.9 Wm-2K-1 
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and a solar factor of 0.47. The frontal faces are south oriented. The temperature in both 

chambers is fixed by two independent air conditioning units. The system can operate in cooling 

mode or in heating mode: in cooling mode the setup temperature is 25°C while in heating 

mode is 23°C. These values have been established in order to be as much as possible close to 

the typical setup temperatures used in HVAC applications (typically 20-21°C in the heating 

mode and 25-26°C in the cooling mode), in compatibility with the limitations of the air 

conditioning systems installed (a lower value than 23°C in heating mode is not allowed by the 

units). Temperatures are monitored by 14 thermocouples (T-type, Class 1, ±0.5°C accuracy) 

whose locations are shown in Fig. 4.2. 

 

Fig. 4.2. Dimension of the thermal testing facility and position of the thermocouples. On the left side a vertical 
section, on the right side a horizontal section. Distances in millimetres. 

For this purpose cooling and heating loads have been calculated in each test-box. The thermal 

power extracted from each chamber in the cooling mode or supplied in the heating mode is 

calculated using the following equation: 

�̇[�] = �̇[�� �⁄ ] ∙ ��[� ��°�⁄ ] ∙ (����[°�] − ���[°�]) (4.1) 

Where �̇ is the mass flow rate of the air crossing the unit, �� is the specific heat of air at the, 

moisture and pressure conditions in the box, ����  is the air temperature in the outlet vent 

section and ��� is the air temperature in the inlet vent section. The calculation was performed 

each minute using the constant value of the mass flow rate crossing the unit defined in the 

technical specifications of the air conditioning units, the specific heat of air calculated for the 

thermo-hygrometric conditions in the boxes, and the air temperature values measured each 

minute in the inlet (TA 1.6 and TA 2.6 in Fig. 4.2) and outlet vent sections (TA 1.7 and TA 2.7 in 
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Fig. 4.2). As an example, in Fig. 4.3 the time series data of outdoor temperature, irradiance and 

inlet - outlet vent sections temperature difference of one of the STPV modules are shown. By 

integration, daily heating and cooling loads in both test boxes were calculated for 229 days, 

covering all seasons of the year. Using equation (4.1) two assumptions have been made: 

 The first one is that the humidity ratio does not change during the cooling process, 

thus there is not moisture condensation in the unit coil and only sensible heat is 

extracted by the unit. There are two reasons to assume this simplification. The first is 

that the cooling unit was working the vast majority of the time with the same volume 

air, due to the tightness of the box test, so if there was condensation it would occur 

only in the first stage of measurement. The second reason is that in the summertime 

the average relative humidity in Madrid is only 40%. In any case this supposition was 

verified experimentally.  

 The second assumption done is that the contribution from the water vapour is 

relatively small on the total value of the specific heat of moist air and consequently 

may be neglected. This is because the humidity ratio that corresponds to the air 

internal conditions (dry-bulb temperature of 25°C a relative humidity of 40% and an 

altitude of 655 m above sea level approximately) is 0.0085 kg/kg (ASHRAE 

Psychrometric properties 2015). So, water component on the overall specific heat of 

moist air is about 1.5% and can be ignored. 

To determinate the real energy flow through the STPV module and conventional reference 

glass, minute values of heat flows through the insulated walls (160mm XPS) were calculated 

using inner superficial temperatures, exterior air temperature and thermal transmittance of 

the walls. Flows through the walls were used to correct the loads calculated by applying the 

equation (4.1). 
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Fig. 4.3. Example of one of the 229 measurement days: outdoor temperature, solar irradiance and temperature 
difference between inlet and outlet vent sections recorded on September 22 2011, during testing of the 10S STPV 
module. 

4.3.2 Daylighting testing system 

To perform the daylighting tests a scale model was used whose dimensions duplicate one unit 

of the reference office originally defined in the European Commission Joule projects REVIS and 

SWIFT (van Dijk 2001b) and further refined in the International Energy Agency Solar Heating 

and Cooling programme Task 25 (Solar assisted air conditioning of buildings), Task 27 

(Performance of solar façade components) and Task 31 (Daylight buildings in 21st century) (van 

Dijk 2001a). The 1:10 scale model consists of a light-proof box closed on the frontal side by the 

STPV element. The element has been shaded partially with a black adhesive foil reproducing 

the geometry of the façade as shown in Fig. 4.4.  
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Fig. 4.4. The 1:10 model of reference office used in the daylighting tests 

To carry out the measurements, three luxmeters Mesa Systemtechnik GMBH MS-Lux (2.5% 

max deviation) were installed inside the box and one was mounted outside. The position of the 

measurement points inside the box was established dividing the depth of the reference office 

into three zones and in the centre of each one a luxmeter was located at the working plane 

level (7.5 cm above the floor in the 1:10 scale model) as defined in (Atif et al. 1997). The 

dimensions of the test box and the position of the luxmeters are given in Fig. 4.5, where Lex 

represents the external luxmeter, and Lo, Lm and Li represent the internal luxmeters installed in 

the zone close to the façade, in the central zone and in the interior zone respectively. 

Measurements of the illuminance values inside and outside of the model were carried out 

both in sunny conditions and in overcast conditions. For this, three typical days were selected 

and for each of them all the modules were tested measuring indoor and outdoor illuminance 

values for three times during 15 minutes with a sampling period of 5 seconds. This measuring 

setup meets the need of having constant outdoor conditions during the tests (in order to be 

able to compare the behaviour of the different elements) while small variations in climate 

conditions are taken into account. Illuminance values registered under overcast conditions 

were used to calculate the Daylight Factor (DF)9 while measures taken under sunny sky 

conditions, more representative of the local climatology, were used to estimate the daylighting 

potential provided by the STPV modules. 

                                                             
9 The Daylight Factor is defined as the ratio of the natural illuminance at a particular indoor point on a 
horizontal plane to the simultaneously occurring external illuminance of the unobstructed overcast sky. 
For example, if there were 40000 klx available outdoors and 400 lx available at a given point indoors, 
then the DF for that point would be DF = 400/40000 = 0.01=1%. 
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(a) 

 

(b) 

Fig. 4.5. Dimensions with distances in millimetres of the scale model and positions of the luxmeters used in the 
daylighting test (a). Figure (b) shows the reference office with dimensions expressed ion centimetres. 

4.3.3 Electrical testing system 

Electrical tests have been done using a stand-alone configuration due to the fact that for the 

voltage and power characteristics of the STPV modules tested (maximum power 20-60 WP, 

open circuit voltage 59-65V), no compatible commercial micro-inverters exist on the market. 

For this purpose a maximum power point tracking (MPPT) battery charger for off-grid PV 

systems has been used. Monitoring was carried out by measuring every minute the current 

and the voltage of the PV-module. Irradiance on the vertical plane was measured at one 

minute intervals using a reference solar cell (International Electrotechnical Commission 2007) 

short circuited with a precision resistance (shunt). Taking into account that the angular 

behaviour of a PV device is mainly defined by the characteristics of the material in contact with 

the air (Martin & Ruiz 2001), the similarity between the front glass of the reference solar cell 

and the STPV modules (low-iron glass, about 3.2mm thick in both cases), ensure that the 
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radiation measured with the reference solar cell represents the effective radiation incident on 

the STPV modules. Sampled irradiance values were used to calculate, by integration, daily solar 

irradiation. The daily conversion efficiency was determined by dividing the daily values of 

electrical output (normalized to unit area of the module) by the effective irradiation incident 

on the solar cells. The module efficiency was adjusted taking into account the MPPT efficiency, 

previously characterized (Camino-Villacorta et al. 2012). 

4.3.4 STPV modules sample tested 

To carry out the experimental campaign, four prototypes of a-Si STPV developed in 

collaboration with Soliker, a manufacturer of thin-film PV modules and laminated, and a 

conventional glass in compliance with the Spanish Technical Building Code were used. Each 

module corresponds to a specific degree of transparency moving from 10S (lowest degree, 

whose visible transmittance value is approximately 0.1) to 40S (highest degree, visible 

transmittance value of approximately 0.4) with the aim of covering a transparency range 

representative of the market (Cerón et al. 2013; Petter Jelle et al. 2012; Baum 2011; Pagliaro et 

al. 2010). At present, these STPV elements and others PV glasses for building integration are 

being developed and commercialised by Onyx Solar10. The technical specifications of the 

elements are summarised in Tab. 4.1.  

Tab. 4.1. Technical specifications of the STPV elements used in the experimental campaign. 

Element Tvis PV Tech Glazing Height Width Thickness g-value U-value Nom. Power 

 [-]   [mm] [mm] [mm] [-] [Wm
-2

K
-1

] [W] 

10S 0.11 a-Si Single 1245 635 6.5 0.29 5.7 35±5% 

20S 0.17 a-Si Single 1245 635 6.5 0.34 5.7 30±5% 

30S 0.28 a-Si Single 1245 635 6.5 0.41 5.7 25±5% 

40S 0.37 a-Si Single 1245 635 6.5 0.46 5.7 20±5% 

RG 0.47 - Double 1245 635 20.0 0.47 2.9 - 

 

Obviously, single pane prototypes are not appropriate to be used as insulating layer in the 

building envelope because heating loads would be extremely high due to the important heat 

losses. However, to validate the capacity of the testing facility they are fully suitable, since they 

provide high thermal loads both in summer and winter conditions. For this reason, laminated 

STPV glasses have been used in the validation stage of the testing facility.  

                                                             
10 More information available at http://www.onyxsolar.com 
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4.4 Results 

4.4.1 Thermal analysis 

4.4.1.1 Heat gain – Cooling mode from May to October 

The Heat Gain Coefficients (HGC) of the STPV modules and of the glass were calculated by 

dividing the daily solar gain by the daily solar irradiation incident on the vertical plane. Taking 

into account that the solar factor of the reference glass is 0.47 (provided by the manufacturer 

Saint-Gobain Glass and calculated in accordance with EN 410:2011 (European Committee for 

Standardization 2011a)) the next step was to select the days in which the HGC of the glass was 

included in the range 0.47±10%. This range was established to avoid the influence of extreme 

days on the measurements and to ensure similar test conditions for all tested STPV modules. 

When this filter is applied, cooling mode data are reduced to 66 days, distributed from the last 

days of May to the beginning of October. Using the selected data the average HGC value was 

calculated for each module. The results are shown in Tab. 4.2. 

Tab. 4.2. Measurement days, values of the mean HGC, standard deviation and coefficient of variation of the four 
STPV modules. 

Module 10S 20S 30S 40S 

Days 18 15 13 20 

Mean HGC 0.655 0.660 0.679 0.734 

Standard Deviation 0.050 0.073 0.074 0.037 

Coeff. of Variation 0.076 0.111 0.109 0.050 

 

To determinate if the differences among the mean HGC values are significant, and thus if the 

degree of transparency affects the sun-shading performance of the STPV modules, an Analysis 

of Variance (ANOVA) was carried out (Draper & Smith 1981). The goal of this analysis is to 

investigate if the between-sample variance is much larger when compared to the within-

sample variance, in other words if the variation among groups of measurement days is largely 

caused by the different behaviour of the modules, rather than chance variation. Null and 

alternative hypothesis are: 

 H0: the four STPV modules have the same sun-shading performance during the tests; 

 HA: the four STPV modules have not the same sun-shading performance during the 

tests. 

The results of the ANOVA analysis are shown in Tab. 4.3 
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Tab. 4.3. ANOVA table of the HGC measurements of the STPV modules. It contains the Sum of Square between 
and within groups, F-value, the associated p-value and the F critical value. The probability that the differences 
that exist among the sun-shading performance of the four STPV modules are due to chance alone is 0.0279%. 

Source of Variation Sum of Square Df MS F p-value F cv 

Between Groups 0.074324 3 0.024774 7.324120 0.000279 2.752970 

Within Groups 0.209721 62 0.003382    

Total 0.284045 65     

 

According to the results, the probability that the differences of the mean HGC values shown in 

Table 1 are due to chance is just 0.0279%. We can therefore reject at 95% confidence (also 

with α=0.01) the null hypothesis that the different transparency grade modules have the same 

sun-shading performance and accept the alternative hypothesis that they have not. The 

ANOVA does not provide any information about pairwise differences between groups but only 

demonstrates that there are overall differences among all groups. So, to investigate 

differences among the performance of the STPV modules, Scheffe's method was used (Neter 

et al. 1996). The first step of Scheffe's method was to calculate the absolute values of pair wise 

differences between sample means. These differences are displayed in Tab. 4.4. The row 

headings and the column headings are the different STPV modules. Each entry in the table is 

the absolute value of the difference between the samples means corresponding to the row 

and column heading. 

Tab. 4.4. Absolute values of pair wise differences between sample means of HGC of the four STPV modules. 

 
10S 

(HGC=0.655) 
20S 

(HGC=0.660) 
30S 

(HGC=0.679) 
40S 

(HGC=0.734) 

10S (HGC=0.655) - 0.006 0.024 0.079 

20S (HGC=0.660) 0.006 - 0.018 0.074 

30S (HGC=0.679) 0.024 0.018 - 0.055 

40S (HGC=0.734) 0.079 0.074 0.055 - 

 

The second step of Scheffe's method is to obtain values against which the absolute values of 

differences between sample means can be compared. Specifically the comparison values are 

the minimal differences statistically significant at the significance level chosen (in this case 

α=0.05). These values are shown in Tab. 4.5. 

Each entry in the comparison table was calculated using the following formula: 
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��
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1
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) (4.2) 

Where (� − 1) is the between samples degrees of freedom, ����,���,�  is the f-critic, in other 

words the f-score which defines the rejection region in our hypothesis test (shown in the 

ANOVA table), ��� is the mean square error,	��and ��are the sample sizes, with �, � ranging 

from 10S to 40S.  

Tab. 4.5. Minimal differences statistically significant at α=0.05 

 
10S 

(HGC=0.655) 
20S 

(HGC=0.660) 
30S 

(HGC=0.679) 
40S 

(HGC=0.734) 

10S (HGC=0.655) - 0.058 0.061 0.054 

20S (HGC=0.660) 0.058 - 0.063 0.057 

30S (HGC=0.679) 0.061 0.063 - 0.060 

40S (HGC=0.734) 0.054 0.057 0.060 - 

 

To identify the statistically significant pairwise differences each of the absolute differences in 

Tab. 4.4 is compared to the corresponding value in Tab. 4.5: those absolute differences which 

are larger are declared as statistically significant at the α=0.05 level, and those absolute 

differences which are smaller are not statistically significant at the α=0.05 level. Thus, it can be 

concluded that the differences of the main Heat Gain Coefficients are statistically significant 

between: 

 the modules 10S and 40S; 

 the modules 20S and 40S. 

To check the reliability of the results and to verify that the results have not been affected by 

the variability of operating conditions during the outdoor test of the STPV modules, ANOVA of 

mean HGC of the reference glass was carried out. The corresponding values for the glass 

obtained during the same days in which STPV elements were tested are summarised in Tab. 

4.6. 

Tab. 4.6. Measurement days, values of the mean HGC, standard deviation and coefficient of variation of the 
reference glass measured simultaneously with the STPV modules indicated in the row headings. 

Glass at the same time that:  10S 20S 30S 40S 

Days 18 15 13 20 

Mean HGC 0.475 0.462 0.467 0.482 

Standard Deviation 0.023 0.029 0.035 0.026 

Coeff. of Variation 0.048 0.063 0.075 0.054 
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In this case, null and alternative hypothesis are: 

 H0: the glass has the same sun-shading performance during the tests; 

 HA: the glass has not the same sun-shading performance during the tests. 

Tab. 4.7 summarises the results of the ANOVA. As shown, p-value is larger than significance 

level α=0.05, we cannot therefore reject the null hypothesis and we can consequently accept 

that the reference glass and the testing facility performed constantly during the overall test. 

Tab. 4.7. ANOVA table of the HGC measurements of the glass. The p-value is significantly larger than significance 
level, thus the glass and the testing facility performed constantly during the tests. 

Source of Variation Sum of Square Df MS F p-value F cv 

Between Groups 0.004017 3 0.001339 1.729604 0.170140 2.752970 

Within Groups 0.048002 62 0.000774    

Total 0.052019 65     

 

4.4.1.2 Heat loss – Heating mode from November to April 

The Heat Loss Ratio (HLR) was calculated by dividing the night-time heat loss from the STPV 

test box towards the outside by the simultaneous heat loss from the reference glass test box 

towards the outside. The different glazing elements were tested over a total of 163 days in 

order to cover mixed weather conditions. Afterwards mean HLR and standard deviation values 

were calculated for each STPV module. The results are summarized in Tab. 4.8. 

Tab. 4.8. Measurement days, values of the mean HLR, standard deviation and coefficient of variation of the HLR. 

Module 10S 20S 30S 40S 

Sample 42 69 14 38 

Mean HLR 1.421 1.439 1.391 1.422 

Standard Deviation 0.090 0.118 0.119 0.061 

Coeff. of Variation 0.063 0.082 0.085 0.043 

 

As expected, the mean HLR is quite constant for all STPV modules and the heat loss through 

the modules is approximately 40% larger than the heat loss through the reference glass. 

Comparing the mean HLR, 1.4 approximately, with the ratio between the thermal 

transmittance of the STPV modules (5.7 W/m2K) and the U-value of the reference glass (2.9 

W/m2K), 2 approximately, it can be concluded that in transient state the insulating 

performance of the STPV modules is better than expected, based on the steady state thermal 

transmittance value. To determine whether the differences between the mean HLR values are 

simply due to random error (sampling errors) or whether the variable behaviour of the STPV 



Characterization in realistic operating conditions 65 

 

modules causes that the mean in one group differs from the mean in another, an ANOVA 

analysis was carried out (Tab. 4.9). 

Tab. 4.9. ANOVA table of the HLR measurements. The p-value, larger than significance level, leads to the 
conclusion that the four STPV modules perform constantly in term of insulating capacity 

Source of Variation Sum of Square Df MS F p-value F cv 

Between Groups 0.031467 3 0.010489 1.046164 0.373839 2.661466 

Within Groups 1.594163 159 0.010026    

Total 1.625630 162     

 

As expected, the ANOVA shows no statistically significant differences in the performance of 

the STPV modules in terms of insulating capacity. The absence of the air layer causes an 

inadequate thermal behaviour in areas characterized by severe winter conditions. 

4.4.2 Daylighting analysis 

4.4.2.1 Daylight factor 

To calculate the DF, illuminance values were registered under overcast conditions (outdoor 

illuminance ranging between 10klx and 38klx) during 15 minutes with a sampling period of 5 

seconds. The measurements (a total of 2160 values, 540 for each STPV element) were 

performed rotating the modules within the same measurement day and were repeated three 

times for each module in order to ensure similar conditions of illuminance. Fig. 4.6 represents 

the distribution of the mean DF calculated respectively at 0.9m, 2.7m and 4.5m and at a height 

of 75 cm above the floor from the module under test (measurements done on the 1:10 scale 

model). For each STPV element, DF data are reported as a function of the position for four 

ranges of the external illuminance moving from 10klx to 38klx. It can be seen that moving from 

elements with low transparency degree to clearer ones, not only the DF rises but it is also 

more sensible to the outdoor illuminance. This aspect can be also observed in Fig. 4.7, in which 

the mean DF values calculated over the entire outdoor illuminance range are reported.  
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(a) (b) 

  
(c) (d) 

Fig. 4.6. Daylight Factor corresponding to element 10S (a), 20S (b), 30S (c) and 40S (d). 

It can be seen that at 0.9m mean DF ranges between 8.3% (40S) and 3.0% (10S) and at 4.5m DF 

values range between 2.6% and 1.0% respectively. 20S and 30S modules provide intermediate 

DF values being 20S very close to 10S. En each case, the DF distribution can be approximated 

with a power function whose coefficients are shown in the figure. 
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Fig. 4.7. DF distribution. Error bars represent standard deviation values. 

As can be seen in Fig. 4.7 the statistical dispersion (error bars represent standard deviation 

values) decreases from the next to window zone to the internal zone and also decreases as the 

transparency degree moves from high (40S) to low (10S). The 2% value of the DF, frequently 

considered as a minimum value (Mardaljevic et al. 2009), is reached at 2.7m and 4.5m points 

only by 30S and 40S modules, while at 0.9 point is exceeded by all STPV modules. 

4.4.2.2 Illuminance 

In different days, illuminance values were registered during 15 minutes close to solar noon 

with a sampling period of 5 seconds. With the purpose of covering a wide range of lighting 

conditions, three cases were analysed: 

a. Sunny sky with high exterior illuminance and no direct sunlight over internal luxmeters 

(typical summer sunny day); 

b. Sunny sky with high exterior illuminance and direct sunlight over internal luxmeter Lo 

(Fig. 4.5) at 0.9m (typical winter sunny day); 

c. Overcast sky with low exterior illuminance (typical overcast day). 

In Fig. 4.8 the illuminance values registered inside and outside the scale model are shown, 

corresponding to the first case described above, with high exterior illuminance and no direct 

sunlight over internal luxmeters. The outdoor illuminance is quite constant (compare with Tab. 

4.10) and the indoor illuminance is dominated by the degree of transparency of the STPV 

modules. The illuminance conditions during the daylighting tests are summarized in Tab. 4.10. 
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Fig. 4.8. Illuminance measurements inside (at external (Lo), medium (Lm) and internal (Li) positions) and outside 
the scale model performed during a typical summer sunny day. 

Tab. 4.10. Mean external illuminance values during the illuminance measurements. 

  10S 20S 30S 40S 

Typical summer sunny day Mean Ext. Ill. [klx] 68.56 68.57 67.39 68.62 

 Coeff. of Variation 0.62 0.37 0.45 0.49 

Typical winter sunny day Mean Ext. Ill. [klx] 68.11 67.06 69.58 64.86 

 Coeff. of Variation 0.07 0.66 0.06 0.32 

Typical overcast  day Mean Ext. Ill. [klx] 24.29 25.93 24.85 26.12 

 Coeff. of Variation 5.96 6.99 6.95 6.20 

 

Illuminance distributions in the cases analysed are shown in Fig. 4.9, Fig. 4.10 and Fig. 4.11. 
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Fig. 4.9. Illuminance distribution with high exterior illuminance and no direct sunlight over internal luxmeters 
(typical summer day). 

 

Fig. 4.10. Illuminance distribution with high exterior illuminance and direct sunlight over close to window Lo 
luxmeter (typical winter day) 
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Fig. 4.11. Illuminance distribution under overcast sky conditions. 

4.4.2.2.1 Typical summer sunny day 

Under sunny sky conditions and with no direct sunlight falling over any luxmeter, the 

illuminance distribution can be well approximated (coefficient of determination R2>0.977 in 

all cases) with a power function y=a xb and the curves have almost the same trend (the b 

coefficient of the power functions is quite constant). However, results show that a module 

of low degree of transparency provides lower illuminance values but a more uniform 

distribution of illuminance than a module of high transparency. Also, it can be noticed that 

the largest difference between illuminance curves occurs between 20S and 30S modules 

while between 10S and 20S, as well as between 30S and 40S, the differences of illuminance 

are smaller. Accordingly, the behaviour of the modules can be divided into two groups that 

can be defined as low grade of transparency (10S-20S) and high grade of transparency (30S-

40S). In any case, under such conditions, internal illuminance values are not useful because 

they are larger than 2000 lx (Nabil & Mardaljevic 2006) (apart from 10S in 0.27m and 0.45m 

points) and visual discomfort may be generated. 

4.4.2.2.2 Typical winter sunny day 

In the second case (Fig. 4.10) the direct sunlight hits over the luxmeter at point 0.9m. This 

causes that illuminance values in this position shoot up and exceed 9klx for all the modules 

with very similar values for modules 20S, 30S and 40S (9.6klx) and a slightly lower 

illuminance value for 10S module (9.2klx). In this case, a power function does not fit the 

experimental data as well as in the previous case. An interesting finding is that in this case 

illuminance values at 2.7m and 4.5m are lower than in the previous case but, as well as the 
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first case, illuminance distribution is more uniform in low grade of transparency modules. 

This is particularly noticeable comparing illuminance values at 2.7m and 4.5m points. The 

illuminance drop moving from 2.7m point to 4.5m point is larger for high grade of 

transparency STPV modules than for those with low grade of transparency. Also in this case, 

10S module provides useful illuminance values (smaller than 2000lx ) in sections 2.7m and 

4.5m, 20S only in section 4.5m and all others module provide too high illuminance values in 

any section. This suggests that this configuration of STPV modules to replace glasses in 

building façades does not solve the glare problem under sunny sky conditions. 

4.4.2.2.3 Typical overcast day 

The results of the measurements carried out under overcast sky conditions are shown in 

Fig. 4.11. In this case, all the modules provide useful illuminance values in any section with 

the exception of 40S module at 0.9m. Moreover, the reduction of the illuminance value 

moving from window to the internal zone is more pronounced for more transparent 

modules. 

4.4.3 Electrical analysis 

To carry out the electrical analysis the modules were monitored during the days of the thermal 

and daylighting tests under real operation conditions, that is, working at maximum power 

point. The daily efficiency was calculated by dividing daily electrical energy output per square 

meter by the irradiation incident on the module surface. Results are summarized in Tab. 4.11. 

As expected, the efficiency decreases with increasing transparency degree, except for the 

module 30S which has provided the highest value. In any case, the mean conversion efficiency 

ranges between 2.1% (40S) and 3.2% (30S). 

Tab. 4.11. Measurement days, mean, standard deviation and coefficient of variation of the daily conversion 
efficiency. 

Module 10S 20S 30S 40S 

Days 37 105 54 91 

Mean Efficiency [%] 2.932 2.879 3.203 2.095 

SD [%] 0.486 0.356 0.216 0.136 

Coeff. of Variation 0.166 0.124 0.067 0.065 

 

To prove the homogeneity of the climatic conditions during the test, both in terms of daily 

irradiation and daily average surface temperature of the modules, mean daily irradiation and 

mean daily superficial temperature were calculated for each module. In Tab. 4.12 results about 

daily irradiation on the vertical plane are shown. Even if there is some variation between the 
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average values (during 10S test mean daily irradiation was 3418 Wh/m2 while during 30S test 

mean daily irradiation was 3154 Wh/m2) ANOVA (Tab. 4.13) demonstrates that there are not 

overall differences among all groups, so we can consider that the irradiation conditions were 

uniform during the test of the four modules. 

