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Executive Summary 

The façade design concept aims at a modular structure, flexible enough to integrate any of the energy 

efficient strategy, that adapt to the local climate and thermal needs of the building to be retrofitted. 

Targeted façade functions are, in order of priority: 

 Protection against overheating  

 Enhancement of natural ventilation  

 Production of energy  

 Transparency towards inside/from outside  

The façade has a flexible light-weight frame structure which adapts to all building geometries. The frame 

system can also be configured in order to integrate different technologies such as different glazing 

systems, single or double skin façade, openable windows, greenery, shading systems, opaque elements, 

also including or Phase Change Materials - PCM) and photovoltaic modules. 

The main facade frame is composed by vertical and horizontal aluminium profiles, with tubular form. This 

profile has on each side a channel that serves to realize the union or fixation for each one of the 

technologies. The profile thickness enables it to bear loads and to transfer it to the building structure. 

First of all the facade system general concept and construction scheme was defined, then a prototype 

was designed and realised. The façade prototype was tested in one of the test-demonstration building 

facilities of ACCIONA Infrastructure in Sevilla, Spain. Therefore, the façade prototype design was tailored 

according to the climate conditions of Sevilla. The designed prototype integrates glazing system, external 

shading system, openable windows and a photovoltaic module. 

The test demonstration facility allows to compare the performances of the developed façade system 

prototype with a standard curtain wall in real outdoor conditions. 

The accuracy of the prototype assembly and the construction design were verified through thermographic 

analysis and a blower door test. All the assembly elements were checked in terms of the thermal bridges 

and water tightness, adjusting possible design errors, and solving critical points.  

Furthermore, the acoustical performance of the facade was measured in situ and compared with a 

reference curtain wall system installed in the other cell of the outdoor test facility. The airborne sound 

insulation of the base facade system, considered as a common glass curtain wall, is slightly higher than 

the CommONEnergy facade system. This difference can be attributed to the uncertainty of the 

measurement thus the performance of both systems is, from an acoustical point of view, quite similar. 

Although this kind of façades provides low sound insulation, both fulfil the DB-HR requirements for 

residential and hospital areas whose Ld (Day average sound level) is ranged from 60 to 65 dB (according 

to Spanish regulations). 
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Final scheme on design of the multifunctional façade prototype 

The lab test collects data about indoor and outdoor temperatures and surface temperatures of the façade 

modules which are needed to compare CommONEnergy façade performance with the curtain wall and 

to calibrate the façade energy simulation model.  

Data were collected from February to September 2017, with A/C active from May to June and switched 

off for the rest of the time. The monitoring results analysis clearly indicates the high energy saving 

potential, namely approximate 50% in specific periods of the year and taking into account the particular 

technology configuration (the CommONEnergy façade test room consumed 32.37 kWh in period between 

2017 May- June, while the reference state of the art product room consumed 60.49 kWh).  

The natural ventilation was only allowed by the CommONEnergy façade and it highly increased thermal 

performances of the room, avoiding overheating in critic hours. In fact, the maximum temperature reached 

in the CommONEnergy room was around 25°C on the 20th of March at 17:00 while for the same time 

period the reached temperature in the reference room was more than 50% higher, namely around 39°C. 

Internal surface temperature of the reference façade is up to 15K higher than the CommONEnergy one 

around midday, where the incident radiation is at the highest level and there is no A/C. During night-time 

where solar radiation is no longer an affecting parameter the surface temperatures of the two façades are 

closer with a difference of around 3K. When air conditioning system is active, both the reference and 

CommONEnergy internal temperatures decrease while solar radiation is not affecting them any longer 

with the same intensity. The difference between the two during daytime drops to 5K while for night-time 

they were almost the same. 

Regarding daylighting performance, the CommONEnergy prototype offers a better control of the use of 

natural light, compared to the reference facade system. The period of time during which the illuminance 
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values fall into the useful range 300-3000 lux is in general higher especially for the area close to the 

façade that is the most sensible, since high peaks of illuminance are cut thanks to the shading system. 

In this condition, visual discomfort and overheating problems could be avoided. 

The Ross Coefficient, an indicator of the power loss of the PV module due to temperature increase, 

results to be 0.05 K m2/W. Even if this value might be more accurately assessed after collecting more 

data over the whole year, this data makes already clear that it lays close to the upper part of the above 

mentioned range, as expected, because the PV module is completely attached to a wooden substrate 

which acts as an insulation layer obstructing the module heat rejection through back-side ventilation. 

To further investigate this aspect, we realized a second prototype focused on PV module integration 

and tested it in EURAC outdoor Lab in Bolzano. Compared to the façade prototype tested in ACCIONA 

facilities, the following additional features were implemented: 

 mppt+battery system was integrated in the façade itself rather than placed in the test room; 

 the facade was here conceived as a “stand alone system” with the window actuators connected to 

the battery fed by the PV module energy autarky, while in the first façade prototype the façade system 

was connected to the grid; 

 the PV module had retro-ventilation and it was compared with a PV module without retro-ventilation. 

The whole experimental activity gave the possibility to compare different configurations of the PV façade 

focused on temperature-related issues (facade with and without PV module retro-ventilation) i.e. 

temperature assessment of battery, air in the gap between the PV module and the insulation panel, PV 

module, envelope surfaces; it was demonstrated that the presence of a retro-ventilated cavity behind the 

module can have positive effects on air temperature, avoiding possible damages of batteries and 

electrical components due to overheating. Moreover, also the indoor ambient adjacent to the cavity can 

be positively affected by the decrease in temperature given by ventilation. In addition, an accurate 

evaluation of cavity temperatures is needed in order to optimize the thickness of the insulation layer 

needed between the cavity and the indoor room. 

Both lab tests data were used to calibrate a simulation model developed in Trnsys, which allowed us to 

calculate key performance indicators and to assess the performance of the modular multifunctional 

climate adaptive façade system in other climates and in other configurations. 

The calibrated model showed an acceptable agreement between measured and simulated data 

resulting in a RMSE of 0.81 K. However, some lower and upper peaks were not well represented with 

maximum temperature difference of around 3 K. This uncertainty was mainly related to solar radiation 

data. The calibrated model was used to calculate façade performance indicators in three different 

climates: Seville, Trondheim and Modena. 

Furthermore, the calibrated model was the basis for a parametric simulation model enabling designers to 

evaluate the performance of all the possible configurations of the modular multifunctional climate adaptive 

façade from both energy and indoor environment quality perspective. Users can define the optimisation 

parameter, depending on their design targets or set their order of priorities by filtering. For instance, 

designers can decide to give priority to comfort level of occupants over energy consumptions.  
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1. Façade design 

The façade design concept aims at a modular structure, flexible enough to integrate any of the energy 

efficient strategy, that adapt better to the local climate and thermal needs of the building to be retrofitted. 

Targeted façade functions are, in order of priority: 

 Protection against overheating  

 Enhancement of natural ventilation  

 Production of energy  

 Transparency towards inside/from outside  

 Façade design concept 

Based on the architectural archetypes analysed in Task 3.1 [1], we developed a façade system able to 

integrate the technologies proposed. The façade system has a structural core that behaves similarly to a 

curtain wall, but allows flexibility when incorporating strategies or technologies. 

As shown in Figure 1-1, the system has a main frame, which bears loads and weights all technologies 

within the system. This main frame should also act as thermal bridge, reducing the heat flow between the 

outside and inside of the system. 

 

Figure 1-1. Initial facade structure concept. 
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On the other hand, the elements that compose the façade frame must be finished with fixing elements, 

as standardized as possible. 

The fastening system between the main façade frame and the technologies is a set of elements or parts, 

able to fasten the technology and to establish a strong connection with the frame structure. In this way 

we will be able to adapt them to each technology in a standardized way. 

The fixing system includes also several options to connect the traditional components of a façade system, 

such as windows, corners, roof trim, etc. Apart from this, it also provides solutions for the final finishing 

of the joint, obtaining hidden solutions, semi-hidden or views. 

The technologies that can be integrated were proposed after a climate and building analysis of the 

projects’ demo cases and reference buildings. Several options for the configuration of the façade system 

have been established and are shown in Figure 1-2. 

 

[1] [2] [3] [4] [5] [6] [7] [8] 
 

Figure 1-2. Options for technologies integration into the façade concept. 

The façade system allows the use of different glazing systems, whose thermal and optical characteristics 

can be selected depending on the climate. The system allows for any modular configuration, having 

different sizes and glazing systems in multiple positions inside the facade, as shown in the option 1 in 

Figure 1-2. In addition the glazing system can be positioned on both inside and outside of the façade 

frame, according to the designers’ need. 
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Furthermore, the structure can integrate glazing systems on both sides becoming a sort of double skin 

glazing system, depending on the level of thermal insulation required or radiation control, as shown in the 

option 6 in Figure 1-2. 

In case of integration of natural ventilation solution (option 2 in Figure 1-2), automated windows can be 

integrated in the façade frame. Windows can be located at any height, depending on the natural 

ventilation strategy designed for the building.  

Integration of green façades is possible to control solar radiation and protect building against the 

prevailing winds, as presented in option 5 in Figure 1-2. 

To control solar radiation, external horizontal or vertical shading elements can be implemented, as shown 

in option 3 in Figure 1-2. The shading elements number, length, width and tilt angle can be customized 

depending on building location and façade orientation.  

This solution can be combined with solutions to enhance daylighting varying shading material or finishing, 

which reflect in greater or lesser measure the solar radiation into the building, as we can see in option 4 

in Figure 1-2. Photovoltaic modules can also act as shading element as shown in option 7 in Figure 1-2.  

Finally, opaque elements can be also integrated into the façade design, as shown in option 8 in Figure 

1-2. Opaque elements can be insulation panels, which can be located in the resulting space between 

profiles of the structural system, with different exterior and interior finishes. Another option, which can be 

easily integrated in the façade, is the combined use of Phase Change Materials (PCM) in both the 

insulation and the interior finish layer. 

 

 Façade system design for modularity 

Based on the concept developed (Figure 1-3), the different elements that make up the system were 

designed. The design of the facade system unifies all these components in a single set, forming a 

multifunctional facade that allows an easy installation and uninstallation of all technologies. In this way, 

we can adapt easily to different climate conditions by applying the most efficient technologies for the 

specific climate, still using the standardized system and guaranteeing a perfect integration of all 

components between them. 

