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Abstract (English) 
 

Buildings can weigh up to 40% of the total primary energy requirements of industrialized 

countries. A wider deployment of renewable energy sources is therefore crucial to fulfill the 

increasing trend towards decarbonization, and several studies demonstrated that the 

integration of photovoltaic technology in building façades had a great potential in 

decreasing the building energy loads. In fact, the implementation of the so-called Building 

Integrated Photovoltaic devices is significantly increasing. However, there is still little 

implementation of Luminescent Solar Concentrators (LSC) panels in this type of structures, 

even though they could be a very promising technology to be installed in building façades.  

Here the realization of a natural Ventilated Façade (VF) integrating a LSC device as 

external pane is presented. A VF is the combination of two skins separated by an air cavity, 

and its working principle lies in the exploitation of solar radiation to create a thermal 

gradient between the outer and inner pane. The LSC optical properties were modeled with 

Matlab to describe the optical properties of this device (absorption, transmission, and 

reflection spectrum), and confirmed that LSC panels could be manufactured also with 

dimensions compatible with the typical ones of the building sector. The LSC optical 

properties were inserted in a finite element model developed with the software COMSOL 

Multiphysics, whose results were validated thanks to a comparison with experimental data. 

The obtained thermal and optical properties were then used in a new model created to 

perform the retrofit of a typical building envelope, which proved that this structure can be 

employed to decrease the building thermal budget in both summer and winter season. 

Finally, the VF thermal transmittance was compared to the maximum values prescribed by 

the Italian directive, confirming a promising result for a “proof of concept” research work. 
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Abstract (Italiano) 
 

La necessità di sopperire al fabbisogno energetico degli edifici attraverso fonti rinnovabili 

gioca un ruolo fondamentale nell’attuale processo di decarbonizzazione. Nei paesi 

industrializzati essi possono infatti rappresentare fino al 40% della produzione totale di 

energia primaria, percentuale a cui l’implementazione di dispositivi fotovoltaici 

architettonicamente integrati può apportare una riduzione significativa. Nonostante il loro 

impiego stia aumentando considerevolmente, l’implementazione di pannelli con tecnologia 

LSC è ancora poco diffusa in questo tipo di strutture, seppur essi siano particolarmente 

indicati per l’integrazione architettonica. 

In questo lavoro è presentata la realizzazione di una Facciata Ventilata (VF) con 

ventilazione naturale, che integra un dispositivo LSC come componente esterna. Una VF è 

una struttura formata da due componenti, chiamate anche pelli, separate da 

un’intercapedine d'aria, che si basa sullo sfruttamento della radiazione solare per regolare il 

confort termico dell’edificio. La modellazione delle proprietà ottiche delle varie 

componenti della VF è perciò fondamentale per valutare le performance del sistema, in 

particolare quelle dell’LSC, che sono state modellate utilizzando Matlab. Le simulazioni 

hanno confermato che è possibile realizzare pannelli aventi dimensioni compatibili a quelle 

tipiche del settore edile, che sfruttino questa tecnologia, rendendone quindi possibile 

l’implementazione in questo tipo di strutture. Le proprietà ottiche dell’LSC (spettro di 

assorbimento, trasmissione e riflessione) sono state poi inserite in un modello agli elementi 

finiti sviluppato con il software COMSOL Multiphysics, il quale ha permesso di studiare le 

proprietà termiche dell’intera VF tramite il confronto con dati sperimentali. Le proprietà 

fisiche dei materiali sono state poi inserite in un secondo modello termico al fine di 

eseguire il retrofit di un tipico involucro edilizio. I risultati hanno dimostrato che una VF 

ideata in questo modo è effettivamente in grado ridurre il budget termico dell'edificio sia 

nella stagione estiva che in quella invernale. Infine, il confronto tra la trasmittanza termica 

della VF e i valori massimi prescritti dalla direttiva italiana, ha evidenziato un risultato 

promettente per una tesi di ricerca di tipologia “proof of concept”. 

 

Keywords: BIPV, Ventilated façade, LSC, CFD, energy saving 
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Preface 
 

The increasing global energy demand has raised concerns about supply shortages, depletion 

of energy resources, and environmental implications. In particular, in the last few decades, 

the need for limiting climate change and reducing energy related carbon dioxide emissions 

is leading to a transformation of the global energy sector from fossil-based to zero-carbon 

energy sources. New policies have introduced technical and regulatory measures to 

promote this transition [1] and a more rational use of energy [2]. PhotoVoltaic (PV) 

technologies are the most promising renewable energy sources to lead this transition, 

thanks to the improvements in module efficiencies, the reduction in manufacturing costs, 

and the achievement of levelized costs of electricity. 

Indeed, the cost of electricity from PV technologies is nowadays generally lower than other 

energy sources and approaches a similar price when a storage system is included. 

Moreover, if we consider utility scale PV plants, it is even lower than conventional fossil 

fuel generators [3]. The international energy agency report testifies that the growth of the 

global PV industry is mainly associated to the so-called solar farm or utility scale PV [4]. 

Namely, large-scale stand-alone facilities directly connected to the main regional grid, and 

designed to generate large amount of electricity, either using thermal energy collectors or 

PV panels. The main advantage of these structures lies in their energy cost per kW, in fact 

due to economy of scale fulfillment and maintenance costs are usually lower if compared to 

smaller PV plants. This assumption is valid as long as the solar farms are located 

immediately adjacent to existing electrical grids, since transmission distance plays a key 

role in the overall grid efficiency and in the electricity cost [5]. A concern that remains 

underestimated about these kinds of plants is whether they could influence the natural 

environment because of “heat island” effect. In fact, the PV panels introduction reduces the 

landscape albedo, thus warming the surrounding areas [6].  

An alternative that limits both the distribution and the environmental drawbacks is the 

Distributed Model, and it consists in the installation of small or medium PV plants directly 

in urban areas. The installation of PV plants within metropolitan buildings, where most 

changes to the wildlife habitat have already occurred, highly decreases their environmental 

impact, and drastically decreases the distribution losses, as the energy is produced where it 
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will be used. Moreover, if the PV panels are properly installed, they can be used not only to 

decrease buildings energy demand but also to improve their energy efficiency.  

The energy requirements in buildings are primarily related to building heating, air 

conditioning and electricity needs, which together account for 36% of global energy 

balance, and for 39% of energy-related CO2 [7]. These values are even higher for European 

residential buildings [8], therefore the exploitation of distributed model can play a key role 

for an environmental-friendly transition. To invert this trend European Parliament enacted 

the Energy Performance of Buildings Directive 2018/844/EU (EPBD), which defined a new 

category of buildings called nearly Zero Energy Building (nZEB). They are building with a 

very high energy performance, having their annual energy requirements provided in a very 

significant extent by renewable energy sources located on-site or nearby [9]. Furthermore, 

the EPBD requires all new buildings to be nZEB from 2021 and promotes the 

transformation of existing ones. The introduction of nZEBs as the new building target shifts 

the role of the building from energy consumer to energy prosumer, therefore, representing a 

very interesting measure to reduce both energy consumption and CO2 emissions related to 

the building sector. 

For this reason, over the last decade a new paradigm of buildings has been defined as: 

nearly Zero Energy Building [10], Net Zero Energy Building [11], Zero Energy Building, 

or Zero Emission Building [12]. The difference between the various definitions is given by 

the period of time in which the building energy balance is considered, by the amount of 

CO2 that the building produces, or by the location and nature of energy sources that power 

it.  

According to De Boeck et al. [13], the parameters affecting the energy consumption of a 

building are several:  

1. the building shape and orientation,  

2. the insulation efficiency of the envelope, the fenestration-to-wall ratio (windows 

and doors) with the components of the window glazing and sill type,  

3. the lighting system,  

4. the presence of natural or mechanical ventilation systems affecting the Heating-

Ventilating-Air Conditioning (HVAC) load,  

5. the integration of renewable energy technologies.  
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Thanks to a careful analysis of these parameters two considerations can be expressed. 

Firstly, all the construction elements that define the separation between the interior and 

exterior of a building (namely building envelope) have a great impact on the overall 

building energy consumption. Secondly, the options to increase building envelope thermal 

efficiency are several. In particular, considering the amount of energy that strikes Earth 

surface every day, Passive Solar Systems (PSSs) could represent a very promising solution, 

especially in temperate or tropical climate [14–16]. 

The main issue of this kind of systems is represented by their architectonic impact, since to 

maximize their efficiency, they are usually characterized by dark colors. Unfortunately, 

dark surfaces are not always considered aesthetically appealing [17], especially in urban 

environments. Therefore, in the past, PSSs were often installed separately from the building 

or confined to the roof top in order to minimize their aesthetic impact [18,19]. This problem 

was solved by a new generation of PhotoVoltaic (PV) devices called Building Integrated 

PhotoVoltaic (BIPV). These are PV modules specifically designed to play a dual role, 

energy converters and architectural elements. Indeed, they are constituent elements of the 

architectural composition and replace conventional building elements. 

The implementation of BIPV devices into PSSs has the advantage to increase their impact 

on the building energetic budget. In fact, the combined system may either act as a PSS, 

decreasing the thermal budget [20], and as a PV system, producing energy. The interest of 

the scientific community in this approach is testified by the coupling of BIPV technology 

with traditional PSS, such as: solar chimneys [21,22], solar roofs [23,24], Double Skin 

Façades (DSFs) [25–27] or Ventilated Façades (VFs) [28–30]. 

The importance of this research field is confirmed also by the trend of the global BIPV 

market, which is expected to expand with a compound annual grow rate of 20%, thus 

growing from 16.6 billion of USD (2020) to 59.5 billion of USD (2028) [31]. However, 

BIPV systems still represent a small share of the PV market, mainly because of the past 

tendence to prefer utility scale plants, or conventional roof top installations, with respect to 

BIPV devices. 

Among various passive solar systems, DSF and VF technologies have been identified as 

one of the best options to reduce building thermal budget [32]. Indeed, if properly designed, 

their architectural flexibility allows to modify the interaction between outdoor and indoor 

spaces according to the building energy need [20]. 
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This thesis describes the development of a VF coupled with an innovative and highly 

transparent PV panel, called Luminescent Solar Concentrator (LSC) panel. Even if, there is 

still little exploitation of LSC panels in this type of applications, they can be a very 

promising technology to be installed in vertical façades. In fact, they can be manufactured 

starting from intrinsic low-cost materials and they feature a much higher tolerance to partial 

shading with respect to standard PV modules. Moreover, their optical properties allow to 

drastically reduce the amount of solar cell per square meter of collecting surface and to 

increase the architectonic appeal of the whole system. This work was developed within a 

project entitled Development of photovoltaic ventilated facade -smart skin- for the control 

of buildings thermal budget, which was part of the POR FESR 2014-2020 program funded 

by Regione Emilia Romagna and European Union and was realized within the Photovoltaic 

laboratory of the University of Ferrara. A brief overview of this thesis Chapters is shown 

below. 

The first Chapter concerns an overview on the arguments presented this thesis as well as 

the theoretical notions useful to easily understand the physical principles on which the 

employed systems are based. Following, a review on the methodology used to model 

thermo-fluid dynamic system is presented. In fact, in each paragraph of the second Chapter 

the strengths and the drawbacks of the most common models are analyzed, with the 

purpose to present the motivation behind the choice of a computational fluid dynamics 

software for the modeling of the presented systems. In the third Chapter the procedures 

related to the creation of the Ventilated Façade thermal model and the ones related to the 

LSC optical model are presented, as well as their validation thanks to the comparison with 

experimental measurements. Following, the fourth Chapter concerns the extension of the 

model previously validated, which was done by performing the retrofit of a typical building 

envelope for several days of both summer and winter season. Finally, conclusions are 

provided, and some possible future outcomes of this work are described. 
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CHAPTER 1 
 

 

Double skin and solar façades: theory and applications 

 

 

This chapter concerns an overview on the arguments of this thesis, together with the 

theoretical notions useful to easily understand their physical principles. In particular, as the 

reader can guess, the Paragraph 1.1 Ventilated Façade addresses the aspects concerning the 

ventilated system, and the Paragraph 1.2 Building integrated photovoltaic is instead 

focused the photovoltaic devices and their integration in buildings. Furthermore, a section 

dedicated to LSC panel technology is present, as it is the PV employed within this research 

project.  
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1.1 Ventilated Façade  
  

Ventilated Façade systems are a subset of Double Skin Façade (DSF). The concept of DSF 

was introduced in early 1900s [33], and since then this concept has been associated to 

systems with the most different designs. They can be classified according to the materials, 

the type of ventilation, and the façade dimensions. A DSF is realized by the exploitation of 

two slabs separated by an air cavity, and each of these slabs is commonly called skin [16]. 

DSF structures are based on the exploitation of solar radiation to create a thermal gradient 

between the outer and inner skin, thus warming the air inside the cavity creating buoyancy 

phenomena. The way in which the heated air is used completely changes the system nature, 

in fact the cavity can be exploited as ventilation channel, when the air is used to regulate 

the temperature of indoor spaces, or as a buffer zone, when the still air acts as an additional 

insulation layer.  

The first characteristic distinction between different types of DSFs is given by the optical 

properties of the outer skin, and the ideal façade transparency is given by an optimal 

balance of lighting, indoor thermal conditions, and energy consumption. In common DSFs 

the outer skin is usually made of glass [34] and the radiation that impinges on it is either 

reflected, absorbed, or transmitted. Pérez-Grande et al. [35] investigated the influence of 

the glass optical properties on the performance of a Double Glazed Façade (DGF), namely 

a DSF in which also the inner pane is glazed. They coupled glasses with different 

reflectance, absorbance, and transmittance values for a total of 10 combinations. If two 

glasses with high transmittance were coupled the heat transferred inside the building was 

five times more with respect to the case in which the external skin was realized with a high 

absorbance glass. However, the transmittance of the whole façade ranged from 0.04 to 0.17, 

and it could be noticed that regardless the transmittance of the single glass the whole 

system does not have a high transmission efficiency. This meant that despite the 

configuration in which the external pane had a high absorbance, a large amount of the 

impinging solar radiation was trapped inside the cavity and would heat up the air inside it. 

However, the pre-heated air inside the cavity could be employed in building Heating, 

Ventilation and Air Conditioning (HVAC) systems, and the cost of the building heating 

load could be significantly decreased. In the same work Pérez-Grande et al. also examined 

how the value of the mass flow rate and the average temperature of air passing through the 

cavity were affected by the glass optical properties. The mean temperature increase was 
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calculated considering as initial-ambient condition the temperature of the air at the entrance 

of the channel, and as final one the temperature of the air at the exit, founding a variation 

from 1.4 to 2 degrees. The dependency of the increase in temperature from the glass 

property reflected also on the air mass flow rate, since in natural ventilated façades it was 

driven by pressure difference due to thermal buoyancy. Even in this case, it could be seen 

that changing the glass property an increase in mass flow of more than 50% can be 

achieved.  

In their work dated back to 2009 Chan et al. [36] compared the energy performance of a 

DSF in which glasses with different optical properties were tested and combined with 

various pane configurations. Four configurations were investigated in which single or 

double-glazed panes were installed as both external and/or internal skin. The results showed 

that the exploitation of a double-glazed pane increased the building thermal insulation, and 

the better performance was achieved by the VF implementing a single clear glass as an 

inner pane and a double reflective glazing as the outer pane, with a saving in annual cooling 

energy around 26% compared to a traditional building. In air-conditioned buildings the 

double glazing minimizes the building thermal loads both in cold and warmer climates. 

These results were confirmed also by Mingotti et al. [37], who in particular underlined that 

in cold climates with a low solar flux, the exploitation of a double-glazed skin reduced the 

need of mechanical heating, while in warmer climates with higher solar irradiation it 

decreased the need for building mechanical cooling. 