Tab. 4.12. Measurement days, daily mean, standard deviation and coefficient of variation of the irradiation. 

Module 10S 20S 30S 40S 

Days 35 105 54 91 

Mean daily Irr. [Wh/m2] 3418 3156 3154 3290 

SD [Wh/m2] 1547 1300 1421 1029 

Coeff. of Variation 0.453 0.412 0.450 0.313 

 

Tab. 4.13. ANOVA table of the measurements of daily irradiation. 

Source of Variation Sum of Square Df MS F p-value F cv 

Between Groups 2450455.014 3 816818.338 0.500 0.683 2.637 

Within Groups 459450648.371 281 1635055.688    

Total 461901103.385 284     

 

The same test was performed to investigate the uniformity of the operational temperature 

conditions of the modules. Tab. 4.14 shows the main daily superficial temperature of the 

modules during the tests. The mean values and standard deviation are similar and performing 

ANOVA (Tab. 4.15) we can conclude that the four population means are equal, i.e., operational 

temperature conditions were uniform during the tests.  

Tab. 4.14. Measurement days, daily mean, standard deviation and coefficient of variation of the superficial 
temperature. 

Module 10S 20S 30S 40S 

Sample 35 105 54 91 

Mean daily Sup. Tem.[°C] 28.4 27.9 27.9 28.7 

Standard Deviation .[°C] 6.657 6.686 4.919 4.890 

Coeff. of Variation 0.234 0.240 0.176 0.170 

 

Tab. 4.15. ANOVA table of the superficial temperature. 

Source of Variation Sum of Square Df MS F p-value F cv 

Between Groups 32.733 3 10.911 0.319 0.812 2.637 

Within Groups 9679.445 283 34.203    

Total 9712.178 286     
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4.5 Conclusions 

In this chapter, the methodology developed for the integral energy characterization of STPV 

modules, covering thermal, daylighting and electrical performance, has been presented. The 

methodology proposed permits the simultaneous characterization of the global energy 

performance of semi-transparent photovoltaic modules (STPV) under real operation 

conditions. The associated testing facility designed and built has been operated continuously 

during one year without any problem, showing the quality of the design, its reliability and the 

capability to be used in future to carry out complementary studies based on optimized 

elements. Other remarkable findings of this work are listed below: 

 Validation of the methodology and associated experimental set-up has been done 

by means of an experimental campaign of one year carried out with four prototypes 

of a-Si STPV modules covering a transparency range representative of the current 

market (visible transmittances between 0.1 and 0.4). All tested BIPV elements have 

substantially larger Heat Gain Coefficients (HGC) than the reference glass. HGC of 

the modules ranges between 0.65 and 0.73 whereas HGC of the reference glass 

(double glass compliant with the Spanish Technical Building Code) ranges between 

0.46 and 0.48. ANOVA and Scheffe's method show that the differences of the main 

HGC are statistically significant between the modules with lowest and highest 

transparency degree (10S and 40S respectively). This was not the case with modules 

of intermediate transparency degree (20S and 30S, with visual transmittances of 

approximately 0.2 and 0.3 respectively), where the analysis shows no statistically 

significant differences in the HGC values. ANOVA of mean HGC of the reference 

glass shows that results have not been affected by the variability of operating 

conditions during the outdoor tests and that the measurement setup performed 

regularly. The HGC of the 40S module (0.734) is 12.1% larger than HGC of 10S 

(0.655) and 11.2% larger than HGC of 20S (0.660). These data suggest that the solar 

protection function provided by this configuration of the STPV modules is in general 

not satisfactory.  

 The Heat Loss Ratio (HLR), or night time heat losses relative to those of the 

reference glass, is constant for all modules (no statistically significant differences in 

the performance of the modules in terms of insulating capacity has been found) and 

assumes a value of 1.4. Heat loss through the STPV modules measured (transient 

state) is approximately 40% larger than heat loss through the reference glass, 

whereas the thermal transmittance of the STPV modules (U-value) is approximately 
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twice the thermal transmittance of the reference glass. This result demonstrates 

that a characterization in real operation conditions is necessary to describe and 

predict the actual performance of STPV modules. Daylight Factor (DF), calculated 

under overcast sky conditions, presents a potential function distribution. In the 

close to window zone DF ranges between 3% (10S) and 8.3% (40S) whereas in the 

furthest zone from the window DF ranges between 1% (10S) and 2.6% (40S). At any 

measurement point, the DF reduction moving from the higher grade of 

transparency to the next lower grade is about 25% from 40S to 30S, 39% from 30S 

to 20S and 18% from 20S to 10S. 

 Indoor illuminance values registered on the work plane under sunny conditions in 

the close to window zone vary between 2257 lx (10S) and 6191 lx (40S). In the most 

internal zone illuminance values vary between 1692 lx (10S) and 4616 lx (40S). At 

any measurement point, the illuminance reduction moving from the higher grade of 

transparency to the next lower grade is about 20% from 40S to 30S, 36% from 30S 

to 20S and 28% from 20S to 10S. When direct sunlight hits over the close to the 

window luxmeter, the illuminance values in this position shoot up and exceed 9klx 

for all the modules. When this happens, in the intermediate and internal positions 

illuminance values are lower than in the previous case, with an approximately mean 

reduction of 12% and 16% respectively. In any case, PV elements with low degree of 

transparency provide a more uniform distribution of the illuminance. Although in 

this study several cases of lighting conditions have been studied, to complete the 

daylighting analysis and translate the findings obtained into lighting saving 

potential, a deeper analysis should be carried out.  

 Under overcast sky conditions, all the modules provide useful illuminance values in 

any section with the exception of 40S module at 0.9m which provides an 

illuminance value higher than 2000 lx. Furthermore, it has been observed that the 

reduction of the illuminance value moving from window to the internal zone is 

more pronounced for more transparent modules.  

 The electrical analysis shows that, in general, the mean daily conversion efficiency 

of the STPV modules under real operation conditions decreases with increasing 

transparency degree. The homogeneity of the irradiation and temperature 

conditions during the outdoor measurements is proved by ANOVA test. 

Unexpectedly, the highest mean efficiency is provided by 30S module (3.2%) and 

only for this module the energy-based efficiency, here calculated, matches the 

power-based STC efficiency declared in the technical specifications. Lower 
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transparency degree modules (10S and 20S) provide very similar efficiencies being 

the reduction of the mean efficiency between 10S and 20S less than 2%. Obviously, 

the results of this analysis, carried out on four modules only, cannot be considered 

as representative of STPV elements general behaviour, but the findings of this study 

suggest that the transparency degree is not the most determining factor for the 

electrical performance of STPV module. Likely, this parameter does not affect the 

efficiencies of the a-Si STPV modules more than other factors like, for instance, the 

manufacturing quality. 

In conclusion, a methodology to assess the global performance of STPV modules under realistic 

operating conditions has been proposed and validated. Characterization of these BIPV 

elements in real operation conditions is necessary to promote an energetically efficient 

integration in buildings envelope, following up on the requirements of the regulations focused 

to reduce the energy use in buildings. Furthermore, in light of the results obtained in terms of 

sun-shading and insulating properties of the prototypes tested, and with the aim of improving 

the daylighting pattern provided by the elements, optimized STPV products have been 

designed. The optimization process, deeply explained in Annex I, has mainly been focused on 

the use of not uniform transparency within the same element. 
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5 INDOOR CHARACTERIZATION 

5.1 Justification and objectives 

In mild climate areas, building glazings are required to perform as solar control systems with a 

low solar factor in order to avoid overheating. However, the g-value is frequently unavailable 

in the data sheet of STPV elements, making it difficult to design the optimal building solution. 

Furthermore, measurement technique and analysis methods for the g-value characterization 

of STPV elements are not internationally standardised, obliging the manufactures who want 

specify the g-value of their products to use international standards elaborated for 

conventional glasses (European Committee for Standardization 2011a; ASTM International 

2011; Desjarlais & Zarr 2002), which obviously does not define the measuring setup (such as 

the electrical operating point) required to realistically determine the g-value of active PV 

glazing elements. In the present chapter, which describes the experimentation conducted 

during a research stay carried out at the University for Applied Sciences of Southern 

Switzerland (SUPSI), the indoor testing facility developed to analyse the solar factor of STPV 

elements is presented. The operating principles of the calorimetric system as well as the 

experimental results obtained in the validation stage carried out by means of conventional and 

STPV glazings (tested under different electrical operating points) are discussed and conclusions 

are drawn. 

5.2 Methodology 

5.2.1 The g-box testing facility 

Within the framework of a SFOE (Swiss Federal Office of Energy) project (Pahud et al. 2013; 

Gallinelli et al. 2014), a calorimetric system designed to assess the thermal performance of 

transparent building elements has been developed. It is composed of two independent 
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measurement boxes to allow the simultaneous test of two glazings, enabling thus the 

possibility of performing comparative analyses between an element under test and a reference 

glazing. In the following sections the operating principles, the thermal model and the main 

components of the system are presented. 

5.2.1.1 Components and operating principles 

The main components of the developed testing facility are (Fig. 5.1): 

 Calorimeter boxes; 

 Chiller with integrated pump; 

 Chilled water buffer tank; 

 Primary water circuit (from the chiller to the buffer tank); 

 Secondary water circuits (from the buffer tank to the calorimeter boxes); 

 Measurement and control system. 

Each calorimeter box measures 500mmx500mmx500mm (net internal sizes) and is made of 

100 mm thick extruded polystyrene (XPS) board finished with protective plastic layers on the 

outside and with high absorbing coating on the inside. In the interior of each box, an air to 

water heat exchanger, an air mixing system consisting of two fans and three temperature 

sensors (calibrated T-type thermocouples, Class 1, ±0.5°C accuracy) are installed. Two 

thermocouples are inserted into the thermowells and mounted in the inlet and outlet sections 

of the heat exchanger in order to measure the water temperature. The interior air 

temperature is measured by the third thermocouple, placed between the heat exchanger and 

the box frontal opening, and protected with a shading disk from the direct solar radiation. The 

incident irradiance on the frontal surface of the glazing element under test is measured with a 

thermopile pyranometer (secondary standard pyranometer, model Kipp & Zonen CM 11) in 

compliance with the most stringent ISO 9060 classification (International Organization for 

Standardization 1990). The chiller pump supplies the spiral heat exchanger installed inside the 

100 litres buffer tank. This component is necessary to mitigate the water temperature 

fluctuations at the outlet of the chiller and represents the central part of the hydraulic 

systems, since it is connected with the chiller by the primary and with the calorimetric boxes 

by the secondary circuits. Both are physically separated from each other so chilled water is not 

mixed with the water in the buffer. From here, the secondary water is pumped by the 

circulator through the heat exchangers installed within the insulated calorimeter boxes. 

Depending on the cooling requirements, the regulation system (a PID Proportional-Integral-

Derivative control system implemented in the datalogger Campbell CR1000) controls the 
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three-way valve which mixes the water from the calorimeter with the chilled water to ensure 

the appropriate water temperature at the valve outlet, i.e. at the inlet of the radiator. The set 

point temperature inside the insulated box TI is set every 30 seconds to the room temperature 

TR, in order to minimize the heat flow between the inside of the box and the ambient. To 

prevent too rapid variations of the control variable that may cause malfunctions of the 

algorithm, a moving average over 30 minutes of the room temperature is used as set point 

temperature. High precision turbine wheel flow meter (model Kobold PEL-L045-GN1-F, ±2% 

accuracy) completes the secondary circuit. 

 

Fig. 5.1. Schematic view of the calorimetric testing facility. In this schematic view only one measuring box is 
represented (Pahud et al. 2013) 

The operating principle is the following: the heat flow is transmitted through the glazings, 

absorbed inside the insulated boxes and extracted by the internal heat exchangers where cold 

water from a chilled buffer tank is circulated. The thermal power drawn by the cooling water 

represents, after some corrections (necessary to take into account the heat losses through the 

walls and the glass, the thermal effect of the fans and the heat stored in the thermal mass of 

the system), the solar gains entered into the box across the glazing under test. 

The simplified thermal model of the measurement box is shown in Fig. 5.2. Two temperature 

nodes are defined, being TI the measured temperature of the air in the box and TWAT the 

average water temperature in the heat exchanger installed inside the box, calculated as the 

arithmetic mean of the water temperatures in the outlet and inlet sections of the heat 

exchanger. Regarding the thermal power quantities, three main parameters are taken into 

account in the model: the solar gains QSG, the heat gains corresponding to the fans QFAN and 

the thermal power exchanged by the water in the heat exchanger QWAT. To represent the 

specific losses, three resistive parameters are defined: HBOX corresponds to the specific losses 
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through the walls of the box, HGLA corresponds to the specific losses through the glass and HHEX 

represents the heat transfer coefficient of the heat exchanger. Finally, the thermal inertia of 

the system is taken into account by the capacitive parameters Cp and CBOX, corresponding 

respectively to the heat capacity of the water in the heat exchanger and of the box, including 

the glass and the other materials in contact with the air. 

 

Fig. 5.2. Simplified thermal model of the calorimetric system. 

According to this model, the thermal power balance of the measuring chamber is: 

��� + ���� = ���� + ���� + ���� + ��_��� + ��_��� (5.1) 

Where QSG is the solar gains [W], QFAN is the internal gains due to the fans [W], QWAT is the 

thermal power extracted by the heat exchanger [W], QGLA and QBOX are the thermal losses 

through the glass and the walls of the box respectively [W] and QC_WAT and QC_BOX are the 

thermal power stored in the water and in the box when the internal temperature changes [W]. 

The energy balance of the box can be solved by integrating the power values measured during 

a time interval of N Δt seconds, being N the number of the measurements and Δt the sampling 

period. In the acquisition system implemented, the sampling period Δt has been set to 2 

seconds and the balance of the system is solved (and the g-value calculated) every minute 

using the average values calculated with the last 30 measurements (N=30). The average 

powers required to solve equation (5.1) are calculated as follows:  

 The solar gains QSG can be expressed using equation (5.2): 
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��� = � ∙
��
�
∙�� (5.2) 

Where g is the g-value of the glazing element, AG is the area of the frontal opening of 

the calorimetric box [m2] and G is the incident irradiance on the external surface of the 

glass sample [W/m2].  

 The internal gains due to the fans QFAN are estimated by monitoring the alimentation 

voltage and the absorbed current.  

 The power extracted by the heat exchanger QWAT is calculated using equation (5.3): 

���� =
��

�
��̇ ∙ (���� − ���) (5.3) 

Where �� is the specific heat of the water at the temperature conditions in the 

exchanger [Jkg-1K-1], �̇ is the mass flow rate of the water crossing the heat exchanger 

[kg/s] and ����  and ���  are the water temperatures in the outlet and inlet sections of 

the heat exchanger respectively [K].  

 The thermal losses through the glass and the walls of the box are calculated using 

equations (5.4) and (5.5) respectively: 

���� =
����
�

�(�� − ��) (5.4) 

���� =
����
�

�(�� − ��) (5.5) 

Where HGLA is the specific loss through the glass [W/K] (calculated as the product of 

the glass thermal transmittance and the opening area of the box), HBOX is the specific 

loss through the insulated walls measured in the calibration stage [W/K], TI the air 

temperature inside the box and TR the room air temperature [K].  

 The capacitive effects of the thermal mass of the water inside the heat exchanger and 

of the box are taken into account by applying equations (5.6) and (5.7) respectively: 
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��_��� =
��(������� − �������)

� ∙ ∆�
 (5.6) 

��_��� =
����(����� − �����)

� ∙ ∆�
 (5.7) 

Where Cp is the thermal capacity of the water in the heat exchanger [J/K], �������  

and �������  are the average water temperature [K] in the heat exchanger at the end 

and beginning of the time interval � ∙ ∆� [s], CBOX is the thermal capacity of the box 

[J/K] and �����  and �����  are the average internal air temperature [K] in the box at the 

end and beginning of the time interval � ∙ ∆� [s]. 

Finally, the average solar factor in the measuring period is calculated by dividing the average 

solar gains QSG (determined by applying the balance equation (5.1)) by the average incident 

solar power on the external surface of the glazing element: 

� =
���� + ���� + ���� + ��_��� + ��_��� − ����

��
�
∙ ∑ �

 (5.8) 

To determine the specific losses of the box as well as the capacitive parameters, a calibration 

stage is required, as described in the following section. 

5.2.1.2 Calibration stage 

The stage of the calibration methodology, focused to estimate the specific losses of the box, 

consists in placing the boxes one in front of the other, as shown in Fig. 5.3 (a) and introducing 

within the internal volume a known thermal power by operating the fans, whereas the heat 

exchanger circulators are kept turned off. In this way the internal air temperature gradually 

increases, until an equilibrium value is reached. When the steady state has been achieved, it is 

possible to determine the specific losses by dividing the average internal gains (i.e. the power 

absorbed by the fans) by the average temperature difference between the inside and the 

outside of the box. A plot of the measurements performed in the calibration stage to calculate 

the specific losses (HBOX=0.93±0.04W/K) is shown in Fig. 5.3 (b). As can be noted, the 

measuring is continued for a long period (12 hours in this case) in order to reduce the random 

error before calculating the average values. The initial transitory period of about three hours 

where the temperature difference between the air inside and outside the box decreases can 

be explained taking into account that the starting point of this test coincides with the final 

point of a prior test (Pahud et al. 2013) in which the boxes were heated not only by the 
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internal fans but also by the complete recirculation of the water in the internal heat 

exchangers (i.e. with the A inlet of the three-way valve shown in Fig. 5.1 completely closed). 

For this reason, when the circulation pumps are switched off and the calibration stage starts, 

the temperature difference between the air inside the boxes and the room begins to decrease 

until a new equilibrium value is reached. Regarding the disruption phenomenon observed after 

the measuring period (starting at about 8h), it is due to quick changes of the room 

temperature, mainly produced by the door opening of the temperature-controlled room that 

causes a rapid temperature drop. As regards the position of the boxes used in the calibration 

stage, it has been performed with the boxes vertically placed as shown in Fig. 5.3 (a), whereas 

the testing has been carried out with the boxes in horizontal position (Fig. 5.6 (a), Fig. 5.7 (a), 

Fig. 5.8 (a)). Even if different configurations have been used in both stages, it is worth to 

highlight that the calibration stage has been performed with the sole aim of estimating the 

specific losses of the boxes. In this sense, and taking into account the simple and symmetrical 

geometry of the boxes, it has been found reasonable to assume that the box position does not 

affect the calibration result, i.e. the box specific loss coefficient. 

 

Fig. 5.3. Calibration setup to assess the specific losses of the boxes (a) and specific losses calculated in steady 
state conditions (b). 

Regarding the specific losses through the glass, a calibration stage is not required since they 

are calculated by multiplying the glass thermal transmittance by the surface of the g-box 

measuring opening. The glass thermal transmittance in the case of laminated glazings 

(laminated glasses and STPV elements F, G and E, as described in Tab. 5.2) has been calculated 

according to the European Standard EN 673:2011 (European Committee for Standardization 

2011b), thus it includes both convective and radiative film coefficients. As regards a-Si double 

glazing STPV element (element BIPVTP/1, Tab. 5.2), the thermal transmittance value measured 

by the Swiss Federal Laboratories for Materials Science and Technology (Chatzipanagi et al. 
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2011; EMPA 2011) has been used. The setup shown in Fig. 5.3 (a) has been also used to 

calculate the heat transfer coefficient of the heat exchanger (HHEX=16.5±2.0W/K) under steady-

state conditions, this time achieved by keeping both the fans and the circulators turned on. 

This parameter, defined as the ratio of the thermal power extracted by the water to the 

difference between the average water temperature inside the exchanger and the air 

temperature inside the box, is not necessary to solve the equilibrium equation but was 

calculated in order to prove the consistency of the measured data. Finally, the capacitive 

parameters were calculated by multiplying the system time constant that approximates the 

evolution of the average water temperature during a relaxation phase by the box specific 

losses, as deeply explained in (Pahud et al. 2013). 

5.2.1.3 Uncertainty analysis 

The uncertainty estimation has been carried out according to the Guide to the expression of 

uncertainty in measurement (Joint Committee for Guides in Metrology 2008), by applying both 

the statistical analysis of series of observations (type A evaluation) and the specifications and 

calibrations curves of all the components used (type B evaluation).  

The g-value estimation has been carried out with running averages of 40 minutes. This 

approach has two advantages: not only it smoothes the oscillations of the thermal power 

extracted from the box by the heat exchanger but it also limits the statistical error to negligible 

values (Pahud et al. 2013). To quantify the impact of systematic errors on g-value, a glazing 

element with a known solar factor (g-value=0.38) has been tested. The g-value variation 

produced by a change in each input parameter (while the remaining input quantities were kept 

constant) has been estimated, as shown in Tab. 5.1. The error of each input parameter has 

been calculated taking into account the uncertainty of sensors (thermocouples, pyranometer 

and flow meters) and datalogger, assuming a confidence interval of 95% and a rectangular 

uncertainty distribution (Pahud et al. 2013). The global uncertainty, calculated as the root of 

the sum of squares of each individual uncertainty, is ±0.03. This global value is equivalent to an 

uncertainty of 0.15 K in the water temperature difference between the outlet and the inlet of 

the heat exchangers. Accordingly, in the experimental campaign, an uncertainty value of 0.15 K 

in the water temperature difference TOUT-TIN has been assumed to estimate the uncertainty of 

the measured g-values. 
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Tab. 5.1. Impact of systematic errors on g-value estimation. 

Parameter Error 
g-value 

variation 
g-value relative 

variation 
Water temperature difference TOUT-TIN 0.1 [K] +0.019 +4.7% 
Mass flow rate �̇ 0.02 [kg/min] +0.015 +3.8% 
Irradiance G 1% -0.004 -1.0% 
Air temperature inside the box TI 1 [K] +0.007 +1.8% 
Room air temperature TR 1 [K] -0.002 -0.5% 
Measuring box opening size 0.5 [cm] -0.008 -1.9% 
Fan power QFAN 0.1 [W] -0.001 -0.1% 
Box specific losses  0.2 [W/K] 0.000 0.0% 
Glass specific losses 0.1 [W/K] 0.000 0.0% 
Water thermal capacity CWAT 400 [J/K] 0.000 0.0% 
Box thermal capacity CBOX 400 [J/K] +0.001 +0.2% 

 

5.2.2 Experimental measurements 

To validate the methodology and the experimental testing facility, several tests have been 

performed using six glazing elements and a steady state CCB class solar simulator 

(International Electrotechnical Commission 1995; ASTM International 1991), with the aim of 

keeping controlled the operational conditions of the STPV modules, namely incident irradiance 

and solar cells temperature. In particular regarding the glazings, the following elements have 

been analysed: 

 Two identical laminated glasses made up of a 2 mm thick tempered low iron glass as 

the frontal sheet, the EVA encapsulant film and a 2 mm float glass as the back 

element. 

 A double glazing STPV element of amorphous silicon (a-Si) made up of an 8mm thick 

outer laminated pane, a 6mm inner pane and a 20mm air gap between them. Moving 

from the outside to the inside, the outer pane is constituted by a clear low iron glass, 

the a-Si tandem structure solar cells encapsulated in EVA and another float glass pane 

to complete the laminate. 

 Three laminated STPV elements of mono-crystalline silicon (mc-Si) composed by a 2 

mm thick tempered low iron glass as the frontal sheet, the solar cells encapsulated in 

EVA and a 2 mm float glass as the back sheet. They differ in the number of solar cells 

and spacing between the cells (see Fig. 5.4). 

In fact, to prove the testing facility capability to properly assess the g-value of different STPV 

elements, it has been considered appropriate to cover a wide range of the Geometrical 

Transparency Degree (GTD) in the validation stage. This geometrical parameter is simply 

defined as the ratio of the transparent surface of the element in the zone coinciding with the 
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g-box measuring opening, to the total surface of the g-box opening. In this sense, it may be 

worth emphasizing that in all STPV elements the solar cells are fully opaque being the semi-

transparency provided by the gaps between them. So the sun-shading properties are more 

related to the cell-free zones than to the solar cells characteristics.  

 

Fig. 5.4. Semi-transparent BIPV modules design. 

Specifications of the elements used in the experimentation are listed in Tab. 5.2. Regarding the 

element G, it is necessary to clarify that it can assume two different GTD values (0.46 or 0.60) 

depending on how it is positioned over the measuring opening of the g-box, since the 

transparent surface of the element depends on its position (Fig. 5.5). In Fig. 5.5 it can be also 

observed the neoprene seal applied on the perimeter of the measuring openings in order to 

ensure a tightly sealed chamber while reducing the contact surface (and the consequent 

thermal bridge) between the device under test and the testing facility. 

Tab. 5.2. Technical specifications of the STPV elements used in the validation stage. 

Element Nº Position 
PV 

Tech. 
Glazing Cells 

Module 
Nom. 
Power 

Gap 
between 

cells 
U-value 

Geometrical 
Transp. 
Degree 

      [W] [mm] [Wm
-2

K
-1

]  

Lam. Glass 2 Centered - Single - - - 5.8 1.00 
BIPVTP/1 1 Centered a-Si Double 59 51.5 0.5 1.1 0.10 

F 1 Centered mc-Si Single 16 61.9 16 5.8 0.22 
G 1 Centered mc-Si Single 16 60.8 63 5.8 0.60 

G 1 
No-

centered 
mc-Si Single 16 60.8 63 5.8 0.46 

E 1 Centered mc-Si Single 4 13.8 63 5.8 0.60 

 



Indoor characterization 87 

 

 

Fig. 5.5. Element G in the centred position corresponding to GTD=0.6 (a) and in the no-centered one with 
GTD=0.46 (b). In (c) the hermetic seal and the air gap between the element and the measuring device can be 
seen. 

Regarding the measurements performed, each test has been formulated with a specific 

purpose, as specified in Tab. 5.3. The first two tests (A and B) focused on assessing the 

capability of the testing facility in terms of design quality, consistency and accuracy of the g-

values measured. In the next experimental stage, testing has been focused on the impact 

assessment of the GTD and operating point combination on the g-value. In this sense, the test 

1 has been performed to analyse the influence of the geometrical degree of transparency on 

the g-value when the elements are kept in open circuit. In test 2 the STPV elements have been 

connected to independent Main Power Point Trackers (MPPT) in order to analyse how the g-

value can vary when it is measured in real operation conditions, i.e. with the modules 

operating in the MPP. In test 3 the effect of the short circuit current on the g-value has been 

addressed. Finally in test 4 the effect of a different measurement setup consisting on the use 

of side shading elements has been evaluated. The main aim of this test is to estimate the 

relevance of the planar heat flow from the peripheral zones of the element towards the 

central zone corresponding to the measuring opening. In other words, this test has been 

performed in order to quantify how much the secondary component of the g-value (mainly 

related to the equilibrium temperature reached by the glazing during the test) is modified by 

varying the amount of the incoming solar radiation. 