The materials chosen for the frame system are aluminum, for structure and substructure, stainless steel 

for the screws and for special pieces of attachment or fixation, EPDM for the whole system of joints to 

avoid the thermal bridges. 

 

Figure 1-3. Initial concept for the connector of the multifunctional facade 
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1.2.1. Façade frame 

The main facade frame is composed by vertical and horizontal aluminum profiles, with tubular form 

(Figure 1-4). This profile has on each side a channel that serves to realize the union or fixation for each 

one of the technologies. The profile thickness enables it to bear loads and to transfer it to the building 

structure. 

 

Figure 1-4. Aluminum profile of the façade frame. 

1.2.2. Fixing system. 

The fixing system, between the façade frame and the technology components, has been designed based 

on different profiles of aluminum with smaller section than the façade frame (Figure 1-5). These profiles 

have been designed with different tabs to accommodate the EPDM joints, and for gripping the mechanical 

fastenings that allow joining with the main structure of the system. 

 

Figure 1-5. Aluminum profiles of fixing system  
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1.2.3. Technologies components 

Commercial products existing in the market can be easily integrated into the set of profiles of the façade 

system. Figure 1-6 and Figure 1-7 show examples of fixed and openable window design. 

 

Figure 1-6. Examples of window frames for openable windows. 

 

Figure 1-7. Examples of window frames for fixed windows. 

. 

1.2.4. Other components 

For the fixing of the components, different joints elements have been used (Figure 1-8). On the one hand, 

stainless steel fasteners are applied for all joints between the different parts. The EPDM has been used 

in different sizes for the sealing and thermal bridge break. The special stainless steel washers have been 

designed for the connection between technology and substructure. They allows anchoring the existing 

flanges in the profiles of the facade system. 
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Figure 1-8. Stainless steel and EPDM joints 

. 
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2. Façade prototype and test 

After the facade general design and construction scheme, the prototyping phase started. The façade 

prototype has been tested in one of the test-demonstration building facilities of Acciona Infrastructure in 

Sevilla in Spain. Therefore, the façade prototype design was tailored according to the climate conditions 

of Sevilla. 

  

Figure 2-1 South TestCell Facade Figure 2-2 North Test Cell Facade 

The test-demonstration building facility of Acciona in Sevilla was designed for the development and 

demonstration of advanced passive and active technologies of different construction systems, façade 

systems, roofs, slabs and interior partitions, to improve the energy efficiency and indoor air quality in the 

buildings, proving its real viability in terms of architectural integration, construction times and costs. 

Thanks to the prototyping and testing activities, we can prove the energy performance of technologies 

that are technically more difficult to be installed and optimized in a building in use and that require a longer 

maturation period, before starting the product development process towards market implementation. 

As shown in Figure 2-3, Seville has a warm climate reaching maximum temperatures of 35-36 °C in 

summer. 

     

Figure 2-3. Monthly maximum, minimum and average temperatures in the typical climate of Seville (Spain) 

The technologies selected to optimize the energy operation of the façade prototype are: 

 Selection of optical properties of glasses to balance daylighting and to reduce thermal energy needs 
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 Solar shadings to protect from solar gains 

 Window automation for passive cooling and ventilation 

 Photovoltaic system 

 

Figure 2-4. Test Cell façade in Sevilla outdoor lab (left) and zoom out of CommONEnergy façade prototype. 

 

 

Figure 2-5. Test Cell façade in Sevilla outdoor lab: geometry and wall characteristics. 
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The prototypes to be designed and installed had to be adapted to the measures of the TestCell 

laboratories 1 and 2 of the demonstrator building, occupying in total approximately a facade surface of 4 

m2. 

 Selection of façade configuration for prototyping 

An initial study of different possibilities of integration of technologies concluded in two options to be deeper 

analysed. The first one (Figure 2-6 on the left) was based on a symmetrical distribution of technologies, 

looking for a more common aesthetic aspect, and the second one (Figure 2-6 on the right) based on an 

asymmetrical partition, to verify the versatility of system and to propose the aesthetic variant to the 

ventilation strategy. 

 

Figure 2-6. Façade configuration options for the prototype. 

Both variants were analysed in terms of climate adaptation potential, looking at different functioning 

modes (see Figure 2-7 to Figure 2-10).  
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Figure 2-7. Functioning modes for natural ventilation and solar protection (option1). 

 

Figure 2-8. Functioning modes for daylighting and photovoltaic generation (option1)  
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Figure 2-9. Functioning modes for natural ventilation and solar protection (option2) 

 

Figure 2-10. Functioning modes for daylighting and photovoltaic generation (option2)  

Option 1 was selected as the most promising from an energy performance perspective and designed in 

more detail. Apart from energy performance, Option 1 showed several advantages, such as an easier 

adaptation of the technologies, a reduction in thermal bridge level risks, lower cost and ease of 

installation. Figure 2-11 and Figure 2-12 show the final design scheme of the multifunctional façade 

prototype. 
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Figure 2-11. Final configuration for prototype to the concept of modular multifunctional facade, Sevilla (Spain) 

 

Figure 2-12. Final scheme on design of the multifunctional façade prototype 
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 Façade prototype final design 

The façade frame is composed by profiles with the same shape and section, joined together by squares 

embedded and screwed. 

The different technologies are individually assembled and the profiles designed in the system are 

coupled, which serve as a connection between the substructure and the technology itself. These profiles 

are joined to the technology with stainless steel screws. 

The thermal bridges are broken by the system of EPDM joints designed and placed in different channels 

of the aluminum profiles. When bonding and fixing with the metal elements, the pressure will adjust the 

EPDM rubber, exerting the pressure necessary to ensure any infiltration of air or water into the system. 

Figure 2-13 to Figure 2-15 report the construction details of the façade prototype’s final design. 

For the glass configuration, SaintGobain 8mm / 12mm Argon / Planitherm Ultra N 4 + 4mm has been 

selected and a Cortizo system has been adapted for the carpentry, with thermal break element type COR-

60. 

 

Figure 2-13. Façade prototype detail design: vertical section with details. 
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Figure 2-14. Façade prototype detail design: horizontal section with details. 

 

Figure 2-15. Façade prototype detail design: outside (left) and inside (right) view. 
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For the shading system Shuco ALB large Louvre blades, ALB 100X25mm have been chosen (Figure 

2-16). The slats were lacquered in white to allow the solar reflection to the interior and to improve the 

natural illumination of the affected space. 

 

Figure 2-16. Section of the commercial slats system integrated in the façade system prototype 

 Base prototype design 

In order to provide a comparison between the energy performance of the designed innovative prototype 

and of a traditional curtain wall system, a base prototype (Figure 2-17) of a traditional curtain wall system 

was installed in test cell next to the one were the CommONEnergy façade prototype was being tested 

(Figure 2-18).  

 

Figure 2-17. Base façade prototype design 

The commercial system used for this prototype was a curtain wall of the commercial house CORTIZO, 

concretely the light facade system TP52, with rupture of thermal bridge. The glass selected for this 

reference wall was a SaintGobain Cool Lite St150 4 + 4mm / 12mm / 4 + 4mm. 
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This system complies with Spanish minimum regulations and improves the basic thermal insulation 

requirements summarized for the existing façade location and orientation. 

 

Figure 2-18. Base prototype and CommONEnergy prototype integrated into the Test Cell façade 

 

 Manufacturing and installation 

Once completing the entire design process and having developed all the necessary graphic 

documentation, the manufacturing and purchasing process of all the components have started. The 

reception of this material (Figure 2-19 to Figure 2-22) was done in an exhaustive way to verify that there 

were no missing or incorrect parts that could delay the assembly process. 
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Figure 2-19. Materials for prototype profiles Figure 2-20. Materials for prototype profiles 

  

Figure 2-21. Prototypes components  Figure 2-22. Prototypes glass components 

The TestCell laboratory has been prepared for the prototype installation, the old projects prototypes had 

to be disassembled first and the spaces prepared for new façade components integration, on one side 

for the base one and on the another side for the innovative one (Figure 2-23 - Figure 2-28). It was 

necessary to re-adapt the façade perimeter existing in lab supporting element. 

  

Figure 2-23. Dissassembly and preparation of 

the laboratory for the base component 

(Reference Lab) 

Figure 2-24. Dissassembly and preparation of 

the laboratory for the innovative component (new 

component lab) 
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Figure 2-25. Surface treatment in reference lab 

 

Figure 2-26. Surface treatment in new 

component lab 

  

Figure 2-27. Final effect on the perimeter 

component in reference lab 

Figure 2-28. Final effect on the perimeter 

component in new component lab 

Figure 2-29 to Figure 2-38 show the assembly and installation process of the base prototype into the 

reference laboratory. As initially indicated the system is composed by traditional curtain wall, see par. 2.3. 

  

Figure 2-29. Assembly of the base structure for 

the base system for reference laboratory 

Figure 2-30. Integration of the base structure into 

the reference laboratory 
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Figure 2-31. Constructive detail for base system Figure 2-32. Constructive detail for base system 

  

Figure 2-33. Glass elements integration into the 

structure of the base element 

Figure 2-34. Glass elements integration into the 

structure of the base element 

  

Figure 2-35. Perimeter inner seal for base 

system (general) 

Figure 2-36. Perimeter inner seal for base 

system (corner) 
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Figure 2-37. Installation of the finishing elements 

on exterior face 

Figure 2-38. Base system integrated into the 

reference laboratory 

Figure 2-39 to Figure 2-46 show the process of assembly and installation of the new CommONEnergy 

façade prototype into the laboratory test cell.  

The process of assembly, similar to the base system, starts with the assembly of the main facade 

structure. In this case, the system is composed by innovative and special components designed and 

initially extruded for this specific prototype.  

All the squares were reshaped, levelled, and each section was joined. Once assembled, on the exterior 

of this structure, it was elevated and placed within the framework of laboratory for new component. This 

process was done in a simple way. Once placed in the frame, it was levelled so that it was in the proper 

position. 