It is therefore possible to state that for naturally ventilated DSF it is important to achieve 

higher air flow in the cavity by increasing the air temperature. The exploitation of a high 

transmittance glass as outer layer enhances this effect as a significant portion of solar 

radiation is exploited to increase the air temperature. If it is coupled with a double-glazed 

inner pane with a high thermal insulation, the radiative and conductive components of heat 

transfer across the whole façade are significantly reduced. If the inner skin is instead 

opaque, it absorbs the radiation that passes through the glazing and the emission of infrared 

radiation due to its temperature further increases the air temperature.  

The choice of the suitable combination of glazed or opaque skins is so essential to 

guarantee the desired balance between the stack effect in the cavity and the heat transfer to 

the indoor rooms, especially in the case of natural ventilated DSFs. 
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The air cavity is the fulcrum of the DSF system and can serve different purposes depending 

on its ventilation techniques, airflow concepts and geometry. If the cavity and the skins are 

properly designed the DSF has the potential to significantly reduce the building energy 

consumption, whereas if the cavity cannot guarantee a correct balancing between air 

extraction and heat transmission the result is an uncomfortable indoor temperature and an 

additional energy consumption. The structural characteristic that most affects the flow of 

the air inside the cavity is its depth, which can range from few centimeters for the narrowest 

cavity to several meters for the widest accessible ones. The cavity depth may vary 

according to the different design concepts, such as the presence of shading devices or 

vegetation and the necessity to guarantee the access to the cavity interior [38,39]. The width 

of 40 cm has been defined as the threshold for the distinction between Narrow Façade and 

Wide Façade, as it represents the minimum depth that ensures the adequate access to the 

cavity for maintenance and cleaning purposes [16]. 

Rahmani et al. [37] and Torres et al. [34] evaluated how the DSF cavity depth affects the 

main parameters of these systems, namely the amount of solar heat transferred through the 

cavity, the temperature of the internal skin, the channel ventilation rates. The results 

showed that narrower cavities presented an accentuated stack effect and a stronger air 

movement, whereas this effect was reduced in cavities with a depth bigger than 1 m. Thus, 

in air-conditioned buildings narrower cavities are preferred, since the accentuated stack 

effect leads to a more effective extraction of the air through the cavity, which results in less 

energy demand for cooling the building. Larger cavities are instead preferred when the 

DSFs are primarily employed to increase the heat transfer towards the interior rooms. For 

cases in which the air extraction and heat transmission to the user room must be balanced 

Radhi et al. [40] recommended a cavity depth between 0.7 m and 1.2 m. However, in 

naturally ventilated buildings the influence of the cavity airflow on the interior of the 

buildings still needs investigation as the equilibrium between the ventilation rate to remove 

heat from the indoor spaces and the heat transfer from the cavity to the room still deserve to 

be examined. Oesterle et al. [41] categorized the DSFs mostly by considering the geometry 

of the cavity, organizing them into different categories depending on the façade height and 

width. The distinctions related to the cavity height are more articulated since they involve 

the splitting of the façade into unitary modules. The façade splitting is obtained thanks to 

horizontal and/or vertical partitioning, and the difference between the definitions lie on the 

way in which the unitary modules are connected. According to the configuration pioneered 
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by Oesterle et al. a VF can be categorized as Box Windows Façade (BWF), Corridor 

Façade (CF), Shaft Box Façade (SBF), or Multi-story Façade (MF). In BWF configuration 

the façade is divided in smaller and independent unitary modules by a horizontal and 

vertical partitioning, whereas in CFs just the horizontal partitioning is created. The SBF and 

MF are more complex structures in which unitary module connections are intentionally 

designed to increase the stack effect. Indeed, in the former sets of unitary module elements 

are connected via vertical shafts, which allows to create a ventilation channel as high as the 

whole building. In the latter neither horizontal nor vertical partitioning exists, and the 

cavity ventilation is obtained thanks to openings near the floor and the roof of the building. 

As the reader could have guessed this categorization is particularly interesting as the air 

channel is the actual driving force of a DSF and its ventilation properties are highly 

dependent on the cavity openings and on their structural combination. A drawing 

summarizing all the DSF categorization is presented in Figure 1.1. 

 

Figure 1.1 Graphical representation of the possible configurations of a Double Skin Façade. 
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Any VF is defined as Narrow Façade since the gap between the internal and the external 

skin is less than 30 cm. This type of building envelope maximizes its passive properties 

thanks to the exploitation of low transmittance glasses or opaque panes as external skin 

[42]. In Figure 1.2 an illustration which clarifies the effects of external skin transparency on 

the indoor spaces is presented. 

 

Figure 1.2 Graphical representation of the external skin transparency effect on the building indoor spaces. 

The interest for VFs that implement an opaque external skin, is testified by the increase of 

scientific works that exploit this technology [29,43]. This kind of façades are denominated 

Opaque Ventilated Façades (OVFs) and they were originally developed for locations with 

low direct solar irradiation like Northern European countries, to protect building outer walls 

against atmospheric agents and prevent thermal excursion [44]. However, the possibility to 

implement BIPV technology in VF systems has extended their application also to Southern 

European locations. Indeed, as explained by Gonçalves and al. [45] this kind of systems can 

be seen as combined BIPV/Thermal (BIPV/T) systems, that both decrease building thermal 

loads and produce energy. In the case of an OVF the solar radiation warms just the external 

skin and the heat is transferred inside the building thanks to convection and conduction 

phenomena, whereas in normal VFs the solar radiation directly warms up also the inner 

skin and the air inside the cavity. Moreover, semitransparent external glazing allows also to 

exploit the greenhouse effect to heat the air inside the cavity, as the outer skin is transparent 

to the visible portion of the solar spectrum, but it is opaque to the thermal radiation emitted 

from the internal skin.  
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An alternative solution to change the system performance depending on the sun position or 

other external conditions is given by the implementation of active or passive elements, 

which modify the amount of solar irradiation reaching the façade internal skin. In Wide 

DSF this function is often delegated to shading devices, however, their introduction heavily 

modifies the structure of the ventilated system. Several studies, including the one of Gratia 

and De Herde [46] have estimated that the presence of shading devices in DSF decreases 

the heating loads in a range between 11.3% and 13%, depending on the façade orientation. 

The greatest reduction is observed for the northern DSF, since the southern wall fully 

benefits from the heating due to the solar radiation, while the northern one increases its 

insulation thanks to an additional buffer zone. On the other hand, if no natural strategy is 

implemented to try to decrease cooling consumption, the implementation of a DSF 

increases the building cooling loads of a non-negligible amount. Indeed, if no form of 

ventilation is applied, the presence of a VF enhances the effect of direct solar radiation on 

the building walls, and the heat transmission towards the building interior spaces. As in the 

case of the heating reduction the increase of the cooling loads depends on the façade 

orientation, and it reaches a maximum equal to 19.7%, for a southern DSF. Moreover, for 

buildings with DSF the percentage that cooling loads have on the total energy demand 

increases because of the creation of an additional buffer zone, so the implementation of 

passive or active cooling strategies becomes crucial for these types of buildings. In their 

study, Gratia and De Herde present the implementation of solar blinds as one of the most 

efficient cooling strategies, since they regulate the solar irradiance reaching the DSF inner 

skin, thus keeping the room cooler, and improving the thermal comfort in warmer 

conditions, not to mention that they can be easily combined with ventilation effects. The 

position of the shading device within the cavity was studied also by and Jiru et al. [47]. The 

blinds were simulated in three different positions: close to the DSF inner skin, close to the 

outer one, and in the middle of the cavity. The results showed that the temperature of the 

inner layer becomes higher when the solar blinds were positioned close to it. Thus, this 

configuration led to higher heat transfer from the cavity to indoor and consequently higher 

cooling loads in the user room. The influence of different blind inclination angles on the 

DSF thermal performance and the different heat transfer mechanisms were investigated by 

Ji et al. [48]. It was observed that the installation of the venetian blinds not only offered a 

shading function, but it also enhances the natural ventilation in the cavity. In fact, near the 

solar blinds the air flow conditions move from laminar to turbulent, thus increasing the 

upwards buoyancy momentum, and the efficiency with which the air is driven out of the 
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cavity. The buoyancy effect enhanced the natural ventilation in the cavity up to 35%, when 

angle of the blinds was 80° with the blinds in quasi vertical position. On the contrary 

smaller angles decrease the ventilation effect as the blinds in horizontal position obstruct 

the air circulation. Chou et al. [49] analyzed the impact of the window-to-wall ratio and 

Shading Coefficient (SC) of the glazing on energy management in buildings. They defined 

the SC as an indicator related to how the interior is shaded when the glazing is exposed to 

direct sunlight and the values of the heat transfer through the façade range from 18 W/m2 to 

59 W/m2, when the SC varied from 0.3 to 0.7. Both works of Gratia and De Herde and 

Haase et al. [50] compared the effect of shading devices of different colors, in particular 

dark and light blinds. The results showed that the cavity equipped with darker blinds 

presented an air temperature 11.1 °C higher than the one with lighter blinds. The optical 

and mechanical properties of the implemented shading devices are then crucial to ensure 

the decreasing of both heating and cooling loads. In fact, the most functional shading 

devices are represented by adaptive technologies which can change their properties 

according to external conditions, like the intensity of the solar radiation, the outdoor 

temperature, or the temperature inside the air cavity.  

In the description of ventilated systems presented so far, the role of the air inside the cavity 

was not examined in depth. The cavity may act as a buffer zone, when the air acts as an 

additional insulation layer, or as a ventilation channel, when the air inside the cavity is used 

for heat extraction (see Figure 1.1). This last aspect plays a key role when a standard façade 

is coupled with PV technologies. Lai and Hokoi work [51] classified the façade according 

to the role of the air inside the cavity, and they categorized DSFs into dissipative and 

storage façades. In both cases the air is used as heat transfer media to decrease the modules 

temperature and increase their life cycle and efficiency [52,53], but in the former the heated 

air is disperses in the external environment, whereas in the latter the it is reused within the 

building HVAC system. Peng et al. [54] investigated the impact of the air cavity width in a 

south-facing façade in Hong Kong, whose outer skin was substituted with a solar panel. 

They increased the channel thickness from 0.05 m to 0.25 m monitoring the system 

performance, the minimum of the annual heat transfer through the PV module was obtained 

for a width of 0.06 m.  
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1.1.1 Natural Ventilated Façade working principle 

The ventilation in a natural VF is due to two main phenomena related to the pressure 

difference: the one caused directly by the wind action and the one caused by the thermal 

buoyancy. The former occurs when wind hits the main faces of a building. They can be 

identified as windward and leeward faces: the windward side is characterized by a positive 

pressure which pushes the air against the building or into the VF channel, whereas the 

leeward ones are subjected to negative pressure which results in a suction of the air away 

from the building. The intensity of the wind speed increases with the building height, 

thanks to the absence of friction with the ground level. 

The buoyancy effect, also known as stack or chimney effect, is due to air thermal 

expansion, in fact air density decreases when its temperature raises. Therefore, hot air is 

lighter than cold air provided that the same volume is considered. The driving force of this 

phenomenon is the solar radiation impinging on the outer skin of the VF. As a result of this 

heat flux, the air in the channel becomes warmer than the external one, but it is in contact 

with the last one thanks to openings at the top and the bottom of the channel, so that a 

process of pressure equalization occurs. For this reason, the external air causes an over 

pressure at the bottom opening and forces itself into the channel. Meanwhile, the air inside 

the channel rises upward, thus causing an excess pressure at the top opening, where the 

heated air is ejected. The size of the whole effect depends on the temperature difference 

between the internal and external air and on the height of the channel [55]. According to 

Pomponi et al. [16] the pressure difference due to thermal buoyancy can be calculated 

according to: 

(1.1)  𝛥𝑝 =  𝛥𝜌 ∙ 𝑔 ∙ 𝛥ℎ ∙ 𝛥𝑇 

 

where Δρ is the air density change due to the temperature change, g is the gravity 

acceleration, Δh is the channel height and ΔT is the temperature difference between the 

internal and external air. 
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1.2 Building integrated photovoltaic  
 

PV systems used on buildings can be classified into two main groups: Building Attached 

PhotoVoltaics (BAPV) and Building Integrated PhotoVoltaics (BIPV). The acronym BAPV 

identifies the PV devices having no direct effects on the building structure that are simply 

attached to the existing envelope [56]. As BIPV are instead defined the PV systems that are 

integrated in the building envelope and replace conventional building materials, acting also 

as building structural parts. According to Biyik et al [42], the parameters that need to be 

considered for the integration of PVs into the building envelope range from design to 

regulations, passing through their performance and maintenance. They summarized the key 

factors for BIPV system further development in low production cost, environmental impact, 

and high efficiency. Moreover, considering that BIPV technologies are usually installed to 

retrofit existing buildings, the design of easy installation systems acquires a particular 

importance. BIPVs devices can, in turn, be inserted in different categories depending on the 

employed PV technologies, or on their application. According to the first categorization 

they can be defined as silicon and non-silicon based devices, and according to the second as 

solar foils, tiles, modules or glazing; depending on the application they were designed for 

[57]. According to literature one of the BIPV solutions more capable of satisfying the 

demands of the stakeholders in is the Multifunctional PV façade. Indeed, it is a constructive 

solution that guarantees active and passive benefits to both buildings that need to be 

retrofitted, and new constructions. The high versatility of this system ensures the following 

advantages [42]: 

1. The in-situ electricity generation decreases the losses due to energy transportation, 

2. The combination between the thermal envelope benefits and the type of installed PV 

modules seem to ensure an energy savings within 15–35%. 

3. The presence of semitransparent PV panels allows to modify daylight entrance 

according to the building needs.  

4. Acoustic, and aesthetical benefits, as well as an increased resistance against harmful 

atmospheric conditions due to the presence of DSF. 

However, Debije and Verbunt [58] testify that the adaptation of traditional silicon-based 

PV panels for urban integration presented some critical aspects. Indeed, although the recent 

increase of the BIPV markets has considerably widened the module offer filling the lack of 

available products with different colors and shapes, PV cells still remain the most 
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expensive component of the modules and the increase of their aesthetic appeal also carries 

some disadvantages. For these reasons, numerous are the studies concerning the 

development of aesthetical appealing or semitransparent PV panels based on Si solar cells, 

as for example modules in which the front glass pane has been replaced or combined with 

sheets of different materials [59,60]. In these modules the solar cells were covered with a 

white pane or veneer made of natural materials, and this retrofitting ensures a higher 

aesthetic appeal and a lower module temperature. An alternative solution is given by 

modules which consist of a layered structure composed by thin film PV [61]. 

Unfortunately, all these techniques reduce the module optical efficiency, and a further 

criticality is given by the installation site, especially in the countries with a high population 

density [62], as PV panels have their best performance under direct sunlight, while, because 

of the scattering and reflections due to other objects, in the urban environment diffuse solar 

radiation is dominant. The buildings and surrounding objects, such as trees, streetlights, or 

chimneys, can be responsible for the module shading, which is a condition that significantly 

reduces the performance of an extended PV system. Shading conditions not only highly 

affects the performance of PV strings, but they can also permanently damage the shadowed 

module if bypass devices are not correctly installed [63]. As for the normal skins, the 

opacity of the panels may vary, and their transparency is a key element for the solar energy 

harvesting and control. A façade made of standard flat modules is completely opaque but 

its transparency can be increased tanks to several approaches like interleaving standard 

panels with glass [64], increasing the spacing between the solar cells [65], or exploiting 

Thin-Film (TF) technologies [66]. The other technologies ensure the potential for low-cost 

fabrication and versatile applications, since the possibility to exploit metallic, plastic, or 

glass substrates allows to develop flexible or light-weight panels. A further improvement 

was presented by Kang et al. [67] that proposed the texturization of an asymmetric 

photovoltaic TF to increase the light-trapping and thus the panel efficiency. This solution is 

particularly interesting for BIPV applications, since the power produced by the panels is 

dependent on the incident radiation angle, which strongly deviates from the normal 

direction during the year. A category of PV devices that has most of the advantages 

presented by modules based on TF technology is represented by Luminescent Solar 

Concentrators (LSC) panels. They are very promising candidates for BIPV integration, 

since they can exploit both direct and diffuse radiation, thus presenting a high tolerance to 

shading [42,68]. Furthermore, thanks to their intrinsic transparency, LSC panels can be 

exploited also in transparent façades. 
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1.2.1 LSC panels 

Luminescent Solar Concentrator (LSC) panels are concentrating photovoltaic systems that 

can be easily designed to be integrated in buildings, especially in transparent or semi-

transparent façades. They are based on the coupling of a functionalized glass or plastic slab 

with PV cells, and their working principle is based on the combination of two physical 

phenomena: total internal reflection and fluorescence. The fluorescence phenomenon is due 

to the slab functionalization, and in particular to optical active centers, called fluorophores 

that are able to absorb a portion of the impinging light and then re-emit it at longer 

wavelengths. If the luminophores are uniformly dispersed inside and the slab, the 

fluorescence light is isotropically emitted and a portion of it undergoes total internal 

reflection and is guided to the slab edges. The remaining light is lost through the so-called 

escape-cone, namely the cone that subtend the solid angle for which the re-emitted light is 

refracted by the interface. Both the escape-cone losses and the amount of light entrapped in 

the LSC are due to the interface between the LSC slab and external air. They are regulated 

by laws of geometrical optics, thus they can be expressed as a function of the slab refractive 

index [69]. 