Tab. 5.3. Tests performed in the validation stage and corresponding specific objectives. 

Test Elements used  Operating point Goal 

A Lam. Glasses - To verify the consistency of the test boxes 
B BIPVTP/1 OC To verify the accuracy of the testing facility 

1 F-G OC To analyse the GTD effect on the g-value in OC 
2 F-G MPP To analyse the GTD effect on the g-value in MPP 
3 F-G SC To analyse the GTD effect on the g-value in SC  
4 F-G-E OC To analyse the effect of the shading elements 
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5.3 Results and discussion 

5.3.1 Preliminary tests 

5.3.1.1 Test A –Verifying the consistency of the test boxes 

The main aim of this probing is to verify that both calorimetric boxes measure the same g-

value when identical elements are tested. Accordingly, the measurements, carried out using 

two identical laminated glasses, have been performed and repeated three times in order to 

compare the results obtained under different irradiance values. Looking at the results shown in 

Tab. 5.4, a good consistency of the results can be observed, since in each case the confidence 

intervals overlap. Furthermore the maximum difference registered between the g-values is of 

the order of 0.02 that could be considered compatible with the purpose of the testing facility 

developed. This test was also useful to determine the most suitable irradiance value to carry 

out the further experimentation. In this sense, setting the irradiance value to 700 W/m2 or 600 

W/m2 an undesirable progressive increase of the water temperature in the primary cooling 

circuit (due to the limited power of the chiller) was observed, being the trend much more 

stable when a lower irradiance value was selected. For this reason all the further tests have 

been carried out with an irradiance value of 500 W/m2. Apart from the technical motivation, 

this irradiance value has been used taking also into account that the STPV elements analysed 

are mainly designed to be integrated in building façades, in which incident irradiance rarely 

exceeds this value (Cerón 2014). Accordingly, 500 W/m2 has been considered a realistic 

irradiance value in order to characterise the behaviour of STPV elements. 

Tab. 5.4. G-values measured in the test A under different irradiance values. 

Test Irradiance g-value Box1 g-value Box2 Difference 

 [W/m2]    

A1 700 0.96±0.05 0.95±0.06 0.01 
A2 600 0.95±0.04 0.95±0.06 0.00 
A3 500 0.95±0.05 0.97±0.07 0.02 

 

5.3.1.2 Test B- Verifying the accuracy of the testing facility 

To verify the accuracy of the testing facility, the analysis of a known g-value STPV element 

(BIPVTP/1, see Tab. 5.2) has been performed in order to compare the solar factor archived 

with the g-box with the validated value measured by the Swiss Federal Laboratories for 

Materials Science and Technology (Chatzipanagi et al. 2011; EMPA 2011). In the measuring 

methodology used by EMPA for the determination of the g value, the energy flow through the 
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element under test is determined by evaluating the energy balance in an outdoor calorimetric 

test cell. In this sense, even though the approaches are different (indoor vs. outdoor testing), 

both measuring procedures can be considered as comparables, since the measuring principle 

(calorimetric system) is the same and the boundary conditions in terms of outdoor and indoor 

temperature as well as incident irradiance are similar in both tests. Also in this case a very 

good agreement has been observed between the values, since the result obtained using the g-

box was 0.13±0.06 while the reference value was 0.120 ± 0.027 (Fig. 5.6). It can be noted that, 

even if the uncertainty of the measurement performed with the g-box is higher than those of 

the certified value, also in this case the confidence intervals overlap, so the g-box accuracy can 

be considered appropriate to perform the indoor analysis of the sun shading properties of 

STPV elements. 

 

Fig. 5.6. Test B measurement setup (a) and the results obtained (b). It is worth to underline the excellent 
agreement of the solar factor of the element BIPVTP/1 determined by the G-Box (0.13±0.06) with the value 
measured by EMPA (0.120±0.027). 

 

5.3.2 Analysis of the g-value variations with transparency and 

electrical operating conditions 

5.3.2.1 Test 1 – The GTD effect on the g-value with the elements in open circuit 

(OC) 

In this test the variation of the g-value with the GTD when the modules are in OC has been 

evaluated. To this end, four measurements were performed: the element F (GTD=0.22) was 

tested twice in the same identical position in order to ensure the results reproducibility, 

whereas the element G was tested the first time in the no centred position (GTD=0.46, see Fig. 

5.5 (a)) and the second time in the centred one (GTD=0.60, Fig. 5.5 (b)). Results, reported in 
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Tab. 5.5, show a good reproducibility of the results since identical g-values have been 

measured in the two tests conducted with the same element. Also a linear correlation 

between the GTD and the g-value can be observed: moving from 0.22 to 0.60 in terms of GTD 

(by a factor 2.7), the g-value increases from 0.57 to 0.77 (by a factor of 1.35). 

Tab. 5.5. Results of the tests 1, 2 and 3, carried out with the elements operating in open circuit, maximum power 
point and short circuit conditions respectively. The relative variations are calculated assuming the g-values 
measured in open circuit (test 1) as the reference case. 

Test Element Position GTD g-value OC g-value MPP g-value SC Δ% 

1.1 F Centred 0.22 0.57±0.04 - - - 
1.2 F Centred 0.22 0.57±0.04 - - - 
1.1 G No Centred 0.46 0.70±0.06 - - - 
1.2 G Centred 0.60 0.77±0.06 - - - 

2.1 F Centred 0.22 - 0.54±0.04 - -5.3 
2.2 F Centred 0.22 - 0.54±0.04 - -5.3 
2.1 G No Centred 0.46 - 0.67±0.06 - -4.3 
2.2 G Centred 0.60 - 0.75±0.06 - -2.6 

3.1 F Centred 0.22 - - 0.60±0.04 +5.3 
3.2 F Centred 0.22 - - 0.59±0.04 +3.5 
3.1 G No Centred 0.46 - - 0.74±0.07 +5.7 
3.2 G Centred 0.60 - - 0.81±0.07 +5.2 

 

Using the obtained results to define an approximate linear model of the correlation between 

the GTD and the g-value measured with the modules in open circuit conditions, the following 

equation is found: 

� = 0.53 ∙ ��� + 0.45 (5.9) 

Obviously this correlation should be checked with a bigger number of experimental data, in 

order to assess if the linearity is maintained for the entire GTD range. Once the current start-

up and validation phase of the testing facility will be concluded, a more extensive experimental 

campaign including this type of analysis will be carried out, in order to assess the g-value-GTD 

correlation in a wider range of measurement setups. However, looking at the correlation 

found, it is interesting to note the relevance of the secondary component of the g-value, i.e. 

the component related to the heat absorbed by the glazing and re-emitted inward: according 

to equation (5.9), the g-value of a completely opaque element (GTD=0) would have a 

considerable value of 0.45. 

5.3.2.2 Test 2 – The GTD effect on the g-value with the elements in the MPP 

In this experimentation stage the g-value variation of the STPV elements when the modules 

are operating in the maximum power point (MPP) has been evaluated. To this end, the g-
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values measured with the elements working at the highest efficiency have been compared 

with the values registered in open circuit conditions. Results (Tab. 5.5) show that when the 

measurements are carried out with the modules operating in the MPP the g-values reduce 5%, 

4% and 3% for the elements F, G no centred and G centred respectively in comparison with the 

results archived without electrical load. It can be noted that the reduction of the g-value is 

higher in high power density elements (lower GTD), because a larger amount of the incoming 

solar radiation is converted into electrical power, so the residual fraction converted into heat 

decreases.  

The linear model obtained that describes the correlation between the g-value and the GTD 

when the STPV elements are operating in the MPP is shown below: 

� = 0.55 ∙ ��� + 0.42 (5.10) 

The behaviour observed has interesting practical implications since it suggests that the g-

values provided by the manufacturers of STPV elements, measured treating BIPV elements as 

simple glasses and determined in accordance with EN410:2011 Standard (European 

Committee for Standardization 2011a), i.e. with no electrical loads connected to the modules 

(open circuit mode), are not fully representative of the thermal performance of a STPV system 

operating in the real world, i.e. working at MPP. In this sense, even if the maximum difference 

registered in the present experimentation is only about 5% in the element F case, it is worth 

noting that the g-value reduction due to the MPP operation is greater when more efficient 

solar cells are involved, so probably in the future this effect will be of higher magnitude. Taking 

into account the relevance of knowing the actual g-value of STPV elements in order to design 

energetically efficient BIPV solutions such as optimized STPV façades or skylights, it seems that 

the current g-value characterization methodologies, based for instance on the international 

standards for glass in building (European Committee for Standardization 2011a; ASTM 

International 2011; Desjarlais & Zarr 2002), are not completely suitable and more realistic 

testing should be adopted by the manufacturers of the STPV elements. 

5.3.2.3 Test 3 – The GTD effect on the g-value with the elements in SC 

In test 3 the g-value of the elements operating in short-circuit has been analysed. In this case, 

the g-values rise for all the elements, with an increase in the range between 3 and 6% in 

comparison with the measurements performed in the test 1 (OC, see Tab. 5.5). In this case an 

inverse relationship exists between the GTD and the relative increase of the g-value: the lower 



92  Indoor characterization  

 

the GTD, the higher the g-value relative increment, with the exception of the second 

measurement of the element F in which the g-value relative increment registered is +9.2%. 

With the elements operating in short-circuit, the linear model obtained to estimate the g-value 

from the GTD is: 

� = 0.57 ∙ ��� + 0.47 (5.11) 

Comparing this equation (5.11) with the models representative of the other tests performed 

(equations (5.9) and (5.10)) it can be noted that for the same GTD the higher g-value is 

archived when the element is working short-circuited. In fact in this condition both the slope 

and the y-intercept are the highest registered in the experimental campaign. This may be due 

to the combination of two effects: on the one hand no electrical power is generated so no 

power is subtracted from the energy balance and on the other hand the short-circuit current 

circulating through the series resistance of the element causes that the operating temperature 

is greater than in the other cases. 

5.3.2.4 Test 4 – The effect of lateral shading elements 

In this test the effect of lateral shading elements has been analysed (Fig. 5.7). The main 

purpose of this probing is to verify if the incident radiation on the lateral zones of the glazing 

elements which are not in contact with the measuring opening of the g-box affects the 

determined g-value. In other words, the planar heat flow from the peripheral zones of the 

element towards the central zone corresponding to the measuring opening has been 

evaluated. Results show that the g-values reduce 12%, 10% and 9% for the elements F, G no 

centred and G centred respectively when the measurements are carried out installing the 

shading elements (Tab. 5.6). 

 

Fig. 5.7. Test 4 measurement setup (a) and plot of the corresponding data (b). 
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Tab. 5.6. Results of test 4 aimed to assess the effects of the lateral shadings elements. 

Test Element Position GTD g-value OC g-value OC with shadings Δ% 

4.1 F Centred 0.22 0.57±0.04 0.50±0.04 -12.3 
4.2 F Centred 0.22 0.57±0.04 0.50±0.04 -12.3 
4.1 G No Centred 0.46 0.70±0.06 0.63±0.06 -10.0 
4.2 G Centred 0.60 0.77±0.06 0.70±0.06 -9.1 

 

In this case, looking for an approximate linear model that describes the correlation between 

the GTD and the g-value when the modules are tested in open circuit conditions and partially 

shaded by the lateral shading elements, the following equation is found: 

� = 0.53 ∙ ��� + 0.38 (5.12) 

Comparing this model (equation (5.12)) with that corresponding to test 1 in which no shading 

elements were used (equation (5.9)), it can be noted that the straight lines are perfectly 

parallel to each other, presenting the same slope and different y-intercept values. This aspect 

may be seen as an indication that the side shading causes a reduction of the secondary 

component of the g-value, since the coefficient of the GTD, related with the g-value primary 

component (i.e. the radiation directly transmitted through the glazing) is not modified. 

Furthermore, in another complementary test, the partial shading of the g-box frontal frame 

produced by the more external solar cells was analysed. This experiment has been carried out 

using the elements G and E which have the same GTD (in the zone corresponding to the 

measuring openings both elements are identical, with 4 solar cells) with the difference that the 

element G present 12 lateral solar cells which partially shade the frontal frame of the g-box 

(see Fig. 5.8). Therefore, the main purpose of the test is to assess if the different amount of 

radiation falling on the frontal white frame is transferred through the insulating layer and ends 

up entering into the measuring box. In this case, the results (0.76±0.04 for the module G and 

0.77±0.06 for the module E) showed that the two elements present the same behaviour, being 

the difference between the g-values lower than the measurement uncertainty. 
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Fig. 5.8. The measurement setup used to verify the effect of the partial shading provided by the lateral solar cells 
(a) and the solar heat gain coefficient values registered in this configuration (elements E and G in centered 
position) (b). 

5.3.3 Discussion 

Regarding the accuracy and reliability of the testing facility, the tests performed to date show 

that the system can be effectively used to carry out indoor analyses of the g-value of different 

glazing solutions. The good consistency of the results obtained with the independent 

measuring boxes (with a maximum relative difference in the order of 2%), as well as the results 

achieved by comparing the g-value of a STPV element previously tested by an independent 

laboratory seem to show that the system offers the quality requirements necessary to carry 

out detailed experimental analyses. In fact, even if a larger number of experimental data 

covering a wider range of measuring options (including repeated tests and comparisons carried 

out not only with STPV elements but also with other glazings solutions such as solar control 

and low emission systems) should be performed in order to deeply assess the accuracy and 

reliability of the system, results obtained in the preliminary validation stage look promising 

and lays the foundation for more extensive experimental campaign. 

With respect to the analysis of the g-value variation depending on the element electrical 

operating point and measurement setup, the obtained results have been summarized in Fig. 

5.9. In this figure the measurements results together with the linear models representing the 

correlation between the g-value and the GTD are shown. It can be noted that the maximum g-

value relative variation produced by the operating point in comparison with the reference case 

(OC condition) is comprised between -5.3% (MPP case) and +5.3% (SC case) when the element 

with a GTD=0.22 is considered. Looking at the element with a GTD=0.60, the maximum g-value 

relative variation due to the electrical operating point is comprised between -3% (MPP case) 

and +5% (SC case). It can also be appreciated the relevant effect of the side shading elements, 



Indoor characterization 95 

 

resulting in a 9%-12% (GTD=0.22 and GTD=0.60 respectively) reduction in the g-value 

compared to the OC case. This result shows that, indeed, the radiation falling on the lateral 

zones of the glazing elements causes a planar heat flow from the peripheral towards the 

central zone of the element that finally ends up entering into the measuring box, increasing 

the g-value secondary component. This behaviour suggests that more extensive analyses 

should be performed in order to assess not only the g-value dependency on the electrical 

operation point of the element, but also on the shading pattern over the element. 

 

Fig. 5.9. Correlation between the g-value, the GTD and the electrical operating point in the measurement setups 
analysed. 

5.4 Conclusions 

In this chapter, equipment and methodologies focused to assess the g-value of STPV elements 

in indoor conditions have been described. The main findings of this chapter are listed below: 

 The indoor testing facility (g-box) developed and the methodology proposed allows 

the g-value of semi-transparent photovoltaic elements (STPV) to be characterised 

with low uncertainty. The measurement system, consisting of a calorimeter system 

coupled to a steady state solar simulator, has been mounted, calibrated and 

operated in different measurement setups showing an adequate sensitivity to 

perform detailed analyses of the g-value variations. 

 Validation of the methodology and associated experimental set-up has been done 

by means of an experimental campaign carried out with several glazing elements, 
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including three prototypes of mc-Si STPV elements characterized by different cell-

to-glass ratios. Results show that the g-box is able to properly take into account not 

only large g-value variations due to different geometrical characteristics, but also 

smaller changes produced by the electrical operating conditions of the elements. 

 The results obtained in the validation stage of the methodology have been used to 

extrapolate a correlation between the g-value, the degree of transparency and the 

operating point of the module. Four linear simple models have been defined, 

showing that the g-value of the same element could vary up to 11% moving from 

the short circuit to the maximum power point condition. This result suggests that 

the g-value defined in the technical specification of the STPV element should be 

measured with the module operating in the maximum power point in order to 

provide the building designer with a reliable value of the actual sun shading 

properties of the element. 

To conclude, results show that both the electrical operating point and the amount of incident 

radiation actually modify the solar control properties of the element. Accordingly, it seems 

that reducing the solar factor to a single value does not allow an adequate estimation of the 

glazing element behaviour in real operation conditions. Furthermore, in the light of the results 

of the analysis carried out in terms of accuracy and reliability of the improved testing facility, it 

could be interesting both to extend the experimental campaign in controlled conditions to thin 

film STPV elements and to use it again to perform a new experimental study in real operation 

conditions, in order to assess if the tendency to overestimate the g-value observed in the 

previous experimentation has been reduced. 
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6 ASSESSING THE ENERGY SAVING 

POTENTIAL OF STPV ELEMENTS 

6.1 Justification and objectives 

Building integration of semi-transparent photovoltaic (STPV) elements affects deeply the 

building energy demand since it influences the heating, cooling and lighting loads as well as the 

local electricity generation. Until it is unequivocally proven that using these novel solutions can 

reduce the building energy demand, these systems will not be considered a mainstream 

technology in building practice. To move forward in this respect, in this chapter, the overall 

energy performance of five double glazing STPV elements, each one with a specific degree of 

transparency, is analysed over different window-to-wall ratios, in order to assess the energy 

saving potential compared to a conventional double glazed code compliant glass. The prior 

optical characterization, focused to measure the spectral transmittance and reflectance of the 

elements, was experimentally undertaken. Results obtained were used to perform simulations 

based on a reference office building using a package of specific software tools (mainly 

DesignBuilder, EnergyPlus, PVsyst, and COMFEN) to take proper account of the STPV 

peculiarities. To evaluate the global energy performance of the STPV elements a new Energy 

Balance Index (EBI) was formulated. In order to cover a wide range of climatic conditions, a 

total of ten cities were analysed. 

6.2 Methodology 

6.2.1 Optical characterization 

The basic optical properties required to evaluate the thermal and daylighting performance of 

STPV multifunctional elements are their spectral reflectance and transmittance, according to 
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EN410:2011 and EN673:2011 standards on glass in buildings (European Committee for 

Standardization 2011a; European Committee for Standardization 2011b). It is worth 

mentioning that detailed spectral data are not normally available in the technical specifications 

of glazing systems, where only global characteristics as U-value, g-value as well as visible 

transmittance are specified by the manufacturers. In this sense, the International Glazing 

Database (IGDB) (LBNL-IGDB 2014) is a valuable source of information to perform accurate 

energy performance calculations of conventional glazing solutions but unfortunately PV 

industry products designed for building applications such as STPV elements are not yet 

included in the database. Consequently, in order to perform accurate energy performance 

assessments it has been considered necessary to experimentally determine the optical 

characteristics of the STPV elements considered in this study. In this section the optical 

characterization process of the STPV elements, which are named 0, 10, 20, 30, 40 

corresponding to the visible transmittance approximated value (Tab. 6.1) is described.  

Tab. 6.1. Characteristics of the glazing elements analysed. The nomenclature used to define the STPV elements 
refers to the approximated value of the visible transmittance. RG refers to Reference Glass. 

Glazing element Tvis g-value U-value STC Power Density PV-tech Thickness Density 

   [W/m2K] [W/m2]  [mm] [kg/m2] 

0 0.003 0.145 2.783 62.0 a-Si 21 25.4 

10 0.101 0.216 2.783 44.3 a-Si 21 25.4 

20 0.158 0.253 2.783 37.9 a-Si 21 25.4 

30 0.249 0.316 2.783 31.6 a-Si 21 25.4 

40 0.324 0.367 2.783 25.3 a-Si 21 25.4 

RG 0.461 0.473 2.783 - - 20 25.0 
 

6.2.1.1 Experimental setup 

The experimental characterization of the optical spectral properties of the glazing elements 

has been conducted in collaboration with the Photovoltaic Unit of the CIEMAT (Centro De 

Investigaciones Energéticas Medioambientales Y Tecnológicas) Energy Department (Moralejo 

Vázquez et al. 2014). In order to perform the optical characterization of the different elements 

considered an UV/Vis/NIR spectrophotometer equipped with an integrating sphere has been 

used. It is a PerkinElmer® Lambda 900 spectrophotometer fitted with a Labsphere® Inc. 150mm 

integrating sphere (Fig. 6.1). This integrating sphere houses two detectors, a PbS detector for 

the UV/Vis region and an InGaAs detector for the NIR range. The advantage of using an 

integrating sphere with large enough entrance ports is the capacity to capture not only the 

primary reflected or transmitted beam but also enough secondary beams due to back 

reflectance and multiple reflections inside the complex samples with different layers, i.e. these 

ports are converted in the effective sense area of the detector. 
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Fig. 6.1. The integrating sphere of Spectralon
®
 snap-in module for the PerkinElmer

®
 Lambda 900 (a) and the basic 

optical layout for a double beam integrating sphere (b). Figure (c) shows the samples of the modules used in the 
optical characterization. 

6.2.1.2 Experimental results 

Measurements were performed in the wavelength range 0.3 – 2.5μm to completely cover the 

solar energy range. Total hemispherical spectral transmittances on the front side and 

reflectances on the front and back sides were measured at normal incidence for all STPV 

elements. In the experimental characterization, samples of single laminated STPV elements 

were used as shown in Fig. 6.1 (c) in order to reduce multiple reflections which would occur if 

complex multi-layer samples were used. So, in the experimental optical characterization, 

reliable spectral properties of single laminated STPV elements were obtained. Next, in order to 

establish the spectral properties of the STPV double glazing units used in the simulations 

(having the laminated STPV element as external pane and a 6mm thick conventional clear glass 

as the internal one) LBNL Optics and Window tools (LBNL-OPTICS 2014; LBNL-WINDOW 2014) 

were used. In fact, these software allow calculating spectral properties of complex glazing 

systems on the basis of both experimental spectral data imported by the user (as done for the 

measured spectral data of the STPV elements), and glazings spectral properties available in the 

International Glazing Database (LBNL-IGDB 2014) (as done in the case of the general clear 

glass, NFRC_ID 103 in the IGDB, used as internal pane). 

In the Fig. 6.2, Fig. 6.3 and Fig. 6.4, in which the samples of single laminated STPV elements are 

named in accordance with Tab. 6.1, results of the experimental optical characterization are 

shown. In the case of the Reference Glass (RG), a conventional double glass compliant with the 

Spanish Technical Building Code is used (CTE 2013), the spectra being provided by the 

International Glazing Database (IGDB)(LBNL-IGDB 2014). 

Fig. 6.2 shows the measured total hemispherical transmittance spectra for the six glazing 

samples, including the standard reference one. The curves show an increase of the spectral 

transmittance with the transparency degree of the samples, being the transmittance in the 

opaque sample practically negligible in all the spectral range. Besides, the spectral dependence 
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of the rest of STPV glazings has a similar shape, which is different from that of the reference 

glazing. In the UV and visible ranges the active material of the STPV elements absorbs part of 

the received radiation. As a result, the visible transmittance is modified in reference to a 

conventional glass, and it is shifted towards the red colour. In the NIR region, the STPV samples 

have a low transmittance compared to the reference glass and reduce the incoming near 

infrared radiation into the building. 

 

Fig. 6.2. Total hemispherical spectral transmittance of the glazing elements analysed. 

The measured total hemispherical reflectance spectra of the front surface for the six glazing 

samples are represented in Fig. 6.3. In order to minimize the reflection losses, the frontal 

reflectance of the STPV elements shows a flat behaviour with a low value (around 7.5% in all 

the samples), for almost all the wavelengths in the a-Si spectral response range (typically 0.3-

0.9 μm). Furthermore, the front reflectance in the NIR region exhibits an oscillating shape, 

different to the one of the RG, but in the same order of magnitude. Besides, in the 

neighbourhood of intermediate IR reflectance grows monotonically. 
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Fig. 6.3. Total hemispherical front side spectral reflectance of the glazing elements analysed 

In Fig. 6.4, the measured total hemispherical backside reflectance spectra for the six glazing 

samples are represented. The obtained curves show a gradual decrease in reflectance with the 

transparency degree increase. The spectral dependence of the STPV glazings has a similar 

shape, which is different from the RG. High reflectance of the rear glass and the metallic back 

contact of the PV cells in the visible and NIR regions provide high total reflectance to the STPV 

elements. In this regard it is striking that the back side design of PV elements, traditionally 

deemed to be of secondary importance by PV manufacturers in conventional applications 

focused on maximizing electricity output, should play a key role in improving both the energy 

performance and the aesthetics quality of STPV solutions where the PV elements replace 

traditional construction components in the building envelope. 

 

Fig. 6.4. Total hemispherical back side spectral reflectance of the glazing elements analysed. 
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Finally, as an example, Fig. 6.5 shows the entirely set of spectral measurements results for 

element 20. In this case, the spectral transmittance and reflectance of both sides are drawn 

together to facilitate the comparison. 

 

Fig. 6.5. Total hemispherical spectral transmittance and reflectance (front and back side) of the glazing element 
20, having a visible transmittance of 16%. 

Results of the optical characterization are summarised in Tab. 6.2.  

Tab. 6.2. Results of the optical characterisation of the glazing elements. 

Glazing element Tvis Rvis front Rvis back Tsol Rsol front Rsol back 

       

0 0.003 0.077 0.582 0.002 0.168 0.464 

10 0.101 0.081 0.513 0.077 0.148 0.410 
20 0.158 0.085 0.469 0.120 0.157 0.373 

30 0.249 0.090 0.386 0.186 0.144 0.313 

40 0.324 0.100 0.337 0.242 0.141 0.273 

RG 0.461 0.189 0.229 0.382 0.189 0.170 

 

In summary, it must therefore be concluded that the PV layer of the STPV elements, including 

the active material and the back contact, define the transmittance and the back reflectance, 

whereas the front glass anti-reflection treatment has a big influence on the frontal reflectance. 

Likewise, the photovoltaic layer seems also to have some effect on the frontal reflectance, 

since different fluctuations occur for different elements, as shown in Fig. 6.3. 