  

Figure 2-39. Stake out and levelling joints Figure 2-40. Mounting procedure (levelling) 
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Figure 2-41. Mounting procedure (adjustment) 

 

Figure 2-42. Mounting procedure (final structural 

component) 

  

Figure 2-43. Mounting procedure (final structural 

component installed) 

Figure 2-44. Mounting procedure (final structural 

component installed, corner) 

  

Figure 2-45. Mounting procedure (final structural 

component installed, outdoor) 

Figure 2-46. Mounting procedure (final structural 

component installed, outdoor) 

Once having the main structure fully placed and levelled, the mounting activities of each of the 

technologies individually started (see Figure 2-47 to Figure 2-60). Each of the technologies has different 
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components, it is required to follow an assembly order and procedure, to avoid confusions in connectors 

integration. Following the procedure, the assembly and installation process was simple. 

 

 

Figure 2-47. Design for the technology integrating 

glass) 

Figure 2-48. Mounting of the internal connectors. 

 

  

Figure 2-49. Mounting of the external profile. 

 

Figure 2-50. Mounting of the joints Montaje de 

juntas de unión 

 

 

Figure 2-51. Components with assembled 

connections for technologies 

Figure 2-52. Design to the technology on 

shadowing  
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Figure 2-53. Mounting of the vertical and 

horizontal slats 

Figure 2-54. Mounting of the vertical and 

horizontal slats 

  

Figure 2-55. Mounting of the joints 

 

Figure 2-56. Assembled components to the 

shadowing technology  

 

 

Figure 2-57. Design to the technology on 

Photovoltaic 

Figure 2-58. Mounting of the structural profile for 

photovoltaic technology 
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Figure 2-59. Mounting of the structural profile for 

photovoltaic technology, finishing elements 

Figure 2-60. Mounting of the structural profile for 

photovoltaic technology, final component 

The next step in the assembly of the prototype was the installation of each of the technologies into the 

main structure, maintaining the proper position and levelling (Figure 2-61). According to the façade 

design, the connection of technology components to the main façade structure was made with metallic 

connections formed by screws and stainless steel washers. The washer is inserted into one of the flanges 

of the aluminum profile, and pushes the technology into position by tightening the screw. 

 

Figure 2-61. Process on assembling of the technology to the main facade structure 

We start by placing the principal and heaviest technology components, and then closing with the finishing 

and lightest ones. Following this rule, the first ones were the technologies composed by the carpentry 

and the glasses, following later with the shading system and the photovoltaic module. Figure 2-62 to 

Figure 2-81 show the installation sequence. 
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Figure 2-62. Integration of the indoor face of 

technology 

Figure 2-63. Detail on the connection between 

the technology and the façade frame 

  

Figure 2-64. Integration of the indoor face of 

technology, outdoor view  

Figure 2-65. Detail on the connection between 

the technology and substructure, outdoor view 

  

Figure 2-66. Indoor view, 2 technologies installed 

 

Figure 2-67. Installation of the technology 

process  
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Figure 2-68. Indoor view, 6 technologies installed 

  

Figure 2-69. Detail on the connection between 

the technology and substructure, indoor view 

  

Figure 2-70. Exterior view, 6 technologies 

installed 

Figure 2-71. Exterior view, shadowing 

technology installed 

  

Figure 2-72. Detail on the connector between the 

technology and substructure 

Figure 2-73. Exterior view, 7technologies 

installed 
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Figure 2-74. Exterior view, 9 technologies 

installed 

Figure 2-75. Exterior view, 11 technologies 

installed 

  

Figure 2-76. Exterior view, 12 technologies 

installed 

Figure 2-77. Detail on the connector between the 

technology and substructure 

  

Figure 2-78. Exterior view, All technologies 

installed 

Figure 2-79. Installation of the indoor sealing 

gaskets 
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Figure 2-80. Finishing join elements placements 

 

Figure 2-81. CommONEnergy (right) ans base 

prototype (left) installed 

After the prototype was fully installed and sealed against any infiltration of air or water, we proceeded to 

install the entire motorized system for window automation. The system chosen consisted of four engines 

SYNCHRO QUASAR (UltraFlex Control Systems), with travel up to 500mm and a force up to 300N. 

 

Figure 2-82. Detail of the system for monitoring  QUASARE 

      

Figure 2-83. Detail on integration of the system of motors into the prototype 
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Figure 2-84. Components opened without motors Figure 2-85. Motors integration into the profile 

  

Figure 2-86. Detail on integration 
Figure 2-87. Motors integration into the profile, 

bottom part 

  

Figure 2-88. Motors integration into the profile, 

upper part 
Figure 2-89. Detail on the union 
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Figure 2-90. View on the element including 

motors 

Figure 2-91. System with the motors installed 

and connected 
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3. Thermographic analysis 

To verify that all the assembly had been correct, a thermographic test to the prototype of multifunctional 

system was carried out by Acciona. In this way we could identify possible thermal bridges that could occur 

due to bad assembly or design errors. Furthermore, we could identify further improvements at the design 

level in terms of air and water tightness. 

 

 Experimental set-up 

Thermographic test was carried out by means of a high quality thermographic equipment and a Blower 

Door system was used to identify possible leaks or air inlets. Figure 3-1 to Figure 3-22 show the 

thermographic equipment, the blower door system and the thermographic data collected. 

 

 

Figure 3-1. Thermographic equipment used Figure 3-2. Blower Door System 

  

Figure 3-3. Prototype [Up-Left] Figure 3-4. Prototype Blower Door Test 
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Figure 3-5. Prototype [Mid-Left] Figure 3-6. Prototype Blower Door Test 

  

Figure 3-7. Prototype [Mid-Left] Figure 3-8. Prototype Blower Door Test 

  

Figure 3-9. Prototype [Down-Left] Figure 3-10. Prototype Blower Door Test 
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Figure 3-11. Prototype [Up-Right] Figure 3-12. Prototype Blower Door Test 

  

Figure 3-13. Prototype [Mid-Right] Figure 3-14. Prototype Blower Door Test 

  

Figure 3-15. Prototype [Mid-Right] Figure 3-16. Prototype Blower Door Test 
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Figure 3-17. Prototype [Down-Right] Figure 3-18. Prototype Blower Door Test 

  

Figure 3-19. Prototype [Up-Mid] Figure 3-20. Prototype Blower Door Test 

  

Figure 3-21. Prototype [Down-Mid] Figure 3-22. Prototype Blower Door Test 

 

 Experimental results 

From the thermographic test and the blower door test results analysis we draw the following conclusions: 

 High airtightness. We checked all the joints between modules and we could see that there was hardly 

any difference in temperature. 
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 Low level of thermal bridges. We observed that the temperature difference between inner faces of the 

profile was minimal. This indicated that the U value of the carpentry is kept constant in all sections of 

the facade. 

 High temperature of photovoltaic panel. Here we note that the photovoltaic panel is the source of 

greater heat generation. But this is solved within the design of the facade. To eliminate the passage 

of this heat, in the inner skin, a thermal insulation module was placed, creating an inner chamber, and 

stopping the heat entering the laboratory. This camera in a future improvement of the design could 

be ventilated so that we would minimize even more the entrance of heat of the panel in times of 

summer. On the other hand could take advantage of this heat generated in this space to try to 

exchange it with the interior of the room in winter times. 

 Infiltration in the perimeter joint. These points were the most conflicting; this was where the greatest 

infiltrations occurred. Solution was put through the revision of the seal and the improvement of the 

same. This would be a point to revise in the further façade design development. 

The thermographic data analysis allowed the verification of the construction design. All the assembly 

elements had been checked in terms of the thermal bridges and water tightness, avoiding and improving 

the possible design errors.  
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4. Acoustic test 

The system has been installed as a part of the southern façade in the building demonstrator (ground floor) 

built by ACCIONA in Seville. Its acoustical properties have been measured in situ and compared with a 

reference system installed in the other part of the southern façade, as shown in Figure 4-1.  

 

Figure 4-1. Southern façade of ACCIONA Building Demonstrator (Seville) 

 Experimental set-up 

The plan view of the ground floor of the test-cell can be observed in Figure 4-2. 

 

Figure 4-2. Plan view of ground floor in Building demonstrator 

The material composition of the CommONEnergy facade window and the rest of the systems enclosing 

it are described in Table 4-1 and Table 4-2. 
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Table 4-1. Composition of CommONEnergy façade window 

CommONEnergy facade window 

Glass 4.4/12/8 + ventilation louvers (50%) 

 

Table 4-2. Construction systems in Building Demonstrator 

TEST CELL Ground floor First floor 

Southern façade 

Room_1 Room_2 Room_1 Room_2 

COMMON 

ENERGY 

Window 

(4.4/12/8) 

Standard 

Glass 

Curtain Wall 

(4.4/14/4.4) 

ACCIONA 

façade 

system 

Brick wall + 

MW + 

2x15mm 

plasterboard 

Eastern façade 
Triple plasterboard partition + MW + ventilated façade of 

concrete panel 

Western façade 
Triple plasterboard partition + MW + ventilated façade of 

stone panel 

Roof 20cm hollow core slabs  

Floor structure 20cm hollow core slabs 

Main partition Triple plasterboard partition + MW 

Door Partition Triple plasterboard partition + MW 

 

 Description of the acoustic measurement procedure. 

The procedure to obtain the sound insulation of façades D2m,nT,Atr (dB) is described in ISO 140-5:1998: 

Field measurements of airborne sound insulation of façade elements and façades. 

An omnidirectional source generating a sound field with a continuous spectrum has been placed in one 

position outside the test-cell at 5 m from the façade. 

The average sound pressure level has been measured in a point at 2 m from the façade and at 4 different 

points inside the room. Background noise level inside has been measured at the same positions too. 

 

Figure 4-3. Microphone and source positions outside and inside the Building Demonstrator 
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Other parameter is the reverberation time of the room. It has been measured at 2 points using impulsive 

sources generated with balloon bursts. The frequency range analysed is from 100 Hz to 3150 Hz. 

The airborne sound insulation of façade has been calculated as the difference between both pressure 

levels, inside and outside, standardized to the reverberation time. 

The equipment used for this procedure is reported in Table 4-3. 

Table 4-3. Equipment used for the measurements 

Equipment Model 
Serial 

Number 
Brand 

Omnipower sound 

source 
4292 18018 B&K 

Audio power amplifier 2716 2604378 B&K 

Microphone 4189 2620957 B&K 

Hand held analyser 2250 2619919 B&K 

Sound level calibrator 4231 2610295 B&K 

 

 Experimental Results 

Note that the test results are only valid for the specimen tested. 

The standardized level difference is a parameter measured in situ, therefore it characterizes the 

constructive system installed in the prototype, not the constructive system in itself.  