 

The nature of the fluorophores can be different. Indeed, as functionalizing material, 

organic, metal-organic, and quantum dots can be exploited. The organic dyes represent the 

cheapest solution, but they suffer from a considerable degradation under UV radiation and a 

Figure 1.3 Model that describes the phenomena occurring inside an LSC. (1) the light is absorbed by a 

fluorophore, and it reaches the slab edge thanks to total internal reflection. (2) the light is absorbed by a 

fluorophore, but it is subjected to escape cone losses. 3 the fluorescence radiation is absorbed by another dye 

molecule (self-absorption). 



29 
 

significant superposition between the absorption and emission spectrum. This superposition 

means that the luminophores can also absorb fluorescence light, thus increasing the number 

of re-emission events and the probability of escape-cone losses. In Figure 1.3 a model that 

clarifies the phenomena occurring inside an LSC is depicted. This problem can be partially 

resolved exploiting quantum dots as luminophores; because of electron quantum 

confinement, resulting in a quantized energy spectrum [70] quantum dots exhibit a 

negligible superposition between absorption and fluorescence spectrum. A similar result 

can be also obtained thanks to the introduction of metallic or rare-earth ions in the dye 

molecular complex [71]. The implementation of metal nanoparticles can be useful also to 

exploit surface plasmon resonance in the visible region, which increases the quantum yield 

of fluorophores in this portion of the electromagnetic spectrum [72]. These solutions ensure 

high stability, nearly zero self-absorption, and high quantum yield luminophores. However, 

they are often exploitable just for small dimension LSC panels, as their high cost strongly 

affects the price-to-watt ratio of the whole panel. 

The last component that affects the LSC cost and performance is the PV cell placement and 

nature, since they collect the fluorescent light that is trapped inside the slab thanks to total 

internal reflection. There are several examples in literature in which spectrally matched PV 

cells or trench reflector, and photonic mirror are exploited to increase the panel efficiency 

[73,74]. In the case of more performant fluorophores, the cost of high-performance PV cells 

limits the industrial scalability of LSC panels, and nowadays their price-to-watt ratio is not 

competitive with commercial BIPV technologies. Rafiee et al. work [75] testifies that 

despite there is a clear understanding of the combination that led to the highest efficiency 

LSC panels, the more scalable ones are those based on organic dyes and Si solar cells. In 

fact, fluorophores realize a down-shifting of wavelengths that cross the slab, which ensures 

to expose Si solar cells to a wavelength range in which their External Quantum Efficiency 

(EQE) is higher than the average EQE under the solar spectrum, thus leading to a 

performance increase. 

  



30 
 

1.2.2 Luminescent Solar Concentrator panel working principle 

The portion of the fluorescence light that is trapped inside the slab is a function of its 

refractive index. According to Snell’s law, all photons approaching an interface between 

the slab surface and the air at an angle higher than the critical one will be totally reflected. 

The critical angle for the air/LSC interface can be defined as: 

(1.1)  𝜗𝐶 =  𝑠𝑖𝑛−1 (
1

𝑛
) 

 

where the air refractive index has been approximated to 1, and 𝑛 is the slab refractive 

index. Considering that the materials used as matrix for the slab typically have a refractive 

index between 1.4 and 1.6 approximately 25% of the re-emitted photons will be lost 

because of escape-cone losses, whereas 75% will be subjected to total internal reflection. 

These photons will be waveguided to the LSC sides and then converted to electricity by the 

PV cells. The efficiency of the whole panel can be divided in two major components, the 

optical, 𝜂𝑜𝑝𝑡, and electrical, 𝜂𝑃𝑉, efficiency. The optical efficiency is a function of the slab 

properties and can be expressed as: 

(1.2)  𝜂𝑜𝑝𝑡 =  𝑇 ∙ 𝑃𝑡𝑖𝑟 ∙ 𝜂𝑠𝑙𝑎𝑏 ∙ 𝜂𝑎𝑏𝑠 ∙ 𝜂𝑃𝑄𝑌 ∙ 𝜂𝑆𝐴 

 

where 𝑇 is the slab transmittance,  𝑃𝑡𝑖𝑟 is the total internal reflection efficiency, and as 

mentioned above it depends on the slab refractive index.  𝜂𝑠𝑙𝑎𝑏 is the slab transport 

efficiency and depends on the flatness and smoothness of the surfaces.  𝜂𝑎𝑏𝑠 is the 

absorption efficiency of the fluorescent dye, and it can be estimated from the fluorophore 

absorption spectrum. 𝜂𝑃𝑄𝑌 is the photoluminescent quantum yield of the dye, which for the 

one employed in this thesis was equal to 95%. Finally,  𝜂𝑆𝐴 is related to the photons loss 

due to re-absorption phenomena during the light transport inside the slab. 

The electrical efficiency is instead function of the solar cell conversion efficiency. Solar 

cells are based on semiconductor materials, and the useful parameters to evaluate their 

efficiency are the Spectral Response (SR), and the EQE. The SR is a curve describing the 

ratio of the current generated by the solar cell to the power incident on the cell itself, as a 

function of the wavelength, while the EQE compares the number of charge carriers 

collected form the solar cell with the number of photons incident on the device. The ideal 

SR increases linearly with the wavelengths until a cut off value after which it becomes zero. 
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The SR decreases for photons of short wavelengths, since at these wavelengths each photon 

has a large energy and hence the ratio of photon energy to power produced by the cell tends 

to zero. In fact, highly energetic photons cede their excess energy under the form of kinetic 

energy, which is dissipated as heat, through a process called thermalization that leads to an 

increase in the system temperature, without contributing to current production. The low 

energy cut off wavelength, which is usually called threshold wavelength, is defined as 𝜆𝑇 =

ℎ𝑐 𝐸𝐺⁄ , where ℎ is the Planck's constant, 𝑐 is the speed of light in vacuum and 𝐸𝐺  is the 

energy band gap of the semiconductor used in the solar cell. The phenomenon is due to the 

inability of a semiconductor to absorb photons with energies lower than their band gap. 

This limit is therefore present also in the EQE curve that for an ideal cell is a step function, 

which takes it maximum value for 𝜆 < 𝜆𝑇 and it is zero for λ > 𝜆𝑇. The maximum value 

depends once again on the semiconductor employed in the PV cell. The EQE of real solar 

cells has a further cut off wavelength on the shorter wavelength range that is due to the cell 

thickness, in fact, even if the semiconductor can absorb photons with that specific energy, 

the cell could be too thick to efficiently convert it into electrons. The maximum quantum 

efficiency of silicon solar cells lies in the range from 500 nm to 800 nm, and their 

efficiency may vary from 16%, for polycrystalline silicon cells to 24% for monocrystalline 

silicon cell. The efficiency range is so wide because it depends on several factors, such as, 

purity of the crystal, doping concentration and shape of the contact with the external circuit. 
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CHAPTER 2 
 

 

Numerical modelling of Ventilated Facades:  

state of the art 

 

 

In this chapter a review on the methodology used to model DSF and VF systems is 

presented, and in each paragraph the strengths and the drawbacks of the several methods 

are analyzed. In fact, the purpose of this chapter is an in-depth depiction of existing models, 

with the intention to present the reasons that led to the choice of a computational fluid 

dynamics software for the modeling of the VF presented in this thesis.  
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2.1 Ventilated Façade Modeling 
 

During the last decade, various ways to model the behavior of ventilated systems have been 

proposed. The ancient approaches were based on numerous assumptions and constrains, but 

they were able to provide the necessary information with very few computational resources. 

Modern computational machines allow the exploitation of more complex numerical 

models, which can describe the modeled systems with such a high degree of detail that 

nowadays numerical modeling became essential for the design and development of these 

systems. However, this approach needs to be coupled with data acquisition campaigns, both 

to better understand the behavior of these systems and to offer data that validate the created 

models [76–78]. Analytical models, lumped models, non-dimensional analysis, network 

and control volume models, zonal approach, and Computational Fluid Dynamics (CFD) are 

the methods used to numerically evaluate the performance of VF systems, which will be 

presented on this chapter. 

 

2.2.1 Analytical and lumped models 

If compared with other methods, analytical and lumped models can provide the essential 

information for the design of a VF employing very few computational resources. In 

analytical models the investigated physical quantities are calculated via mathematical 

equations, however they can be solved only under a considerable number of assumptions 

constrains. The lumped models are used to describe the behavior of spatially distributed 

physical systems by using a topology consisting of discrete lumps and assuming that the 

temperature difference inside each lump is negligible. The main drawback is that lumped 

models require the imposition of a constant temperature at the façade skins and cavity. 

These premises are confirmed by the first generation of numerical models that try to 

describe DSFs behaviors with simple one-dimensional analytical methods and empirical 

correlations. Moreover, Park e al. work [79,80] highlighted how the calibration process 

plays an important role in the performance of lumped models based on descriptions of 

physical processes. According to this, instead of using empirical correlations from the 

literature, the model presented in this work was calibrated using parameters acquired in a 

dedicated data acquisition campaign, and the calibration process highly improved the model 

accuracy in comparison to the experimental data. Rheault and Bilgen work [81] represents 
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an example of how tightening can be the boundary conditions necessary to solve a model 

developed with lumped element method. The model investigated the heat transfer across an 

automated venetian blind window system and the analysis was carried out under the 

following assumptions: 

1. the heat transfer was unidimensional and only temperature gradient along the x 

direction was considered, 

2. except for the one ruled by the room temperature, the heat exchanges were modeled 

as stationary during the considered time interval, 

3. material properties are evaluated thanks to their average values, or they are modeled 

as constant, 

4. each element of the subsystem is considered isothermal, 

5. the lateral heat losses can be neglected, 

6. within the infrared radiation band, the whole system is considered as a gray body, 

7. the radiative heat exchange of the room walls was modeled as if they had been at 

indoor air temperature. 

 

2.2.2 Non dimensional analysis method 

Non-dimensional analysis is a powerful analytical technique to study physical and 

thermodynamic processes. Since its application reduces the degrees of freedom of the 

problem to the minimum, it is presented as a basic tool to evaluate some specific 

parameters. The key tool of non-dimensional analysis is the Buckingham π-theorem, which 

represents a general solution method for complex problems. This theorem allows to create 

the so-called similarity parameters, non-dimensional numbers that correlate the problem 

dependent variables, thus reducing the independent variables necessary to describe them. A 

further advantage is that if a problem can be described by using dimensionless variables, 

these same parameters can describe that problem at all scales, thus generating the most 

economical scaling laws. For the perspective concerning this thesis, the relevant physical 

parameter corresponds to the heat transfer to the channel throughout the wall. The results 

presented in Balocco’s work testified how non-dimensional analysis cold be employed to 

estimate the thermal performance of a naturally [82] and mechanically [83] ventilated 

façade. The resulting correlations were validated by means of CFD simulations and 

experimental data, and both proved to be valid under several different conditions. The study 
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revealed that for the naturally ventilated façade the complete heat transfer process can be 

described by 18-dimensional variables, and that the whole set of variables depended only 

on 4 fundamental dimensions. For the model developed by Balocco the Buckingham π-

theorem allowed to exploit the 4 fundamental demotions to create 14 non-dimensional 

numbers. These variables allowed to correlate the total heat flux to an equation defined as 

follow:  

(2.1)  𝑀1 = 𝑎 ∙ 𝑀2𝑏 ∙ 𝑀3𝑐 ∙ 𝑀4𝑑 ∙ 𝑀5𝑒 ∙ 𝑀6𝑓 ∙ 𝑀7𝑔 ∙ 𝑀8ℎ ∙ 𝑀9𝑖 ∙ 𝑀10𝑙 ∙ 𝑀11𝑚 ∙

𝑀12𝑛 ∙ 𝑀13𝑝 ∙ 𝑀14𝑞 

where M1 … M14, are the 14 non-dimensional numbers estimated with the Buckingham’s 

theorem, whereas the constants, from a to 𝑞 have been determined and validated by using 

the least square correlation method. For the mechanically ventilated façade just 12 non-

dimensional numbers were sufficient to describe the system thermal performance and to 

correlate the model whit experimental data. The computational resources demanded by this 

method are comparable with the ones needed by analytical and lumped model, but as before 

they come at the cost of very strong assumptions. In fact, for example the air density is the 

only thermo-physical property that the model developed by Balocco considers dependent 

from temperature or pressure conditions. 

 

2.2.3 Airflow network model 

As stated by Hensen [84], airflow network modeling is exploited to resolve bulk flows 

parameters. The high similarity between the thermal and electrical systems allows to 

employ widely utilized basic rules for balancing networks, such as Ohm's Law and 

Kirchhoff's Laws, also for thermal networks. To apply numerical methods in the solution of 

the partial differential equations describing a thermal network, the system must be 

partitioned into a number of finite volumes called nodes. The essential characteristics of 

each node are its temperature and capacitance (thermal mass), which are simulated as if 

they were concentrated at the center of the considered finite volume. A network flow 

analysis is usually implemented in complex physical system especially if they presents 

many inlets, outlets, internal flow branching, pressure differences, or discharge coefficients 

for easy cross ventilation [85]. The whole system is connected by internodal connections 

representing all the elements that generate distributed flow paths, as doors, pipes, pumps, or 
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ducts. The temperature of each volume, T, represents its average value, and in a system 

composed by a homogeneous material its temperature is estimated by interpolation between 

nearby nodal sites. The temperature T is used also to define the node capacitance, C, as it is 

computed from the thermophysical parameters of the sub-volume material at that specific 

temperature. The capacitance of a node is a useful parameter to define its nature since it is 

related to the node thermal mass. The sub-volumes with finite capacitance are usually 

exploited to represent diffusion nodes, since the energy variation of these nodes is 

determined by their capacitance value C, and the net heat that flows into the node, Q̇. They 

can be defined by the following equation: 

(2.2) ∑ �̇� −  
𝐶∙∆𝑇

𝑡
= 0 

 

where 𝑡 is the time over which the heat is flowing, and the capacitance of a node is defined 

as 𝐶 =  𝜌 ∙ 𝑉 ∙ 𝑐𝑝. In the last equation 𝑉 is the nodal volume, and 𝜌 and 𝑐𝑝 are the material 

density and specific heat respectively. In Equation (2.2) both 𝜌 and 𝑐𝑝 are considered 

temperature dependent properties since they may highly vary with the temperature. 

Another category of nodes consists of arithmetic nodes, which resemble nodes with 𝐶 =  0. 