6.2.2 Overall performance simulation methodology 

Due to the multifunctional role that STPV plays in the building envelope, which affects the 

heating, cooling and lighting loads, the visual comfort as well as the power generation, a set of 
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simulation tools has been used to correctly characterize the behaviour of each element. This is 

due primarily to the fact that none of the existing simulation tools, if used in a stand-alone 

manner, is capable of property taking into account all the effects of STPV integration on the 

building energy balance (IEA-SHC Task 41 2012b). This approach allows combining the results 

of state-of-the-art tools in their respective fields, such as EnergyPlus in thermal calculations, 

PVsyst in PV generation estimation and Radiance-based software in visual comfort assessment. 

Furthermore, to properly carry out the analysis based on this method is necessary to verify 

that the physical phenomena related to two or more simulations are property modelled in 

each tool. For instance, the effect of the temperature on the PV system performance is an 

important issue that has to be considered. Accordingly, it has been verified that it is properly 

modelled in PVsyst, even if the behaviour of the façade in terms of thermal loads is evaluated 

using EnergyPlus. Because the façade integration of STPV elements is particularly interesting in 

commercial buildings, having greater energy saving potential than residential premises (Bodart 

& De Herde 2002; Dubois & Blomsterberg 2011; Kapsis & Athienitis 2015), to perform the 

simulation a model of a reference office space was considered. In fact office buildings are 

normally occupied during daytime, are characterised by considerable lighting and internal 

loads that daylight utilization may contribute to reduce and present high vertical surfaces.  

6.2.2.1 Reference building 

The reference building, originally defined in the European Commission Joule projects REVIS 

and SWIFT (van Dijk 2001b) and further refined in the IEA Solar Heating and Cooling 

programme Tasks 25, 27 and 31 (van Dijk 2001a), is a middle-size office building with office 

modules aligned on two façades, separated by a central corridor. Fig. 6.6 shows the whole 

building and the dimensions of the south oriented office module used in simulations. 
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Fig. 6.6. Reference building (a) and dimensions of the office module used in simulations (b). 

The building is supposed to be located in Madrid, and has an unshaded, south-facing façade 

with a Window to Wall Ratio (WWR) of 44%. To properly assess the daylighting potential of the 

glazing materials, the space was simulated assuming the most sophisticated lighting control 

model: a continuous lighting control constantly dims the artificial light output to cover the 

daylight illuminance fluctuations and switches off completely when the minimum dimming 

point (the target work plane illuminance of 500lx) is reached. In such way the daylighting 

energy saving potential is taken into account as a reduction of the artificial lighting load. The 

lighting power density in the office is 8W/m2 and the space is occupied on weekdays from 8 

AM to 7 PM. Fig. 6.7 summarizes the overall simulation approach. 
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Fig. 6.7. Overall energy simulation approach. 

6.2.2.2 Thermal simulation 

All thermal simulations were carried out using the EnergyPlus-based DesignBuilder software 

(Designbuilder 2014). For the simulation, it was assumed that the space is bordered on five 

sides by similar spaces, therefore interior walls, floors and ceilings were modelled 

adiabatically. The exterior wall has a U-value of 0.66W/m2K, according to the limit established 

in the Spanish Technical Building Code for the corresponding climatic zone (CTE 2013). The 

space is conditioned by means of a fan-coil unit coupled to a reversible heat pump system. To 

convert the thermal loads to electricity consumptions, the simulation program default data of 

the coefficient of performance (1.67 both in heating and cooling mode) are used (Reinhart & 

Wienold 2011; Designbuilder 2014). To justify such a low default value, it is worth mentioning 

that in the simulation model used the COP value does not define the reversible heat pump 

peak efficiency, but represents the total seasonal efficiency of the whole HVAC system, 

including the distribution losses (fan and pump energy consumption) and the inefficiency of 

the control equipment. Heating and cooling setpoint temperatures are 20°C and 26°C 

respectively being typical values normally used in HVAC applications. The setback 

temperatures, i.e. the set point temperature applied during unoccupied periods such as night-

time and holidays (in order to prevent the building becoming too cold or hot reducing the 

startup loads the next occupied period) are 12°C and 28°C in heating and cooling mode 

respectively. The experimentally measured spectral properties of the elements presented in 

section 2 were included in the model to assess the expected performance of the façade-

integrated systems. Climate EnergyPlus weather data for Madrid (Typical Meteorological 

Year11, a full set of 8760 hourly data composed from a data bank much longer than a year in 

                                                             
11

 To determine the Typical Meteorological Year (TMY), various meteorological measurements at hourly 
intervals over a number of years (typically 15-30 years) are required. For each month, the averages of 
specific weather variables over the whole measurement period are determined, together with the 
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duration to closely match the long-term average climatic conditions and at the main time to 

preserve the natural variability of the actual climatic conditions) were used to perform the 

simulation.  

6.2.2.3 Daylighting simulation 

The visual comfort analyses were carried out using the Lawrence Berkeley National Laboratory 

(LBNL) daylighting software package consisting of Optics, Window and COMFEN tools (LBNL-

OPTICS 2014; LBNL-WINDOW 2014; LBNL-COMFEN 2014): Optics was used to import the 

experimental spectral data of the glazing materials; next, in order to perform the Radiance-

based simulation the glazing systems were defined in Window and related data were finally 

exported to COMFEN. To evaluate the visual comfort both glare (based on the Daylighting 

Glare Index) and illuminance analysis (based on illuminance 3D contours maps and render 

visualizations), were carried out. Firstly the reference model was analysed (WWR=44%), 

although the study was also extended ranging the WWR from 11% to 88%. 

6.2.2.4 Electrical simulation 

To estimate the photovoltaic electricity generation, PVsyst software was used (PVsyst 2014). 

This tool was selected because it treats in detail several loss factors, such as optical, irradiance, 

mismatch and thermal losses, just to cite some examples. The operating temperature of the 

array (and the corresponding thermal loss) for instance is computed at each simulation step by 

solving the energy balance between the thermal power absorbed by the module and the 

thermal power exchanged between the module and the ambient. To execute the simulations, 

a base-case grid-connected photovoltaic system was defined, consisting of 5 modules (4m2 

available area, corresponding to a WWR=44%) and an appropriate commercial inverter. The 

electrical characteristics of the STPV elements and inverter were imported from the Photon 

International database (Photon International 2014b; Photon International 2014a) and five 

systems were simulated. Then, in order to estimate the electricity output corresponding to 

different WWRs, the base case output corresponding to the five different transparency 

degrees considered (see Tab. 6.3) was adjusted by means of linear interpolation based on the 

available area in each case. 

                                                                                                                                                                                   
averages of the same variables in each month during the measurement period. The data for the month 
that has the averages most closely equal to the monthly averages over the whole measurement period 
is then chosen as the TMY data for that month. This process is then repeated for each month in the year. 
With this approach, TMY gives annual averages that are consistent with the long-term averages for the 
location in question and at the same time data are close to real time series as they include 12 fragments 
of real data. 
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Tab. 6.3. Electrical characteristics of the PV glazing elements analysed. Parameters α, β and γ refer to ISC, VOC and 
PM temperature coefficients respectively 

Glazing 
element 

PV-tech ISC VOC IMP VMP PM α β γ 

  [A] [V] [A] [V] [W] [%/°C] [%/°C] [%/°C] 

0 a-Si 1.05 64.5 0.95 51.7 48.9 +0.09 -0.28 -0.19 

10 a-Si 0.89 59.5 0.77 45.4 34.9 +0.09 -0.28 -0.19 

20 a-Si 0.79 59.5 0.68 44.1 30.0 +0.09 -0.28 -0.19 

30 a-Si 0.64 59.5 0.56 44.6 25.0 +0.09 -0.28 -0.19 

40 a-Si 0.52 59.5 0.44 45.2 19.9 +0.09 -0.28 -0.19 

 

6.2.3 Integrated energy balance: the Energy Balance Index 

To assess the overall energy performance of the glazing elements analysed (Tab. 6.1), the 

heating, cooling, lighting loads as well as the photovoltaic generation were calculated on an 

annual basis using hourly time step simulations. A new parameter is proposed to evaluate the 

annual energy performance of the glazing elements, named Energy Balance Index (EBI). It 

represents the building energy balance in terms of electricity and is calculated as shown in 

equation (6.1): 

���	 = ��� + ��� + ��� + ���															[��ℎ ��⁄ ] (6.1) 

Where CED is the annual cooling electricity demand, HED is the annual heating electricity 

demand, LED is the annual lighting electricity demand and PEG is the annual photovoltaic 

electricity generation. Notice that the values corresponding to energy demand, i.e. CED, HED, 

and LED are positive whereas the energy generation value PEG is negative. The choice of the 

signs is necessary to ensure the consistency of the equation, since the energy flows (energy 

demand vs. energy generation) are characterized by opposed directions. All the values are 

expressed in kWh and normalized to the net space floor area. To determinate the energy 

demand and generation values used to calculate the EBI, all the boundary conditions regarding 

the model characteristics (envelope properties, HVAC systems, internal gains, occupation 

schedules, etc.) are kept constant (assuming the values described in section 6.2.2) and only the 

WWR and the STPV elements are modified, precisely to highlight the effect of these 

parameters over the space energy balance. Thus the EBI, which is an indicator of the building 

energy performance, is used here as an indicator of the different façade STPV systems global 

performance, since the remaining building characteristics are invariant throughout the 

research. According to equation (6.1), the lower the value of the EBI, the more energy efficient 

the glazing element is in an annual basis. In this sense, the EBI complements other parameters 
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used to assess the building energy performance, such as the Energy Performance Index, mainly 

used in Europe, or the Energy Use Intensity principally used in USA (Pérez-Lombard et al. 

2009), which are defined as the site energy consumption per unit of net floor area. The new 

balance index aims to reflect the increasingly electricity generation role required in buildings in 

order to minimize the residual demand of grid electricity. In this regard, the parameter, which 

includes both building electricity consumption and generation, is useful to compare the 

performance of alternative multifunctional solutions that integrate strategies focused to 

reduce the energy demand and increase the on-site generation, such as STPV systems. 

Furthermore, the parameter allows to estimate how close the building performance to the net 

is zero energy balance. For these reasons in the EBI calculation not only the on-site energy 

consumption per unit of net floor area is taken into account, but also the local PV generation. 

6.3 Results 

To evaluate the glazing material performance the annual EBI has been calculated for the six 

glazing elements. As an example in Fig. 6.8 the results corresponding to the base case with a 

WWR=44% are shown. Graphs (a) and (b) show the annual EBI as a function of the glazing 

material, with the difference that in (a) all the components of the energy balance are reported, 

while (b) represents only the annual net EBI values. By looking at graph (a) it can be noted that 

increasing the transparency degree of the glazing material: i) the cooling demand increases 

(higher solar gains), ii) the lighting demand decreases (more daylighting) and iii) the PV 

generation decreases (because the conversion efficiency of STPV elements is inversely 

proportional to the transparency degree, as can be seen looking at Tab. 6.1). Concerning the 

heating demand it can be noted that the values calculated, in the specific case analysed 

(building located in Madrid, south-oriented and with the entire envelope modelled as adiabatic 

with the exception of the façade) are barely visible so in this case the heating demand can be 

considered negligible. By looking at graph (b), it may be observed that the element 20 

outperforms the other solutions (lower EBI value) because it combines good annual values in 

daylighting supply, solar shading and electricity generation. Nevertheless it can be noted that 

for elements 10, 20 and 30 (visible transmittance ranging between 10% and 25%) the energy 

balance components vary appreciably (Fig. 6.8 (a)) but the overall energy performance is 

almost constant (Fig. 6.8 (b)). However, it is important to emphasise that all the STPV elements 

improve the building energy efficiency compared to the RG solution, providing a EBI reduction 

ranging between 22% (element 40) and 32% (element 20). 
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Fig. 6.8. Annual energy balance as a function of the glazing material in the case of the original reference office 
(WWR=44%). Graph (a) represents all the components involved in the balance, reporting as positive the energy 
consumption and as negative the energy generation. Graph (b) reports the net Energy Balance Index (EBI) values. 

To evaluate not only the glazing material performance but also the effect of the façade 

openings dimensions, the EBI has been calculated for a wide WWR range, moving from 11% to 

88%. As an example in Fig. 6.9 the annual results corresponding to glazing element 20 are 

shown. By looking at graph (a) it can be noted that increasing the WWR: i) the cooling demand 

increases (higher solar gains), ii) the lighting demand decreases (more daylighting) and iii) the 

PV generation increases (bigger STPV active surface). Also in this case the heating demand, 

which increases with WWR, is considerably less significant than the other variables, being 

appreciable for high WWR only. By looking at the graph (b), it should be concluded that using 

the glazing material 20, the WWR that minimizes the EBI, i.e. which optimizes the building 

energy performance, is represented by 55%. It can be also noted that the performances for 

WWR between 44% and 88% are very similar, with a relative variation between them below 

7%. 
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Fig. 6.9. Annual energy balance as a function of the WWR corresponding to element 20. Graph (a) represents all 
the components involved in the balance, reporting as positive the energy consumption and as negative the 
energy generation. Graph (b) reports the net Energy Balance Index (EBI) values. 

6.3.1 Parametric analysis on glazing material and window-to-wall 

ratio 

Fig. 6.10 shows the annual Energy Balance Index as a function of the glazing material for the 

WWRs analysed. The first result that stands out is that for reduced WWR the glazing material 

does not affect significantly the energy balance of the building zone whereas marked 

differences can be noticed for bigger façade openings. To highlight this behaviour the energy 

saving potential between the most efficient STPV solution and the RG is computed as ∇(EBI), 

reduction of Energy Balance Index. As shown, for WWR≤22%, the energy behaviour of all the 

elements is quite similar, being the saving potential provided by the best performing STPV 

solution compared to the RG lower than 6% (Fig. 6.10 (b)). For WWR≥33%, the energy saving 

potential starts to increase significantly and ranges between 18.2% (WWR=33%, Fig. 6.10 (c)) 

and 59.1% (WWR=88%, Fig. 6.10 (h)). Regarding the original reference office (WWR=44%), 

approximately one third of the energy demand could be saved using the glazing element 20 

instead of the RG (Fig. 6.10 (d)). The impact of such demand reductions not only should be 

regarded in terms of economic savings, environmental aspects such as operational CO2 

emissions reduction would provide a more exemplifying picture of renewable contribution to 

building sustainability (Ibn-Mohammed et al. 2013).  

 

 



Assessing the energy saving potential of STPV elements 111 

 

 

Fig. 6.10. Energy Balance Index as a glazing element function for WWR ranging from 11% to 88%. The glazing 
element which minimizes the EBI for each WWR is black-outlined and the EBI percentage difference between the 
best solution and the RG is included. 

Another point to consider when examining the glazing elements performance is to compare 

the STPV optimum solution not only with the RG, but also with the other STPV elements, in 

order to investigate the relevance of choosing an appropriate degree of transparency over the 

building energy balance. As can be observed in Fig. 6.10, for WWR up to 33% the energy 

behaviour of the five active elements is quite similar, with a maximum EBI difference between 

the most efficient (element 30) and the least efficient (element 0) of about 10.5%. For 

intermediate values of the WWR (44%-55%), element 20 outperforms other solutions and the 

STPV elements performance begins to differ significantly, being the maximum EBI difference 

between the most and the least efficient element (element 40) of about 21.3%. For 

WWR≥66%, element 10 seems to be the best solution, providing the lowest EBI value. In this 

case, choosing a suitable degree of transparency is crucial, since the maximum energy balance 

difference between the best and worst solution (element 40) rises up to 40.5%. 

To summarize the previous results, the building space energy performance index EBI has been 

normalized to the best WWR-glazing element combination (WWR=77% combined with 

element 10) and results are shown in Tab. 6.4. As can be seen, the best solutions concentrate 

around the upper right-hand part of the diagonal, corresponding to elevate WWR values and 

low degree of transparency elements. It is worth noting that using the RG for WWR>66%, the 

building zone energy demand is at least twice the energy demands reached in the best case, 
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i.e. using STPV 10. A colour range from green to red (good and bad performance respectively) 

has been used to highlight the efficiency of the different solutions. 

Tab. 6.4. Normalized Energy Balance Index to the best performance WWR-glazing element combination, 
corresponding to glazing element 10 and WWR=77%. 

  
WWR 

  
11 22 33 44 55 66 77 88 

G
LA

ZI
N

G
 

E
LE

M
EN

T 

0 1.50 1.36 1.26 1.19 1.14 1.11 1.09 1.07 

10 1.50 1.35 1.20 1.09 1.04 1.00 1.00 1.00 

20 1.50 1.32 1.15 1.04 1.02 1.02 1.05 1.09 

30 1.49 1.27 1.13 1.09 1.13 1.19 1.28 1.37 

40 1.48 1.26 1.17 1.20 1.29 1.41 1.54 1.68 

RG 1.49 1.33 1.38 1.54 1.76 1.98 2.21 2.45 

 

6.3.2 Daylighting analysis – Visual comfort 

While the previous section presented a proposal to evaluate the overall energy performance of 

active photovoltaic glazing systems, the aim of this section is to estimate the visual comfort 

provided by the different solutions. To this end, Daylighting Glare Index (DGI) and Illuminance 

Contour Maps are selected. Three typical days of the year were selected for DGI and 

Illuminance calculations: 21 Mar (spring equinox), 21 June (summer solstice), and 21 Dec 

(winter solstice). These days have been chosen to represent average (equinox) and extreme 

(solstice) sky conditions and the nomenclature used refers to the northern hemisphere, being 

the reference building located in Madrid. Also, three time slots (9AM, 12PM, 3PM, official 

time) were selected to take into account different sun azimuth and elevation angles. 

6.3.2.1 Daylight Glare Index (DGI) 

DGI is a measure of glare based on the glare source luminance, glare source size, surround 

background luminance, and the location of the glare source relative to the occupant's field of 

view (Wienold & Christoffersen 2006). To carry out the DGI calculations, the Radiance utility 

tool included in COMFEN was used. The results under clear and overcast sky conditions are 

reported in Tab. 6.6 whereas the DGI values corresponding to a subjective user assessment of 

glare are displayed in Tab. 6.5. As shown, under clear sky conditions in the spring equinox and 

summer solstice comfort conditions are provided by all the glazing systems, being the DGI 

lower than 22, even if a slight increase glare probability is noticed for high degree of 

transparency solutions (30, 40, RG). In the winter solstice, as expected, the highest DGI values 

are reached: in this case, uncomfortable conditions occur using all the glazing materials at 

midday. However, glazing element 10 provides much less discomfort than the other solutions, 

providing an effective sun-shading function as evidenced by the close to comfort zone DGI 
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value (DGI=22.1). As an example of the glare control possibilities, Fig. 6.11 shows the rendered 

view for glazing elements 10 (a) and 30 (b) under clear sky condition at noon of winter solstice. 

The views are taken using a fisheye camera (180° cone of vision) in order to have a general 

view of the luminous conditions in the room. The camera position is shown in Fig. 6.11 (c). As 

can be noted, although the DGI values of both glazing elements are similar, element 10 seems 

to provide a considerably more comfortable daylighting because the light within the field of 

vision of an observer is not as bright as using element 30. Under overcast sky conditions no 

glare problems have been observed, being 18.9 the maximum DGI value registered and 

corresponding to the RG, at 3PM in the summer solstice.  

Tab. 6.5. Daylight Glare Index scale 

DGI Subjective glare assessment 

16 Just perceptible 
20 Just acceptable 
22 Borderline between comfort and discomfort 
24 Just uncomfortable 
28 Just intolerable 

 

 

Fig. 6.11. Rendered views using glazing elements 10 (a) and 30 (b) under clear sky condition at noon in the winter 
solstice. Fig. (c) shows the camera position. 

Tab. 6.6. COMFEN simulated DGI values for three representative days under clear and overcast sky conditions. 
DGI values greater than 22 are reported in bold. Results refer to the base-case reference model (WWR=44%). 

Clear sky 10 20 30 40 RG 

 
9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 

21-3 6.6 4.1 0.0 12.7 9.7 0.0 14.3 10.4 0.0 16.4 12.0 0.0 17.7 13.0 0.0 

21-6 8.6 3.3 0.0 15.9 17.2 15.4 17.6 18.2 16.0 19.3 19.9 17.7 17.0 20.7 18.4 

21-12 0.0 22.1 13.5 5.6 24.1 16.9 9.7 24.9 18.1 11.6 26.2 19.6 13.4 26.8 20.2 

                Overcast sky 10 20 30 40 RG 

 
9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 9AM 12PM 3PM 

21-3 0.0 6.2 6.8 0.0 12.0 12.1 9.4 14.3 13.7 12.6 15.8 0.0 13.6 16.9 17.1 

21-6 4.4 9.2 8.5 10.9 13.7 12.7 12.8 15.2 15.4 15.8 17.2 17.3 16.2 18.8 18.9 

21-12 0.0 0.0 1.7 0.0 8.5 8.0 0.0 10.7 10.0 0.0 13.6 13.4 1.3 15.1 14.7 
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6.3.2.2 Illuminance Contour Maps 

Fig. 6.12 and Fig. 6.13 represent illuminance contour maps for the camera position marked in 

Fig. 6.11(c) at noon (12PM) under clear and overcast skies respectively. Coloured lines define 

almost homogenous illuminance zones (illuminance variation less than 100lx), ranging from 

50lx (violet) to 950lx (yellow). Thus this representation allows visualizing the daylighting 

pattern provided by the glazing elements and analysing the degree of transparency effect. Fig. 

6.12 shows that under clear skies the maximum illuminance values provided by the different 

glazing elements mostly differ in the spring equinox and winter solstice: in these days the 

maximum illuminance over the floor ranges between 150lx (element 10) and 950lx (RG) and 

between 50lx (element 10) and 850lx (RG) respectively. On the other hand, in the summer 

solstice, the solar elevation causes that illuminance variation using the same glazing elements 

is less marked, ranging the maximum illuminance between 50lx and 350lx. In any case, it is 

interesting to observe that in nearly all of the cases, the maximum illuminance value falls 

within the range 100lx to 2000lx considered as offering potentially useful illumination for the 

occupants of the space (Nabil & Mardaljevic 2006; Mardaljevic et al. 2009).  

Regarding overcast sky conditions, the illuminance distribution can be assumed to be 

practically invariant to the glazing element used, as the Radiance visualizations in Fig. 6.13 

suggest: in nearly all of the cases the maximum illuminance over the floor is lower than 50lx, 

thus the daylighting potential could be considered negligible. 
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6.3.3 The STPV performance in Spain and Europe 

In this section the performance of the STPV solutions and the associated energy saving 

potential are analysed under different climatic conditions. With this aim, 9 European cities in 

addition to Madrid base case have been selected in order to cover the main characteristics of 

the European climate. The selection has been made taking into account not only the Köppen 

climate classification (Köppen 1936; Kottek et al. 2006) but also the climatic zones defined in 

the Spanish Technical Building Code (CTE 2013) in order to have a higher resolution about the 

influence of the Spanish climate peculiarities on the STPV behaviour. In Tab. 6.7 the main 

geographical and climatic characteristics of the selected cities are summarized.  

Tab. 6.7. Main geographical and climatic characteristics of the selected cities. The average daily irradiation values 
refer to the equator orientated vertical plane. HDD means Heating Degree Days, a parameter commonly used to 
describe  the energy needed to heat a building (Kreith & Goswami 2004). 

City Country Lat. Long. Elev. 
AVG daily Irradiation 

α=0° β=90° 
AVG T HDD 

CTE 
C.Z. 

Köppen 
C.Z.a 

  
[°] [°] [m] [kWh/m2] [°C] 

   
Castellón Spain 39.97 -0.05 30 3.73 17.5 796 B3 BSk 

Sevilla Spain 37.38 -5.98 7 3.73 18.2 641 B4 Csa 
Pontevedra Spain 42.43 -8.65 20 3.34 14.7 1260 C1 Csb 
Vitoria-Gasteiz Spain 42.85 -2.67 525 2.92 11.5 1720 D1 Cfb 
Guadalajara Spain 40.63 -3.17 708 3.56 13.5 1836 D3 Csa 

Soria Spain 41.77 -2.47 1065 3.51 10.6 2077 E1 Cfb 

Ancona Italy 43.62 13.52 16 3.10 15.5 1776 - Cfa 
Innsbruck Austria 47.27 11.38 570 2.76 10.6 3173 - Dfc 
Oslo Norway 59.91 10.75 23 2.73 6.7 4393 - Dfb 
a According to the Köppen climate classification (Köppen 1936; Kottek et al. 2006), the first letter refers to the main 
climate, the second one refers to the precipitation and the third one refers to the temperature. 
BSk=Arid-Steppe-Cold arid 
Csa = Warm temperate - Summer dry - Hot summer 
Csb = Warm temperate - Summer dry - Warm summer 

Cfa = Warm temperate - Fully humid - Hot summer 
Cfb = Warm temperate - Fully humid - Warm summer 
Dfb = Snow - Fully humid - Warm summer 
Dfc = Snow - Fully humid - Cool summer 

 

For each city, the energy performance of the reference building has been simulated varying 

both the WWR and the glazing element, as it was done in the case of Madrid. Considering that 

the combination of 8 WWRs and 6 glazing elements has been analysed for each city (totally 9 

excluding Madrid), a total of 432 hourly-based annual simulations have been carried out to 

complete this study. Then, to evaluate the overall energy performance of the glazing elements, 

the corresponding Energy Balance Index has been calculated using the results of the 

simulations. In this paragraph the main outcomes of the study will be presented.  

Fig. 6.14 shows the evolution of the building energy balance components in the sites analysed 

when the six glazing elements are used. By looking at the graph, corresponding to the base 
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case reference building with a WWR=44%, it can be noted that in almost all cases the 

dominant components in the energy balance are the cooling and lighting loads. Concerning the 

heating demand it can be noted that, in the specific cases analysed (commercial buildings 

south-oriented, with relevant internal gains and with the entire envelope modelled as 

adiabatic with the exception of the façade) it is considerable only in the case of Oslo and to a 

lesser extent in other cities, such as Innsbruck, Ancona, Soria and Vitoria. As expected, in all 

cases, increasing the transparency degree of the glazing material: i) the cooling demand 

increases and ii) the heating demand decreases (higher solar gains), iii) the lighting demand 

decreases (more daylighting) and iv) the PV generation decreases (because the conversion 

efficiency of STPV elements is inversely proportional to the transparency degree).  