This index can be expressed by a global value (as shown in Table 4-4) and in third octave bands (as 

shown in Figure 4-4). 

Table 4-4. Airborne sound insulation of façades D2m,nT,Atr in Building Demonstrator (Seville) 

Façade Characteristics D2m,nT,Atr Ud 

CommONEnergy Glass 4.4/12/8 + ventilation louvers (50%) 33,7 
dB 

Base Glass 4.4/14/4.4 35,8 

 

According to Table 4-4, the airborne sound insulation of the base facade system, considered as a 

common glass curtain wall, is slightly higher than the CommONEnergy facade system. This difference 

can be attributed to the uncertainty of the measurement thus the performance of both systems is, from 

an acoustical point of view, quite similar. 

Although this kind of façades provides low sound insulation, both fulfil the DB-HR requirements for 

residential and hospital areas whose Ld (Day average sound level) is ranged from 60 to 65 dB (according 

to Spanish regulations). 

The differences between the base facade and CommONEnergy facade system in third-octave bands are 

shown in Figure 4-4. 
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Figure 4-4. Airborne sound insulation of the building demonstrator façade in third-octave-bands Dls,2m,nT 

Note that the difference between global values is mainly due to the differences in mid and high 

frequencies. 
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5. Experiment set-up and monitoring 

After the assembly of the two prototypes, the monitoring and control system was installed. In this chapter 

we provide a description of the variables measured in each test cell. 

The prototypes integrated in the monitoring system are: 

 Multifunctional facade, prototype CommONEnergy 

 Conventional curtain wall facade, BASE prototype 

 

 Experiment set-up 

The lab test collects data about indoor and outdoor temperatures and surface temperatures of the façade 

modules which are needed to calibrate the energy simulation model of the façade and the test cell.  

The calibrated model will allow us to calculate key performance indicators and to assess the replication 

potential of the modular multifunctional climate adaptive façade system for other configurations in different 

climates. 

The sensors location of CommONEnergy prototype and the base prototype is shown in Figure 5-1 and 

Figure 5-2 respectively. Temperature surface sensors are located on both internal and external frame 

(Tfs) and mid-point of the glazing system (Tgs). Surface temperatures allow us to calculate the thermal 

transmittance through each façade component and to assess radiant effect of the internal façade surface 

on thermal comfort perception. 

We are also monitoring shade surface temperature and the air temperature between the shading and the 

glass to check the effect of shading on inlet air temperature. Air temperature is measured at three different 

height both in the middle of the room and at 50cm from the façade to analyse air temperature stratification. 

Air temperature behind the PV module is measured to check the feasibility of the installation of the battery 

in the cavity behind the PV module. 

 

Figure 5-1. Location of sensors in the CommONEnergy façade prototype test 
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Figure 5-2. Location of sensors in the base façade prototype test 

Each of the laboratories has a lighting system based on fluorescent lamps with a total installed power of 

4x36 W. In this case, the lighting will remain off, to control through the sensors the natural lighting of each 

laboratory. 

The location of photometric sensors within both test cells is shown as in Figure 5-3. Three photometric 

sensors are placed in the middle of the test cell at 0.8 m, 1.8 m and 2.8 m from the façade prototypes. 

The illuminance levels measured by the sensors allow to compare the façade prototypes in terms of 

lighting comfort. 

 

Figure 5-3. Location of lighting sensors in the two cells. 

Different sensors and devices have been installed to measure the selected variables. Table 5-1 reports 

the devices used for the variables measurement. 
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Table 5-1. Sensors used to monitor each variable. 

Variable Device Used 

Ambient Temperature and Relative Humidity Arcus SK02-T 

Ambient Temperature near façade at different levels ZN1AC-NTC68E Probe connected with Zennio Quad 

ZN1IO-4IAD 

Surface Temperatures (indoor and outdoor) PT1000 Probes connected with Arcus SK08-T 

Luminosity Siemens KNX / Sht11 Maxfor Device 

 

Due to malfunction of Siemens KNX luminosity sensors, Maxfor devices with SHT11 sensor were used 

to monitor luminosity inside the cell. 

5.1.1. Weather station 

A weather station, an external humidity sensor and a pyranometer are installed on the roof of the test-

demonstration building facility. The following external variables were being acquired by the monitoring 

system: 

 Temperature (° C) 

 Relative humidity (%) 

 Wind speed (m / s) 

 Luminosity (Lux) 

 Rainfall detection 

 Global radiation (W / m2) 

The objective is to be able to know what external conditions exist and what influence they have on the 

interior comfort and performance of both prototypes. In this way, we can evaluate their energy 

performance under the same known dynamic conditions. 

5.1.2. Monitoring of energy consumption 

The air conditioning of the two laboratories is supplied by means of two air-to-air heat pumps, one for 

each cell, which will provide the necessary thermal power (cold / heat). 

The items are of the brand DAIKIN, model Ururu-Sarara TXR28E (Figure 5-4) with the characteristics 

listed in Table 5-2. 

Table 5-2. Characteristics of the air conditioning unit. 

 Rated power (W) Rated consumption (W) 

Cooling(W) 2.800 560 

Heating (W) 3.600 700 

 

The heat pumps used in the experiment are able to provide: 

 Temperature control 

 Moisture control 

 Ventilation 



 

 

 

 

 

50 

Deliverable D3.4 Concept of modular multifunctional facade 

 

Figure 5-4. DAIKIN condensation and evaporation units 

By means of energy counters placed in each outlet of the current we monitored the electrical consumption 

of each unit and we derived from the COP the thermal load that each unit is providing or extracting from 

the test cell. 

Additionally, by means of a connection gateway, the following parameters can be monitored: Start / Stop, 

Setpoint temperature, Operating mode, Fan speed, Humidification, Number of hours of operation, etc. 

 

Figure 5-5. BUS / KNX connection diagram with DAIKIN equipment 

An IntesisBox DK-AC-KNX-1 is the device used to control HVAC Units. All working modes of the Daikin 

units can be actuated and also important parameters of the AC can be obtained through this KNX devices 

(Figure 5-5). 
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Figure 5-6. Monitoring diagram of the two laboratories 

 

 Communication system protocol 

Each monitoring application requires the selection of the most suitable communication technologies in 

order to transmit the measurement data from the sensors to the upper layer, in Test Facility the KNX/EIB 

protocol will be used for the collection, processing and transmission of the data of all the deployed 

sensors. A KNX control bus (Figure 5-7, Figure 5-8) has been implemented along the Test Facility using 

twisted pair (physical connection). All the sensors and actuators will be linked to this BUS which will be 

in charge of transmitting the data measured by the sensor(s) to the coordinator device and of controlling 

the actuators according to the control rules programmed on it. 

 

Figure 5-7. Detail of the BUS / KNX 
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Figure 5-8. KNX communication system protocol 

To provide access to the KNX installation allowing external devices to get data and actuate over the KNX 

devices, it is necessary any kind of gateway or entry device. There are different interfaces that can be 

chosen, but in this case Ethernet access has been selected.  

To “translate” between KNX protocol and Ethernet, a WAGO PLC, model 750-879, linked to the 

KNX/EIB/TPI 753-646 has been installed locally in the Testcell (Figure 5-9). Using this device, the KNX 

network is ready to be used for control and data collection for local and remote devices (Figure 5-10). 

 

Figure 5-9. Scheme of the communication system protocol BUS/KNX 

 

Figure 5-10. Monitoring system scheme of the main components 

5.2.1. Window Control. 

In one of the laboratories was necessary to be able to open and close 4 windows (2 upper, 2 lower) 

following a predefined logic. An Electric Chain Actuator (Synchro Quasar AC) was installed in each 
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window and the 4 actuators was controlled using a MDT JAL-0810.01 KNX Shutter Actuator. This actuator 

allows controlling all parameters for opening and closing windows: opening limits, time, etc. 

5.2.2. Photovoltaic energy management 

Inside of the project, a solar charge controller Moningstar Sunsaver was installed to control a photovoltaic 

panel. Due to the fact that communication protocol of the device was supported by the gateway installed, 

the controller was connected through USB cable and integrated in the monitoring tool (Witmo). 

 

 Sensors installation. 

The installation of all sensors was performed once the two prototypes were fully installed, mounted the 

motors and connected to the actuator within the general electrical panel. 

First, all surface temperature sensors were installed, both on the outside and on the inside of the two 

prototypes. Subsequently the ambient temperature sensors were placed inside each of the laboratories, 

finished by installing all the natural light sensors gradually along the floor of the two laboratories. 

The picture sequence in Figure 5-11 to Figure 5-20 shows the sensors installation. 

  

Figure 5-11. Sensor placement outdoors 

 

Figure 5-12. Connection of sensors to the KNX 

BUS 

  

Figure 5-13. Placement of indoor sensors Figure 5-14. Placement of indoor sensors 
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Figure 5-15. Indoor Laboratory Sensors 1A Figure 5-16. Indoor Laboratory Sensors 1B 

  

Figure 5-17. Laboratory Lighting Sensors 1B 

 

Figure 5-18. Laboratory Lighting Sensors 1A 

 

  

Figure 5-19. Laboratory temperature 1A 

 

Figure 5-20. Laboratory Temperature 1B 
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 Data collection and visualization 

WiTMo is a modular platform for remote monitoring, follow-up and analysis of any type of parameter in 

construction sites, infrastructures and installations. The platform consists of three differentiated layers: 

monitoring hardware, data collection and transmission, and web interface. 

 

Figure 5-21. Data collection and visualization process 

5.4.1. Gateway 

To collect data from all sensors deployed, an Industrial Fanless PC has been installed (Axiomtek Ebox 

530-830-FL). This device can be running continuously even with high or low temperatures without failures. 

Both Pc and PLC are connected through Ethernet. 

Inside of the PC, a specific software to manage all data download requirements of the project has been 

developed and installed, in charge of extract data from the KNX installation, translate the data to obtain 

real measure values and control devices if it is necessary. 

Main Features of the Gateway Device are: 

 Robust hardware  

 KNX software access using KNX Falcon Driver Library 

 Able to control or collect data from other different protocols (Modbus, etc.) 

 Download schedule for each individual sensor 

 Security: can be working autonomously downloading and storing locally data if any communication 

problem happens and is impossible to send data to Internet. 