Although zero capacitance could represent a physical unreal quantity, their successful 

utilization with numerical solutions frequently aids in the interpretation of surface 

temperatures, and node coupling temperatures. They can also be useful for representing 

thermal system components with low capacitance compared to the rest of the system, thus 

decreasing the simulation computational time without a significant change in the simulation 

overall accuracy. Therefore, when compared to the overall number of nodes in the network, 

arithmetic nodes should be few. Small components such as bolts, films, or fillets, or low 

mass insulations are perfect examples of this kind of nodes. They can be defined by the 

following equation:  

(2.2)  ∑ �̇� = 0 

 

as can be seen by Equation (2.2), because of their low capacitance, the temperature of 

arithmetic nodes changes instantaneously with its surroundings. 

The last type of nodes, called border nodes, are used to represent thermal components with 

infinite capacitance. They are usually employed within a thermal network to model constant 
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temperature sources, such as reference temperature, recovery temperature, and surfaces at 

constant temperature. A border node is defined by the following equation: 

(2.3)  𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

Equation (2.3) states that boundary nodes can be used to model entities of constant 

temperature that can between points, lines or surfaces depending on whether the model is 

one, two, or three dimensional. A typical application is the modeling of exterior surfaces, 

where the temperature remains very close to the radiation equilibrium with the surface 

heating rate. Obviously the modulization of all the boundaries that are at the same 

temperature can be implemented with a single boundary node. 

Regardless of the type of node, the location of the node center and their shape are 

determined by considering the several simulation constrains, among which the most 

relevant are: the position in which the temperature must be evaluated, the structural design, 

the expected temperature distribution, and the desired accuracy. 

The difference between the dimension of finite size nodes compared to real infinitesimal 

volumes is the main source of approximations in the simulation results, but they are 

influenced also by the material thermal properties, the boundary constraints, the node center 

locations, and the time increment of transient computation. If the approximation introduced 

by the node size is consistent with the intended results, the diffusion node shape is selected 

to be a basic geometric figure with easily computed areas and volumes, even if they 

represent irregularly shaped physical elements. In these circumstances the mass centroids of 

the nodes are presumed to represent the node centers, however there are cases in which the 

nodal division is decided first, and the node center positions are specified as a result. The 

last possibility is the one in which the position of the node centers is dictated by output 

needs with nodal borders assigned as a constraint.  

An example of this approach is given by the work of Ioannidis et al. [86] that presented the 

numerical model of a double skin façade integrating photovoltaic panels and automated 

roller shades. The approach used in this work was based on a detailed transient finite 

difference thermal network, and in order to isolate the optical and thermal properties of 

each component, the whole system was represented with several distinct entities. Each 

element of the whole system was, in turn, divided in 𝑁 equal control volumes along the 

vertical direction, with the perimetral thermal zones further subdivided into 𝑍 different sub-
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elements, so that the air gradient along the channel could be captured. The temperatures of 

the façade elements were therefore calculated through the energy balance method at each 

time step 𝑡, for each z − th perimeter zone and for each n − th control volume. Haase et al. 

[50] developed a model to estimate how orientation, window to wall factor and glazing 

types could influence the performance of a DSF. The model was validated with 

experimental data related to hot and humid climates. Gratia and De Herde [87] deeply 

studied the thermal performance of a naturally ventilated façade using a software for 

thermal analysis of buildings in which the airflow network model is coupled with an energy 

simulation algorithm. The energy performance of VF systems was also simulated by using 

the building energy modeling tool EnergyPlus. Indeed, the VF channel can be easily 

simulated by dividing it into sub-zones, and by describing each zone with an airflow 

network model [36,88]. 

Despite the remarkable results presented in literature, this approach presents several limits: 

in fact, in order to solve the heat balance at each node it usually needs to be integrated with 

thermal network, and it cannot provide detailed information on the flow field nature, for 

which CFD simulations are required [89]. Furthermore, if airflow network modeling is used 

to analyze the thermal performance of the VF when integrated into a building, the building 

thermal model must be integrated within the thermal and airflow models of the VF. The 

whole model must account for the pressure difference between the channel inlet and outlet, 

due to the wind or to the buoyancy effect.  This is confirmed by the work of Stec and van 

Passen [90], who also demonstrated that the HVAC system should be integrated in the 

façade. 

 

2.2.4 Control Volume approach  

With this kind of approach, the VF skins are coupled only thanks to the air cavity, and each 

of them is subdivided in so-called control volumes. A control volume is an artificial 

representation that resembles the real volume of interest, and it could have a velocity equal 

to zero if it is used to model fixed objects or stationary fluids, or it could move with a 

constant velocity equal to that of the surrounding fluid. If the studied system is a solid or a 

fluid in steady state condition, the control volume mass remains constant, whereas if the 

modeled system is a flowing fluid, the constant quantity is the mass flow rate, i.e., the mass 

that enters the control volume is equal to the mass that leaves it. Therefore, for a VF, the 
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mass flow rate of each control volume must be equal to the mass inlet flow rate [89]. The 

other interesting physical quantity for thermodynamics simulations is the control volume 

energy: if no heat is transferred to the control volume its energy remains constant, whereas 

if the control volume is subjected to an energy flow its total energy may vary, but this 

variation must be equal to the difference between the incoming and the outgoing energy. As 

in the case of airflow network modeling, this methodology allows to consider the thermal 

gradient driven by buoyancy phenomena that are present inside the cavity. An algorithm 

based on this approach was developed by Faggembau et al. [91], they validated their 

algorithm thanks to experimental measurements, and analytical solutions where possible. 

Moreover, the implementation of control volume method in the Transient System 

Simulation Tool (TRNSYS) combined with experimental data and a sensitivity numerical 

study, let Saelens et al. [92–94] to underline that this kind of approach is particularly 

suitable to estimate the energy efficiency of the whole façade, as the air flow rate and the 

recovery of air returning from the VF are well modeled by control strategies. 

 

2.2.5 Zonal approach  

This representation was developed in 2008 by Jiru and Haghighat [95] specifically to 

estimate the thermal performance of a DSF. It is a hybrid approach that the authors 

validated thanks to experimental results, which collocates in the middle between lumped 

model and CFD. In the zonal approach the VF is divided into control volumes with 

dimensions larger than the cells used by CFD models, the resulting equations are therefore 

smaller and easier to solve if compared to the ones presented in CFD models. Moreover, 

the thermodynamic representation contains more information if compared to the one 

obtained with lumped or the control volume approach, but it requires reduced 

computational resources with respect to CFD models. Jiru and Haghighat formulated both 

mass and energy conservation equations for each cell as follow:  

(2.4)  ∑ 𝑚𝑗
𝑛
=1 −  𝑆𝑀 = 0 

(2.5)  ∑ 𝑄𝑗
𝑛
𝑗=1 −  𝑆𝑞 = 0 

 

where 𝑚𝑗 is the mass flow rate, SM is the mass source, Qj is the heat flow and Sq is the heat 

source. 
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2.2.6 Computational Fluid Dynamic methods 

CFD methods consist of a branch of numerical methods employed to solve Partial 

Differential Equations (PDEs) that characterize the thermodynamic problem. These 

methods numerically solve the PDEs by replacing them with algebraic equations, and the 

most traditional ones will be presented in this work. The former is the Finite Difference 

Method (FDM) that, as it is suggested by the name, solves the algebraic equations by 

approximating spatial, or time derivatives with finite differences. In fact, depending on the 

nature of the simulation, the spatial domain and/or the time interval are discretized into a 

finite number of elements, with the equations solved in correspondence of each of these 

specific elements [96]. This method generates an error, which is called the discretization 

error, given by the difference between the numerical solution and the exact one and directly 

correlated with the error passing from a differential to a difference operator. The smaller it 

is the difference between two consecutive elements, the higher is the solution quality, but 

unfortunately it also increases the simulation duration. Large time steps are useful for 

increasing simulation speed in practice, but at the cost of a reduction in data quality. A 

second kind of CFD method is the Finite Element Method (FEM) that solves the algebraic 

equations related to the problem by a particular space discretization, i.e., the mesh 

construction of the object. The mesh is the numerical domain in which the solution is 

computed, and its element are called finite elements. In particular, the solution is computed 

at the nodal points, which are the connection points between the finite elements, and then 

interpolated inside each finite element [97]. If the chosen mesh is too coarse the simulation 

results may depend on the mesh element number, thus, to ensure that the obtained results 

are independent of the chosen mesh, a process called mesh refinement must be performed. 

This consists in a progressive increase of the number of the mesh elements, until the 

simulated results are independent from the mesh element number. Unfortunately, the mesh 

tightening increases both the quality of the results and the time required for the simulation, 

so the coarser mesh for which the independency is guaranteed is usually chosen as the best 

performing one. The latter CFD is the Finite Volume Method (FVM), similarly to the 

previous method, the FVM discretizes the physical domain into non-overlapping elements 

or finite volumes. This method is strictly conservative, since the flux entering a given 

volume must coincide with the sum of the fluxes leaving the adjacent volumes [98]. The 

algebraic equations associated to the problem are then solved to compute the values of the 

dependent variable for each control volume. However, in contrast with the previous 



41 
 

methods that evaluate the solution at specific points and then interpolates the obtained 

results, this method approximates the solution by evaluating the exact expressions of the 

average value of the solution over some volume [99]. As in the case of FDM, the error on 

the simulated results can be associated to the discretization error and can be decreased with 

the same procedure [100]. 

The high versatility of CFD methods combined with the increase of computing power 

rapidly spread their exploitation as modeling technique, so that nowadays are extended far 

beyond their classic use for the extraction and confirmation of empirical correlations, or the 

determination of the convective heat transfer coefficients. One of the first examples is given 

by Borgers and Akbari’s work, in which a FDM is used to describe the natural air flow 

between two vertical plates. The model allows to extract empirical correlations that can 

describe the flow rate inside the cavity both for laminar and turbulent fluid flow [101]. 

Yedder et al [102] numerically analyzed how a constant radiative heat flux on the system 

affects the channel natural convection and Mootz and Bezian studied how the heat 

transferred by convection depend on the channel depth [103]. However, in the last decade, 

the awareness that the efficiency of DSF may depend on numerous parameters moved the 

use of CDF models beyond from the calculation of convective heat transfer coefficient to 

the study, evaluation and comparison of the thermodynamic behavior of different types of 

DSF [104–107]. Moreover, the increasing popularity of shading devices or vegetation 

inside the cavity make CFD simulations the only tools able to describe the nature of flow 

field [108,109]. 
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CHAPTER 3 
 

 

Model development and validation 

 

 

In this chapter the procedures used to create the thermal model of the whole VF and the 

ones related to the LSC optical model are presented. In particular, in Paragraph 3.1 LSC 

characterization the experimental apparatus and the modeling techniques adopted to 

estimate LSC absorption coefficient are described. This estimation allows to understand the 

distance traveled by the light inside the slab, understanding if large area LSC panels can be 

exploited to produce energy. The following paragraphs concern the development of the VF 

thermal model and its validation thanks to the comparison with experimental 

measurements. 
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3.1 LSC characterization  
 

3.1.1 LSC optical performance 

As mentioned in the Paragraph 1.2.1 LSC panels the most suitable LSC panels for BIPV 

applications are based on organic dyes and Si solar cells [75], however as is evident also 

from Figure 3.1 this kind of dyes usually presents a considerable superposition between the 

absorption and emission spectrum. A high self-absorption can drastically decrease the 

amount of radiation that reaches the PV cells mounted on the LSC, especially for large area 

devices; thus a further study to understand if LSC based on organic dyes could be exploited 

in the building sector was therefore necessary. To evaluate how the self-absorption 

phenomena affects the fluorescent light propagation inside a large area LSC an analysis on 

the output spectrum of a luminescent slab was performed. The analysis was carried out by 

analyzing the collected data with Matlab to obtain the absorption coefficient for each 

wavelength. The measurements were performed with a laser and an optic fiber in a dark 

room. The tested LSCs consisted of 50 x 50 x 0.5 cm3 plastic slabs, made of PMMA 

(PolyMethylMethAcrylate) and doped with Lumogen® Red 305, which is a perylene-based 

organic dye developed by BASF Corporation [110]; Figure 3.1 shows the Lumogen® Red 

305 absorption and emission (fluorescence) spectra. 

Figure 3.1 Lumogen® Red 305 absorption and emission spectra. 

The region between 560 nm and 610 nm corresponds to the wavelength range in which the 

self absorption phenomena can occur. The tests were performed on samples doped with a 

dye concentration of 300 ppm and 160 ppm. The choice of the slab dimensions was guided 

by two main aspects: the results presented by Bernardoni et al. [68] and the minimum 
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dimension of semitransparent glass or plastic slabs employed in the building sector. They 

demonstrated that the spectral components affected by auto absorption are completely 

removed from the fluorescence spectrum already for slabs with dimension of 25 x 25 cm2, 

however their small dimension severely limits their use in the building sector. A slab of  

50 cm side has a characteristic dimension that is more compatible with that of typical 

building components, as for example windows or greenhouses cover modules. The 

experimental measurements were performed in a dark room by illuminating the LSC slab 

from above only with a Collimated Laser Module CPS450, manufactured by Thorlabs. This 

was chosen as light source since it ensured an almost monochromatic light beam, with an 

emission peak wavelength of 455 nm, and an elliptical aperture of 3.2 mm x 1.0 mm. The 

laser was used to illuminate the largest face of the LSC, whereas the optic fiber was 

coupled with an edge of the slab, so that if the laser beam is kept in front of the optic fiber 

edge it collects only the light generated by the fluorescent dye in the volume of LSC and 

not the light generated by laser itself.  

Figure 3.2 Scheme (top) and picture (bottom) of the measurement system. 
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The experimental apparatus was built on purpose and consisted in a bench housing the LSC 

slab and a moving arm useful to support and move the laser. The light source was 

progressively distanced from the slab edge with the optic fiber, ranging from a distance of 

20 mm to 480 mm. The chosen step-size was 5 mm for distances between 20 mm and 270 

mm, which was increased to 10 mm for the remaining measurements. In Figure 3.2 a 

picture of and a scheme of the measurement system are displayed. The slab output spectrum 

was collected by using a quartz optic fiber with a diameter of 400 nm and an angular 

acceptance of 25°. An extremity of the fiber was housed in the bench and optically coupled 

with the edge of the slab, the other one was coupled to a spectrometer via a SMA905 

connector. An Ocean Optics USB4000-XR1-ES spectrometer with an UV-VIS-NIR 

sampling range from 195 nm to 1055 nm, allowed to collect information about the spectral 

distribution and global intensity of the emerging light. The choice of smaller size steps for 

the shorter distances was due to two main reasons: the first was the limited angular aperture 

of the optic fiber, and the second was the higher decrease in intensity when the laser was 

closer to the detector. This allowed the exclusion of those distances for which not all the 

light source, considered as the emission of both the laser and the fluorescence halo, was 

included in the fiber angular aperture. Thanks to this precaution it was possible to 

considerably simplify the data analysis, which was developed by applying the Lambert-

Beer law although neither the emitter nor the receiver could be considered as point-like 

objects. The LSCs used in this work are systems with a uniform thickness hence a 2D 

approximation could be applied, and the influence of the thickness can be implemented in 

the data analysis as a correction factor. The Lambert-Beer law relates the attenuation of 

light to the properties of the material through which the light is travelling and if both the 

emitter and the receiver can be approximated as point like objects, the law can be expressed 

as:  

(3.1)  𝐼 = 𝐼0 ∙ 𝑒−𝛼∙𝑧 

 

where 𝐼 is the intensity of the light exiting the material, I0 is the light intensity entering the 

material, α is the absorption coefficient and z is the path length that the light travels through 

the material. Equation (3.1) is valid for materials whose α is constant within the path 

traveled inside the material. However, in case the absorption coefficient was function of the 

traveled path a further integral on z must be performed. 
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If we want to apply this law to a two-dimensional system in which neither the emitter nor 

the receiver can be considered as point-like objects Equation (3.1) must be expressed as: 

(3.2)  𝐼 = 𝐼0 ∫ ∫ ∫
(𝑑+𝑥)𝑒

−𝛼√(𝑑+𝑥)2+(𝑦−𝑦′)
2

2𝜋ℎ((𝑑+𝑥)2+(𝑦−𝑦′)2)

ℎ′ 2⁄

−ℎ′ 2⁄

ℎ 2⁄

−ℎ 2⁄
𝑑𝑥𝑑𝑦𝑑𝑦′𝑤 2⁄

−𝑤 2⁄
 

 

where 𝐼, 𝐼0 and 𝛼 are defined as in Equation (3.1), 𝑤 and ℎ are the width and the height of 

the laser beam, h′ is the diameter of the optic fiber, 𝑑 is the distance between the LSC edge 

and the center of the laser beam. 𝑥 and 𝑦 correspond to the coordinates of a point inside the 

ellipse projected by the laser and they can range from −𝑤 2⁄  to 𝑤 2⁄  and from −ℎ 2⁄  to 

ℎ 2⁄  respectively. 𝑦′ is a point within the fiber diameter and it can range between − h′ 2⁄  

and h′ 2⁄ .  