 

Fig. 6.14. Annual energy balance depending on the glazing element for each site analysed in the case of the 
original reference office (WWR=44%). The plot represents all the components involved in the balance, reporting 
as positive the energy consumption and as negative the energy generation. 

Fig. 6.15 show the annual EBI as a function of the glazing element for the sites analysed. For 

each site, the element that outperforms the other solutions (lower EBI value), combining good 

annual thermal performance, daylighting supply and electricity generation, is black-outlined. It 

may be observed that for a window size corresponding to the reference office (WWR=44%), 

the best performance is achieved by using the same two elements (STPV 20 and 30) in all the 

climates. In fact, element 20 is the best solution in five of the seven Spanish cities analysed, 

being outperformed by the slightly clearer element 30 in the cases of Soria and Vitoria-Gasteiz 

only. Likewise it is interesting to observe that the same element 30 shows the best behaviour 

in the other European cities taken into account in the study, representing the optimum 

solution both in Ancona, Innsbruck and Oslo.  
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Fig. 6.15. Energy Balance Index (EBI) as a function of the glazing element for the sites analysed in the case of the 
original reference office (WWR=44%). The optimum STPV element for each site is black-outlined. 

Fig. 6.16 and Fig. 6.17 show the evolution of the energy balance components and of the EBI 

when the data are classified not on the basis of the simulation site, as done in Fig. 6.14 and Fig. 

6.15, but on the basis of the glazing element. So, the plots are useful to visualize and compare 

the performance of the same glazing solution in different locations. For instance it can be 

noted that using the element 20 the cooling loads originated in Sevilla are approximately four 

times larger than those that would be generated in Vitoria-Gasteiz. Once again it can be 

observed the relevance of the cooling loads in the reference model simulated, since for all the 

glazing elements the highest EBI values are registered in the case of Sevilla, whereas the 

lowest occur in Vitoria-Gasteiz.  
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Fig. 6.16. Annual energy balance depending on the site analysed for each glazing element in the case of the 
original reference office (WWR=44%). The plot represents as positive the energy consumption and as negative 
the energy generation. Cities have been arranged according to decreasing EBI values. 

 

Fig. 6.17. Energy Balance Index (EBI) represented as a function of the building site for each glazing element 
analysed. Data refer to the original reference office (WWR=44%). Cities have been arranged according to 
decreasing EBI values. 

To evaluate the building performance taking into account the combined effect of the glazing 

element with the façade openings dimensions and the local climate conditions, the EBI has 

been represented in a three-dimensional histogram for each site, being the glazing element 

and the WWR the sets of categories in the horizontal plane. In Fig. 6.18 the annual results are 

shown. For instance, by looking at graph (a) corresponding to Castellón it can be noted that 

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

90

100

S
ev

il
la

O
sl

o
C

as
te

ll
ó

n
M

ad
ri

d
A

n
co

n
a 

I n
n

sb
ru

ck
P

o
n

te
ve

d
ra

G
u

ad
al

aj
ar

a
S

o
ri

a
V

it
o

ri
a

S
ev

il
la

O
sl

o
C

as
te

ll
ó

n
M

ad
ri

d
A

n
co

n
a 

P
o

n
te

ve
d

ra
G

u
ad

al
aj

ar
a

I n
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

il
la

C
as

te
ll

ó
n

O
sl

o
M

ad
ri

d
A

n
co

n
a 

P
o

n
te

ve
d

ra
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

il
la

C
a s

te
ll

ó
n

M
ad

ri
d

O
sl

o
A

n
co

n
a 

P
o

n
te

ve
d

ra
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

i l
la

C
a s

te
ll

ó
n

M
ad

ri
d

O
sl

o
P

o
n

t e
ve

d
ra

A
n

co
n

a 
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

i l
la

C
a s

te
ll

ó
n

M
ad

ri
d

P
o

n
t e

ve
d

ra
G

u
ad

al
aj

ar
a

O
sl

o
A

n
co

n
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

0 10 20 30 40 RG

E
n
er

gy
 b

al
an

ce
 [

k
W

h
/m

2 ]

Glazing element and site

WWR=44%

PV generation Lighting demand

Heating demand Cooling demand

0

10

20

30

40

50

60

70

S
ev

il
la

O
sl

o
C

as
te

ll
ó

n
M

ad
ri

d
A

n
co

n
a 

In
n

sb
ru

ck
P

o
n

t e
ve

d
ra

G
u

ad
al

aj
ar

a
S

o
ri

a
V

it
o

ri
a

S
ev

il
l a

O
sl

o
C

a s
te

ll
ó

n
M

ad
ri

d
A

n
co

n
a 

P
o

n
te

ve
d

ra
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

r i
a

S
ev

il
la

C
as

te
ll

ó
n

O
sl

o
M

ad
ri

d
A

n
co

n
a 

P
o

n
t e

ve
d

ra
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

i l
la

C
as

te
ll

ó
n

M
ad

ri
d

O
sl

o
A

n
co

n
a 

P
o

n
t e

ve
d

ra
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

il
la

C
a s

te
ll

ó
n

M
ad

ri
d

O
sl

o
P

o
n

te
ve

d
ra

A
n

co
n

a 
G

u
ad

al
aj

ar
a

In
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

S
ev

il
la

C
a s

te
ll

ó
n

M
ad

ri
d

P
o

n
te

ve
d

ra
G

u
ad

al
aj

ar
a

O
sl

o
A

n
co

n
a

I n
n

sb
ru

ck
S

o
ri

a
V

it
o

ri
a

0 10 20 30 40 RG

E
n

er
g

y 
B

al
an

ce
 I

n
d

ex
 [

k
W

h
/m

2 ]

Site and glazing element

WWR=44%



122  Assessing the energy saving potential of STPV elements  

 

increasing the WWR, for low transparency degree glazing elements (elements 0 and 10) the 

EBI decreases, whereas for intermediate and high transparency degree elements the EBI 

increases. This behaviour is more clearly visible in Fig. 6.19, in which the data corresponding to 

Fig. 6.18 (a) are reported and furthermore the energy saving potential between the most 

efficient STPV solution and the RG is computed as ∇(EBI), reduction of Energy Balance Index. 

  
(a) Castellón – Koppen BSk – CTE B3 (b) Sevilla – Koppen Csa – CTE B4 (c) Pontevedra – Koppen Csb – CTE C1 

  
(d) Vitoria G.– Koppen Cfb – CTE D1 (e) Guadalajara – Koppen Csa – CTE D3 (f) Soria – Koppen Cfb – CTE E1 

  
(g) Ancona (IT) – Koppen Cfa (h) Innsbruck (AT) – Koppen Dfc (i) Oslo (NO)– Koppen Dfb 

Fig. 6.18. Energy Balance Index (EBI) depending on the glazing element and the WWR for each building site 
analysed. The original reference office case (WWR=44%) is black-marked. 
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Fig. 6.19. Energy Balance Index as a glazing element function for WWR ranging from 11% to 88%. The optimum 
STPV solution for each WWR is black-outlined and the EBI percentage difference between the best solution and 
the RG is included. Data corresponding to Castellón. 

In order to carry out a more detailed study on the effect of the WWR over the EBI, a box-plot is 

used (Fig. 6.20), which is a graphic representation very generalised within statistical studies 

that enables to observe the quartiles, the maximum and minimum. This way, a centrality 

measure (the median), two dispersion measures (the interquartile range and the range) and 

the possible symmetry of the sample can be noted. The k percentile of a sample is defined as 

the value leaving k% of the observations below. In the box-plot 5 percentiles are represented: 

- The minimum or percentile zero; 

- Percentile 25 which is the one leaving 25% of the sample below, also known as first 

quartile or Q1; 

- Percentile 50 which is the one leaving 50% below, also known as second quartile or 

median or Q2; 

- Percentile 75 which is the one leaving 75% below, also known as third quartile or Q3; 

- The maximum or percentile 100. 

For the completion of the graph, a box is drawn; its superior and inferior sides correspond with 

the first and third quartile. This box is divided by a segment, the median. The distance between 

the first and third quartile is called interquartile range. The whiskers simply represent the 

minimum and maximum of all of the data. This representation is a convenient way of 

graphically depicting groups of numerical data through the position of the five most relevant 

percentiles, giving an idea of the dispersion and skewness in the data. Looking at Fig. 6.20 the 



124  Assessing the energy saving potential of STPV elements  

 

effect of the WWR variation can be seen for each site and glazing element, since the percentile 

values have been calculated with the data obtained ranging the WWR from 11% to 88%. In this 

sense, it can be noted that in all the sites the façade opening size has a bigger effect over the 

EBI (higher range and interquartile range) when the RG element is used, being this behaviour 

most evident in the cases of Castellón, Sevilla, Pontevedra and Madrid. For all the cities and 

glazing elements, it can be also observed a certain asymmetry of the data, being the variation 

between the maximum value and the median (Q2) always larger than the variation between 

the median (Q2) and the minimum value. This data distribution shows that most of the EBI 

values are concentrated on the low end of the scale, i.e. around low EBI values, meaning that 

the WWR effect on the EBI is neither linear nor symmetrical. Furthermore, it is interesting to 

observe how the ranges overlap in all the cities, meaning that the same EBI could be reached 

by choosing a specific combination of glazing element and façade opening dimension.  

 

Fig. 6.20. Box and-whisker diagram representing the Energy Balance Index (EBI) depending on the site analysed 
for each glazing element. The spread of the EBI values shows the effect of the façade opening sizes. 

To assess not only the impact of the WWR on the EBI but also those produced by the glazing 

material, the box-plot in Fig. 6.21 is shown. In this case the percentile values for each site and 

WWR have been calculated with the data obtained varying the glazing element from 0 to RG. 

Accordingly, the data dispersion, indicated by the interquartile and total ranges, represents the 

effect of the glazing material on the building energy performance for the site and WWR 

considered. The first result that stands out is that for high WWR the glazing material affects 

significantly the energy balance of the building in all the sites excluding Oslo, in which the 

range, i.e. the glazing element effect, is approximately constant for all the sizes of the 
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windows. On the other hand, for small façade openings the spread is reduced, showing that all 

the materials perform in a similar manner. In addition, it can be observed that a correct 

selection of the glazing material is imperative in climates characterized by high irradiation, 

such as the Spanish cities considered, in which the EBI varies more notably than in the other 

European cities. Also in this case, data present a clear asymmetric distribution, being the 

variation between the maximum value and the median (Q2) always larger than the variation 

between the median (Q2) and the minimum value. In this case, the data distribution (most of 

the EBI values concentrated around low values) means that the effect of the glazing element 

on the EBI is neither linear nor symmetrical, as can also be observed looking at Fig. 6.18. 

 

Fig. 6.21. Box-and-whisker diagram representing the Energy Balance Index (EBI) depending on the glazing 
element for each site analysed. The spread of the EBI values shows the effect of the different glazing materials. 

To summarize the previous results, the energy balance indexes and the values normalized to 

the best WWR-glazing element combination are shown in Tab. 6.8 (Spanish cities) end Tab. 6.9 

(other European cities). To highlight the efficiency of the solutions a colour range from green 

(good performance) to red (bad performance) has been used. 

As can be seen in Tab. 6.8, in general the best solutions in the Spanish climates concentrate 

around the upper right-hand part of the diagonal, corresponding to medium and elevate WWR 

values (from 44% to 88%) and low degree of transparency elements (from 0 to 20). It is worth 

noting that in all cases using the RG for WWR≥44%, typical in commercial buildings in which 

the glazing materials are more and more extensively used, the building energy demand is at 

least 47% higher (case of Sevilla) than those reached implementing the best solution for the 

city considered, i.e. using STPV 20. The difference in terms of façade and building performance 
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using a code-compliant conventional glass instead of a correctly dimensioned STPV element 

rises up to 324% in the case of Pontevedra, meaning that the building energy demand is more 

than three times those reached using the STPV element 10. Apart from this, even if the 

optimum solution in terms of glazing material and WWR combination has been highlighted, it 

can be noted that roughly the same building performance could be reached by choosing other 

combinations of these parameters. For instance, in the case of Sevilla the lower energy 

demand is obtained with the combination WWR=44% and glazing element 20, but designing 

bigger façade openings (WWR=66%) and using a less transparent element (STPV 10) the 

building energy performance is worsened a only 1%. Thus, it is evident that in such case not 

only the efficiency of the building should be taken into account to define the appropriate 

facade solution, but also other elements which may be critical such as the visual comfort 

conditions in the space or the building façade aesthetic, to mention just a few examples. 
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Tab. 6.8. Energy Balance Index [kWh/m
2
] (a) and values normalized to the best WWR-glazing element 

combination (b). Spanish cities. 

Energy Balance Index [kWh/m
2
] (a) Normalized Energy Balance Index (b) 

  
WWR - Castellón 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 48.5 44.7 40.9 37.4 34.5 31.7 29.4 27.5 

10 48.7 44.5 39.4 35.1 32.6 30.4 29.1 28.0 
20 48.6 43.7 38.4 34.7 33.3 32.3 32.3 32.5 
30 48.3 42.4 38.7 37.3 38.2 39.7 41.8 44.2 
40 48.1 42.4 40.6 41.4 44.4 47.8 51.6 55.7 
RG 48.5 45.6 48.4 53.9 61.1 68.5 75.9 83.6 

 

  
WWR - Castellón 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.76 1.63 1.49 1.36 1.26 1.15 1.07 1.00 

10 1.77 1.62 1.43 1.28 1.19 1.11 1.06 1.02 
20 1.77 1.59 1.40 1.26 1.21 1.18 1.18 1.18 
30 1.76 1.54 1.41 1.36 1.39 1.44 1.52 1.61 
40 1.75 1.55 1.48 1.51 1.62 1.74 1.88 2.03 
RG 1.77 1.66 1.76 1.96 2.22 2.49 2.76 3.04 

 

  
WWR - Sevilla 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 53.2 51.2 49.3 45.4 46.2 44.9 43.9 43.2 
10 53.4 50.9 47.5 43.0 43.8 43.2 43.4 43.7 

20 53.1 50.0 46.2 42.5 44.2 44.9 46.4 48.0 

30 52.8 48.5 46.2 45.2 48.9 51.9 55.7 59.7 
40 52.5 48.2 47.9 49.3 54.9 60.1 65.5 71.4 
RG 52.8 50.9 55.1 62.4 71.3 80.5 89.4 98.6 

 

  
WWR - Sevilla 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.25 1.20 1.16 1.07 1.09 1.05 1.03 1.02 
10 1.25 1.20 1.12 1.01 1.03 1.01 1.02 1.03 

20 1.25 1.17 1.09 1.00 1.04 1.06 1.09 1.13 

30 1.24 1.14 1.09 1.06 1.15 1.22 1.31 1.40 
40 1.23 1.13 1.13 1.16 1.29 1.41 1.54 1.68 
RG 1.24 1.20 1.29 1.47 1.68 1.89 2.10 2.32 

 

  
WWR - Pontevedra 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 45.4 40.3 35.5 31.7 28.8 26.3 24.3 22.6 

10 45.6 39.2 33.2 28.3 25.3 22.8 21.4 20.1 

20 45.4 38.4 32.0 27.2 25.0 23.4 23.0 22.8 
30 45.1 37.4 31.8 28.7 28.5 28.9 30.1 31.6 
40 44.9 37.2 33.0 32.1 33.6 35.6 38.2 41.1 
RG 45.1 39.5 39.7 43.1 48.2 53.6 59.2 65.1 

 

  
WWR - Pontevedra 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 2.26 2.01 1.77 1.58 1.43 1.31 1.21 1.13 

10 2.27 1.95 1.65 1.41 1.26 1.14 1.07 1.00 

20 2.26 1.91 1.59 1.36 1.25 1.16 1.14 1.13 
30 2.25 1.86 1.58 1.43 1.42 1.44 1.50 1.58 
40 2.24 1.85 1.65 1.60 1.67 1.78 1.90 2.05 
RG 2.25 1.97 1.98 2.15 2.40 2.67 2.95 3.24 

 

  
WWR - Vitoria 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 38.4 32.4 29.2 27.5 26.6 26.0 25.7 25.7 
10 38.5 31.3 26.5 23.2 21.5 20.3 19.9 19.6 

20 38.3 30.3 24.6 21.0 19.5 18.8 18.9 19.2 

30 38.0 28.8 22.9 20.0 19.7 20.2 21.3 22.8 
40 37.8 28.0 22.9 21.2 22.1 23.5 25.5 28.0 
RG 38.0 29.0 26.6 27.8 31.0 34.8 39.0 43.7 

 

  
WWR - Vitoria 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 2.05 1.73 1.56 1.47 1.42 1.39 1.37 1.37 
10 2.05 1.67 1.41 1.24 1.15 1.08 1.06 1.05 

20 2.04 1.62 1.31 1.12 1.04 1.00 1.01 1.03 

30 2.03 1.53 1.22 1.07 1.05 1.08 1.14 1.21 
40 2.02 1.49 1.22 1.13 1.18 1.25 1.36 1.49 
RG 2.03 1.54 1.42 1.48 1.65 1.85 2.08 2.33 

 

  
WWR - Guadalajara 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 42.8 37.0 33.6 31.4 30.0 29.0 28.2 27.7 

10 43.0 36.5 31.3 27.8 25.9 24.5 23.8 23.5 

20 42.8 35.6 29.8 26.0 24.5 23.6 23.7 24.1 
30 42.5 34.4 28.7 26.1 26.0 26.5 28.0 29.7 
40 42.3 34.0 29.5 28.3 29.5 31.5 34.1 37.0 
RG 42.5 35.8 34.9 37.1 41.3 46.1 51.2 56.7 

 

  
WWR - Guadalajara 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.82 1.58 1.43 1.34 1.28 1.23 1.20 1.18 

10 1.83 1.56 1.33 1.18 1.10 1.04 1.02 1.00 

20 1.82 1.52 1.27 1.11 1.04 1.01 1.01 1.03 
30 1.81 1.46 1.23 1.11 1.11 1.13 1.19 1.27 
40 1.80 1.45 1.26 1.20 1.26 1.34 1.45 1.58 
RG 1.81 1.53 1.49 1.58 1.76 1.96 2.18 2.42 

 

  
WWR - Soria 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 38.0 32.3 29.4 27.7 26.7 26.1 25.6 25.6 
10 38.3 31.4 26.8 23.5 21.7 20.4 19.9 19.6 

20 38.2 30.4 24.9 21.3 19.8 19.0 19.0 19.4 

30 37.9 28.9 23.3 20.4 20.2 20.8 22.0 23.6 
40 37.8 28.3 23.6 22.3 23.3 25.0 27.4 30.1 
RG 38.1 29.8 28.5 30.5 34.5 38.8 43.5 48.6 

 

  
WWR - Soria 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 2.00 1.70 1.55 1.46 1.41 1.37 1.35 1.35 
10 2.02 1.65 1.41 1.23 1.14 1.08 1.05 1.03 

20 2.01 1.60 1.31 1.12 1.04 1.00 1.00 1.02 

30 1.99 1.52 1.22 1.08 1.06 1.09 1.16 1.24 
40 1.99 1.49 1.24 1.17 1.23 1.32 1.44 1.58 
RG 2.01 1.57 1.50 1.61 1.81 2.04 2.29 2.56 

 

 

Regarding the other European cities analysed (Tab. 6.9), for Ancona and Innsbruck the best 

solutions concentrate around the centre of the tables (medium WWR and degree of 

transparency). In the case of Oslo, the best results fall around the lower left-hand part of the 

diagonal, corresponding to small façade openings and high transparency elements. Regarding 

the first two cities it is interesting to note that even if they are characterized by highly diverse 

climates (see Tab. 6.7), the WWR-glazing element combination that ensures the best building 

performance is the same in both cases (WWR=44%, glazing element 30). Looking at Fig. 6.14 it 

can be noted that this behaviour is due to the good balance of this STPV element in both 

climates in terms of thermal performance, daylighting and electricity generation. In the case of 

Oslo, the severe climatic conditions make the heating loads more important than in the other 
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sites, thus small façade openings reduce the heat losses and glazing elements with high degree 

of transparency enhance the solar gains. In fact, this case is the only one of the analysed in 

which the RG performs as well as the STPV elements, so probably in this case it would not be 

worth implementing the STPV solution from an energy balance point of view.  

Tab. 6.9. Energy Balance Index [kWh/m2] (a) and values normalized to the best WWR-glazing element 
combination (b). No Spanish cities. 

Energy Balance Index [kWh/m
2
] (a) Normalized Energy Balance Index (b) 

  
WWR - Ancona 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 43.7 39.1 37.6 37.0 37.0 37.2 37.7 38.3 
10 43.7 38.1 35.2 33.3 32.7 32.4 32.8 33.2 
20 43.5 37.0 33.3 30.8 30.5 30.7 31.7 32.9 

30 43.1 35.6 31.0 29.6 30.5 31.9 33.9 36.0 

40 42.8 34.5 30.6 30.4 32.3 34.5 37.3 40.2 
RG 42.7 34.1 33.0 34.9 38.7 42.8 47.2 51.9 

 

  
WWR - Ancona 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.48 1.32 1.27 1.25 1.25 1.26 1.27 1.30 
10 1.48 1.29 1.19 1.13 1.11 1.10 1.11 1.12 
20 1.47 1.25 1.13 1.04 1.03 1.04 1.07 1.11 

30 1.46 1.20 1.05 1.00 1.03 1.08 1.15 1.22 

40 1.45 1.17 1.03 1.03 1.09 1.17 1.26 1.36 
RG 1.44 1.16 1.12 1.18 1.31 1.45 1.60 1.75 

 

  
WWR - Innsbruck 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 38.6 34.9 33.2 32.6 32.7 33.1 33.8 35.0 
10 38.5 32.9 29.8 27.4 26.8 26.7 27.5 28.5 
20 38.2 31.8 27.7 25.0 24.8 25.3 26.8 28.5 

30 37.8 30.0 25.7 24.2 25.3 27.1 29.5 32.4 

40 37.4 29.1 25.7 25.6 27.7 30.5 33.9 37.8 
RG 37.3 29.9 29.4 31.8 36.3 41.3 46.8 52.7 

 

  
WWR - Innsbruck 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.59 1.44 1.37 1.35 1.35 1.37 1.40 1.45 
10 1.59 1.36 1.23 1.13 1.11 1.10 1.13 1.18 
20 1.58 1.31 1.15 1.03 1.03 1.05 1.11 1.18 

30 1.56 1.24 1.06 1.00 1.05 1.12 1.22 1.34 

40 1.55 1.20 1.06 1.06 1.15 1.26 1.40 1.56 
RG 1.54 1.24 1.21 1.31 1.50 1.71 1.94 2.18 

 

  
WWR - Oslo 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 36.4 36.2 38.2 40.9 44.0 47.2 50.5 54.1 
10 36.0 34.6 34.8 36.0 38.3 40.9 44.1 47.5 
20 35.7 33.4 32.8 33.6 36.3 39.4 43.0 46.8 
30 35.2 31.8 31.0 32.7 36.2 40.0 44.2 48.7 

40 34.8 30.6 30.6 33.1 37.1 41.5 46.2 51.3 

RG 34.4 30.6 32.3 36.1 41.4 47.2 53.2 59.8 
 

  
WWR - Oslo 

  
11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 

G
LA

ZI
N

G
 

EL
EM

E
N

T
 

0 1.19 1.18 1.25 1.34 1.44 1.54 1.65 1.77 
10 1.18 1.13 1.14 1.18 1.25 1.34 1.44 1.55 
20 1.17 1.09 1.07 1.10 1.19 1.29 1.40 1.53 
30 1.15 1.04 1.01 1.07 1.18 1.31 1.44 1.59 

40 1.14 1.00 1.00 1.08 1.21 1.36 1.51 1.68 

RG 1.12 1.00 1.06 1.18 1.35 1.54 1.74 1.95 
 

 

6.4 Economic analysis 

In this section the economic viability of STPV façades has been assessed. Whit this aim, for 

each Spanish city, the best performing STPV system has been compared with the façade 

solution with the same WWR but made up of the reference glass. For instance, in the case of 

Madrid, the most efficient design consisting of the use of element 10 with façade openings 

corresponding to WWR=77%, was compared with the building with the same openings size in 

which the conventional reference glass has been used. 

To carry out the study, the first step was to estimate the annual expenditure that the building 

would pay in order to cover its global electricity demand. To do this, annual data of PV 

generation (in the case of STPV integrated solution) and electricity demand (in both cases) 

were hourly analysed. In fact, according to the Spanish regulation (BOE 2014), the energy price 

consists of two components: the power term, which depends on the maximum power 

demanded (measured in commercial buildings through a maximum power meter) and the 

energy term that represents the price for the kilowatt-hour consumed. In addition, both 

factors depend on the billing period, having three different billing periods: peak, flat and valley 
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billing periods. Considering the characteristics of the reference building (a 7 floors midsize 

office building consisting of approximately 6500 m2) power and energy terms corresponding to 

the contract rate 3.1A (medium voltage connection up to 36kV) were assumed. In addition, to 

calculate the actual power and energy rates, two other terms have to be considered: the 

Commercialisation Margin Price (CMP), which should be added to the annual power term and 

similarly the Electricity Production Cost (EPC), fixed on the basis of the electricity price in the 

market, which must be added to the energy term. The main characteristics of the contract rate 

3.1A and the other costs to be taken into account are specified in Tab. 6.10. 

Tab. 6.10. Power and energy terms according to the contract rate 3.1A. Source: (BOE 2014) 

Period  Peak  Flat  Valley 

Annual power term [€/kW] 59.173468 36.49068 8.367731 
Annual CMP [€/kW] 4 4 4 
Energy term [€/kWh] 0.014335 0.012754 0.007805 
EPC [€/kWh] 0.085033 0.073095 0.049492 

 

On the basis of these specific costs, and using the hourly data of PV generation (PVsyst 

simulations) and global electricity demand for HVAC and lighting, (EnergyPlus simulations), the 

annual electricity billing was calculated in each case. Regarding the setup of the PV system, it 

was assumed to be connected for instantaneous self-consumption, as the current Spanish legal 

framework about the grid connection of small power generating systems (RD 1699/2011) does 

allow (BOE 2011). Furthermore, it was assumed that the surplus energy not locally consumed 

is not compensated in any way or, in others words, it has been assumed the implementation of 

a zero energy grid injection strategy. According to these suppositions, the annual billings for 

the electricity consumption have been calculated. Results are summarised in Tab. 6.11, which 

also includes the annual savings calculated as the difference between the energy billing to be 

paid using the STPV solution and the one resulting from using the reference glass. As it can be 

seen, the annual savings ranges between 7700 Euros corresponding to the case of Sevilla and 

more that 28000 Euros achieved in the case of Pontevedra and Castellón. These differences 

can be explained by looking at the Energy Balance Indices provided by the best performing 

STPV solutions in comparison with those obtained with the reference glass for the same WWR 

(see Tab. 6.8). In the case of Sevilla for instance, the conventional glazing performs relatively 

well, producing an increase in the building energy demand of about 47%. On the contrary, in 

the case of Pontevedra the performances of the reference glass and of the STPV solution 

strongly diverge, being the building energy demand using the conventional systems more than 
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three times those achieved using the PV façade system. This behaviour causes that the annual 

savings are also significantly different from city to city. 