 

5.4.2. Transport System 

The monitoring system deployed in the project stores data in the cloud. For this reason, it is necessary to 

be able to send all data collected locally in the pilots to the cloud storage point. Most important 

characteristics of the transport system implemented: 

 3 different parts: data producers (gateways), data consumers (cloud server) and transport software 

(in charge of connect producers and consumers). 

 Persistent messages: avoids to loose data in transport  

 Works asynchronously 
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 Independent of the internet connection available in producers (3g, lte, ads, fiber,…). 

 Independent of the platform used for the consumers and producers: can be used most of the hardware 

platforms (x86, x64, ARM, etc.) and operating system (Windows, Linux, etc.). 

 

5.4.3. Cloud Server 

A cloud server has been configured and prepared to: 

 Receive data asynchronously from any gateway device 

 Store all data received in a database 

 Daily do backups of all data stored  

 Host the web interface of the system (Witmo) to provide data access to all users allowed. 

 

5.4.4. Web interface 

Once that the data are stored in the remote service, they can be accessed through WiTMo’s web tool, 

through which it is possible to visualize and analyse the data from any computer or mobile device (tablet, 

smartphone) with Internet connection. The design of the interface has been done according to the 

Responsive Web Design approach, which allows automatic adaptation of the interface layout to the type 

and screen size of the device that is accessing the interface, so that this is displayed in an optimal way 

for the user. 

 

 

Figure 5-22. WiTMO visualization interface  
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 Measured Energy Data Analysis 

Measured data are analysed for both the base façade prototype and the multifunctional façade prototype 

and aim at characterizing the multifunctional façade and compare its performances with the base one. 

 

5.5.1. Cooling energy consumption 

The graph in Figure 5-23 compares the energy consumption due to cooling system in the 

CommONEnergy façade test room and the reference façade test room. The reported period is from 10th 

May 2017 to 19th June 2017. Although along this period the cooling system was active for both rooms, 

some monitored data are missing for certain hours and this is causing measures to be 0 Wh/m2.  

It can be easily noticed that the power demand in the reference test room is always higher than the one 

in the CommONEnergy test room. In fact, during the presented period, this last room needs almost 3.63 

kWh/m2 less than the reference one in order to be cooled down; this result is clearly underlining the 

benefits given by the CommONEnergy façade design and its active and passive control strategies for 

cooling indoor environment. 

 

Figure 5-23. Cooling energy consumption 

5.5.2. Indoor temperatures 

Figure 5-24 and Figure 5-25 show the relation between the zone temperatures of the two rooms and 

thermal categories, following the approach of the EN15251:2007. Reported data go from the 20th 

February 2017 to the 5th July 2017; it is clear that, due to the higher performances of the CommONEnergy 

façade, the internal temperature of the zone are mainly included within the first thermal category. On the 

other hand, frequently overheating issues occur in the reference room. 
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Figure 5-24. Acceptable indoor temperatures for design of buildings without mechanical cooling systems for 

CommONEnergy test room. 

 

Figure 5-25. Acceptable indoor temperatures for design of buildings without mechanical cooling systems for 

reference test room. 

5.5.3. Overheating degree hours and overheating degrees 

The amount of overheating degree hours and overheating degrees is shown in Figure 5-26. The upper 

limit temperature for overheating is assumed as 25°C and data refer to the period January-June 2017. 

With the CommONEnergy façade a total of 856.4K and 709hr of overheating degrees and hours 
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respectively is achieved, compared to 7982.5K and 1897hr that result from the use of the basic reference 

façade. The high increase in performances given by the use of the CommONEnergy façade is confirmed. 

 

Figure 5-26. Overheating degrees and overheating degree hours. 

5.5.4. Indoor temperatures comparison between the two facades  

Figure 5-27 shows carpet plots of indoor air temperatures of the test cell with CommONEnergy façade 

prototype (a) and with the reference prototype (b) and outdoor air temperatures (c). Hourly values are 

shown from the 20th to the 31st of March 2017. Bold highlighted cells are those referring to the hours 

where the natural ventilation is active, due to windows opening for more than 50% of the specific hour, 

while outlined cells those where the window opening is for less than 50% of that hour. The natural 

ventilation is only allowed by the CommONEnergy façade and it is highly increasing thermal 

performances of the room, avoiding overheating in critic hours. 

In fact, the maximum temperature reached in the CommONEnergy room is 24.97°C on the 20th of March 

at 17:00 while for the same time the temperature reached in the reference room is 57% higher, specifically 

39.23°C. 

a) 

 

23:00 21.81 20.59 20.33 19.45 19 18.09 18.29 18.63 21.48 23.18 23.1 22.89

22:00 22.36 20.79 20.5 19.7 19.28 18.22 18.52 18.71 21.78 23.61 23.6 23.37 40

21:00 22.94 21.05 20.65 19.94 19.55 18.36 18.81 18.8 22.08 23.95 24.01 23.78

20:00 23.53 21.24 20.79 20.18 19.79 18.5 19.06 18.9 22.38 24.23 24.34 24.17

19:00 24.05 21.44 20.86 20.38 20.03 18.65 19.26 18.97 22.58 24.4 24.55 24.48

18:00 24.69 21.64 20.94 20.56 20.28 18.78 19.4 18.93 22.47 24.37 24.47 24.59

17:00 24.97 21.75 21.24 20.62 20.38 18.88 19.28 18.47 22.07 24.02 24.27 24.47

16:00 24.94 21.78 21.36 20.59 20.23 18.79 18.86 18.01 21.35 23.44 23.85 24.16

15:00 24.69 21.89 21.21 20.24 19.96 18.75 18.42 17.76 20.54 22.65 23.1 23.44
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Deliverable D3.4 Concept of modular multifunctional facade 

b) 

 

c) 

 

Figure 5-27. Graph comparing air temperature stratification within the CommONEnergy room, with and 

without natural ventilation. 

Three sensors are measuring the temperature inside the room at 25 cm, 100 cm and 180 cm height. The 

graphs in Figure 5-28 and Figure 5-29 show the air temperature stratification within the CommONEnergy 

room with (Figure 5-29) and without (Figure 5-28) natural ventilation from upper and lower openable 

windows. It is evident how the automated natural ventilation is positively affecting the indoor temperature 

of the room, but the differences between the air temperatures measured by the lower and upper sensors 

are around 2K in both cases. 
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4:00 26.88 25.77 22.52 20.79 19.76 19.85 19.07 18.84 18.96 23.98 26.02 25.9

3:00 27.66 26.53 23.1 21.41 20.4 20.38 19.56 19.2 19.34 24.68 26.8 26.6

2:00 28.51 27.35 23.7 22.09 21.04 20.94 19.76 19.61 19.74 25.39 27.59 27.34

1:00 29.44 28.19 24.32 22.81 21.73 21.56 19.96 20.07 20.18 26.15 28.46 28.08 5

0:00 30.46 29.11 24.98 23.57 22.47 22.28 20.41 20.55 20.62 26.97 29.39 28.85

20/03/17 21/03/17 22/03/17 23/03/17 24/03/17 25/03/17 26/03/17 27/03/17 28/03/17 29/03/17 30/03/17 31/03/17

23:00 14.25 14.97 11.98 9.58 9.6 13.1 11.57 15.38 17.5 17.7 18.6 16.92

22:00 15.03 15.88 12.1 10.18 9.8 13.12 10.75 16.1 18 19.45 19.2 17.53 40

21:00 15.75 16.6 11.9 10.9 11.08 13.4 10.62 16.72 19.52 21.47 20.12 18.82

20:00 17.03 17.03 11.75 11.38 11.75 13.03 11.25 17.62 21.28 24.02 22.32 20.53

19:00 18.32 17.35 11.7 13.2 13.1 12.18 15.02 18.72 23.17 26.82 25.65 23.57

18:00 20.62 18.93 14.22 15.4 14.88 13.9 18.38 20.5 24.43 28 27.75 25.3

17:00 23.47 20.05 18.9 16.4 16.08 15.4 20.62 23.27 24.55 28.15 27.32 25.23

16:00 23.47 20.15 20.38 16.88 18.2 15.6 20.12 19.15 23.3 29.65 28.07 25.88

15:00 24.32 20.45 21.4 16.87 18 17.67 20.4 16.08 22.65 27.08 26.47 25.45

14:00 26.42 21.03 19.33 16.78 18.65 17.6 19.8 15.58 21.85 25.75 25.58 25.55

13:00 27.07 20.1 19.35 15.78 17.47 16.97 18.62 15.6 20.85 24.35 25.38 24.85

12:00 23.57 19.82 17.68 13.67 17.28 13.58 15.53 15.45 19.48 21.85 23 23.9

11:00 22.17 19.53 18.4 13.6 15.58 14.05 12.95 16.85 18.22 19.3 20.55 21.32

10:00 19.85 17.32 17.3 13.28 13.6 12.3 12.3 13.8 15.85 17.33 16.75 19.83

9:00 17.92 15.23 15.85 11.42 11.4 11.2 11.42 13.03 14.48 14.62 14 16.07

8:00 15.6 12.5 12.2 8.95 8.03 10.6 11.65 11.97 13.4 12.98 13.1 12.65

7:00 12.67 10.85 10.4 6.33 6.95 10.4 12.15 11.62 13.08 12.7 13.15 13.03

6:00 12.7 10.9 10.38 7.7 6.63 10.2 12.38 11.8 12.8 13.18 13.77 13.43

5:00 12.95 11.03 11.75 7.95 6.3 10.73 12.45 12.5 12.83 13.58 14.23 13.9

4:00 13.45 11.63 11.98 8.15 6.2 10.75 12.2 12.33 12.73 14.05 14.53 14.7

3:00 14.22 12.4 12.83 8.7 7.85 10.62 12.08 11.88 12.78 14.62 14.85 15.53

2:00 14.77 13.1 13.67 9.38 8.92 10.5 12.23 11.6 13.33 15.25 15.55 16.38

1:00 14.93 13.8 14.45 10.3 9.28 10.05 12.38 11.5 13.78 16.17 16.32 17.3 5

0:00 15.83 13.67 15.18 11.23 9.6 9.55 12.7 11.8 14.42 17.12 17 18.3

20/03/17 21/03/17 22/03/17 23/03/17 24/03/17 25/03/17 26/03/17 27/03/17 28/03/17 29/03/17 30/03/17 31/03/17

E
x
te

rn
a
l

C
o

m
m

o
n

R
e
fe

re
n

c
e



 

 

 

 

 

61 

Deliverable D3.4 Concept of modular multifunctional facade 

 

Figure 5-28. Indoor air temperature stratification without window opening. 