The LSC thickness influences the average path length traveled by light inside the slab, and 

this length depends on the emission angle calculated from the normal to the LSC surface. If 

we consider a distance 𝑑 between the light source and the detector, the shortest path is a 

straight line from the emission point to the optic fiber, namely 𝑑, and it corresponds to an 

emission angle 𝜗 equal to 𝜋 2⁄ . The longest path is, instead, travelled by the light emitted 

with an angle 𝜗 just above the critical one 𝜗𝐶, as the emitted light is subjected to the 

maximum number of reflections before reaching the detector. The average path  

is therefore represented by the ratio between 𝑑 and the sine of the average emission  

angle. Since the angular distribution is uniform, the probability of emission 

 between two angles, 𝑃∆𝜗
, can be express thanks to the cosine rule, namely: 

 𝑃∆𝜗
= 𝑐𝑜𝑠(𝜗𝑎𝑣𝑔) = = (𝑐𝑜𝑠(𝜗𝑚𝑖𝑛) − 𝑐𝑜𝑠(𝜗𝑚𝑎𝑥)) 2⁄ ; where in particular, 𝜗𝑚𝑖𝑛 

corresponds to 𝜗𝐶 and 𝜗𝑚𝑎𝑥 to 𝜋 2⁄ , since the shorter path is parallel to the slab surface. 

Moreover, considering PMMA optical properties, 𝑛 =  1.489 at 633 nm, and the possibility 

to express 𝜗𝐶 by using Equation (1.2), the correction factor that accounts for the 

contribution of the LSC thickness to the average optical path length becomes: 

(3.3)  𝑇ℎ =
1

𝑠𝑖𝑛(𝜗𝑎𝑣𝑔)
=

1

𝑠𝑖𝑛[𝑎𝑟𝑐𝑜𝑠(𝑃∆𝜗
)]

=  
1

√1−𝑃∆𝜗
2

=  
1

√3+
1

𝑛2

 ≈ 1.077 
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Figure 3.3 (a) and (b) shows the intensity spectrum registered at different distances against 

wavelength for a dye concentration of 300 ppm and 160 ppm respectively.  

Figure 3.3 Measured intensity against the distance between the spot-light and the optic fiber for a dye 

concentration of (a) 300 ppm and (b) 160 ppm. 
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From the results presented by these plots it seems that the LSC with a dye concentration of 

300 ppm is more efficient, since its fluorescence spectrum has a higher intensity for the 

same distance between emitter and receiver. The following analysis aims to investigate this 

aspect. The data analysis consisted of the following steps:  

1. firstly, a selection on the wavelength of the collected light was made, 

2. each wavelength was then expressed against the distance between the laser and the 

optic fiber 𝑑, 

3. the obtained results were then fitted by using Equation (3.1).  

Figure 3.4 Measured intensity at 650 nm as function of the distance between the laser and the optic fiber for a 

dye concentration of (a) 300 ppm and (b) 160 ppm. 
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In Figure 3.4(a) and (b) the intensity measured at 650 nm for both dye concentrations as 

function of the distance between the laser and the optic fiber, as well as the obtained fit, are 

shown. The choice of this wavelength as example one was driven by the necessity of 

selecting an emission wavelength outside the dye absorption spectrum. 

Figure 3.5 Measured intensity at 650 nm as function of the distance between the laser and the optic fiber for a 

dye concentration of (a) 300 ppm and (b) 160 ppm. 

This step was made to obtain an absorption coefficient α𝑖(λ) and an initial intensity 𝐼0𝑖(λ) 

for each wavelength that were employed as initial values for the Matlab function 

“lsqcurvefit”. It is a nonlinear least-squares solver, which is used to find the coefficients 𝑥 

that solve the problem 𝑚𝑖𝑛
𝑥

||𝐹(𝑥, 𝑥𝑑𝑎𝑡𝑎) − 𝑦𝑑𝑎𝑡𝑎||
2

2
=  𝑚𝑖𝑛

𝑥
∑ (𝐹(𝑥, 𝑥𝑑𝑎𝑡𝑎(𝑖)) − 𝑦𝑑𝑎𝑡𝑎(𝑖))

2
𝑖  , 

where for the purpose of this analysis 𝐹(𝑥, 𝑥𝑑𝑎𝑡𝑎) corresponds to the product between 

Equation (3.2) and Equation (3.3), in which α𝑖(λ) and 𝐼0𝑖(λ) served as initial values for 𝛼 
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and 𝐼0, respectively. 𝑥𝑑𝑎𝑡𝑎 corresponds to the various distances 𝑑, and 𝑦𝑑𝑎𝑡𝑎 to the 

intensities measured at those distances. The difference between the initial coefficients and 

the ones obtained thanks to the Matlab solver can be appreciated in Figure 3.5 where are 

shown the same plots of Figure 3.4, but with 𝛼(λ) and 𝐼0(λ) computed by using the 

lsqcurvefit function. 

Considering the good agreement between the measurements and the simulations, the 

obtained 𝛼(λ) were employed to estimate the diffusion length of these LSC panels. For the 

purpose of this work this length was defined as “half power length”, namely the distance 

that light should travel to halve its intensity. Figure 3.6 displays the absorption coefficients 

as a function of the wavelength for both dye concentrations and the relative half power 

lengths. The wavelengths below 600 nm were neglected since data corresponding to the 

fluorescent spectrum were analyzed, and these wavelengths are completely absorbed before 

reaching the optic fiber. 

Figure 3.6 Absorption coefficient, (a), and half power length, (b), as a function of wavelength, doped with 300 

ppm (continuous blue) and 160 ppm of dye (dashed light-bule). 

By observing the results presented in Figure 3.6(b) it is clear that the LSC doped with the 

lower concentration (160 ppm) turned to be more suitable for this type of application. 

Indeed, the presented plot underlines that the slab with a 300 ppm dye concentration led to 

a higher absorption coefficient and to a lower diffusion length (if the same wavelengths are 

compared). This can be explained by the partial overlap between the spectra presented in 

Figure 3.1, in fact a decrease of the dye concentration corresponded a reduction of the self-

absorption phenomena, and thus an increase of the diffusion length. 
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3.1.2 LSC electrical performance 

In light of the abovementioned results, the LSC implemented in the VF was realized by 

doping a 1 m x 0.5 m x 0.005 m PMMA slab with 160 ppm of Lumogen® F Red 305. The 

proper LSC panel was then assembled by mounting along each of its longer edges four PV 

receivers, for a total of eight pieces. To ensure a good optical matching between the slab 

and the receivers they were coupled by using an optical UV glue with a refraction index of 

1.506 [111]. The receivers mounted on the same edge were connected in parallel because of 

a limitation of the data acquisition system (Keithley 2400 SourceMeter), and the two PV 

branches were in turn connected in parallel. In Figure 3.7 a picture of one PV receiver is 

presented, realized by soldering to a printed circuit board with a SMT technique ten back 

contact SunPower™ Maxeon C50 solar cells [112]. The circuit board was 0.246 m long and 

0.012 m large, and to adapt the PV cells to these dimensions they were cut into rectangles 

with an area of 0.024 x 0.008 m2, thanks to a mechanical precision dicing machine. 

Figure 3.7 Picture of one PV receiver coupled with the LSC slab. 

Following the results presented by Bernardoni et al [68] the shorter edges were covered 

with a high efficiency dielectric mirror film [113], as its application increased the panel 

performances with respect to a configuration with receivers along all sides. The authors 

have proved that this increase is much more evident when the device is partially shaded, 

and that this solution not only increased the panel efficiency but also decreased their costs, 

thus it is highly functional to limit the main drawback of LSC panels: their high price-per-

watt ratio. Figure 3.8 exhibits a picture of the LSC panel in which the coupling between the 

PV receivers and the reflective layer is shown. 
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As can be seen from Figure 3.8 the reflective film was added also next to the PV receivers, 

this precaution was taken to reduce the possible efficiency decrease due to light reflection 

at the interface between slab and cells. In Figure 3.9 the results about the LSC panel 

electrical performance are reported. Figure 3.9 (a) displays the characteristic I-V and P-V 

curves of the module, registered at noon on May 04, 2021, under a Global Normal 

Irradiance (GNI) of 480 W/m2. Figure 3.9 (b) shows the power produced by the LSC 

between the 04th and 9th May 2021. The measured power conversion efficiency was 0.5% 

that considering the slab dimensions and the employed PV cell is a value perfectly aligned 

with the ones found in literature [75]. 

  

Figure 3.8 LSC panel detail showing the edge of the LSC slab fitted with the PV receivers on the longer sides 

and the reflective film on the shorter ones. 
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Figure 3.9 (a) Characteristic I-V and P-V curves of the LSC panel measured on the 04th May 2021 at noon, under a 

GNI of 480W/m2. (b) Efficiency and power produced by the module between the 04th and 9th May 2021. 
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3.2 Mockup realization  
 

The façade described in this work was developed with the intention to create a Narrow 

Façade that could be installed onto existing buildings to increase their thermal efficiency 

minimizing the retrofit footprint. The possibility to create a very narrow cavity was given 

by the high transparency of the LSC panels that ensures an increase in the solar radiation 

reaching the façade internal skin, if compared with traditional solar panels. This evidence 

combined with the work of Balocco [28] and Dragićević and Lambic [114] led to the 

realization of a VF having a ventilation chamber of 9 cm, with an LSC panel as external 

skin, and an aluminum plate as internal one. The choice of a reflective plate as internal skin 

was made to avoid overheating in summer and due to aluminum ease of manufacturing, in 

fact the LSC high transparency increased the importance of the back panel optical and 

aesthetical properties. The implementation of easily manufacturing materials as aluminum 

could open the possibility to create a back panel that increases the façade aesthetic 

appealing and optimizes the solar radiation harvesting, according to the climate zone and 

urban environment in which the system might be inserted. In order to calibrate and validate 

the developed models with experimental data, once the VF main parameters were defined, a 

mockup was built up in the Ferrara University campus. It was realized by stacking five 

different layers, four of which (the LSC and aluminum panel, the air cavity, and the 

insulating layer) represented the proper VF, whereas the last one (bricks) were added to 

increase the system thermal inertia and to resemble a wall behind the VF. To ensure that the 

heat flux was perpendicular to the layers and unidirectional the insulating layer and the 

bricks were inserted into a wooden framework, which was covered with insulating material. 

The wooden framework was made with two edges that were used as mounting points for 

the LSC and as boundaries of the air channel. The insulating material was also exploited to 

change the cavity configuration, switching from a close to an open channel VF, whose 

schematic representation is shown in Figure 3.10. 
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Figure 3.10 Axonometric view of the mockup installed in Ferrara university campus, where in the top part the 

position of the installed temperature sensors (black dots) and their subdivision in Layers (1-5) and Sections 

(left-central-right) is highlighted. 
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The temperature of the system was monitored by installing several temperature sensors 

between the different layers. As thermal sensors Negative Temperature Coefficient (NTC) 

thermistors were chosen, since they ensured an excellent long-term stability and a high 

sensitivity over the temperature range in which the measurements were performed. They 

are sensors whose resistance decreases as temperature raises following a particular case of 

the Steinhart–Hart equation. Therefore, the relation between temperature and resistance can 

be expressed as: 

(3.4)  𝑅 = 𝑅0 ∙ 𝑒
𝐵(

1

𝑇
−

1

𝑇0
)
 

 

where 𝐵 depends on the device characteristics, and 𝑅0 is the resistance at temperature 𝑇0 

(298 K). The NTC sensors used in this data acquisition campaign were manufactured by 

Vishay BC component, and their 𝐵 and 𝑅0 values were equal to 3435 K and 10 KΩ [115], 

respectively. 

Overall, seventy-five NTC sensors organized in a 5x5x3 matrix were installed. This 

arrangement allowed to organize the sensors according to two sub-divisions. The first one 

was represented by the splitting of the 5x5x3 matrix in three 5x5 matrices that crossed all 

five the material layers, generating three different identical sections of the mockup. The 

second division consisted in the splitting of the initial matrix in five 5x3 matrices involving 

just one material layer. In Figure 3.10 the mockup schematic with the position of the 

temperature sensors is depicted. The Layer 1 corresponded to temperature measured behind 

the bricks, the Layer 2 to the one between the insulation material and the wall, and Layer 3 

to the temperature measured within the insulation layer. The Layer 4 and Layer 5 referred 

to sensors installed at the boundaries of the ventilation channel (the façade skins), in 

particular to the temperatures of the aluminum and the LSC panel, respectively. The sensors 

of the first row were placed at 0.085 m from the mockup base and each row was spaced by 

0.20 m, Figure 3.11 shows the mockup with the disposition of three thermistor layers.  
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This sensors layout allowed the verification of the results presented by Pasut and De Clari 

[116]. They discussed the relevant elements in the simulation of a naturally VF using a 

CFD model, concluding that for these systems the velocity field is almost bidirectional, 

hence they can be simulated with 2D models and 3D ones are not needed. In Table 3.1 the 

temperatures measured between the 13th and the 18th of June 2021 by the sensors of the 

three sections for Layer 4 (aluminum) and Layer 5 (LSC) are presented. Table 3.2 reports 

the same measurements acquired in the period from the 07th to the 15th of September 2021. 

The two acquisition campaigns correspond to different cavity configurations, in fact in June 

the channel was closed whereas for the data collected in September it was naturally 

ventilated. The detected temperatures corroborate the results obtained by Pasut and De 

Clari so the simulation model was developed with a 2D geometry, choosing as data source 

for the calibration and validation procedure the central section. This choice was driven by 

the condition under which the experimental data were acquired, in fact they were collected 

by exposing the mockup to outdoor ambient conditions, and despite of the uniformity 

between the measured temperature, it was reasonable to suppose that the sensors placed 

along the central section were the ones less affected by abrupt changes of environmental 

conditions. 

  

Figure 3.11.Pictures of Layer 5 (a), Layer 4 (b), and Layer 1 (c) of the mockup, whose back was further 

insulated during the data acquisition campaigns. 
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Table 3.1 Temperatures of LSC and Aluminum panel measured at different hours the 15th of June 2021 in the 

closed façade configuration. 

 TLSC (°C) TBack (°C) 

daytime Left Central Right Left Central Right 

00:00 21.9 21.7 21.8 25.4 25.4 25.4 

06:00 24.7 24.5 24.6 25.4 25.5 25.5 

12:00 56.6 56.2 55.7 61.1 61.1 61.1 

18:00 28.4 28.0 28.2 33.2 33.2 33.3 

 

Table 3.2 Temperatures of LSC and Aluminum panel measured at different hours the 11th of September 2021 

in the open façade configuration. 

 TLSC (°C) TBack (°C) 

daytime Left Central Right Left Central Right 

00:00 17.3 17.0 17.1 20.3 20.3 20.3 

06:00 17.0 16.8 16.9 18.1 18.2 18.2 

12:00 48.7 48.9 47.1 43.7 43.5 43.1 

18:00 23.4 23.1 23.3 26.1 26.1 26.1 

 

In particular, the modeled data were primarily compared with the ones given by the central 

sensor of each layer. The choice of these sensors as primarily validation sources was due to 

the same reasons that led to the selection of the central section as validation section. The 

error related to the measured resistances 𝛿𝑅 was equal to the 1% [115], of the measured 

values and the errors related to temperatures were obtained by applying Equation (3.4) to 

𝛿𝑅. 
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3.2.1 Data acquisition system 

The data were acquired by using the Multi_IO system, which is a modular system of 

electronic boards designed within the Photovoltaic Laboratory of the University of Ferrara. 