Tab. 6.11. Best performing STPV system, annual billing due to the power and energy terms, total annual 
electricity billing and annual savings. 

 
Best STPV 

system 
Power-term 

billing 
Energy-term 

billing 
Electricity 

Billing 
Annual 
savings 

 Element WWR STPV RG STPV RG STPV RG   

 - - [k€] [k€] [k€] [k€] [k€] [k€] [k€] [%] 

Castellón 00 88.8 15.6 24.5 26.4 45.6 42.0 70.1 28.1 40.1 
Sevilla 20 44.4 14.4 15.9 27.5 33.9 42.0 49.7 7.7 15.6 
Pontevedra 10 88.8 13.6 23.9 17.8 35.7 31.4 59.6 28.2 47.3 
Vitoria 20 66.6 10.5 16.8 13.7 19.2 24.2 36.1 11.9 32.9 
Guadalajara 10 88.8 13.3 23.7 18.9 31.2 32.2 54.9 22.7 41.3 
Madrid 10 77.7 16.0 22.7 23.5 37.9 39.5 60.6 21.1 34.8 
Soria 20 66.6 11.3 17.7 14.5 21.5 25.7 39.2 13.4 34.3 

 

To evaluate how profitable the STPV façade projects would be, the Net Present Value (NPV) 

has been calculated. This parameter is one of the most widely used measures in capital 

budgeting, since it gives the potential investor clear information of whether the project will be 

a valuable investment or not. NPV is simply defined as the present value of net cash inflows 

generated by a project minus the initial investment on the project. Accordingly, to be 

adequately profitable, an investment should have a net present value greater than zero. In the 

cases analysed, the projects do not generate any cash inflows (since only energy saving 

strategies are being considered), but the annual savings can be considered as inflows, as they 

represent cash outflows that will not have to be paid. 

In order to calculate the NPV, the first step is to estimate the initial investment for the 

projects. This task is far from simple, mainly because the cost of STPV solutions depends on 

several factors related with the particular building in which the system will be integrated. For 

instance, aspects such as the size of the system or the opportunity of using standard elements 

instead of custom-made products have a big impact over the final cost of the project. The 

correlation between the specific project and the final price per square meter of the STPV 

element, besides the relative novelty of these building products, explain the fact that they are 

still not included in the price databases of the building industry materials. Because of these 

difficulties to find real prices representative of the STPV products in the particular projects 

analysed, in this study three cost scenarios have been assumed on the basis of the reference 

glass price. In other words, the price of the conventional glass has been taken as a reference 
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and on this basis the extra cost of the STPV products has been supposed according to the 

following scenarios: 

a. STPV products are 50% more expensive than the conventional reference glass; 

b. STPV products are 100% more expensive than the conventional reference glass; 

c. STPV products are 200% more expensive than the conventional reference glass. 

Next, to define the price of the conventional glazing element, several price databases of 

construction materials have been checked. As specified in Tab. 6.1, the reference glass is a 

double glazing unit with a solar control coating, having U-value=2.8 W/m2K and g-value=0.47. 

Both glass panes have 6mm thicknesses and the air gap has a thickness of 12mm. The price of 

this products varies between 93.14€/m2 and 134.14€/m2 depending on the database consulted 

(ITEC 2015; FIVE 2015; COAATGU 2015; CYPE Ingenieros 2015). To cover all the range of prices, 

both extreme values have been taken into account in the analysis, defining two scenarios for 

the conventional glass: 

i. The minimum price of the conventional glass is 93.14 €/m2; 

ii. The maximum price of the conventional glass is 134.14 €/m2. 

To summarise, on the basis of the assumptions made, prices per square meter used to carry 

out the analysis are shown in Tab. 6.12.  

Tab. 6.12. Prices of the reference glass and prices of STPV elements according to the scenarios assumed. 

Scenario  
STPV element extra cost 

a. +50% b. +100% c. +200% 

RG glazing cost  Final STPV element price 

 [€/m2] [€/m2] [€/m2] [€/m2] 

i. RG min. price 93.14 139.7 186.2 279.3 

ii. RG max. price 134.14 201.2 268.3 402.4 

 

In Tab. 6.13, the maximum and minimum prices of the STPV elements, calculated according to 

the assumptions made and using the power density reported in Tab. 6.1, are expressed in 

Euros per watt peak. It can be noted that the specific price (€/WP) rises by increasing the 

transparency degree, since the power density (WP/m2) decreases. 
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Tab. 6.13. Minimum and maximum prices of the STPV elements expressed in Euros per watt peak. Values have 
been calculated according to the assumption made and considering the power density of the different elements. 

STPV Element Final STPV element price 

 Minimum price Maximum price 

 [€/WP] [€/WP] 

0 2.3 6.5 

10 3.2 9.1 

20 3.7 10.6 

30 4.4 12.7 

40 5.5 15.9 

 

Next, the initial investments required to build the façade systems have been calculated using 

the specific prices defined in Tab. 6.12. Results are reported in Tab. 6.14 and Tab. 6.15. In 

particular, Tab. 6.14 refers to the case in which the minimum price of the reference glass has 

been taken as starting point, whereas Tab. 6.15 reports the costs of the façades calculated 

using the maximum price of the reference glass.  

Tab. 6.14. Costs of the façade systems calculated using the minimum price of the reference glass.  

 
WWR 

Façade 
System size 

RG façade 
Min cost 

STPV façade cost STPV façade extra cost 

    
+50% +100% +200% +50% +100% +200% 

 
- [m2] [k€] [k€] [k€] [k€] [k€] [k€] [k€] 

Castellón 88.8 881 82.1 123.1 164.1 246.2 41.0 82.1 164.1 

Sevilla 44.4 441 41.0 61.6 82.1 123.1 20.5 41.0 82.1 

Pontevedra 88.8 881 82.1 123.1 164.1 246.2 41.0 82.1 164.1 

Vitoria 66.6 661 61.6 92.3 123.1 184.7 30.8 61.6 123.1 

Guadalajara 88.8 881 82.1 123.1 164.1 246.2 41.0 82.1 164.1 

Madrid 77.7 771 71.8 107.7 143.6 215.4 35.9 71.8 143.6 

Soria 66.6 661 61.6 92.3 123.1 184.7 30.8 61.6 123.1 

 

Tab. 6.15. Costs of the façade systems calculated using the maximum price of the reference glass. 

 
WWR 

Façade 
System size 

RG façade 
Max cost 

STPV façade cost STPV façade extra cost 

    
+50% +100% +200% +50% +100% +200% 

 
- [m2] [k€] [k€] [k€] [k€] [k€] [k€] [k€] 

Castellón 88.8 881 118.2 177.3 236.4 354.6 59.1 118.2 236.4 

Sevilla 44.4 441 59.1 88.6 118.2 177.3 29.5 59.1 118.2 

Pontevedra 88.8 881 118.2 177.3 236.4 354.6 59.1 118.2 236.4 

Vitoria 66.6 661 88.6 133.0 177.3 265.9 44.3 88.6 177.3 

Guadalajara 88.8 881 118.2 177.3 236.4 354.6 59.1 118.2 236.4 

Madrid 77.7 771 103.4 155.1 206.8 310.3 51.7 103.4 206.8 

Soria 66.6 661 88.6 133.0 177.3 265.9 44.3 88.6 177.3 
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In addition to the costs of the systems (Tab. 6.14 and Tab. 6.15) and the annual savings (Tab. 

6.11), to calculate the NPV other data such as the lifetime of the installation, the discount rate 

and the annual rate of increase in energy prices are required. Values used in the analysis are 

reported below:  

 lifetime of the installation: 30 years (Creara 2015); 

 discount rate: 5% (Creara 2015); 

 annual operation and maintenance costs: 5€/kWp plus the inverter replacement after 

15 years. To estimate the cost of the inverter (in the range 15-50kW) a conservative 

value of 150€/kW has been used; 

 annual inflation rate: 2% (Creara 2015); 

 Annual rate of increase in electricity prices: considering that annual increase in the 

price of commercial electricity is a difficult parameter to estimate accurately, two 

extreme scenarios have been proposed in order to cover the most likely developments 

of this parameter. In the first one, a moderate increase has been supposed with an 

annual rate Ie=1%; in the second one, a high increase has been supposed with an 

annual rate Ie=5%. 

With these data, the NPV of the projects has been calculated for each city according to the 

suppositions made. A total of 12 scenarios, obtained from the combination of six prices (see 

Tab. 6.12) and two annual rates of increase in electricity prices have been studied for each city. 

Results are shown in the plots from Fig. 6.22 to Fig. 6.27. For each city, figure (a) represents 

the NPV calculated using the STPV prices refereed to the minimum price of the reference glass, 

for both the expected rates of increase in energy prices. Figure (b) analyses the NPV when the 

higher prices of the STPV elements are considered, also in this case for both energy increases. 

Looking at Fig. 6.22 corresponding to the case of Castellón, it can be seen that the NPV after 30 

years ranges between nearly 670k€ in the best scenario (low price of STPV elements being 

P=140€/m2 and high energy price increase with Ie=5%) and approximately 100k€ in the worst 

one (high initial investment with a price of STPV elements of 402€/ m2 and low increase of the 

energy price, being Ie=1%). The payback period (defined as the period of time required to 

recoup the funds expended in an investment, i.e. the time in which the NPV changes from 

negative to positive) ranges between 5 and 19 years. The corresponding Internal Rate of 

Return (IRR), namely the discount rate that makes the NPV equal to zero, ranges between 

27.5% and 7.6%. 
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(a) (b) 
Fig. 6.22. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Castellón. 

These data are very close to those observed in the case of Pontevedra (Fig. 6.23) In fact, in 

both cities the best performing STPV system has the same size (WWR=88% corresponding to 

880m2 façade system), so both projects require the same initial investment (see Tab. 6.14 and 

Tab. 6.15). In addition, the annual savings are also practically identical, being 28100 € in 

Castellón and 28200 € in Pontevedra. Consequently, the NPV curves and the payback period 

are very similar. Also in this case, in fact, the payback period ranges between 5 and 19 years 

and the IRR is comprised between 27.7% and 7.7%. 

(a) (b) 
Fig. 6.23. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Pontevedra. 
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In the case of Guadalajara (Fig. 6.24), the initial investment is exactly the same than in 

Castellón and Pontevedra (in fact the points at year one of the NPV curves coincide), but here 

the expected annual savings are about 22000€ instead of 28000€ as happened in the previous 

cases. For this reason the NPV at the end of the supposed lifetime of the system (30 years) 

ranges between 500k€ calculated in the most favourable scenario and about 30k€ achieved in 

the in the most unfavourable one, being the payback period comprised between 6 and 27 

years and the IRR between 23.1% and 5.7%. 

(a) (b) 
Fig. 6.24. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Guadalajara. 

As regards Madrid (Fig. 6.25), the profitability of the investment is similar to Guadalajara case. 

In fact in Madrid, although the cost of the initial investment is somewhat lower than in 

Guadalajara (being the optimum WWR about 77% and the façade system of about 770 m2 

rather than 880 m2), the expected annual savings are very similar in both cases (about 21100€ 

in Madrid and nearly 22700€ in Guadalajara). For these similarities between the two systems, 

the NPV values present the same trends, being the extreme NPV values in Madrid nearly 500 

and 50 thousands of Euros, with a payback period ranging between 6 and 24 years and the IRR 

comprised between 24.3% and 6.2%. 
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(a) (b) 
Fig. 6.25. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Madrid. 

A lower return on investment is observed in the cases of Vitoria (Fig. 6.26) and Soria (Fig. 6.27). 

The NPV in both cities presents an analogous behaviour, since the same initial investment to 

build the façades is needed (660 m2 is the size of the most efficient system in both cases) and 

similar annual savings (11900€ in Vitoria and 13400€ in Soria) are expected. It can be observed 

that the NPV after 30 years in the most favourable scenario (P=140€/m2; Ie=5%) is about 250k€ 

in Vitoria and almost 300k€ in Soria. In this context, the payback period is about 8 years for 

both cities and the IRR is comprised between 17.2% (Vitoria) 19.1% (Soria). 

(a) (b) 
Fig. 6.26. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Vitoria. 
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On the contrary, in the least favourable scenario (P=402€/m2; Ie=1%) NPV after 30 years is 

negative (with a IRR=3.7%), meaning that the projects lead to effective losses and thus should 

be rejected. In particular, the maximum price of STPV elements that could still be considered 

acceptable under the low energy price increase scenario (Ie=1%) is about 200€/m2 in Vitoria 

and 270€/m2 in Soria. In such cases, in fact, both projects provide acceptable NPV values being 

about 65k€ and 50k€ in Vitoria and Soria respectively, leading to payback periods of 16 and 20 

years and IRR values of 8.8% and 7.2%. If on the other hand a rise in the energy price in the 

order of 5% is predicted, the investment seems to be acceptable including if the initial cost for 

the construction of the façade systems was 280€/m2. Under these hypotheses in fact, NPV and 

payback period would respectively be about 150k€ and 17 years in Vitoria and nearly 195k€ 

and 15 years in Soria. The corresponding IRR would be 9.6% in Vitoria and 10.7% in Soria. 

(a) (b) 
Fig. 6.27. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Soria. 

The case of Sevilla (Fig. 6.28) finally differs from the others discussed up to this point. In fact, 

for this city the best performing STPV system has two important peculiarities: with 440m2 

(WWR=44%) it is the smallest among the systems considered and furthermore it provides the 

lowest annual savings, being about 7700€. The first characteristic has the effect of reducing 

the initial investment whereas the second one cuts down the annual cash flows, attenuating 

the differences between the NPV trends under the different scenarios.  
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(a) (b) 
Fig. 6.28. NPV calculated according to the suppositions made: using the minimum (a) and the maximum (b) price 
of the reference glass, for low (Ie=1%) and high (Ie=5%) rise of electricity prices. Case of Sevilla. 

Quantitatively, at the end of the lifetime of the project NPV is comprised between 161k€ 

achieved in the best scenario (P=140€/m2; Ie=5%) and -50k€ reached in the worst one 

(P=402€/m2; Ie=1%). In this last scenario, the project is surely not profitable and should be 

rejected. The maximum price that theoretically should be paid for STPV elements is about 

280€/m2 supposing an annual rate of increase in electricity prices of 1% and about 400€/m2 

assuming an annual increase of 5%. However, in such cases the profitability of the investment 

will be very low, with NPV ranging between 7000€ and 40000€ payback periods comprised 

between 25 and 27 years, and the IRR in the range of 5.5% and 6.5%. Realistically, according to 

this study it seems that in the case of Sevilla the cut-off prices should be about 185€/m2 if an 

annual increase of the energy price of 1% is estimated (NPV=48k€, payback period about 15 

years, IRR=9.4%) and about 280€/m2 if an increase of the energy price in the order of 5% is 

expected (NPV=95k€, payback period about 17 years, IRR=9.4%). 

To summarize the economic study, in Tab. 6.16 the NPV of all the projects have been 

summarised and in Tab. 6.17 the corresponding payback periods have been reported. 

Furthermore, in Tab. 6.18 projects deemed economically profitable have been indicated. This 

classification has been made by applying two conditions: a Net Present Value at the end of the 

lifetime of the system (estimated in 30 years) greater or equal to 48000 Euros (corresponding 

at about 13% of the initial investment required to build the most cost-intensive STPV façade, 

Tab. 6.15) and a payback period lower or equal to 20 years. Projects that meet both conditions 

have been marked in green, the others in red. 
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Tab. 6.16. Net Present Value of the projects after 30 years according to the assumptions made. Values in 
thousands of euros.  

 
Energy prices rise Ie=1% Energy prices rise Ie=5% 

 STPV element price [€/m2] STPV element price [€/m2] 

 
140 186 201 268 279 402 140 186 201 268 279 402 

Castellón 351 310 297 238 228 120 670 629 616 557 547 439 
Pontevedra 355 314 301 242 232 124 676 635 622 563 553 444 
Guadalajara 261 220 206 147 138 29 519 478 464 405 396 287 
Madrid 249 214 202 150 142 47 489 453 442 390 382 287 
Soria 134 104 94 50 42 -39 287 256 246 202 195 114 
Vitoria 107 77 67 22 15 -66 242 211 201 157 150 68 
Sevilla 69 48 42 12 7 -47 157 137 130 100 96 41 

 

Tab. 6.17. Payback periods of the projects according to the assumptions made. Values in years. 

 
Energy prices rise Ie=1% Energy prices rise Ie=5% 

 STPV element price [€/m2] STPV element price [€/m2] 

 
140 186 201 268 279 402 140 186 201 268 279 402 

Castellón 6 7 8 11 12 19 5 7 7 9 10 14 
Pontevedra 5 7 8 11 12 19 5 7 7 9 10 14 
Guadalajara 7 9 10 15 16 27 6 8 9 12 12 17 
Madrid 6 9 10 13 14 24 6 8 8 11 11 16 
Soria 9 12 14 20 22 >30 8 10 11 14 15 22 
Vitoria 10 15 16 25 27 >30 9 12 12 17 17 24 
Sevilla 10 15 17 26 27 >30 9 12 13 17 17 25 

 

Tab. 6.18. STPV projects deemed profitable, having e NPV greater or equal to 48000 euros and a payback period 
lower or equal to 20 years. 

 
Energy prices rise Ie=1% Energy prices rise Ie=5% 

 STPV element price [€/m2] STPV element price [€/m2] 

 
140 186 201 268 279 402 140 186 201 268 279 402 

Castellón YES YES YES YES YES YES YES YES YES YES YES YES 
Pontevedra YES YES YES YES YES YES YES YES YES YES YES YES 
Guadalajara YES YES YES YES YES NO YES YES YES YES YES YES 
Madrid YES YES YES YES YES NO YES YES YES YES YES YES 
Soria YES YES YES YES NO NO YES YES YES YES YES NO 
Vitoria YES YES YES NO NO NO YES YES YES YES YES NO 
Sevilla YES YES NO NO NO NO YES YES YES YES YES NO 

 

To conclude, the economic study shows the prince ranges among which the STPV façade 

solutions would be economically feasible. To carry out the analysis, the best performing STPV 

systems have been compared with solutions of the same dimensions based on conventional 

glazing. To estimate the annual energy expenditure, a contract rate has been supposed on the 

basis of the characteristics of the reference building. Since in Spain electricity billing depends 

on energy consumed, power peaks demanded and billing periods, hourly based simulations 
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have been carried out to realistically estimate the energy bills and the expected annual savings 

provided by STPV solutions. Next, six price scenarios of STPV products have been formulated 

on the basis of the price of the conventional glass. These assumptions have been required due 

to the impossibility of surely establish the price of STPV products, since it depends on several 

factors mainly related with the particular project. With the expected annual savings and the 

prices assumed of the semi-transparent products, the Net Present Value of the projects has 

been calculated considering two possible scenarios about the annual rate of increase of the 

energy price. A total of 84 cases have been analysed, combining two annual rates of increase 

of energy prices, six price scenarios, and seven cities. Results show that in the cases of 

Castellón and Pontevedra the projects are profitable for all the scenarios. In fact, under the 

less favourable hypothesis (STPV price about 400€/m2, rate of increase of energy prices of 1%) 

the NPV after 30 years is more than 120000€, the payback period is 19 years and the internal 

rate of return (IRR) is about 8%. As regards Madrid and Guadalajara, the profitability of the 

investment is similar for both cities and seems to be acceptable under all the scenarios 

excluding the worst one, which presents a NPV of about 46000€, a payback period of 24 years 

and a IRR of about 6%. Concerning Vitoria and Soria, considering an annual increase of the 

price of the electricity of 1%, the cut-off prices seem to be about 200€/m2 and 270€/m2 

respectively. In fact, with this initial costs of the projects the NPV is nearly 66000€ with a 

payback period of 16 years and a IRR of about 9% in the case of Vitoria. In the case of Soria the 

NPV is about 50000€, the payback period is 20 years and the IRR is about 7%. Considering an 

annual increase of the price of the electricity of 5%, including prices higher than 280€/m2 

seems acceptable for the project, since the NPV after 30 years is higher than 150000€. Finally 

in the case of Sevilla, if the electricity price only rises 1% yearly, the project seems profitable if 

the price of STPV products is lower than 185€/m2 approximately. In this case in fact the NPV is 

about 50000€, the payback period is 15 years and the IRR is about 9%. If the electricity price 

annually rises 5%, prices up to 280€/m2 seem acceptable, since the NPV would be 95000€, the 

payback period around 17 years and the IRR about 9%. 

6.5 Conclusions 

In this chapter, an integral energy simulation methodology of STPV elements, covering 

thermal, daylighting and electrical performance has been proposed. To carry out the 

simulations, the glazing solutions have been previously experimentally characterized, using a 

spectrophotometer system coupled with an integrating sphere. The measures have allowed 

identifying the spectral transmittance (front) and reflectance (front and back) of the samples, 
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necessary input data to perform detailed and reliable simulations. To complete the 

simulations, a reference office space has been considered and a package composed of a range 

of specific software tools has been used: DesignBuilder and EnergyPlus to carry out the 

thermal analysis, PVsyst to estimate the electricity generation and LNBL daylighting programs 

(Optics, Window and COMFEN) to evaluate the visual comfort. To assess the overall energy 

performance of the glazing elements, a parameter called Energy Balance Index (EBI) that takes 

into account annual heating, cooling and lighting loads, as well as the electricity generation has 

been proposed. This parameter, which expresses the building net electricity balance per unit of 

net floor area, is a useful indicator of the overall building energy performance and allows 

assessing the energy performance of STPV façade systems. According to the comparative 

analysis performed, the remarkable findings of this work are listed below. 

Five different commercial STPV elements representative of the current marker (visible 

transmittance between 0% and 32%) have been analysed together with a reference glass 

complying with the local building regulations from Spain (location Madrid). Comparing the 

performance of the STPV elements with the code-compliant reference glass, to fully exploit the 

energy saving potential of these glazing solutions it might be concluded that: 

 For small façade openings (WWR≤22%) the energy saving potential provided by the best 

performing STPV solution compared to the RG is lower than 5.5%, so probably in this case it 

would not be worth implementing the STPV solution; 

 For intermediate and large façade openings (WWR≥33%), the STPV solutions provide a 

promising energy saving potential, ranging between 18% (WWR=33%) and 59% 

(WWR=88%) compared to the RG. 

Comparing the performance of the STPV elements between them, to point out the degree of 

transparency effect and the importance of an adequate selection of this parameter, we can 

conclude that: 

 For relative small façade openings (WWR ≤ 33%) the energy performance of all STPV 

elements is reasonably similar, with a maximum EBI difference between elements of about 

10%; 

 For intermediate façade openings (33%<WWR<66%) the second less transparent STPV 

element (visible transmittance of 16%) outperforms the other solutions being about 25% 

more efficient than the least efficient STPV element (visible transmittance of 32%); 

 For large façade openings (WWR≥66%), the less transparent STPV element (visible 

transmittance of 10%) provides the most efficient energy balance and in this case the 
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performance of the different glazing materials diverges drastically, rising up to 68% the 

difference between the best and the worst STPV solution (most transparent element, 

visible transmittance of 32%). 

To assess the STPV systems performance under different climatic conditions, the methodology 

has been applied in nine other cities in addition to the Madrid-based case. The selection of the 

cities has been made in order to cover both the climatic zones defined in the Spanish Technical 

Building Code (CTE 2013) and also the most diffused European climatic zones according to 

Köppen climate classification (Köppen 1936; Kottek et al. 2006). All the combination 

possibilities of Window-To-Wall Ratios and glazing elements have has been analysed for each 

city, performing a total of 432 hourly-based annual simulations. The analysis of the associated 

Energy Balance Indices has allowed emphasizing that for the façade opening size of the 

reference building originally defined by IEA (WWR=44%), two STPV elements (elements 20 and 

30) outperform the other solutions in all the climates, since they combine good annual thermal 

performance, daylighting supply and electricity generation. In particular, the element with a 

lower degree of transparency (element 20) has proven to be the most efficient solution in the 

Spanish cities with a warmer climate, whereas the more transparent element 30 has proven to 

be the best option in more rigid climates. 

Apart from this, the optimum solution (the one that minimises the building annual energy 

demand), in terms of glazing material and WWR combination has been point out for each city. 

This analysis has shown that although it is always possible to find the optimum configuration, a 

close to optimum building performance could be achieved by choosing other combinations of 

the design parameters. In these cases, it is evident that the design choice has to be taken 

considering also other factors, such as luminous comfort or the aesthetics of the façade. 

Regarding the glare and daylighting analysis, the main findings are that: 

 Under clear skies in the spring equinox and summer solstice no glare conditions occur at 

noon. In the winter solstice uncomfortable conditions occur using all the glazing materials, 

thought the least transparent STPV provides close to comfort conditions; 

 Under clear skies, in nearly all of the cases the maximum illuminance value over the floor 

falls within the range 100lx to 2000lx considered as offering potentially useful illumination 

for the space users; 

 Under overcast sky conditions illuminance over the floor is lower than 50lx. Accordingly the 

daylighting potential in these conditions could be considered negligible. 
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Regarding the economic study, it has shown the prince ranges among which the STPV façade 

solutions would be economically feasible. The annual electricity expenditures of the best 

performing buildings having a façade integrated STPV systems have been compared with those 

of the same building having façade solutions based on conventional glazing. The costs of the 

systems have been estimated formulating six price scenarios of STPV products. Next, the Net 

Present Value, the payback period and the Internal Rate of Return of the projects have been 

calculated using the construction costs and the annual savings considering two possible 

scenarios about the annual rate of increase of the electricity price. A total of 84 cases have 

been analysed, showing that in the cases of Castellón and Pontevedra the projects are 

profitable for all the scenarios. As regards Madrid and Guadalajara, the profitability of the 

investment is similar for both cities and is acceptable under all the scenarios if a high annual 

increase of the price of the electricity of 5% is assumed. With a low rise of the electricity price, 

the maximum STPV price that still makes profitable projects is about 280€/m2. Concerning 

Vitoria and Soria, considering an annual increase of the price of the electricity of 1%, the cut-

off prices are about 200€/m2 and 270€/m2 respectively. Considering a rise of the electricity 

price of about 5%, including prices higher than 280€/m2 seems acceptable for the project. 