 

Figure 5-29. Indoor air temperature stratification with operating windows. 

 

5.5.5. Weighted indoor surface temperatures  

Figure 5-30 and Figure 5-31 show the monitored mean internal surface temperature of the two facades, 

respectively with off and on air conditioning system. On the right axis the graph, the global incident 

radiation is also plotted. 

Internal surface temperature of the reference façade is up to 15K higher than the CommONEnergy one 

around midday, where the incident radiation is at the highest level and there is no A/C. During night-time 
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where solar radiation is no longer an affecting parameter the surface temperatures of the two façades are 

closer with a difference of around 3K. 

 

Figure 5-30. Average indoor facade surface temperatures A/C off. 

On Figure 5-31 it is evident that thanks to the active air conditioning system, both the reference and 

CommONEnergy internal temperatures decrease while solar radiation is not affecting them any longer 

with the same intensity. The difference between the two during daytime drops to 5K while for night-time 

they almost coincide. 

 

Figure 5-31. Average indoor facade surface temperatures A/C on. 

5.5.6. PV module Ross coefficient  

A typical problem of BiPV systems (Building Integrated Photovoltaic) is the power loss due to temperature 

increase, because modules often operate close to the building envelope with low ventilation.  

Several explicit correlations exist for the evaluation of the PV module temperature, among which the 

simplest and most handy is a linear expression (i.e. Tmod=Tamb+k G) which links Tmod with the ambient 

temperature (Tamb) and the incident solar radiation flux (G). 
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Within this expression the value of the dimensional parameter k, known as the Ross coefficient, depends 

on several aspects (i.e. module type, wind velocity and integration characteristics). 

Typical values of this parameter can be found in literature in the range of 0.02-0.06 K m2/W. The Ross 

coefficient shown in Figure 5-32, results to be 0.05 K m2/W. Even if this value might be more accurately 

assessed after collecting more data over the whole year and then filtered through a filtering procedure 

(as described in [2]) this data makes already clear that it lays close to the upper part of the above 

mentioned range, as expected. 

This is due to the fact that the PV module is completely attached to a wooden substrate which acts as an 

insulation layer obstructing the module heat rejection through back-side ventilation. 

The use of a different substrate with better thermal transmittance characteristics combined with retro-

ventilation, might decrease the PV operating temperature (and thus the Ross coefficient value) thus 

slightly improving its performance (up to around 10% according to literature). 

 

Figure 5-32. Ross coefficient of PV module. 

5.5.7. Daylighting performance common energy façade   

Using annual simulations, a CMBD (Climate Based Daylighting Modelling) analysis has been done over 

the reference period, from the 1st of January till the 31st of August. In particular, the Useful Daylight 

Illuminance (UDI) has been calculated over a grid of 70 sensors. The UDI index is composed by different 

sub-indexes, the illuminance ranges and meaning of the index is reported in Table 5-3.  

 

Table 5-3. Useful daylight illuminance ranges according to occupant preferences and behavior in daylit offices 

with user operated shading devices. 

<100 lux UDI-n Insufficient source of illumination either solely or with artificial lighting 

From 100 to 300 lux UDI-s Effective supplementary source of illumination 

From 300 to 3000 

lux 

UDI-a Sufficient autonomous source of illumination – Desired or at least 

tolerable 

>3000 lux UDI-x Useful daylight illuminance is exceeded - Visual and/or thermal 

discomfort 
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Figure 5-33 and Figure 5-34 show the two indicators UDI-a and UDI-x for the two cases – base and 

CommONEnergy façade prototype. Considering the UDI-x, the reference façade has higher values than 

the CommONEnergy one, this because the first does not have a shading system to prevent overlighting.  

Looking at the UDI-a values, the CommONEnergy prototype offers a better control of the daylight 

compared to the reference case, the period of time during which the illuminance values fall into the useful 

range 300-3000 lux is in general higher especially for the area close to the façade that is the most 

sensible.   

 

  

Figure 5-33. Daylight autonomy and Useful daylight illuminance for the CommONEnergy façade. 

 

Figure 5-34. Daylight autonomy and Useful daylight illuminance for base facade. 

 

Table 5-4. Daylighting indicators for the base and the CommONEnergy façade. 

Prototype DA 300 UDIa 300-3000 UDIx 3000 

Base facade 94.6% 75.7% 18.9% 

CommONEnergy facade 77.7% 77.6% 0.0% 
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Figure 5-35 to Figure 5-40 show the measured illuminance level in both rooms at three distances from 

the façade: sensor 1, 2 and 3 respectively at 0.8m, 1.8m and 2.8m. Missing data are represented by white 

dots. 

It can be noticed that high peaks of illuminance are cut thanks to the shading system of the 

CommONEnergy façade. In this condition, visual discomfort and overheating problems could be avoided. 

 

Figure 5-35. Illuminance levels for CommONEnergy facade (sensor1) 

 

Figure 5-36. Illuminance levels for base facade (sensor1) 

 

Figure 5-37. Illuminance levels for CommONEnergy facade (sensor2) 
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Figure 5-38. Illuminance levels for base facade (sensor2) 

 

Figure 5-39. Illuminance levels for CommONEnergy facade (sensor3) 

 

Figure 5-40. Illuminance levels for base facade (sensor3) 
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6. Flexi BIPV component test 

The BIPV façade tested in EURAC outdoor Lab is a second prototype of the modular multifunctional 

façade which aims at testing the integration of the PV module. 

Compared to the façade prototype described in chapter 1, the following additional features have been 

implemented: 

 Mppt + battery system is integrated in the façade itself rather than placed in the test room; 

 the facade is here conceived as a “stand alone system” with the window actuators connected to the 

battery fed by the PV module energy autarky, while in the first façade prototype the façade system is 

connected to the grid; 

 the PV module has retro-ventilation and it is compared with a PV module without retro-ventilation. 

Moreover, being the focus of Flexi BIPV lab tests mainly on the façade part integrating the PV modules, 

the prototype is monitored in more detail compared to the test on the first prototype. This also allows a 

more detailed Trnsys model validation. 

Test results are used to address future development of the BIPV part to further improve the façade 

performance and architectural features.  

 

 

Figure 6-1. CommONEnergy façade (left), testing area rendering (center) and real prototypes for tests (right) 

The main objectives of the tests performed in the Flexi BIPV lab are: 

 to compare different configurations of the PV façade focused on temperature-related issues (facade 

with and without PV module retro-ventilation) i.e. temperature assessment of battery, air in the gap 

between the PV module and the insulation panel, PV module, envelope surfaces; 

 to detect possible problems due to temperature rise; 

 to validate a model developed in Trnsys (Type 568 + Type 56 + analytical formula ISO 15099) for 

BIPV solutions which will aim to provide design feedback concerning the façade design (structure, 

BIPV system+battery, natural ventilation); 

 to evaluate the self-sufficiency of system PV+MPPT+ battery + windows actuators. 
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 Experiment set-up 

The experiment includes two façade configurations: one façade with natural retro-ventilation and another 

one without it. The two facades configurations are identical except than for the retro-ventilation. 

The mppt tracker sun saver and battery are integrated in the façade and placed in the gap between the 

PV module and the retro insulation. 

Four actuators are installed on the facade back side and are charged with the same weight of the façade 

prototype window in order to reproduce the same electricity load. 

The PV modules are based on CIGS technology. A Flash test at STC (standard test conditions) has been 

performed in the indoor EURAC SoLaRE-PV laboratory before exposure. Figure 6-2 reports the flash test 

results of the two modules. The Pmppt and Isc measured values of the two modules are respectively of: 

 68.9 Wp and of 3.37 A for the module 61697; 

 68.0 Wp and of 3.54 A for module 60701.  

These data are used as inputs for the calculations performed in the next paragraphs.  

 

Figure 6-2. Flash test results. 

The actuators are moved through simplified control strategies based on ambient temperature 

measurements, similar to the ones implemented for the windows of the façade prototype described in 

chapter 1. 

The PV module is connected to one MPPT Solar Charge controller which manages a battery, 4 actuators 

and a LED strip. 
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Figure 6-3. PV module in the experimental configuration 

Being the PV module over-dimensioned compared to the actuators load, the charging and discharging 

current is the most restrictive factor for the battery dimensioning. Thus, the battery capacity allows for 

additional loads to be connected in order to efficiently use the PV produced electricity. For this reason, it 

was decided to connect an additional load to the system, i.e. a LED strip, considering that it is common 

practice for several commercial facade to include this option. 

   

Figure 6-4. Installation process of the experiment set-up 

 

 Data acquisition system and continuous monitoring 

In both PV installations, with and without retro-ventilation, we continuously monitored: 

 Surface temperature (connected to CRIO) 

 Ambient temperature 

 Air velocity (outside and in the ventilated gap) 

 Irradiance (vertical pyranometer) 

 PV, Battery and mppt characteristics 

Figure 6-6 shows the monitoring layout and sensors position is shown in detail in Figure 6-5, while sensors 

are listed in Table 6-1. 
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Figure 6-5. Section and front view of the PV panel installation with sensors positioning at EURAC outdoor Lab. 
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Figure 6-6. Monitoring layout. 
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Table 6-1. List of sensors used in the experiment. 

MEASUREMENT SENSOR ID TYPE POSITION 

Air temperature Inlet air temperature TA1 TC below the inlet 

Outlet air temperature TA2 TC above the output 

Mean fluid temperature TA3 TC inside the channel 

Surface 

temperature 

Back surface 

temperature 
TS1 PT100 behind the insulation panel 

Upper channel 

temperature 
TS2 PT100 

behind the wooden panel, 

behind the PV inside the 

channel 

Lower channel 

temperature 
TS3 PT100 

on the surface of the 

insulation, facing the channel 

Air velocity air velocity inside 

channel 
AN1 

Hot Wire 

1D 
inside the channel 

Layers PV Top heat loss 

coefficient (wind 

velocity) 

AN2 
Wind 

sensor 
On the pv surface 

PV Top heat loss 

coefficient (emissivity) 
   

Convective top losses 
HFP1 

fluximeter 

pv surface 
Radiative top losses 

Back losses HFP2 
insulation surface facing the 

zone 

Weather data 
Ambient temperature   

meteo station 

Incident solar radiation PYR 
Pyranome

ter 

PV PV power production EL   

PV temperature TS4 TC PV back surface 

MPPT tracker Temperature TS6  MPPT internal 

Battery 
Temperature TS5 PT100 Over the battery 

 

 Numerical model for retro-ventilation behind PV panel 

A numerical model representing the retro-ventilation behind the PV panel and its interaction with the 

façade was created within the Trnsys modelling environment. 