This system was developed to handle digital and analog input and output given by 

environmental sensors, and it was composed by a Main board with six power digital 

outputs (24V/4A) and as many basic (10bit ADC) inputs that could acquire both analog and 

digital signals within the range 0 V and 24 V. In order to collect the data of all the sensors 

the system was then expanded by coupling the Main board with four external add-on 

boards. The boards were all connected with a daisy-chain topology thanks to appropriate 

expansion connectors, which transported both power and communication through an I2C 

bus. A block diagram summarizing the components of the acquisition system is presented 

in Figure 3.12. 

The Multi_IO system physical connection occurred through an unshielded twisted pair 

(UTP) cable with RJ45 connectors similar to the ones used for Ethernet networks. In our 

case, data were transmitted using the serial RS485 physical layer and communication was 

managed thanks to a standard MODBUS RTU protocol, which has widely been used in 

industrial sensor networks. The cable allowed for both daisy chain and star topologies 

(using a specific HUB) and powered the board with currents up to 2 A, without the 

necessity of an external power supply. The first addon board was an analog expansion 

board called Multi_IO_Analog, and its function was to digitalize the analog signals from 

the sensors network. The signal digitalization was carried out by high resolution and low 

noise 16-bit Sigma-Delta differential Analog to Digital Converters (ADCs), placed at the 

input of the Multi_IO_Analog board. The pyranometer (LP PYRA 03, manufactured by 

Delta OHM) and the anemometer (DW 6410, made by Davis Instruments) were connected 

directly to this board, whereas the acquisition of the signals generated by the NTC sensors 

 

Figure 3.12 Block diagram depicting the components and the logical connection of the data acquisition 

system. 
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were multiplexed by three more expansions boards, called Multi_IO_MUX. Each of them 

was dedicated to one of the three 5x5 section matrixes that crossed all the façade layers, and 

the thermistors of each section were identified by a progressive index between 1 and 25. A 

Multi_IO_MUX board hosted quadruple 8-to-1 analog bidirectional matrix switches, 

arranged in a 32-to-1 configuration (connecting together the switch commons), this allowed 

to independently connect each NTCs to an input of the analog board. 

This configuration led to the voltage divider depicted in Figure 3.13, where the variable 

resistor labeled by R corresponded to NTC thermistor, and R1 and R2 to the pull-up and 

pull-down resistors respectively. The actual physical quantity measured by the data 

acquisition system was the voltage difference (V+−V-) across the NTC thermistor R. The 

increment/decrement parameter named Slice identified the number of Multi_IO_MUX 

boards connected to the system, whereas the one termed NTC Number set the maximum 

number of NTC sensors that were red by the software for each section. In this work it 

corresponded to twenty-six, the twenty-five embedded in the structure plus an external one 

for the ambient temperature. A voltage divider with three resistors was employed to ensure 

a proper bias of the analog signal, whereas the choice of the pull-up resistor, the pull-down 

one, and the voltage reference values was driven by the Multi_IO_Analog input range. In 

Figure 3.13 Screenshot of the Configuration Panel of the data acquisition software developed with LabView. 
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fact, it ensured that the voltage difference between V+ and V- was within 0.18 V and 2.048 

V, for a temperature range from -8 °C to 70 °C, with a constant ADC range. The constant 

ADC range had considerably simplified the acquisition software, ensuring that the error 

introduced by the acquisition electronics was much smaller than the NTC intrinsic one. 

Moreover, this configuration allowed the board to maintain a good sensitivity and signal to 

noise ratio. In Figure 3.14 the range of measurable temperature as a function of the of the 

potential difference across V+ and V- is depicted. 

The data acquisition software was developed with a system-design platform called 

Laboratory Virtual Instrument Engineering Workbench (LabVIEW). It is a development 

environment for a visual programming language commonly used for data acquisition and 

instrument control. LabVIEW integrates the creation of user interfaces and programs-

subroutines called Virtual Instruments (VIs), and the implementation of several VIs in 

combination with Equation (3.4) allowed the data acquisition, visualization, and storage, 

which was made in standard CSV format files. In Figure 3.15 is depicted the panel termed 

as Display of the data acquisition software, and it contained a table listing the temperature 

measured by the NTC sensors. In each row the value measured by the thermistors of the 

same section are reported, whereas the columns identified the different sections. 

Figure 3.14 Measurable temperature range by the NTC sensors as a function the potential difference between 

their edges. 
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The system was developed to save several triplets formed by the values given by the 

thermistors of different sections labeled with the same index (1-25) as well as the wind 

speed, direction, and solar irradiance (GNI). On the right side of the Display panel, the 

voltage, resistance, and temperature values relative to the last measured triplet are 

displayed. 

The presentation of the remaining parameters and panels was omitted as they have been 

inserted to ensure that the software could also be adapted to different data acquisition or 

expansion boards, and they were not essential for the interpretation of the work presented in 

this thesis. 

  

Figure 3.15 Screenshot of the Display Panel of the data acquisition software developed with LabView. 
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3.3 CFD model  
 

Following the considerations presented in CHAPTER 2 the whole façade was modeled by 

using a computational fluid dynamic softer called COMSOL Multiphysics. In fact, the 

description of the air flow inside the cavity was intrinsically related to the efficiency of the 

VF. COMSOL is a multiphysics simulation software that solves partial differential 

equations thanks to FEM. and allowed to build a model through a tree structure called 

Model Builder composed by different nodes and branches. Figure 3.16 displays the main 

branches of the model builder, each branch was in turn subdivided in other branches with 

specific functions. 

Figure 3.16 Scheme depicting the COMSOL main branches present in the software model builder. 
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The Parameters node was used to define global definitions like the parameters (constant 

quantities) and the inputs values of the model. The Definitions node allowed to monitor the 

desired physical quantities during the simulation procedure thanks to entities called probes. 

The same node was also used to import the measured data and compare them with the 

modeled ones, in fact, mathematical functions that returns measured data were defined and 

associated to fictitious probes, allowing to use data as irradiance, temperatures, and optical 

properties, as boundary conditions or to collate them with the model results.  

The names of the next two nodes are quite self-explaining. The Geometry node was used to 

handle the model geometry and the Material one was necessary to confer to the geometrical 

entities their physical properties. The Mesh node was responsible for the creation of the 

model mesh, which was necessary for the computation of the results. Since creating a 

suitable mesh for a FEM simulation is crucial for getting accurate results, COMSOL allows 

to check the mesh quality in different ways, as the mesh plot or a presentation of the mesh 

statistics. For the models presented in this thesis the Mesh Plot was used as a qualitative 

analysis instrument, whereas the mesh statistics, and in particular the mesh element 

skewness, was used to quantitative evaluate the mesh quality. The skewness parameter 

corresponded to a value between 0 and 1 that evaluated the distortion of each mesh element 

with respect to the ideal element, at which COMSOL assigns a skewness equal to 1. The 

storage of the results was possible thanks to sub-node Results, which allowed also their 

postprocessing. The above-mentioned nodes are present in all COMSOL models, as they 

are not strictly related to physical phenomena and are functional to any simulation 

independently from the model nature. Instead, the three nodes Heat transfer in solid and 

Fluids (HT), Laminar Flow (SPF) and Surface-to-surface Radiation (RAD), also called 

physics, were implemented to model the heat transfer phenomena that occur inside a VF, so 

they were the core of the work presented in this thesis. The expressions in parentheses are 

the tags used by COMSOL to handle the different physics, and from now on they will be 

used as acronyms. The HT was used to model the heat exchange phenomena, and in 

particular the conduction ones, by solving the following equation: 

(3.5)  𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝒖 ∙ 𝛻𝑇 + 𝛻 ∙ (−𝑘𝛻𝑇) = 𝑞 

 

where 𝜌 is the material density, 𝑐𝑝 its heat capacity at constant pressure, 𝑇 is the absolute 

temperature, and 𝒖 a velocity vector, which is considered different from zero only for the 

domains defined as Fluid. The term −𝑘∇𝑇 accounts for the conductive heat flux, and it is 



65 
 

defined as the product between the material thermal conductivity, 𝑘, and the temperature 

gradient, ∇𝑇. Finally, 𝑞 models the additional heat sources.  

The SPF interface was used to handle the aspects related to fluid dynamics in the façade 

cavity, and since the air was simulated as a compressible fluid the relative equations were: 

(3.6)  𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌(𝒖 ∙ 𝛻)𝒖 = 𝛻 ∙ (−𝑝𝑰 + 𝑲) + 𝑭 + 𝜌𝒈 

(3.7)  
𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝒖) = 0 

 

where 𝜌 and 𝒖 were the fluid density and velocity vector. The term −p𝐈 + 𝑲 represented 

the Cauchy stress tensor and accounted for pressure and viscous stress. 𝜌𝒈 was the term 

that simulated the gravity force, and 𝑭 a vector that modeled additional volumetric forces. 

The nature of the flow (laminar or turbulent) was checked by following the official 

COMSOL procedure presented by F. Schlegel, concerning the natural convection [117]. In 

this section is explained that for a natural convection problem the ratio between buoyancy 

and viscous forces acting on the air can be expressed thanks to the Grashof number, 𝐺𝑟. For 

a compressible fluid the 𝐺𝑟 is defined as [118]: 

(3.8)  𝐺𝑟 =  
𝑔∆𝜌𝐿3

𝜈2𝜌
 

 

where 𝑔 is the gravity acceleration, and 𝜌 the fluid density. 𝐿 identifies the characteristic 

length, and since convection in a vertical cavity can be treated as an internal flow problem, 

the characteristic length was defined as the hydraulic diameter 𝐷ℎ = 4𝐴/𝑃, with 𝐴 and P 

the cavity cross-sectional area and perimeter, respectively. A value below 108 indicates 

that the flow is laminar, whereas a value above 109 indicates that the flow is turbulent, 

with the range 108 < Gr < 109 corresponding to a transition region. The assumptions made 

within this thesis led to a 𝐺𝑟 ≈ 1.5 ∙ 106, thus confirming the laminar flow hypothesis. 

Lastly, the RAD node modeled the radiative phenomena between surfaces according to the 

following law: 

(3.9)  𝑞 = 𝐹(𝐺 − 𝐽) 

where 𝑞 is the net radiative heat flux entering the surface, 𝐹 the surface view factor, 𝐺 the 

total radiation impinging on it, and 𝐽 the surface radiosity, defined as the total radiation that 

exits from the surface. The terms contained in Equation (3.9) can be function of different 
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parameters like the methodology used to model the radiation, the type of surface, and the 

imposed boundary. Furthermore, it is important to underline that also the attribution of the 

material optical properties depends on the methodology used to model the radiation. 

However, COMSOL considers the domains implemented as Solid in HT physics as opaque, 

and the ones defined as Fluid as transparent, associating by a transmissivity equal to 0% to 

the former and 100% to the latter. All these aspects will be discussed more in detail in 

following sections after the definition of the parameters that influence them. 

Each node, HT, SPF, and RAD, considers its physical phenomenon separately and their 

interaction was taken into consideration through the Multiphysics node. In particular the 

sub-sub-node Heat Transfer with Surface-to-Surface Radiation (HTRAD), couples the 

conduction with the radiation phenomena thus accounting for the heat exchange due to 

radiation. The convective heat exchanges were instead handled by the sub-sub-node called 

Non isothermal flow (NITF), which coupled conduction and fluid dynamics.  

Depending on the physics implemented in the model, COMSOL requires some parameters, 

resembling the physical properties of the materials inserted in the Material node. For the 

Heat transfer in Solids and Fluids the thermal conductivity, 𝜆, the density 𝜌, and the heat 

capacity at constant pressure 𝐶𝑝 are mandatory. For the Laminar Flow module, the dynamic 

viscosity, 𝜇, must be defined, and moreover it demands that the objects inserted in the SPF 

were also defined as fluids in the Heat transfer in solid and Fluids physics.  

The properties needed by these nodes are bulk properties, as they model physical 

phenomena which involve both the material surface and bulk, whereas the ones demanded 

by Surface-to-surface Radiation are surface properties. Being RAD a node that models 

phenomena involving just surfaces, the surface emissivity, 𝜀, the transmissivity, 𝜏, and the 

reflectivity 𝜌, are required. Once these parameters are defined, to solve the simulation is 

sufficient to define the model initial conditions. In fact, if no further instructions are 

implemented, the mesh is automatically created by COMSOL according to the physics 

involved in the model. In Figure 3.17 a detailed view of the model Definitions, Materials 

and Geometry nodes is presented. 
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In the Definition section the measured data as well as some of the material properties were 

collected. The GNI function was an interpolation function that represented the global 

normal irradiation with respect to the façade, which was measured by using a pyranometer 

placed next to it. The functions characterized by the label T_ were again interpolation 

functions, and they corresponded to the measured temperatures, and starting from top to 

bottom, they referred to: the external (ambient) temperature; the temperature measured by 

the sensors of the Layer 1, T_ref; the temperature on the LSC internal surface, measured by 

the sensors of Layer 5; the temperature on the back panel (aluminum) surface, measured by 

the sensors of the Layer 4; the temperature within the insulating layer, measured by the 

sensors of Layer 3; and the temperature of the surface between the insulating material and 

the wall, measured by sensors of Layer 2.  

The objects defined as T_xxx_sim or T_xxx_mis referred to probes used to compare the 

measured and simulated temperatures. The ones labeled T_xxx_sim were point-like probes 

placed in correspondence to the central probe of each Layer (see Figure 3.10), and they 

saved the simulated temperatures at specific points. The others were instead global probes 

used to import the temperature measured from the real sensors, the same temperatures were 

provided as input parameters for the functions named as T_xxx.  

Figure 3.17 Closed Facade model (a) component, (b) materials, and (c) geometry. 
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Figure 3.17 (c) shows the geometry implemented to model the real mockup, each layer was 

defined as a rectangular domain 1 m high and with a variable width. The width of each 

domain was ascribed according to the thickness of the real elements (see Figure 3.10). In 

Figure 3.17 (b) the materials attributed to each layer are listed. The labels xxx_surf 

identified boundary materials that were implemented to confer the properties eps_LSC and 

eps_alu demanded by RAD to the LSC and the aluminum slab. The remaining ones are 

instead domain materials, necessary to confer the properties required by HT and SPF. Their 

list is presented in Table 3.3, except for the air properties, because the COMSOL default 

ones were used. 

Table 3.3 List of the thermal properties attributed to each layer 

 LSC Back Panel XPS_mix Wall 

λ (W/(m∙K)) 0.19 237 0.037 0.24 

ρ (kg/m
3
) 1180 2700 1300 840 

Cp (J/(kg∙K)) 1466 900 80 500 

 

The properties listed in Table 3.3 were selected following the same principle of the optical 

ones, they were defined starting from literature values [119–124], and then modified within 

literature ranges. For example, the property of XPS_mix has been averaged to consider that 

the insulation layer is formed by a combination XPS panels and polyurethane foam, which 

was added to ensure the adhesion between the bricks and the XPS panel.  

The function h corresponded to the convective heat transfer coefficient inserted in the HT 

interface to model the convective heat exchange between the ambient and the LSC external 

surface, and it was computed starting from the wind velocity, 𝑣𝑤𝑖𝑛𝑑, according to [125]. 

(3.10)  ℎ = 5.7 + 3.8 ∙ 𝑣𝑤𝑖𝑛𝑑. 