Finally in the case of Sevilla, if the electricity price only rises 1% yearly the project is feasible if 

the price of STPV products is lower than 185€/m2 approximately. If the electricity price 

annually rises 5%, prices up to 280€/m2 seem acceptable.  

In summary it has been shown that the use of active photovoltaic glazing systems is 

economically profitable in a wide range of projects and can significantly contribute to reduce 

the building energy demand. Moreover, it has been shown that a rigorous analysis 

methodology based on the STPV optical characterization and on the utilization of 

complementary software tools: 

- Is an adequate approach in order to properly and realistically quantify the STPV 

elements potentiality, as well as provide guidance on optimisation possibilities of 

these elements; 

- Is hardly applicable in the real world due to the time consumption required. 

On that score, a more integrated workflow would be required, both in terms of detailed optical 

data accessibility and simulation software interoperability, to encourage STPV elements use in 

the building sector. 

To conclude, it would be expected that existing barriers for the introduction of active 

construction components into the urban fabric will be jointly faced by photovoltaic and 
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building construction industries, as well as by architects and designers, in order to enable BIPV 

emerging technologies to contribute to the improvement of the building sector sustainability. 

In this sense, this work has aimed to contribute to removing the existing barriers for the 

diffusion of STPV elements within the energy-efficient building design and construction 

practices, defining a methodology to analyse the energy interaction between buildings and 

STPV elements and quantifying the interesting energy and economic savings that these 

building solutions, nowadays already available in the market, can provide in both new and 

retrofitting projects. 
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7 CONCLUSIONS AND FUTURE 

WORKS 

7.1 General conclusions 

This work is a contribution to the assessment of the integral energy performance of Semi-

Transparent Photovoltaic elements in buildings. These products, born from the collaboration 

between the photovoltaic and the construction industries, are currently experiencing slow 

market diffusion (largely limited to prestigious architectonic projects with high-visibility) 

mostly because they have not yet been adequately studied and their potential for energy 

savings has not yet been clearly shown. The behaviour of STPV systems can not be simply 

expressed by specifying the Performance Ratio or the kilowatt-hours of electricity yearly 

produced because they are not just PV systems, but also integral parts of the building 

envelope. Likewise, to reduce the performance description of the systems to the parameters 

typically used to express the properties of conventional glazing solutions, i.e. the thermal 

transmittance and the solar factor, is not a convenient approach because the electricity 

generation should be also taken into account. The variables involved in the characterization of 

the global energy performance of STPV solutions are numerous and require an articulated and 

multidisciplinary methodology that has been developed within this work.  

By applying this methodology, the starting hypotheses of the thesis have been demonstrated, 

showing that the façade integration of STPV systems can contribute to reduce the energy 

demand of buildings, improving their global energy efficiency. The energy savings potential of 

these solutions has been quantified, taking conventional solutions compliant with the current 

regulation as reference. Furthermore, detailed instructions about the most appropriate design 
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parameters to optimise STPV systems have been provided for several Spanish and European 

climatic zones. 

7.2 About testing under realistic conditions 

A prototype of an outdoor multitasking testing facility has been developed in order to study 

the integral energy behaviour of STPV elements under real climatic conditions. A measurement 

methodology based on the testing facility operation has been formulated and validated 

through an extensive experimental campaign in which thermal, daylighting and electrical 

issues have been analysed. The testing facility has been operated continuously during one year 

without any problem, showing the reliability of the design and the capability to be used in the 

future to analyse the performance of improved STPV elements.  

Four prototypes of a-Si STPV elements, covering a transparency range representative of the 

current market (visible transmittances between 0.1 and 0.4), have been tested. In all cases, the 

prototypes have shown substantially smaller sun-shading capabilities than the reference solar-

control glazing compliant with the Spanish Technical Building Code. Accordingly, in the present 

configuration they are not appropriate to be used as an integrating part of the building 

thermal envelope in climates similar to that of Madrid because they would produce too high 

solar gains. Furthermore, the differences between the Heat Gain Coefficient values (the 

parameter formulated to assess the sun shading properties of the elements) have been 

studied by means of the statistical analyses (ANOVA and Scheffe's method), showing that 

statistically significant differences only exist between the elements with the lowest and highest 

transparency degree (elements 10S and 40S respectively). Statistical analyses has been also 

successfully used to verify the homogeneity of the operating conditions during the outdoor 

tests and the regularity of the measurement setup operation. Regarding the insulation 

capacity, all the elements have performed uniformly and no statistically significant differences 

have been found between them. Heat loss through the single glazing STPV elements measured 

in transient state has proven to be approximately 40% larger than heat loss through the 

reference double glazed unit. Considering that the thermal transmittance of the STPV modules 

is approximately twice the thermal transmittance of the reference glass, it can be concluded 

that a characterization in real operation conditions is necessary to describe and predict the 

actual performance of STPV solutions. 

To study the daylighting potential of the elements, relative (Daylight Factor) and absolute 

(illuminance) meters have been used and the luminous profile provided by the different 



Conclusions and future works 147 

 

elements has been analysed. The Daylight Factor represents the amount of illumination 

available indoors relative to the illumination present outdoors at the same time under 

overcast skies. In have been found that the Daylight Factor always presents a potential 

function distribution, regardless of the element employed. In other words, the parameters that 

describe the daylighting pattern vary depending on the material used, but in all cases the 

mathematical distribution that best fit the experimental data is the potential function.  

In the zone closer to the façade, the Daylight Factor ranges between 3% (10S) and 8% (40S), 

whereas in the furthest zone the range varies between 1% (10S) and 3% (40S). In addition, the 

variation of this parameter at any measurement point depending on the glazing elements 

installed has been analysed, showing that the biggest difference occurs between elements 30S 

and 20S, with a daylight factor reduction of 39%. Regarding the illuminance analysis, it has 

been found that PV elements with low degree of transparency provide a more uniform 

distribution of the illuminance. In the close to window zone, indoor illuminance values 

registered on the work plane under sunny conditions vary between 2257 lx (10S) and 6191 lx 

(40S). In the most internal zone the values vary between 1692 lx (10S) and 4616 lx (40S). Also 

in this case the highest illuminance reduction moving from a grade of transparency to the next 

lower occurs moving from 30S to 20S with a 36% reduction. 

Regarding the electrical performance, it has been found that the average daily conversion 

efficiencies are in general low, ranging between 2.0% (40S) and 3.2% (30S). Moreover, it can 

be seen that the differences in terms of efficiency are much lower than those expected looking 

at the differences in terms of transmittance or transparency degree, confirming once again 

that the conversion efficiency is not the priority parameter in the design of STPV systems. 

Indeed, the supposed inversely proportionality between conversion efficiency and 

transparency degree has not been confirmed in all cases, since the highest mean efficiency 

(3.2%) has been provided by the second most transparent element, i.e. element 30S. Obviously 

this result, based on the testing of four modules only, cannot be extrapolated, but simply 

suggests that perhaps the transparency degree does not affect the efficiencies of the a-Si STPV 

elements more than other factors such as, for instance, the manufacturing quality or how the 

elements have been stored and handled before and during installation.  

In conclusion, a methodology to realistically assess the global performance of STPV modules 

has been proposed and validated. Characterization of these elements in real operation 

conditions is necessary to promote an energetically efficient integration in buildings envelope, 
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following up on the requirements of the regulations focused to reduce the energy use in 

buildings. 

7.3 About indoor testing 

This phase of the study has been aimed at defining equipment and methodologies to assess 

the g-value of STPV elements in indoor conditions. In fact, even if the sun-shading capacity of 

glazing systems is usually expressed through this parameter, it is sometimes missing in the 

technical specifications of STPV elements, especially when the products have been developed 

by actors of the BIPV market coming from the traditional photovoltaic industry. Moreover, few 

studies have addressed an important subject, consisting of the variation of the solar factor 

with the electrical operating point of the PV elements. Within this research line, a 

measurement system, consisting of a calorimeter system coupled to a steady state solar 

simulator, has been developed and operated in different measurement setups showing low 

uncertainty and fully adequate sensitivity to perform detailed analyses of the g-value 

variations. To validate the methodology and the associated testing facility, several glazing 

products, including three prototypes of mc-Si STPV elements with different cells-to-glass ratios 

have been tested. Results of the experimental campaign have shown that the system is 

capable of appropriately taking into account not only considerable g-value variations caused by 

different geometrical characteristics (such as the cells-to-glass ratio), but also smaller changes 

produced by the electrical operating point of the elements.  

Furthermore, the correlation between solar factor, transparency degree and electrical 

operating point has been pointed out. Simple linear models have been defined on the basis of 

the experimental data, showing that the g-value of the same element could vary up to 11% 

moving from the short circuit to the maximum power point condition. The g-value variation 

between the open circuit condition (presumably the electrical operating point mostly used by 

the few manufacturers that define this parameter in the data sheets of the products to 

measure the g-value of STPV elements) and the maximum power point is about 5%. 

Accordingly, to be representative of the actual sun-shading properties of STPV element, solar 

factor should be measured with the module operating at the maximum power point and not in 

open circuit condition .  

7.4 About the energy saving potential 

To estimate the energy saving potential of STPV solutions, an integral energy simulation 

methodology covering thermal, daylighting and electrical performance has been proposed. 
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The methodology is based on the combined use of several software tools, in order to cover 

each one of the different nature analysis with a state-of-the-art specific tool: DesignBuilder 

and EnergyPlus to carry out the thermal analysis, PVsyst to estimate the electricity generation 

and LNBL Radiance-based daylighting programs (Optics, Window and COMFEN) to evaluate the 

visual comfort. In order to unify the outputs of the simulation tools in a single and intuitive 

parameter, that is useful to compare the overall energy performance of different glazing 

solutions, a parameter called Energy Balance Index (EBI) has been defined. This parameter 

expresses the building net electricity balance per unit of net floor area, taking into account 

annual heating, cooling, lighting loads, as well as the electricity generation. Thus, it is a useful 

indicator of the overall energy performance of the building, allowing the comparison of the 

energy performance of alternative STPV or other façade systems. 

The input data necessary to perform detailed and reliable simulations, consisting of the 

spectral properties (transmittance and reflectance) of the elements, have been experimentally 

measured using a spectrophotometer system coupled with an integrating sphere in a previous 

stage of the investigation. Next, five different commercial STPV elements representative of the 

current market (visible transmittance between 0% and 32%) have been simulated together 

with a reference glass complying with the local building regulations from Spain (location 

Madrid). To perform the simulations, the STPV systems have been supposed to be installed in 

a commercial reference building defined by the International Energy Agency for this purpose. 

Results showed that for small façade openings (with a Window-To-Wall Ratio lower than 22%) 

the energy saving potential provided by the best performing STPV solution compared to the 

reference glass is lower than 5.5%, so probably in this case it would not be worth 

implementing the STPV solution. When the façade openings begin to increase, the STPV 

solutions provide a promising energy saving potential, ranging between 18% (WWR=33%) and 

59% (WWR=88%) compared to the reference glazing. 

In addition to compare the performance of the STPV solutions with the base-case conventional 

glazing, the STPV elements have been compared between them, to point out the effect of the 

degree of transparency. It has been found that for relative small façade openings (WWR≤33%), 

the energy performance of all STPV elements is reasonably similar, with a maximum EBI 

difference between elements of about 10%. For intermediate façade openings 

(33%<WWR<66%), the difference in behaviour of STPV solutions becomes relevant, being the 

most efficient solution about 25% more efficient than the less efficient. Finally, for large façade 

openings (WWR≥66%), so common in commercial buildings, the difference between the most 

and less efficient STPV solution rises up to 68%, showing the crucial importance of an adequate 
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selection of the degree of transparency of the façade element in order to design energetically 

optimised buildings. 

To assess the STPV systems performance under different climatic conditions, the methodology 

has been applied in other nine cities in addition to the Madrid-based case, covering both 

Spanish and European climatic zones. All the combination possibilities of Window-To-Wall 

Ratios and glazing elements have been analysed for each city, performing a total of 432 hourly-

based annual simulations. The analysis of the data allowed to emphasise that for the façade 

opening size of the reference building originally defined by IEA (WWR=44%), two STPV 

elements (elements 20 and 30, having a visible transmittance of about 20% and 30% 

respectively) outperform the other solutions in all the climates, combining good annual 

thermal performance, daylighting supply and electricity generation. The optimum solution that 

minimizes the building annual energy demand has been pointed out for each city. It has been 

found that even if the optimum solution always exists, solutions close to optimum building 

performance could be achieved by choosing other combinations of the design parameters. This 

behaviour allowed to highlight the importance of taking into account not only the façade 

energy performance but also other elements such as the luminous comfort and the aesthetics 

of the solution in the design decision making process. 

Regarding the economic study, for each Spanish city it has been shown the price ranges among 

which the STPV façade solutions would be economically feasible. With this purpose, a detailed 

analysis based on Net Present Value and payback period has been carried out. To calculate 

these capital budgeting parameters, the annual saving provided by STPV façades has been 

estimated using hourly data of PV generation and global electricity consumption. Moreover, 

the construction costs of the systems have been estimated on the basis of six price scenarios 

of STPV products. A total of 84 cases have been analysed, combining two possible annual rates 

of increase of energy prices (1% and 5%), six STPV price scenarios (from 140€/m2 to 400€/m2), 

and seven cities (Castellón, Guadalajara, Madrid, Pontevedra, Sevilla, Soria and Vitoria). It has 

been shown that in Castellón and Pontevedra the projects are profitable for all the scenarios. 

In Madrid and Guadalajara, the profitability of the investment is acceptable under all the 

scenarios if an annual increase of 5% of the electricity price is estimated. With a low rise of the 

electricity price, the maximum STPV price that still makes valuable projects is about 280€/m2. 

In Vitoria and Soria, considering an annual increase of the price of the electricity of 1%, the 

cut-off prices are about 200€/m2 and 270€/m2 respectively. Considering a rise of the electricity 

price of about 5%, including prices higher than 280€/m2 seems acceptable for the project. 

Finally in the case of Sevilla, if the electricity price only rises 1% yearly the project is feasible if 
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the price of STPV products is lower than 185€/m2 approximately. If the electricity price 

annually rises 5%, prices up to 280€/m2 seem acceptable.  

As regards the luminous comfort, it has been found that in the equinoxes and summer solstice 

no glare conditions occur. Conversely, in the winter solstice uncomfortable conditions occur 

using all the glazing materials, thought the least transparent one provides close to comfort 

conditions. Furthermore, under clear skies, in nearly all of the cases, the elements offer 

potentially useful illumination for the space users (illuminance in the range 100-2000lx). In 

opposition, under overcast sky conditions illuminance over the floor is lower than 50lx, thus 

the daylighting potential in these conditions is negligible. 

In summary, it has been shown that the use of semi-transparent photovoltaic glazing systems 

can significantly contribute to reduce the building energy demand. The expected energy 

benefits have been quantified covering a wide range of design possibilities, as well as the most 

representative climates of Spain and Europe.  

The proposed approach has proven to be adequate to suitably and realistically quantify the 

potentiality of STPV elements. However, it is believed that it is hardly usable in the 

optimization of real world projects due to the time required for application. In fact, the 

building should be independently modelled in three different simulation tools whose outputs 

should be analysed in a post processing step to calculate the Energy Balance Index. In addition, 

the most important input data, i.e. the spectral optical properties of the STPV elements, are 

usually not available in the database of the glazing products characteristics. For these reasons, 

a more integrated workflow in terms of data availability and software interoperability would 

be required to simplify the design of efficient STPV solutions. Apart from that, this research has 

contributed to highlight the great energy saving potential of STPV solutions and their possible 

role in lowering the energy use intensity of the building sector. 

7.5 Future works 

On the basis of the activities carried out within these work and in the light of the results 

obtained, the following research line are proposed. 

Firstly, both the outdoor and the indoor characterizations of STPV elements should be 

extended to a larger number of products. In particular, it would be interesting to expand the 

study to elements based on different PV technologies than those analysed in this work 

(amorphous and mono crystalline silicon). In fact, to perform the outdoor analysis only 
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amorphous silicon elements have been used whereas, on the other hand, the indoor 

characterization has been carried out using crystalline silicon elements only. Furthermore, it 

would be also interesting to analyze different glazing elements including not only products 

based on different PV technologies, but also other common products in the building industry, 

such as double and triple glazings, solar control solutions and laminated safety glasses. 

It could be interesting to extend the experimental campaign in controlled conditions to thin 

film STPV elements and those in outdoor conditions to crystalline STPV products. Further, it 

could be interesting to extend the indoor experimentation to a wider range of measuring 

setups by varying the incident irradiance, the angle of incidence and the lateral shading 

configuration, in order to provide the BIPV industry with valuable information for the design of 

indoor testing configurations able to simulate the actual behaviour of STPV elements in the 

real world. Additionally, a very interesting trial would be to use both measurement systems to 

test the same elements. This experiment has not been carried out to date simply because of 

logistic problems, since the outdoor testing facility is located at the Solar Energy Institute in 

Madrid, whereas the indoor measurement system is at the Swiss Photovoltaic Module Test 

Centre in Switzerland. Testing the same elements with both systems would allow analysing the 

consistency of the results, pointing out the effects of the different boundary conditions in the 

measurement setup, in addition to possible irregularities and inconsistencies. 

Regarding the indoor testing facility optimized within this work, it would be also interesting to 

use it again to perform a new experimental study in real operation conditions (as it was done 

in a research stage previous to the optimization process), in order to assess if the tendency to 

overestimate the solar factor observed at that time has been reduced.  

Regarding the energy saving potential assessment, it could also be interesting to consider not 

only south orientated systems, extending the study also to other orientations in order to 

evaluate how results would change. The study could also be extended to other geographical 

zones, since up to now only Europe has been covered. Furthermore, to carry out the 

simulations, several assumptions had to be done regarding for instance the building internal 

loads, the efficiency of the HVAC systems and the envelope properties. It would be interesting 

to see how the variation of these parameters is reflected in the results.  

Finally, regarding the luminous analysis, although several cases of lighting conditions have 

been studied, to complete the study it could be interesting to perform Climate-Based Daylight 

Analysis, to fully estimate the behaviour of the STPV elements under the naturally occurring 

variations in daylight availability. 
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ANNEX I 

Design of optimised STPV elements 

1. Introduction 

On the basis of the results obtained with the experimental characterisation of the behaviour of 

STPV elements in realistic operating condition (Chapter 4), optimized semi-transparent 

photovoltaic constructive elements have been designed. The improvement process has focus 

on thermal and luminous performance. 

Thermal optimization has been carried out on the one hand to reduce thermal losses and on 

the other to improve the sun shading properties. The design values of both thermal 

transmittance and solar factor used to define the characteristics of the improved elements 

have been taken from the Spanish Technical Building Code (CTE)1. The luminous optimization 

has been performed considering that in the outdoor tests very high illuminance values were 

obtained in proximity of the semi-transparent element. To mitigate this phenomenon that 

would cause glare problems to building users and with the aim of improving luminous comfort, 

elements with a variable transparency pattern have been designed. The gradual variation of 

the transparency degree has two advantages: on one hand the clear zone on the top of the 

element allows the maximum entrance of sunlight improving the natural lighting and, on the 

other, the less transparency in the zone close to the users view avoids glare phenomena and 

generates electricity.  

2. Preliminary questions 

                                                             
1
 Código Técnico de la Edificación, Documento Básico HE - Ahorro de energía.  

<http://www.codigotecnico.org/web/recursos/documentos/> 



170  Annex I  

 

To determine the limit values of the thermal characteristics of the element that would meet 

the Spanish legislation in each climatic zone, some assumptions about the façade openings 

size, the orientation of the systems and the building internal loads have been made. In fact, 

according to the Spanish Technical Building Code, limit values for U and g-values depend not 

only on the climatic zone, but also on the dimensions of the glazing solution, orientation of the 

opening and expected internal gains. In this work two types of optimised STPV elements have 

been defined: 

 Optimised STPV elements for window integration 

 Optimised STPV elements for curtain-wall integration 

In the case of STPV elements for windows integration, the façade opening of the reference 

building described in Chapters 4 and 6 (Window-to-Wall Ratio WWR=44%) has been used. In 

the case of curtain wall elements, WWR higher than 51% has been considered, since these 

construction solutions are usually used to implement high glazed surfaces. Regarding the 

orientation, in all cases the south orientation only has been considered due to two reasons: 

firstly, the experimentation carried out within the present work has focused only on this 

orientation and secondly it has been considered reasonable to contemplate the integration of 

photovoltaic elements in the orientation with the higher annual irradiation, especially in the 

first approach. As regards the internal loads, in all cases high internal gains have been 

assumed, as established by CTE for office buildings. 

 

2.1 Thermal transmittance calculation 

Thermal transmittance of the elements has been calculated according to the equation defined 

in CTE – HE 12: 

�����[�/���] = (1 − ��) ∙ �����,�[�/���] + �� ∙ �����,�[�/(���)] (1) 

Where: 

- �����,� is the thermal transmittance of the semi-transparent zone[W/(m2K)]; 

- �����,� is the thermal transmittance of the element frame [W/(m2K)]; 

- �� is the fraction of the façade opening corresponding to the frame. 

                                                             
2
 DB HE: Ahorro de Energía. Limitación de la demanda energética. 

<http://www.codigotecnico.org/cte/export/sites/default/web/galerias/archivos/documentosCTE/DB_H
E/DBHE-2013-11-08.pdf/> 
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In the definition of the element, it has been assumed to be completely semi-transparent, 

(FM=0), so equation (1) reduces to: 

�����[�/(���)] = �����,�[�/(���)] (2) 

To calculate the thermal transmittance of the semi-transparent zone, the equation defined in 

the standard UNE EN ISO 10077-13 has been used: 

�����,�[�/���] =
1

��� + ∑
��
��
+ ∑ ��� + �����

 
(3) 

Where: 

- ���  is the internal superficial thermal resistance [(m2K)/W];  

- ���  is the thermal resistance of the j-th air gap [(m2K)/W]; 

- ���  is the external superficial thermal resistance [(m2K/W)]; 

- �� is the thickness of the j-th layer (glass or other material) [m]; 

- �� is the thermal conductivity of the j-th layer (glass or other material) [W/(mK)]. 

 

2.2 Solar factor calculation 

To calculate the solar factor, the equation defined in CTE – HE 12 has been used:  

����� = �� ∙ [(1 − ��) ∙ �� + �� ∙ 0,04 ∙ �� �
�

���
� ∙ �] (4) 

Where: 

- �� is the shading factor of the opening; 

- �� is the fraction of the opening corresponding to the frame; 

- �� is the solar factor of the semi-transparent zone of the element at normal solar 

incidence; 

- �� is the thermal transmittance of the frame [W/(m2K)]; 

- � is the absorptivity of the frame. 

                                                             
3
 UNE EN ISO 10077-1 Thermal performance of windows, doors and shutters - Calculation of thermal 

transmittance - Part 1: General 
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In the solar factor calculation, the fraction of the opening corresponding to the frame has been 

assumed to be equal to zero. In fact, this work has been focused on defining multifunctional 

glazing surfaces of flexible use, intended to be implemented in different fixing solutions. 

Assume a particular value of the fraction of the opening corresponding to the frame would 

mean referring to a specific mounting system, while the purpose of this work is to define the 

characteristics of the glazing element. In addition, a shading factor of the opening of 1 has 

been assumed due to two considerations: 

 On the one hand, it is reasonable to think that the integration of a photovoltaic 

element is made so that there are no shadows on the collection surface. In this sense, 

installation solutions "towards outside" to ensure that the window is placed in the 

same plane of the façade avoiding the shadows produced by the window setback with 

respect the façade are expected. 

 On the other hand, it has been taken into account that sizing the elements under this 

condition (FS=1) means to assume the worst design situation, which ensures that 

under all the other circumstances the constructive solution will meet the requirements 

of CTE-HE. 

Taking into account these considerations, equation (4) reduces to: 

����� = �� (5) 

3. Optimised STPV elements for window integration 

3.1 Dimensions  

Although there are no standard dimensions of façade openings, to define the dimensions of 

STPV elements for windows integration sizes that can be considered as usual have been 

chosen. Tab.A1. 1 shows the dimensions of the elements. 

Tab.A1. 1. Dimensions of STPV elements for window integration. 

Width Height Area Code 

[cm] [cm] [m2]  

90 120 1,08 STPV9X12 

120 120 1,44 STPV12X12 

120 150 1,80 STPV12X15 

 

3.2 Thermal transmittance 
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To establish the configuration of the element layers, for each climatic zone limit thermal 

transmittance and solar factor values defined in CTE-HE1 have been identified. To do this, as 

explained above, assumptions about the façade openings dimensions (between 41% and 50% 

for windows integration systems), surface orientation (south) and internal loads (high) have 

been made. The limit values of transmittance and solar factor shown in Tab.A1. 2 have been 

used as input data to define the elements. 

Tab.A1. 2. Limit values of thermal transmittance and solar factor for the twelve Spanish climatic zones
4
. CTE-HE1 

values corresponding to WWR=44%, south orientation and high internal gains have been used. 