The type 568 [3] has been used in combination with the building type 56 for analysing the air flow in the 

channel between the building wall and the PV. One of the fundamental input for the type 568 is the one 
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regarding the inlet flow rate of the air: this parameter has been separately calculated using a balance on 

energy losses, considering the presence of a laminar flow. The procedure is described in the ISO15099 

Error! Reference source not found.. Furthermore, the balance requires as input the temperature of the f

lowing fluid, which is an output of the type 568; hence, an iterative process is established between the 

balance calculation and the type 568. 

 

Figure 6-7. Schematic representation of type 568`s interaction with wall 

Thanks to the numerical model, it is possible to analyse the following outputs, which will also be monitored 

in the experimental model: 

 Outlet fluid temperature 

 Outlet fluid flow rate 

 Useful energy gain 

 Thermal efficiency 

 Power production 

 PV efficiency 

 PV temperature  

 Upper channel temperature 

 Mean fluid temperature 

 Lower channel temperature 

 Back surface temperature 

 Convective top losses 

 Radiative top losses 

 Back losses 

 Absorbed radiation 
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Figure 6-8. Trnsys deck representation of the PV panel with retro-ventilation modelling 

 

 Experiment results 

In this section, monitored data will be analysed and compared with simulation results. 

 

6.4.1. Model calibration 

Model was calibrated using the monitored data collected from Flexi BIPV lab experiment.The calibration 

period we referred to a 10-days-long period, from 1st July 2017 to 10th July 2017. 

First parameter calibrated was the convective coefficient of the exterior surface of the PV panel. The 

formula that has been used is depending on the wind velocity and it has been found in literature Error! R

eference source not found.: 

hconvective= (2.56*Wind_velocity) + 8.55 

The graph in Figure 6-9 shows both monitored and simulated air temperature inside the ventilated cavity. 

In general, the trend of the simulated temperature is quite similar to the measured one and peak 

temperatures differ no more than 5 K. The simulation model is underestimating the mean fluid 

temperature. This underestimation is related to the fact that the retro-ventilation mass flow is calculated 

under the laminar flow assumption with empirical formulas, which overstimate the air mass flow and as a 

consequence the air temperature within the air channel is obviuosly decreased. 

Figure 6-10 shows the comparison between simulated and monitored mean air flow temperatures in non-

ventilated air cavity. In this case, the matching is even better along the 10 days, with a peak difference of 

10 K between monitored and calculated, but with an RMSE=3.74 and a CVRMSD=0.14. 
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In order to simulate the absence of retroventilation within the cavity, the number of holes has been put to 

0.0001. 

 

Figure 6-9. Mean fluid temperatures (ventilated cavity) monitored/calculated 

 

Figure 6-10. Mean fluid temperatures (non-ventilated cavity) monitored/calculated 

In Figure 6-11 and Figure 6-12, the monitored and calculated PV temperatures of the ventilated and non-

ventilated prototypes are compared. Also this analysis gave good matching results between the model 

and the test; for the ventilated condition RMSE=4.23 and CVRMSD=0.16. In the non-ventilated case the 

RMSE=4.36 and CVRMSD=0.16. PV temperature is strongly affected by the incident radiation and the 
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convective coefficient of the surface. In our experiments, the radiation on the PV is measured by a 

pyranometer and it has been given as an input to the model within the calibration process. Therefore, we 

assume the mismatch between measured and simulated PV temperatures are mainly related to the 

convective coefficient equation used.  

 

Figure 6-11. PV surface temperature (ventilated) monitored/calculated 

 

Figure 6-12. PV surface temperature (non ventilated) monitored/calculated 

The graphs in Figure 6-13 and Figure 6-14 show the comparison between the temperatures behind the 

back surface of the cavity. Both for the ventilated and non-ventilated condition the trends of monitored 

and calculated temperatures are correctly matching (maximum difference is within 5 K). 
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Figure 6-13. Temperature behind ventilated cavity insulation – monitored/calculated 

 

Figure 6-14. Temperature behind non-ventilated cavity insulation – monitored/calculated 

The analyses on the monitored and calculated data gave really positive general results with an 

RMSE=4.87 and a CVRMSD=0.17 and it shows that Trnsys model can reproduce with a good 

approximation the behaviour of a building integrated photovoltaic panel with retro-ventilated cavity.  
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6.4.2. Monitored results 

In the following part the comparison between the monitored data in ventilated and non-ventilated cavity 

are presented.  

In Figure 6-15 it is possible to see how the temperature of air flowing in the cavity behind the PV module 

is influenced by the presence of retro-ventilation.  

The monitored temperature in the non-ventilated cavity reaches ~54°C, respect to the ~44°C in the 

ventilated one. Mean fluid temperature in the non-ventilated cavity can be up to 10 K higher than in a 

ventilated cavity. Temperatures higher than ~55°C in the cavity could cause damages to electrical 

equipment (i.e. battery) located in that position.  

 

Figure 6-15. Mean fluid temperatures (monitored data) ventilated/non-ventilated cavities 

Figure 6-16 presents the comparison between PV temperatures in ventilated or non ventilated conditions. 

This temperatures are mainly influenced by the radiation hitting the modules and the outdoor conditions. 

No particular benefit of the retroventilation on PV panel temperature is observed. 

Figure 6-17 shows the monitored surface temperature behind the insulation layer of the ventilated and 

non-ventilated cavity. It is interesting to notice how the temperature behind the back insulation of the 

cavity (sensor name: TS1) is affected by the temperature of the air flowing in the channel. In this 

experiment, the inner part of the cavities have been insulated and that is why the temperature behind 

insulation in the non-ventilated condition is slightliy higher (avg. ~ 1°C and maximum ~3°C) respect to the 

ventilated condition. Anyway, this information can be very important to identify the most appropriate 

thickness of the insulation layer to put in this position, in order to prevent indoor ambient from overheating 

without a waste of insulating material and for the optimization of the space in the cavity for electric 

equipment. 
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Figure 6-16. PV surface temperature (monitored data) ventilated/non-ventilated cavities 

 

Figure 6-17. Surface temperature behind non-ventilated cavity insulation (monitored data) – ventilated/non-

ventilated cavities 

Table 6-2 shows the peak temperature reached on the surface of the batteries inside cavities and it is 

possible to notice that, due to the non-ventilated condition the battery temperature can easily increase, 

although in this specific case it is still within suggested operative temperature range. 
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Table 6-2 Maximum surface battery temperature 

Temperature Battery (from 30.06 to 06.09) 

Ventilated NON-Ventilated 

MAX 49.3 °C MAX 52.3 °C 

TIME OF 

MEASUREMENT: 

05.08.2017 15:25:30 

TIME OF 

MEASUREMENT: 

05.08.2017 14:31:30 

 

 BIPV façade design guidelines 

The experiment performed and the analysis carried out allowed us to drive some conclusions in form of 

design guidelines for the BIPV façade. 

 

6.5.1. System design feedback 

PV module is over-dimensioned compared to the window actuators load. 0.5 heq (equivalent hours) would 

be enough to guarantee 5 days operation. It means that, if working at STC conditions, in 0.5 hour the PV 

module would produce enough energy to power the actuators for 5 days considering a worst case 

scenario of 6 actuator operations every day. In fact, considering an average summer daily sun irradiation 

in Bolzano and Seville, the power production by the 68W module would be respectively ~200Wh and 

~150Wh [5], while, considering 2 complete openings and closing of windows would require almost 3.3 

Wh. Thus, the charging and discharging current is the most restrictive factor for the battery dimensioning. 

The battery capacity allows for additional loads to be connected in order to efficiently use the PV produced 

electricity. For this reason, it was decided to connect an additional load to the system, i.e. a 1.73-meter-

long LED strip requiring 10 W/m. The LED strip operates for 2 hours/day during evening. In this condition, 

the energy needed from the grid is still very low along the year (~50Wh) 

 

6.5.2. Feedback from simulation results 

The calibrated model allows us to evaluate the air cavity temperature over the whole year using standard 

weather data from Seville and Bolzano [7]. This analysis is replicable in every climate and in particular, it 

is possible to have an overview of the performance of the BiPV in different operating conditions, as well 

as making considerations on internal cavity temperature that can be reached along a typical year. 

In Figure 6-18, the air temperatures reached within ventilated and non-ventilated cavities in Seville are 

presented. Benefits in temperature reduction due to ventilation are evident. The maximum temperature 

difference between non-ventilated and ventilated condition is ~28°C and the average different is ~5°C. 
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Figure 6-18. Mean fluid temperature in the cavity behind PV module in Seville – comparison between ventilated 

and non ventilated box. 

PV power production comparing the two ventilation conditions in Seville are showed in Figure 6-19. Here, 

it is possible to notice that the PV production is slightly influenced by the temperature growth with an 

yearly energy production of ~49.88KWh for the ventilated condition, instead of ~49.78KWh for the non-

ventilated one.  
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Figure 6-19. PV power production along the year in Seville – comparison between ventilated and non ventilated 

cavity 

Figure 6-20 shows the mean fluid temperature which can be reached along the year (from 1st January to 

25th November) with different retro-ventilation conditions, in Bolzano. A good air flow behind the PV panel 

allows a temperature reduction of more than 10K. 

 

Figure 6-20. Mean fluid temperature in the cavity behind PV module in Bolzano – comparison between ventilated 

and non ventilated box. 
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In Figure 6-21 the PV power production in Bolzano is presented. Small differences in PV efficiency are 

given by the registered changes in boundary temperature (43.78 kWh in ventilated condition and 43.75 

kWh in the non-ventilated one). This is probably due to the fact that the PV panel is insulated from the 

cavity with a wood panel. However, further developments of the façade concept will consider other 

materials for the panel and the PV production is expected to be more significantly affected by retro-

ventilation.  