 

The functions labeled by eps_ were piecewise functions implemented to model the 

emissivity of the materials. They referred to the LSC (eps_LSC), aluminum (eps_alu), and 

ambient emissivity (eps_amb). The first two were mandatory to simulate the mutual 

radiative heat exchange between these surfaces and to consider the radiative heat flux due 

to the solar radiation. The last one was instead inserted to give a better approximation of the 

cooling due to the long wave radiation exchange between the façade and the sky. In fact, 

the sky could be seen as a further heat sink for the building exterior surfaces, which 

generated a heat loss due to the emission of long wave radiation. The interaction between 
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the VF and the sky were simulated considering that the infrared radiation emitted by 

buildings could be split in two main categories: the one absorbed by the water vapor and 

other greenhouse gasses present in the atmosphere, and the one at which the atmosphere is 

almost transparent. In fact, the infrared radiation emitted in the wavelength of the so-called 

atmospheric window (8–13 μm) propagates to the outer side of the atmosphere. Normally, 

building simulation tools model these interactions by introducing two different 

temperatures, a fictitious temperature called Tsky and. the ambient temperature Tamb. The 

first is used to model the building-ambient heat exchange within the atmospheric window, 

whereas Tamb is used to simulate the building-atmospheric radiative heat exchange in the 

remaining wavelength ranges [126]. The importance for the correct estimation of building 

thermal performance is testified by the Albatayneh et al. work [127]. However, not being 

COMSOL a building simulation tool, it considers only one temperature Tamb, and the only 

way to better resemble the effects of atmospheric window on the VF was to define a 

modified ambient emissivity; as shown in the COMSOL example called Radiative cooling 

[128]. Table 3.4 contains the values attributed to eps_amb for each wavelength range. 

Table 3.4 Ambient emissivity defined for the modeled wavelength ranges.  

λstart (μm) λend (μm) ɛamb 

0 0.38 1 

0.38 0.42 1 

0.42 0.46 1 

0.46 0.5 1 

0.5 0.61 1 

0.61 2.5 1 

2.5 8 1 

8 13 0.3 

13 25 0.9 

 

The definition of different wavelength ranges was possible thanks to the option multiple 

spectral bands in the RAD sub-node, however the definition of each wavelength range 

highly affects the computational resource needed for the simulation, since COMSOL had to 

solve a new set of radiative equations, like Equation (3.9), for each wavelength range. 

Given the number of wavelength ranges under consideration, the values of eps_LSC and 

eps_alu were attributed starting from a combination between experimental measurements 
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and literature evidence [129–133]; then they were slightly modified to better match the ones 

of the real system. Figure 3.18 displays the measured emissivity values, from 350 nm to 

800 nm, for both the LSC panel and the aluminum plate. They were obtained by indirect 

measurements thanks to Equation (3.11): 

(3.11)  𝜀 + 𝜏 + 𝜌 = 1 

 

where ε, is the object emissivity and absorptance, τ its transmittance, and 𝜌 the total 

reflectance. For the LSC slab both the reflectance and transmittance were acquired, and 

since for the aluminum plate 𝜏 = 0 only the specular reflectivity was measured 

In Table 3.5 and Table 3.6 the emissivity value attributed to the LSC slab, and the 

aluminum panel are reported. 

Table 3.5 Emissivity attributed to each surface of the LSC panel. 

λstart (μm) λend (μm) ɛLSC 

0 0.38 0.9 

0.38 0.42 0.75 

0.42 0.46 0.93 

0.46 0.5 0.83 

0.5 0.61 0.95 

0.61 2.5 0.05 

2.5 8 0.05 

8 13 0.05 

13 25 0.05 

Figure 3.18 (a) LSC and (b) aluminum emissivity spectrum measured in the range 350-800 nm 
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Table 3.6 Emissivity attributed to the aluminum slab surface. 

λstart (μm) λend (μm) ɛalu 

0 0.38 0.06 

0.38 0.42 0.06 

0.42 0.46 0.06 

0.46 0.5 0.06 

0.5 0.61 0.06 

0.61 2.5 0.07 

2.5 8 0.05 

8 13 0.01 

13 25 0.01 
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3.3.1 Closed Façade model 

This model was developed to match the closed façade configuration, for which the model 

components, geometry, and materials corresponded to the ones mentioned in the previous 

paragraph, and the experimental data were acquired in the period between 13 and 18 June 

2021. Figure 3.19 shows the graphic of the COMSOL model, in which each element was 

separately highlighted thanks to a bluish shade. Figure 3.20, Figure 3.22, and Figure 3.23, 

are instead useful to understand which components were inserted in each physics, and how 

their model builder was structured. 

Figure 3.20 highlights that all the domains were considered inside the HT interface, and 

they were divided in solid (LSC panel, aluminum plate, insulating layer, and wall), and 

fluid (the air inside the cavity). The nodes labeled Initial Values_ were used to attribute the 

initial value to each layer, by using the temperature measured at the beginning of the data 

acquisition campaign. The LSC heat flux node was implemented to simulate the forced 

convective heat flux due to wind. It was imposed onto the external surface of the LSC 

panel, and it was modeled as:  

(3.12)  𝑞 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇) 

Figure 3.19 Graphic of the model geometry in which each element is separately highlighted, (a) LSC panel, 

(b) air channel, (c) aluminum back panel, (d), insulating layer, (e) wall. 
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where 𝑞 represented the convective heat flux, 𝑇 corresponded to the temperature of the LSC 

external surface, and 𝑇𝑒𝑥𝑡 the measured ambient temperature. The value of ℎ was computed 

according to Equation (3.10). 

The sub-node T_ref was used to impose the temperature measured from the sensor of the 

Layer 1 onto the inner boundary of the wall as boundary condition. The Thermal Contact 

node was implemented to model a resistive layer between the aluminum panel and the 

insulating layer, which was inserted to consider the not ideal thermal coupling between the 

two layers. Considering the modeled materials, the operating conditions and the literature 

evidences [134,135], the layer equivalent thermal resistance was set equal to: 𝑅𝑒𝑞 =

2 (𝐾𝑚2) 𝑊⁄ .  

Figure 3.21 Components inserted in the HT node (a) convective heat flux, (b) thermal contact, (c) boundary 

condition, (d) insulated boundaries. 

Figure 3.20 (a) Model builder list and (b) graphical representation of the component inserted in the HT node. 
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The wooden framework and the insulating coat were excluded from the simulations, but 

their presence allowed to model the remaining boundaries as thermally insulated. In Figure 

3.21 the visual presentation of these functional nodes inserted in the HT physics is 

presented.  

As mentioned above, Figure 3.22 shows that the only domain inserted SPF was the air 

cavity. The physics was introduced to consider the dependency of air density from the 

temperature, and the air inside the cavity was defined as a weakly compressible fluid; 

furthermore, the sub-node Gravity was inserted to simulate the effects due to the gravity 

acceleration. The channel boundaries were considered as walls under the no-slip condition, 

and, thanks to the homonym sub-node, a pressure point constrain was implemented with a 

value equal to the atmospheric pressure. This sub-node was added to define a pressure 

reference point inside the cavity and ensure the model convergence. The air temperature 

and density were computed in the HT physics, and they were provided to SPF by the NITF 

Multiphysics.  

Figure 3.23 displays the surfaces inserted in the RAD interface, i.e., the aluminum external 

one and the LSC external and internal surfaces. They were modeled following the 

indications given by the COMSOL application Greenhouse Effect [136], according to 

which all the surfaces were defined as diffusive surfaces, hence they were subjected to the 

following equations: 

 

(3.13)  𝐽𝑖 =  𝜀𝑖𝜖𝑏(𝑇)𝐹𝐸𝑃𝑖(𝑇) + 𝜌𝑑,𝑖𝐺𝑖 

Figure 3.22 (a) Model builder list and (b) graphical representation of the component inserted in the SPF node. 
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(3.14)  𝜀𝑖 + 𝜌𝑑,𝑖 = 1 

(3.15)  𝑞𝑟,𝑛𝑒𝑡,𝑖 =  𝜀𝑖(𝐺𝑖 − 𝜖𝑏(𝑇)𝐹𝐸𝑃𝑖(𝑇)) 

 

Where, as in Equation (3.9) 𝐽𝑖 is the surface radiosity, 𝜀𝑖 and 𝜌𝑑,𝑖 the surface emissivity and 

diffuse reflectivity, 𝜖𝑏(𝑇) the blackbody radiation emission, and 𝑞𝑟,𝑛𝑒𝑡,𝑖 defines the total 

radiative heat flux entering the surface. 𝐺𝑖 is the total radiation impinging on the surface 

and it can be better defined by Equation (3.16).  

(3.16)  𝐺𝑖 = 𝐺𝑚,𝑖(𝐽𝑖) + 𝐹𝑎𝑚𝑏,𝑖𝜀𝑎𝑚𝑏,𝑖𝜖𝑏(𝑇𝑎𝑚𝑏)𝐹𝐸𝑃𝑖(𝑇𝑎𝑚𝑏)+𝐺𝑒𝑥𝑡,𝑖 

 

where 𝐺𝑚,𝑖 is the mutual radiation between different surfaces, 𝜀𝑎𝑚𝑏,𝑖 is the ambient 

emissivity (see Table 3.4), and 𝐺𝑒𝑥𝑡,𝑖 is the external irradiation and corresponds to the 

measure GNI. 𝐹𝑎𝑚𝑏,𝑖 is the ambient view factor, which was considered equal to 1 for all the 

developed models. The subscript 𝑖 refers to the considered wavelength range, and its 

presence is due to the choice of the multiple spectral bands option. The same goes for the 

𝐹𝐸𝑃𝑖(𝑇) coefficient, which considers the weight of each wavelength range with respect the 

totality of the simulated ranges. 

Figure 3.23 (a)Model builder list and (b) graphical representation of the component inserted in the RAD node 

By comparing Equation (3.11) and Equation (3.14) it can be noticed that diffusive surfaces 

do not model surface transmittance, as by definition they are layers that absorb or reflect 

the impinging light. The modeling of the LSC transmittance properties was referred to the 

Opacity sub-node that allowed to define whether the domain absorbs or transmits  



76 
 

the impinging radiation for each wavelength range. According to Figure 3.18 (a), the LSC 

slab was defined opaque for the wavelengths shorter than 0.610 μm and transparent for the 

longer ones. The main drawback of this approximation was that this node defines the 

optical property of the medium by treating the transparency as a binary function. The 

domain became completely transparent or completely opaque collapsing the optical 

properties of the real LSC, which for the physical object are defined in the whole volume, 

on its main surface. However, as will be shown in Paragraph 3.3.3 Data comparison, this 

approximation did not compromise the obtained results. Finally, the External Radiation 

Source was a sub-node defined as a point like source with an intensity equal to the GNI, 

positioned at an infinite distance from the simulated structure. 

Figure 3.24 (a) Mesh model builder of the closed configuration model and (b) the relative mesh plot, 

reporting the skewness color map as quality parameter. 

The model was meshed by combining different mash elements, as the necessity to simulate 

fluid dynamics phenomena required a particular mesh inside the façade channel. In 

particular, two bidimensional mapping structures were employed, and the channel was 

meshed thanks to the Free Quad node, whereas the remaining domains were meshed by 

using the Mapped node. The Free Quad node allowed to mesh the air cavity domain by 

creating unstructured quadrilateral elements and, considering that the air flow would have 

developed mainly along the system height, its elements were preferred to the triangular 

structure proposed by the Free Triangular node. Indeed, considering the symmetry of the 

system, the air velocity field can be considered almost monodirectional (along the height of 
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the cavity), thus the presence of triangular elements would have increased the simulation 

computational cost without improving the accuracy of the results. In this case the skewness 

parameter measured the distortion with respect to quadrilateral elements, where a value 

equal to 0 is associated to very distorted mesh elements and 1 to quadrilaterals.  

The quality of the created mesh was further improved thanks to the addition of the Corner 

Refinement node and the Boundary Layer one. The former decreased the element size at 

sharp corners, whereas the latter is typically used to resolve the thin boundary layers along 

no-slip boundaries in fluid flow problems and was exploited to create a mesh with a denser 

element distribution in the direction normal to the flow. The remaining domains were 

meshed thanks to the Mapped node that created structured quadrilateral mesh elements 

controlled by the Distribution sub-node. This node allowed to define the number and size 

of the mesh elements along an edge, and for this specific application only the distribution 

along the domain width was defined. The distribution along their height was automatically 

handled by COMSOL thanks to the extrusion of the mesh pattern present in the air cavity. 

The Mesh model builder and Mesh Plot that testifies the good quality of the created mesh is 

reported in Figure 3.24. The Size node that usually defines the size of the mesh elements for 

all the model was overridden by the Size 1, Size 2, which were a domain and a boundary 

node, respectively. The fist defined the dimension of the mesh elements inside the façade 

channel, and the second along its boundary. To ensure a correct modeling of the air 

buoyancy phenomena the maximum dimension of these nodes was set around 0.01 m. On 

the remaining domains the instruction given by Size 1 and Size 2 were combined with the 

ones Distribution sub-node. The mesh independence was achieved by meshing the model 

with 4920 domain elements and 860 boundary ones, with an average element skewness of 

0.95. 
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The results obtained under these hypotheses are presented in Figure 3.25 

Figure 3.25 Comparison between measured (dashed lines) and simulated (continuous lines) temperature 

of the façade layers. 
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3.3.2 Open Façade model 

This model was developed to resemble the configuration in which the ventilation channel 

was open, and the data acquisition campaign lasted from the 07th to the 15th of September 

2021. Thermal and optical properties of the simulated materials were left unchanged with 

respect to the closed configuration model discussed in the Paragraph 3.3.1 Closed Façade 

model. The only changes involved the flow condition and the implementation of two fluid 

domains, one on the bottom and one on the top of the channel. Their addition was 

discretionary, and they were modeled as rectangles having the width of the channel, and 

different height, namely 0.5 m for the top domain and of 0.13 m for the bottom one. The 

top domain was useful to better analyze the fluid flow near to the channel outlet, whereas 

the bottom one was added to consider the impact of the reflective floor on the air cavity. It 

was simulated 0.13 m high, as this height allowed to confer to its bottom reasonable 

boundary conditions for both HT and SPF interfaces. Considering the additional domains 

and the different situation, some changes in the flow conditions were mandatory. Indeed, 

the natural ventilated situation required the addition of two sub-nodes for both the HT and 

SPF interfaces. The first sub-node, termed as Inflow (for HT) and Inlet (for SPF), was 

implemented along the bottom boundary of the lower fluid domain, and simulated the 

presence of air entering the channel. The second sub-node was implemented to model the 

air exiting the channel, thus was placed on the top boundary of the upper fluid domain, and 

it was defined as Outflow (HT) or Outlet (SPF). In Figure 3.27 the added domains and the 

inlet and outlet sub-nodes are shown. The sub-node Inflow in the HT physics imposed the 

air temperature at the channel inlet, and it was forced to be two degrees higher with respect 

to the ambient temperature, since the air temperature measured under the channel and in the 

proximity of the reflecting floor was on average around that value. At the same time the 

same boundary was simulated as an inlet with zero pressure condition (ambient condition) 

in the SPF interface. The channel outlet was defined with the same boundary condition 

(ambient condition) for the SPF physics, and it was just defined as outflow in the HT one. 

As for the material properties the meshing procedure was almost identical to the one 

described in Paragraph 3.3.1 Closed Façade model. The only difference was the meshing 

the new domains that was performed in the same manner as for the aur cavity. The mesh 

independence was achieved with 5276 domain elements and 1142. The Mesh Plot as well 

as the Mesh Model builder is presented in Figure 3.26 and the average element skewness 

was equal to 0.96. 
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Figure 3.26 (a) Model builder list and graphical representation of the air cavity, 

(b)outflow (HT)/outlet (SPF), and (c) inflow (HT)/inlet (SPF). 

Figure 3.27 (a) Mesh model builder of the open configuration model and (b) the relative mesh plot, reporting 

the skewness color map as quality parameter. 
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The comparison between the measured and simulated data is reported in Figure 3.28.  