  Winter Climatic Severity 

  A B C D E 

Su
m

m
er

 C
lim

at
ic

 S
ev

er
it

y  

1   
Uli=3.6 Wm--2K-1 

- 
Uli=3.2 Wm-2K-1 

- 
Uli=3.1 Wm-2K-1 

gli =0.60 

2   
Uli=3.6 Wm-2K-1 

gli =0.58 
Uli=3.2 Wm-2K-1 

gli =0.54 
 

3 
Uli=5.7 Wm-2K-1 

gli=0.57 
Uli=5.4 Wm-2K-1 

gli =0.57 
Uli=3.6 Wm-2K-1 

gli =0.52 
Uli=3.2 Wm-2 K-1 

gli =0.49 
 

4 
Uli=5.7 Wm-2K 

gli =0.49 
Uli=5.4 Wm-2K-1 

gli =0.49 
Uli=3.6 Wm-2K-1 

gli =0.47 
  

 

For each climatic zone, the element configuration that allows complying with the CTE limit 

values has been established. To define the elements, the same external layer consisting of a 

laminated PV glass (identified with the acronym VPV) has been used in all cases. The laminated 

glass-glass PV element, which is the same one used in the experimental analysis, consists of 

two 3.2mm thick float glasses and a-Si active layer encapsulated with Ethylene-Vinyl Acetate 

(EVA). This layer has a total thickness of 6.8mm and a thermal transmittance of about 5.7 

W/(m2K). To achieve the transmittance values indicated in Tab.A1. 2, when necessary a double 

glazing configuration has been used, increasing the thermal resistance by varying the thickness 

of the air gap. In this configuration, the internal layer consists of a 4mm clear tempered glass, 

whose mechanical properties meet the requirements of EN 572-25. Tab.A1. 3 summarizes the 

configurations of the elements that meet limit U-values. 

                                                             
4
Spanish climatic zones CTE-HE1 

<http://www.codigotecnico.org/web/recursos/documentos/dbhe/he1/020.html> 
5 UNE-EN 572-2:2005 Glass in building - Basic soda lime silicate glass products - Part 2: Float glass 
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Tab.A1. 3. Configurations of the elements for the different winter climatic zones. 

Winter climatic zone A B C D E 

Configuration VPV VPV-6-4 VPV-6-4 VPV-8-4 VPV-10-4 

Thermal transmittance [W/(m2K)] 5.7 3.3 3.3 3.1 2.9 

Total thickness [mm] 6.8 16.8 16.8 18.8 20.8 

Specific weight [kg/m2] 16.7 25.4 25.4 25.4 25.4 

 

With a view to make easier the industrialization and standardization of the elements, it was 

considered practical to reduce the range of possible configurations presented in Tab.A1. 3. In 

this regard, the proposed solutions have been reduced to only two sets of elements, one 

corresponding to climatic zones A, B and C and the other corresponding to climatic zones D 

and E. The proposed configurations are shown in the following table. 

Tab.A1. 4. Reduction of the element configuration variants shown in Tab.A1. 3 to two solutions only, one to be 
used in climatic zones A, B and C and the other to be used in climatic zones D and E. 

Winter climatic zones A-B-C D-E 

Configuration VPV-6-4 VPV-10-4 

Thermal transmittance [W/(m2K)] 3.3 2.9 

Total thickness [mm] 16.8 20.8 

Specific weight [kg/m2] 25.4 25.4 

 

3.3 Solar factor and daylighting pattern 

STPV elements have been designed in order to meet the limit g-values defined in Tab.A1. 2. To 

do this, and according to the results of the luminous tests carried out in the experimental 

campaign, STPV elements have been defined using different degree of transparency, 

established in order to regulate the lighting pattern, optimize the luminous comfort and meet 

the CTE specifications. To define the composition of the optimized elements, the solar factors 

of the different STPV elements used in the experimental campaign have been used. Solar 

factors used have been resumed in Tab.A1. 5. 

Tab.A1. 5. Solar factors of STPV elements with different degree of transparency and of the glass. 

STPV 10S STPV 20S STPV 30S STPV 40S GLASS 

g1=29% g2=34% g 3=41% g4=46% g5=75% 

 

All the elements have been designed with a gradually growing transparency from the bottom 

to the top. According to the experimental data acquired through the outdoor testing facility, 
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this setting makes good use of natural lighting mainly provided through the top of the 

element, and prevents glare problems in the close to window zone, being the radiation 

attenuated in the lower area by the more opaque glazing. The most transparent top zone 

ensures better penetration of natural light into the more internal zones of the ambient, 

contributing to attenuate one of the typical problems of daylighting systems based on vertical 

glazing elements. 

The height of each homogeneous area, characterized by the same level of transparency, has 

been determined iteratively imposing the required solar factor according to the formula 

below: 

���� =
∑ �� ∙ ��
�
���

∑ ��
�
���

 (6) 

Where: 

- ���� is the final solar factor of the element; 

- �� is the height of the i-th homogenous zone; 

- ��  is the solar factor of the i-th homogenous zone( see Tab.A1. 5). 

 

3.3.1 Elements STPV9X12 and STPV12X12 

Below, the main characteristics of window elements STPV9X12 and STPV12X12 are presented. 

 

Fig.A1. 1. Dimensions of elements STPV9X12 and STPV12X12 and definition of the parameters y1…y5 whose values 
are indicated in Tab.A1. 6 



176  Annex I  

 

Tab.A1. 6. Climatic zone, limit g-value, height of the homogenous zones and calculated final solar factor for 
elements STPV9X12 and STPV12X12. 

Climatic zone gli y1 y2 y3 y4 y5 ytot gfin 

  [cm] [cm] [cm] [cm] [cm] [cm]  

E1 0.60 0 10 20 30 60 120 0.59 

D1 - 0 10 20 30 60 120 0.59 

C1 - 0 10 20 30 60 120 0.59 

D2 0.54 15 16 20 23 46 120 0.53 

C2 0.58 8 10 14 30 58 120 0.57 

D3 0.49 18 20 23 25 34 120 0.49 

C3 0.52 16 18 22 24 40 120 0.51 

B3 0.57 10 10 14 32 54 120 0.56 

A3 0.57 10 10 14 32 54 120 0.56 

C4 0.47 20 22 24 26 28 120 0.47 

B4 0.49 18 20 23 25 34 120 0.49 

A4 0.49 18 20 23 25 34 120 0.49 

 

Looking at Tab.A1. 6, it can be observed that designing the elements to obtain g-values slightly 

lower than the limits, 7 different elements are obtained, marked in the table with a grey 

background. 

To make easier the industrialization and standardization of the elements, and taking into 

account that some elements have very minor differences between them, the variants have 

been reduced unifying similar elements under a single solution. Clearly, the unified solution is 

chosen in such a manner that complies with the CTE in all climate zones for which it is 

intended. This simplification leads to three types of elements, whose characteristics are 

summarized in Tab.A1. 7. 

Tab.A1. 7. Reduction of the element number to three configurations, each of which can be used in four climatic 
zones.  

Climatic zone Min gli y1 y2 y3 y4 y5 ytot gfin 

  [cm] [cm] [cm] [cm] [cm] [cm]  

E1 D1 C1 C2 0.58 8 10 14 30 58 120 0.57 

D2 C3 B3 A3 0.52 16 18 22 24 40 120 0.51 

D3 C4 B4 A4 0.47 20 22 24 26 28 120 0.47 

 

3.3.2 Element STPV12X15 

The main characteristics of the window element STPV12X15 are presented in Fig.A1. 2 and 

Tab.A1. 8. 
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Fig.A1. 2. Dimensions of element STPV12X15 and definition of the parameters y1…y5 whose values are indicated 
in Tab.A1. 8. 

Tab.A1. 8. Climatic zone, limit g-value, height of the homogenous zones and calculated final solar factor for 
element STPV12X15. 

Climatic zone gli y1 y2 y3 y4 y5 ytot gfin 

  [cm] [cm] [cm] [cm] [cm] [cm]  

E1 0.60 0 13 25 37 75 150 0.59 

D1 - 0 13 25 37 75 150 0.59 

C1 - 0 13 25 37 75 150 0.59 

D2 0.54 19 20 25 29 57 150 0.52 

C2 0.58 10 12 18 38 72 150 0.57 

D3 0.49 23 25 29 31 42 150 0.49 

C3 0.52 20 22 28 30 50 150 0.51 

B3 0.57 12 13 18 40 67 150 0.56 

A3 0.57 12 13 18 40 67 150 0.56 

C4 0.47 25 27 30 33 35 150 0.47 

B4 0.49 23 25 29 31 42 150 0.49 

A4 0.49 23 25 29 31 42 150 0.49 

 

Applying the same considerations made for STPV9X12 and STPV12X12 elements, the elements 

with similar characteristics have been unified under a single solution. The result of the 

reduction of the element number is shown in Tab.A1. 9. 
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Tab.A1. 9. Reduction of the element number to three configurations, each of which can be used in four climatic 
zones.  

Climatic zone Min gli y1 y2 y3 y4 y5 ytot gfin 

  [cm] [cm] [cm] [cm] [cm] [cm]  

E1 D1 C1 C2 0.58 10 12 18 38 72 150 0.57 

D2 C3 B3 A3 0.52 20 22 28 30 50 150 0.51 

D3 C4 B4 A4 0.47 25 27 30 33 35 150 0.47 

 

4. Optimised STPV elements for curtain wall integration 

4.1 Dimensions  

Prefabricated elements for modular curtain walls usually have the height of a plant, between 

3.2 and 4.5 m, and a width between 1.5 and 2 meters. Although some solutions has double 

height to cover two plants, to favor the component manageability and reduce transport 

problems, within in this work the dimensions shown in Tab.A1. 10 have been defined.  

Tab.A1. 10. Dimensions of STPV element for curtain wall integration. 

Width Height Area Code 

[cm] [cm] [m2]  

200 320 6.4 STPV20X32 

 

4.2 Thermal transmittance 

The thermal insulating properties of the element have been defined taking into account limit 

values defined in CTE-HE1. In this case, unlike defining the limit values of window elements, a 

WWR greater than 51% has been considered, whereas both the same orientation and internal 

gains have been maintained. 

Tab.A1. 11 shows thermal transmittance and solar factor limit values used as input data to 

define the design of the elements. 
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Tab.A1. 11. Limit values of thermal transmittance and solar factor for the twelve Spanish climatic zones. CTE-HE1 
values corresponding to WWR>51%, south orientation and high internal gains have been used. 

  Winter Climatic Severity 

  A B C D E 

Su
m

m
er

 C
lim

at
ic

 S
ev

er
it

y  

1   
Uli=3.5 Wm-2K-1 

- 
Uli=3.0 Wm-2K-1 

- 
Uli=3.0 Wm-2K-1 

gli =0.54 

2   
Uli=3.5 Wm-2K-1 

gli =0.52 
Uli=3.0 Wm-2K-1 

gli =0.48 
 

3 
Uli=5.7 Wm-2K-1 

gli=0.51 
Uli=5.2 Wm-2K-1 

gli =0.51 
Uli=3.5 Wm-2K-1 

gli =0.46 
Uli=3.0 Wm-2 K-1 

gli =0.43 
 

4 
Uli=5.7 Wm

-2
K 

gli =0.42 
Uli=5.2 Wm-2K-1

 
gli =0.42 

Uli=3.5 Wm-2K-1
 

gli =0.40 
  

 

Similarly to the methodology used for window elements, for each climatic zone, the 

configuration that allows the components to meet CTE requirements has been established. To 

define the elements, the same composition described above (VPV + air gap + tempered glass) 

has been used in all cases. Also in this case, to achieve the transmittance values indicated 

inTab.A1. 11, the thickness of the air gap has been varied. Tab.A1. 12 summarizes the element 

configurations that meet limit U-values. 

Tab.A1. 12. Configurations of the elements for the different winter climatic zones. 

Winter climatic zone A B C D E 

Configuration VPV VPV-6-4 VPV-6-4 VPV-10-4 VPV-10-4 

Thermal transmittance [W/(m2K)] 5.7 3.3 3.3 2.9 2.9 

Total thickness [mm] 6.8 16.8 16.8 20.8 20.8 

Specific weight [kg/m2] 16.7 25.4 25.4 25.4 25.4 

 

To reduce the range of possible configurations presented in Tab.A1. 12, the solutions have 

been reduced to two groups of elements, one suitable to be applied in climatic zones A, B and 

C and the other corresponding to climatic zones D and E. The proposed configurations are 

shown in Tab.A1. 13. 

Tab.A1. 13. Reduction of the element configuration variants to two solutions only, one to be used in climatic 
zones A, B and C and the other for climatic zones D and E. 

Winter climatic zones A-B-C D-E 

Configuration VPV-6-4 VPV-10-4 

Thermal transmittance [W/(m2K)] 3.3 2.9 

Total thickness [mm] 16.8 20.8 

Specific weight [kg/m2] 25.4 25.4 
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4.3 Solar factor and daylighting pattern 

The curtain wall element has been designed with a PV opaque zone in the lower part. This 

part, 1.2 meters high, on one hand is a visual barrier for the building users and avoids vertigo 

sensation and on the other represents a photovoltaic solar protection on the floor level that 

prevents solar radiation from falling over it, causing overheating in the summer months. Apart 

from this peculiarity, the curtain wall elements have been defined using the same distribution 

of the transparency defined for the window elements.  

To establish the height of the homogenous zones, the same methodology used for the window 

elements has been used. 

 

Fig.A1. 3. Dimensions of the curtain wall element and definition of the parameters y1…y5 whose values are 
indicated in Tab.A1. 14. 
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Tab.A1. 14. Climatic zone, limit g-value, height of the homogenous zones and calculated final solar factor for 
element STPV12X15. 

Climatic zone gli y1 y2 y3 y4 y5 yopaque ytot gfin 

  [cm] [cm] [cm] [cm] [cm]  [cm]  

E1 0.54 10 20 40 60 70 120 320 0.53 

D1 0.57 10 20 40 60 70 120 320 0.53 

C1 - 10 20 40 60 70 120 320 0.53 

D2 0.48 30 35 40 45 50 120 320 0.48 

C2 0.52 20 30 40 50 60 120 320 0.50 

D3 0.43 60 50 40 30 20 120 320 0.40 

C3 0.46 40 40 40 40 40 120 320 0.45 

B3 0.51 20 30 40 50 60 120 320 0.50 

A3 0.51 20 30 40 50 60 120 320 0.50 

C4 0.40 60 50 40 30 20 120 320 0.40 

B4 0.42 60 50 40 30 20 120 320 0.40 

A4 0.42 60 50 40 30 20 120 320 0.40 

 

Applying the same considerations made for window elements, products with similar 

characteristics have been combined under a single solution. The result of the reduction of the 

elements is shown in Tab.A1. 15. 

Tab.A1. 15. Reduction of the element number to three configurations, each of which can be used in four climatic 
zones.  

Climatic zone Min gli Yopa. y1 y2 y3 y4 y5 ytot gfin 

  [cm] [cm] [cm] [cm] [cm] [cm] [cm]  

E1 D1 C1 C2 0.52 120 10 20 40 60 70 320 0.53 

D2 C3 B3 A3 0.46 120 40 40 40 40 40 320 0.45 

D3 C4 B4 A4 0.40 120 60 50 40 30 20 320 0.40 

 

5. Summary of characteristics 

In the following tables (Tab.A1. 16ad Tab.A1. 17) the characteristics of the elements presented 

in the previous sections have been summarised. A total of 24 elements have been designed, 18 

for windows and 6 for curtain walls. To identify the elements, a simple nomenclature system 

that enables univocally locate each element has been defined, as explained with the example 

below: 

STPV9X12-U3.3G0.57 
 

Dimensions Thermal transmittance Solar factor  
Width 900mm 

Height 1200mm 
3.3W/m2K 0.57 

 



182  Annex I  

 

Tab.A1. 16. STPV window elements.  

Element  Dimensions  Climatic zones 

STPV9X12-U3.3G0.57 900mm x 1200mm C1-C2 

STPV9X12-U3.3G0.51 900mm x 1200mm A3- B3-C3 

STPV9X12-U3.3G0.47 900mm x 1200mm A4- B4-C4 

STPV9X12-U2.9G0.57 900mm x 1200mm D1-E1 

STPV9X12-U2.9G0.51 900mm x 1200mm D2 

STPV9X12-U2.9G0.47 900mm x 1200mm D3 

STPV12X12-U3.3G0.57 1200mm x 1200mm C1-C2 

STPV12X12-U3.3G0.51 1200mm x 1200mm A3- B3-C3 

STPV12X12-U3.3G0.47 1200mm x 1200mm A4- B4-C4 

STPV12X12-U2.9G0.57 1200mm x 1200mm D1-E1 

STPV12X12-U2.9G0.51 1200mm x 1200mm D2 

STPV12X12-U2.9G0.47 1200mm x 1200mm D3 

STPV12X15-U3.3G0.57 1200mm x 1500mm C1-C2 

STPV12X15-U3.3G0.51 1200mm x 1500mm A3- B3-C3 

STPV12X15-U3.3G0.47 1200mm x 1500mm A4- B4-C4 

STPV12X15-U2.9G0.57 1200mm x 1500mm D1-E1 

STPV12X15-U2.9G0.51 1200mm x 1500mm D2 

STPV12X15-U2.9G0.47 1200mm x 1500mm D3 

 

Tab.A1. 17 STPV curtain wall elements. 

Element  Dimensions  Climatic zones 

STPV20X32-U3.3G0.53 2000mm x 3200mm C1 

STPV20X32-U3.3G0.45 2000mm x 3200mm A3- B3-C2-C3 

STPV20X32-U3.3G0.40 2000mm x 3200mm A4- B4-C4 

STPV20X32-U2.9G0.53 2000mm x 3200mm D1-E1 

STPV20X32-U2.9G0.45 2000mm x 3200mm D2 

STPV20X32-U2.9G0.40 2000mm x 3200mm D3 

 

Finally the following tables resume the main characteristics of the elements. 
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5.1 STPV elements for window integration 

STPV9X12-U3.3G0.57 
STPV12X12-U3.3G0.57 
STPV12X15-U3.3G0.57 

Element  STPV9X12-U3.3G0.57 STPV12X12-U3.3G0.57 STPV12X15-U3.3G0.57 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 6mm 6mm 6mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 
Double insul./2.5mm

2
 

5.2mm/1m 
Double insul./2.5mm

2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    
Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 16.8mm 16.8mm 16.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 3.3 W/(m
2
K) 3.3 W/(m

2
K) 3.3 W/(m

2
K) 

Solar factor 0.57 0.57 0.57 

    

Electrical 
characteristics 

   

Power PMPP 17.7 W 23.8 W 29.9 W 

Current IMPP 0.28 A 0.28 A 0.35 A 

Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.32 A 0.32 A 0.41 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 
Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000V 1000V 
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STPV9X12-U3.3G0.51 
STPV12X12-U3.3G0.51 
STPV12X15-U3.3G0.51 

Element  STPV9X12-U3.3G0.51 STPV12X12-U3.3G0.51 STPV12X15-U3.3G0.51 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 6mm 6mm 6mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 16.8mm 16.8mm 16.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 3.3 W/(m
2K) 3.3 W/(m

2K) 3.3 W/(m
2K) 

Solar factor 0.51 0.51 0.51 

    

Electrical 
characteristics 

   

Power PMPP 24.6 W 33.1 W 41.4 W  

Current IMPP 0.39 A 0.39 A 0.48 A 
Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.45 A 0.45 A 0.56 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000 V 1000 V 
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STPV9X12-U3.3G0.47 
STPV12X12-U3.3G0.47 
STPV12X15-U3.3G0.47 

Element  STPV9X12-U3.3G0.47 STPV12X12-U3.3G0.47 STPV12X15-U3.3G0.47 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 6mm 6mm 6mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 16.8mm 16.8mm 16.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 3.3 W/(m
2K) 3.3 W/(m

2K) 3.3 W/(m
2K) 

Solar factor 0.47 0.47 0.47 

    

Electrical 
characteristics 

   

Power PMPP 28.7 W 38.6 W 48.1 W 

Current IMPP 0.45 A 0.45 A 0.56 A 
Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.52 A 0.52 A 0.65 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000 V 1000 V 
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STPV9X12-U2.9G0.57 
STPV12X12-U2.9G0.57 
STPV12X15-U2.9G0.57 

Element  STPV9X12-U2.9G0.57 STPV12X12-U2.9G0.57 STPV12X15-U2.9G0.57 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 10mm 10mm 10mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 20.8mm 20.8mm 20.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2K) 2.9 W/(m

2K) 2.9 W/(m
2K) 

Solar factor 0.57 0.57 0.57 

    

Electrical 
characteristics 

   

Power PMPP 17.7 W 23.8 W 29.9 W 

Current IMPP 0.28 A 0.28 A 0.35 A 
Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.32 A 0.32 A 0.41 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000 V 1000 V 

 

  



Annex I 187 

 

STPV9X12-U2.9G0.51 
STPV12X12-U2.9G0.51 
STPV12X15-U2.9G0.51 

Element  STPV9X12-U2.9G0.51 STPV12X12-U2.9G0.51 STPV12X15-U2.9G0.51 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 10mm 10mm 10mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 20.8mm 20.8mm 20.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2K) 2.9 W/(m

2K) 2.9 W/(m
2K) 

Solar factor 0.51 0.51 0.51 

    

Electrical 
characteristics 

   

Power PMPP 24.6 W 33.1 W 41.4 W  

Current IMPP 0.39 A 0.39 A 0.48 A 
Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.45 A 0.45 A 0.56 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000 V 1000 V 
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STPV9X12-U2.9G0.47 
STPV12X12-U2.9G0.47 
STPV12X15-U2.9G0.47 

Element  STPV9X12-U2.9G0.47 STPV12X12-U2.9G0.47 STPV12X15-U2.9G0.47 

    

Mechanical structure    

Frontal glass 3.2mm Float 3.2mm Float 3.2mm Float 

Interlayer 0.4mm EVA 0.4mm EVA 0.4mm EVA 

Back glass 3.2mm Float 3.2mm Float 3.2mm Float 

Air gap 10mm 10mm 10mm 

Internal glass 4mm Tempered 4mm Tempered 4mm Tempered 

Cable outlet Lateral Lateral Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 900mm x 1200mm 1200mm x 1200mm 1200mm x 1500mm 

Total thickness 20.8mm 20.8mm 20.8mm 

Weight 27.4kg 36.6kg 45.7kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2K) 2.9 W/(m

2K) 2.9 W/(m
2K) 

Solar factor 0.47 0.47 0.47 

    

Electrical 
characteristics 

   

Power PMPP 28.7 W 38.6 W 48.1 W 

Current IMPP 0.45 A 0.45 A 0.56 A 
Voltage VMPP 63.7 V 85.6 V 85.6 V 

SC current ISC 0.52 A 0.52 A 0.65 A 

OC voltage VOC 84.2 V 113.2 V 113.2 V 

Temp. Coeff. PMPP -0.19 %/°C -0.19 %/°C -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 0.28 %/°C 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 0.09 %/°C 0.09 %/°C 

Max. system voltage 1000 V 1000 V 1000 V 
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5.2 STPV elements for curtain wall integration 

STPV20X32-U3.3G0.53 

 
Element  STPV20X32-U3.3G0.53 

    

Mechanical structure    

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 

Back glass 3.2mm Float 

Air gap 6mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm2 
5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 2000mm x 3200mm 

Total thickness 16.8mm 

Weight 162.6kg 

    

Thermal properties     

Transmittance 3.3 W/(m2K) 

Solar factor 0.53 

    

Electrical 
characteristics 

   

Power PMPP 209.9 W 

Current IMPP 1.46 A 

Voltage VMPP 143.8 V 

SC current ISC 1.69 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 
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STPV20X32-U3.3G0.45 

 
Element  STPV20X32-U3.3G0.45 

    

Mechanical structure  Mechanical structure  

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 
Back glass 3.2mm Float 

Air gap 6mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight  Dimensions and weight  

Dimensions 2000mm x 3200mm 

Total thickness 16.8mm 

Weight 162.6kg 

    

Thermal properties   Thermal properties   

Transmittance 3.3 W/(m
2
K) 

Solar factor 0.45 

    

Electrical 
characteristics 

 Electrical characteristics  

Power PMPP 242.3 W 

Current IMPP 1.69 A 

Voltage VMPP 143.8 V 

SC current ISC 1.96 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 
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STPV20X32-U3.3G0.40 

 
Element  STPV20X32-U3.3G0.40 

    

Mechanical structure    

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 
Back glass 3.2mm Float 

Air gap 6mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 2000mm x 3200mm 

Total thickness 16.8mm 

Weight 162.6kg 

    

Thermal properties     

Transmittance 3.3 W/(m
2
K) 

Solar factor 0.40 

    

Electrical 
characteristics 

   

Power PMPP 263.1 W 

Current IMPP 1.83 A 

Voltage VMPP 143.8 V 

SC current ISC 2.12 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 
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STPV20X32-U2.9G0.53 

 
Element  STPV20X32-U2.9G0.53 

    

Mechanical structure    

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 
Back glass 3.2mm Float 

Air gap 10mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 2000mm x 3200mm 

Total thickness 20.8mm 

Weight 162.6kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2
K) 

Solar factor 0.53 

    

Electrical 
characteristics 

   

Power PMPP 209.9 W 

Current IMPP 1.46 A 

Voltage VMPP 143.8 V 

SC current ISC 1.69 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 
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STPV20X32-U2.9G0.45 

 
Element  STPV20X32-U2.9G0.45 

    

Mechanical structure    

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 
Back glass 3.2mm Float 

Air gap 10mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 2000mm x 3200mm 

Total thickness 20.8mm 

Weight 162.6kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2
K) 

Solar factor 0.45 

    

Electrical 
characteristics 

   

Power PMPP 242.3 W 

Current IMPP 1.69 A 

Voltage VMPP 143.8 V 

SC current ISC 1.96 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 
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STPV20X32-U2.9G0.40 

 
Element  STPV20X32-U2.9G0.40 

    

Mechanical structure    

Frontal glass 3.2mm Float 

Interlayer 0.4mm EVA 
Back glass 3.2mm Float 

Air gap 10mm 

Internal glass 4mm Tempered 

Cable outlet Lateral 

Cable type/section 
Diameter/length 

Double insul./2.5mm
2
 

5.2mm/1m 

Connectors 
female/male 

MC PV-KBT3 
MC PV-KST3 

    

Dimensions and weight    

Dimensions 2000mm x 3200mm 

Total thickness 20.8mm 

Weight 162.6kg 

    

Thermal properties     

Transmittance 2.9 W/(m
2
K) 

Solar factor 0.40 

    

Electrical 
characteristics 

   

Power PMPP 263.1 W 

Current IMPP 1.83 A 

Voltage VMPP 143.8 V 

SC current ISC 2.12 A 

OC voltage VOC 190.1 V 

Temp. Coeff. PMPP -0.19 %/°C 

Temp. Coeff. VMPP 0.28 %/°C 

Temp. Coeff. IMPP 0.09 %/°C 

Max. system voltage 1000 V 

 