 

  

Figure 3.28 Comparison between measured (dashed lines) and simulated (continuous lines) temperature of 

the façade layers. 
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3.3.3 Data comparison 

To give a quantitative examination of the simulated data, they were compared with the 

measured ones by using the statistical indices presented in the Wijesuriya et al work [137]. 

They presented two different indices named Coefficient of Variation of the Root Mean 

Square Error (CVRMSE) and Normalized Mean Biased Error (NMBE). The study [137], in 

accordance with ASHRAE Guideline 14, considered an NMBE between ±5% and a 

CVRMSE between ±15% as high standard calibration criteria. These indices were defined 

as follow: 

(3.17)  𝑁𝑀𝐵𝐸 =
1

𝑦𝑚
(

∑ (𝑦𝑖−𝑦�̂�)𝑁
𝑖=1

𝑁
) ∙ 100 

(3.18)  𝐶𝑉𝑅𝑀𝑆𝐸 =
1

𝑦𝑚

√∑ (𝑦𝑖−𝑦�̂�)2𝑁
𝑖=1

𝑁
∙ 100 

 

where 𝑦�̂� were the simulated data, 𝑦𝑖 the measured one, and 𝑦𝑚 the mean of the measured 

data. 

The values obtained from the comparison of the data collected for this thesis are reported in 

Table 3.7, according to which the models can be considered calibrated and validated.  

Table 3.7 NMBE and CVRMSE of the closed and open configurations. 

 Closed Façade configuration Open Façade configuration 

TLSC TBack TIso TWall TLSC TBack TIso TWall 

NMBE 

(<±5%) 
2.3% -0.83% -1.2% -1.4% 1.1% 1.1% 0.43% -0.14% 

CV(RMSE) 

(<±15%) 
4.2% 2.1% 1.9% 1.6% 6.1% 5.4% 2.1% 0.8% 
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CHAPTER 4 
 

 

Extension of the model 

 

 

The aim of this chapter is to extend the model validated within CHAPTER 3, by 

implementing the described VF system to perform the retrofit of an existing building. The 

thermal performance of the developed VF was estimated by modeling the bare wall of an 

existing building and the same wall with the addition of the VF. The model was extended 

for typical days of both summer and winter, with a change in the boundary conditions 

according to the season. In particular, the description of the developed model and some 

conclusions regarding the thermal performance of the designed ventilated system are 

presented. 
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4.1 Bare wall model  
 

The model of the existing building consisted in a three bricks wall made of Fired Clay 

Brick and finished with 0.02 m of plaster on both sides. The bricks and plaster thermal 

properties were defined according to Vijayan et al [138] and Pavlík et al work [139], 

respectively. Because of the extended wavelength range under consideration, the optical 

properties of the external plaster were acquired by combining several literature works 

[140,141], as for the above-mentioned materials optical properties. The system thermal 

properties and the values attributed to the plaster emissivity are summarized in Table 4.1 

and Table 4.2. 

Table 4.1 List of the thermal properties attributed to wall and plaster. 

 Wall Plaster 

λ (W/(m∙K)) 0.7 1.61 

ρ (kg/m
3
) 1650 2064 

Cp (J/(kg∙K)) 820 845 

 

Table 4.2 Emissivity values attributed to the plaster surface and to the ambient  

λstart (μm) λend (μm) ɛplaster ɛamb 

0 0.8 0.05 1 

0.8 2.5 0.55 1 

2.5 8 0.7 1 

8 13 0.7 0.3 

13 25 0.7 0.9 

 

Figure 4.1 (a) displays the section of the model builder in which the elements inserted in 

the HT interface and the surface added to the RAD physics are presented, whereas Figure 

4.1 (b) and (c) shows the model structure. The imposed boundary conditions were the same 

of the model described in CHAPTER 3 i.e., the GNI, the ambient temperature and the 

forced convective heat flux due to wind.  

They were measured with the same data acquisition software, and the data were collected 

from 13 to 16 February 2021 for the winter season, and from 19 to 22 July 2021 for the 

summer one. The models geometry consisted of three rectangles 1 m high and with 
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different widths, the central one that was created to model the three bricks wall was 0.38 m 

thick, whereas the lateral ones that modeled the finishing plaster had a width of 0.02 m. As 

in the previous models the material labeled as _surf was a boundary one defining the plaster 

optical properties, whereas the others were domain materials, used to confer the bulk 

properties. Figure 4.1 (b) shows that also in this configuration all the domains were added 

to the HT node, and they were defined as solid materials (the Fluid sub-node is a default 

node of the physics that can not be eliminated, but it was empty). The Initial values sub-

nodes were used to define the initial value of each domain, the one labeled by Initial values 

ext was attributed to the external plaster, whereas the one labeled by Initial values int was 

attributed to the remaining domains.  

The initial temperature of Initial values ext was set equal to the external temperature 

measured at the beginning of the data acquisition campaign. The Initial values int was set 

equal to a characteristic temperature labeled T_in, which was set to 20 °C for the winter 

season and to 26 °C for the summer one. For this model both the internal and external 

temperatures were employed to define a convective heat flux that was modeled thanks to 

the respective node by using Equation (3.12) (see Figure 4.1 (a)). For the External heat flux 

node, the value of ℎ was computed thanks to Equation (3.10), in which 𝑇 was the 

temperature of the external plaster surface. For the Internal heat flux node, 𝑇𝑒𝑥𝑡 was instead 

defined as the internal temperature T_in, 𝑇 was the temperature of the internal plaster 

surface, and ℎ was set to 4 W/(m2 K), as in the Corrao and La Placa work [30].  

Figure 4.1 (a) Model Builder, (b) highlight of the elements inserted in the HT physics, (c)highlight of the 

elements inserted in the RAD interface 
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The External radiation Source was a point like source at an infinite distance from the 

system, with an intensity equal to the measured GNI. Since the plaster is an opaque 

material, the external plaster surface was the only one inserted in the RAD interface (see 

Figure 4.1 (c)), and it was modeled as a diffusive surface, having the emissivity values 

listed Table 4.2. 

Due to the absence of fluids, the model was meshed using two Mapped nodes, one for the 

wall domain and one for the plaster ones. Also in this simulation only the distribution along 

the domain width were specified, as the meshing parameters along the height were handled 

thanks to the Size node. The Mesh Plot as well as the Mesh Model builder are presented in 

Figure 4.2. Thanks to the presence of only solid domains the mesh independence was 

achieved by meshing the model with 1400 domain elements and 212 boundary elements 

with an average element quality of 0.99.  

  

Figure 4.2 (a) Mesh model builder of the bare wall configuration and (b) the relative mesh plot, reporting the 

skewness color map as quality parameter. 
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4.2 Closed façade model 
 

To evaluate the thermal performance of the VF a combination between the model presented 

in 3.3.1 Closed Façade model and the one displayed in the previous paragraph was 

developed. In fact geometrical, thermal, and optical properties of the LSC panel, and of the 

channel domains were identical to the ones defined in the Paragraph 3.3.1 Closed Façade 

model, whereas the domain called “wall” and the “internal plaster” were modeled as 

described in Paragraph 4.1 Bare wall model. The novelties lied in the properties attributed 

to the insulating layer and in the technique used to model the aluminum panel. In order to 

model a more ecological retrofit of the building, the insulating layer used for the validation 

procedure was substituted with an insulating countertop 0.02 m thick and made of coconut 

fiber. Its thermal properties were taken from [124], and were defined as λ = 0.043 W/(m∙K), 

ρ = 100 kg/m3, cp = 1300 J/(kg∙K). The change in the modeling of the aluminum slab was 

instead driven by the willingness to decrease the computational cost of the simulation, in 

fact, since its thickness was at least one order of magnitude lower than the average size 

considered in the model, it could be modeled as a Thin Layer. Thin Layers are boundary 

domains for which the number of elements defined to mesh their thickness is ignored from 

the Mesh node and must be specified within the Material one as the thermal and optical 

properties. This expedient allowed to reduce the number of mesh elements created for the 

model, decreasing the total computational costs. This option was not applicable for the 

models described in CHAPTER 3 because of the necessity to define a thermal contact node 

between the aluminum and the insulation layer. However, its thermal and optical properties 

were kept equal to ones listed in Table 3.6 and Table 3.3. In Figure 4.3 the components 

inserted in each physics are summarized. 

The heat flux sub-nodes were defined in the same way of Paragraph 4.1 Bare wall model, 

where in particular the LSC heat flux corresponded to the External heat flux sub-node. Once 

again, the environmental data collected in July and February were used as GNI, ambient 

temperature, and to calculate h. Furthermore, the SPF and RAD node, as well as the Mesh 

one, were structured as described in Paragraph 3.3.1 Closed Façade model. The Mesh 

independence were achieved thanks to 4350 domain elements and 958 boundary elements. 
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Figure 4.3 Extended closed facade model (a) Model Builder, (b) domain inserted in the HT, (c) SPF, and  

(d) RAD interfaces 
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4.3 Open façade model 
 

The thermal performance of the open configuration was obviously investigated only for the 

summer season, and the model was derived from a combination between the one presented 

in the paragraph 3.3.2 Open Façade model and 4.2 Closed façade model. In fact, the model 

structure was the one described in the previous paragraph, but the channel with the relative 

additional domain was modeled as in the homonymous section of CHAPTER 3.  

The inlet boundary condition (Figure 4.4 (b)) was kept equal to ambient condition for SPF 

node, whereas it was modified in the HT interface by eliminating the increase with respect 

to the ambient temperature. Moreover, this model allowed a performance evaluation in a 

mechanically ventilated configuration. This assessment was done by changing the SPF 

boundary condition at the channel outlet Figure 4.4 (c), in fact the ambient condition (zero-

pressure condition) was substituted with a normal outflow velocity equal to 5 m/s. The 

outflow velocity vector was modeled with this magnitude, as it was a value that could be 

generated by a ventilation system directly powered from the LSC panel. The inlet and 

outlet nodes as well as the system model builder are shown in Figure 4.4. The procedure 

used to mesh the model was identical to the one described in 3.3.2 Open Façade model, and 

Figure 4.4 (a) Model builder list and graphical representation of the air cavity (b) inflow (HT)/inlet (SPF) 

and (c) outflow (HT)/outlet (SPF). 
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in this case the mesh independence was achieved by meshing the model with 6435 domain 

elements and 1206 boundary elements and an average element quality of 0.97. 

 

4.4 Comparison of the results 
 

The obtained results were analyzed by comparing the normal total heat flux that crossed the 

boundary between the internal plaster and the wall. In Figure 4.5 are presented the result for 

both the winter and the summer configuration.  

Figure 4.5 total heat flux that crossed the boundary between the wall and the internal plaster during both (a) 

winter season, and (b) summer one. 
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Where the flux was defined as positive when the heat flowed into the building, so a 

negative flux value means that the heat was exiting the building. Figure 4.5 shows that the 

implementation of the VF increased the system thermal insulation (decreased the outgoing 

flux) during winter, and decreased the ingoing heat flux during summer, thus reducing the 

building energy load associated to both heating and cooling needs. Moreover, from Figure 

4.5 (b) it is evident that a mechanical ventilation during summer can be a further asset to 

lower the thermal load, especially if it can be powered by the LSC panel. This result is 

highlighted also from Figure 4.6 reporting the temperature of the whole system in °C under 

different cavity configurations. 

Finally, the thermal transmittance of the ventilated system was compared to the maximum 

values prescribed by the Italian directive. These values depend on the building element 

nature (transparent or opaque element), their installation position (vertical or horizontal), 

and on the geographical area. in which the building is situated. Indeed, according to the 

directive EN ISO 15927-6 the Italian territory could be subdivided in several zones that are 

discerned by a parameter called Degree Days (DD). The DD estimated the cumulative 

difference between a conventional ambient temperature (different for each country) and the 

average daily outdoor temperature, so they can be defined as:  

Figure 4.6 Results of the simulation concerning the (a) closed, (b) natural ventilated, and (c) mechanically 

ventilated façade, presenting a color map of the system temperature expressed in °C. 
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(4.1) 𝐷𝐷 =  ∑ (𝑇0 − 𝑇𝑒)𝑛
𝑑=1  

 

where 𝑑 is a counter that identifies the considered number of days, 𝑇𝑒 is the average daily 

outdoor temperature, and 𝑇0 is the conventional ambient temperature, which for the Italian 

directive is equal to 20 °C. This definition is correct only if the cumulative difference is 

considered positive, i.e., the terms that contribute to the summation are the one for which 

𝑇𝑒 < 𝑇0. In Table 4.3 the information regarding different zones is summarized. 

Table 4.3 Information regarding the number of degree days in the different geographical zones 

Zone Range of DD Start date End date 

A 0 - 600 1st Dec 15th Mar 

B 601 - 900 1st Dec 31st Mar 

C 901 - 1400 15th Nov 31st Mar 

D 1401 - 2100 1st Nov 15th Apr 

E 2101 - 3000 15th Oct 15th Apr 

F 3001 - +∞ all year 

 

In Figure 4.7 is reported a choropleth map of Italy that associates each zone with the 

maximum thermal transmittance value prescribed by the national directive. This value for 

opaque vertical structures in Ferrara (Zone E) is 0.28 W/(m2K) and for the VF system 

developed in this work (LSC panel, cavity, aluminum pane, and insulation layer) a mean 

value of 0.29 W/(m2K) was estimated. 
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Figure 4.7 Choropleth map of the differ zones with the associated maximum conductance value. 
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Conclusions 
 

This thesis work concerned the development of a photovoltaic ventilated façade for the 

control of buildings thermal budget integrating a LSC panel as external skin. The system 

was developed with the intention to exploit its optical properties to increase building 

thermal efficiency minimizing the cavity width and thus the retrofit footprint. In fact, the 

high transparency of the LSC ensured to increase the solar radiation reaching the internal 

skin, if compared with traditional solar panels. Moreover, the LSC aesthetical appearance 

opened the possibility to create a back panel that increased the façade aesthetic appealing 

optimizing the solar radiation harvesting, according to the building energy needs.  

Firstly, the optical and electrical performance of large area LSC panels were investigated, 

as they are usually studied for small devices, which dimensions were not so suitable for 

BIPV application. The results highlighted that contrary to what happens for panels of small 

dimensions, a slab with a lower dye concentration turned to be more suitable for this type 

of application. In fact, organic dyes are often characterized by self-absorption phenomena 

that diminish when low concentration are used. Lumogen® Red 305 was chosen as 

luminophore as it was one of the most efficient organic dyes, and its price per kilogram 

ensured a competitive price to watt ratio, if compared with other semitransparent PV 

technologies.  

Secondly, the comparison between two models created with COMSOL Multiphysics and 

experimental data allowed the development and of thermal simulations having a maximum 

NMBE and CV(RMSE) value of 1.1% and 6.1% respectively, which are values far below 

the threshold for which a model can be considered validated. The obtained thermal and 

optical properties were then implemented in new COMSOL models created to perform the 

retrofit of a typical building envelope in both summer and winter. The results demonstrated 

that a narrow VF implementing an LSC panel as external skin, and an aluminum pane as 

internal one, improved the building thermal load both in heating and cooling season. 

Moreover, if properly managed, the addition of a mechanical ventilation system to the 

cavity that is directly powered by the external pane was a further asset to reduce the thermal 

load. 
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Finally, the comparison between the system thermal transmittance, 0.29 W/(m2K), and the 

maximum values prescribed by the Italian directive, 0.28 W/(m2K), underlined a promising 

result for a “proof of concept” research work. 

This thesis was developed within the POR FESR 2014-2020 program funded by Regione 

Emilia Romagna and European Union and was realized within the Sensors and 

Semiconductors laboratory of the University of Ferrara. The obtained results were 

presented at the 37th and 38th European Photovoltaic Solar Energy Conference and 

Exhibition (EU PVSEC, 2020 and 2021). 

Considering the high transparency of LSC panels, further works will regard their coupling 

with passive material commonly used to increase building thermal comfort, like phase 

change materials or thermochromic paints, or their implementation in transparent façades in 

combination with adaptive shading technologies directly powered by the LSC. 
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