 

Figure 6-21. PV power production along the year in Bolzano – comparison between ventilated and non ventilated 

cavity 

Thanks to the Trnsys model which has been developed, annual simulation has been performed and 

important results have been analysed. Benefits of the retro-ventilation within the cavity have been stated, 

proving that critical temperatures can occur in case of absence of air flow; too high temperatures can 

cause overheating problem within the indoor environment, as well as damaging electronic components 

positioned in the cavity. 

The whole experimental activity gave the possibility to compare different configurations of the PV façade 

focused on temperature-related issues (facade with and without PV module retro-ventilation) i.e. 

temperature assessment of battery, air in the gap between the PV module and the insulation panel, PV 

module, envelope surfaces; it has been demonstrated that the presence of a retro-ventilated cavity behind 

the module can have positive effects on air temperature, avoiding possible damages of batteries and 

electrical components due to overheating. Moreover, also the indoor ambient adjacent to the cavity can 

be positively affected by the decrease in temperature given by ventilation. In addition, an accurate 

evaluation of cavity temperatures is needed in order to optimize the thickness of the insulation layer 

needed between the cavity and the indoor room. 

Within this work it has also been possible to validate a model developed in Trnsys (Type 568 + Type 56 

+ analytical formula from the ISO 15099) for BIPV solutions which will aim to provide design feedback 

concerning the façade design. This model, combined with the Trnsys analysis of PV power production 

and loads demand can give useful information for the evaluation of the self-sufficiency of the system, 

contributing to the development of a standing alone façade module.  
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7. Energy simulation model calibration 

One full scale mock-up has been installed in Seville. Two others samples have been manufactured 

focussed on air cavity behind the BIPV system. All systems have been equipped for testing. The lab tests 

have collected data about indoor, outdoor and surface temperatures of the façade modules. 

Thanks to the model calibration, we will be able: 

 to calculate key performance indicators; 

 to assess the replication potential of the modular multifunctional climate adaptive façade system in 

other climates and other configurations. 

 Model calibration procedure 

Four model configurations have been foreseen to assess specific aspects of the façade heat transfer and 

electricity balance. 

 M0: the façade is simplified and considered as a homogenous material with area equal to the real 

façade. Thanks to the calibration process described below, using only measured data without solar 

radiation, an equivalent U-value can be derived. 

 M1: the façade is modelled in detail in its main parts. The window and shading system, the natural 

ventilation openings, the PV box. 

 M2: this model focuses only on the PV box, assessing the thermal behaviour in case of ventilated and 

non-ventilated cavity (focusing in particular on the natural ventilation algorithm) 

 M3: the fourth model will merge all the components and algorithms validated and calibrated through 

the previous modelling activities. This model will be then used for the assessing of key performance 

indicators and the replication potential. 

Model calibration procedure was performed in several steps starting from the heat transfer model of the 

surface representing the façade to the room air model of the zone representing the test cell. 

Each calibration step consists of a multi-parameter optimization process that aims at minimizing the error 

between monitored and simulated data. Therefore, the output of the calibration will be the definition of 

model parameters values that minimize the error between monitored and simulated data. 

Measured variables will define the boundary condition settings of the model at each calibration step.  

Table 7-1 reports the planned calibration steps with boundary condition settings, parameters to be 

calibrated and the cost function, as well as the corresponding monitoring period. 

Table 7-1. Model calibration steps. 

Step 

nr  

Model type  Boundary 

settings  

Parameters to 

calibrate  

Cost function  Series of 

measured 

data to look 

at  

1 M0: Thermal 

model, façade 

as opaque 

massless 

surface  

Outdoor surface 

temperature of 

the façade 

module & outdoor 

temperature,   

solar radiation  

Thermal characteristic 

(U-value) of the façade 

module, considering it 

as one opaque layer 

without windows.  

Indoor air 

temperature 

minimizing the 

difference:  

∑(Tsim– Tmon)  

No cooling 

system  

No windows 

opened  
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for adjacent 

rooms/conditions 

to the test cell  

2 M1: detailed 

façade 

representation 

with opening 

area for 

windows  

Window position 

and mass flow 

from model (two 

openings single 

sided ventilation), 

Outdoor 

temperature  

Solar radiation 

Natural ventilation 

model: effective 

opening area  

Indoor air 

temperature and 

indoor and 

outdoor surface 

temperatures 

∑(Tsim– Tmon)  

Windows 

opened  

3 M2: thermal 

and electric 

model, only PV 

cavity  

Using flexi-test 

data: outdoor 

temperature and 

solar radiation 

around the box  

PV module – thermal 

properties  

Air cavity 

temperature  

∑(Tsim– Tmon)  

  

4 M3: 

combination of 

previous steps 

Using GenOpt 

algorithm and 

previous 

boundary 

conditions for 

every component  

Ambient and surface 

temperatures of 

commONEnergy 

TestRoom 

Indoor air 

temperature and 

indoor and 

outdoor surface 

temperatures 

∑(Tsim– Tmon)  

 

 

All models were created in the software SketchUp, with the TRNSYS 3d plugin, and was then imported 

in TRNBuild (Type 56). In model M3 each test cell is considered as a separate thermal zone with 

characteristics that will be later assigned in the TRNBuild environment. At this phase, the geometry is 

created and the type of construction (ceiling, roof wall, floor, and window) and boundary conditions 

(adjacent, external, internal, boundary) of the elements are set. 

The walls, roofs and floors have been modelled according to their detailed stratigraphy as shown in Table 

7-2. They are identical for every zone. 

Table 7-2 Layers and thermal characteristics of construction elements 

Element Material Thickness 

[mm] 

Conductivity 

[W/mK] 

Density 

[kg/m3] 

Thermal 

capacity 

[J/kgK] 

U-value 

[W/m2K] 

 wood chip 

panel 

20x2 0.12 550 1700  

 extruded 

polystyrene 

100 0.03 15-25 1450  

Upper slab alveolar 

slab 

200 0.35 750 840 0.144 

 mineral 

wool 

100 0.042 60-130 1030  

 gypsum 

plasterboard 

15x2 0.21 653 1000  

 wood chip 

panel 

20x2 0.12 550 1700  
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Floor extruded 

polystyrene 

300 0.03 15-25 1450 0.090 

 alveolar 

slab 

200 0.35 750 840  

 gypsum 

plasterboard 

15x2 0.21 653 1000  

 mineral 

wool 

200 0.042 60-130 1030  

External side air gap 150 1.2 1.3 1000  

wall gypsum 

plasterboard 

15x2 0.21 653 1000 0.128 

 mineral 

wool 

100 0.042 60-130 1030  

 gypsum 

plasterboard 

15 0.21 653 1000  

 gypsum 

plasterboard 

15x2 0.21 653 1000  

Adjacent wall mineral 

wool 

200 0.042 60-130 1030 0.260 

 gypsum 

plasterboard 

15x2 0.21 653 1000  

 gypsum 

plasterboard 

2x15 0.21 653 1000  

Back wall mineral 

wool 

300 0.042 60-130 1030 0.133 

 gypsum 

plasterboard 

15 0.21 653 1000  

The rooms of the test cell are represented in Figure 7-1. 

 

Figure 7-1. Test cells in Seville schematic representation 
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7.1.1. Model M0: Façade as opaque massless layer 

Using the measured data as boundary conditions, the simulation in TRNSYS has been performed in free-

running conditions (HVAC, lighting and any electric devices are always off). Moreover, in order to exclude 

solar radiation, only night-time hours have been considered. Since one façade has been modelled with 

its transparent parts while the other is reduced to an opaque surface, solar radiation would be affecting 

single-sided the overall model if it was to be considered. Solar gains and temperature rise would be 

allowed in the case of the base prototype but not in the case of the multifunctional façade and this would 

lead to inconsistencies against the measurements. This method ensures that the same conditions are 

applied to every room of the TestCell and parameters that affect unevenly the model, are omitted.  

The initial temperature and relative humidity have been set to 18.7°C and 46.8% respectively, values that 

correspond to the measured data for the chosen period (March 25th to March26th). For the other two zones 

(Base and Room B), the values of 20°C and 50% are set according to default values of desired internal 

conditions of conditioned areas.  

The defined thermal zones and their main relevant features are gathered in Table 7-3. The thermal 

capacitance has been kept to 1.2*Volume, value automatically calculated by TRNSYS simulation studio. 

Table 7-3 Zone initial conditions. 

Zone  Volume 

[m3] 

Capacitance 

[kJ/K] 

Initial Temperature 

[°C] 

Initial Rel. 

Humidity 

[%] 

Multifunctional 14.8 17.3 18.7 46.8 

Base 14.8 17.3 20 50 

Room B 4.794 5.752 20 50 

 

For rooms A and B of the TestCell, for which materials and measurements are not available, the following 

simplifications have been made: 

1. Room A has been excluded from the model and only the boundary conditions of adjacencies have 
been considered. 

2. Room B has been reduced to a zone consisted by its upper and lower surfaces. They are needed 
in order to define one thermal zone and have been set as mass-less layers. 

 

Figure 7-2. 3d model M0 of Test Cell showing the way upper rooms are considered 
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Table 7-4 Thermal transmittance of CommONEnergy and reference prototypes. 

  U-value 

[W/m2K]  

CommONEnergy 

façade  

2.70  

Reference façade  2.87  

 

The results were achieved by accepting a temperature difference, between monitored and simulated data, 

that did not exceed 1K at any given time. 

 

Figure 7-3. Indoor air temperature of CommONEnergy test cell – Monitored vs Simulated 

 

Figure 7-4. Internal surface temperature of frame – Monitored vs Simulated 
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7.1.2. Model M1: Detailed model 

In this model, the Multifunctional façade prototype has been fully defined according to all elements 

composing it (windows and windows’ operational function, BiPV, shading devices). For each of these 

elements, as well as for the structural frame, a before-hand analysis of the thermal and/or optical 

characteristics was performed to assess those properties and describe them fully. 

Specifically, for the glazing units, their visible transmittance and centre-of-glass U-value has been 

assessed with the use of Window LBNL and Optics software Error! Reference source not found. that c

omply with EN 673 Error! Reference source not found.. The glazing unit is a double pane unit with 

thickness 8/12/4+4 and filled with a mixture of Argon (90%) and Air (10%). The results were fairly similar 

to the ones given by the manufacturer and therefore satisfactory (less than 1% difference).  

The thermal performance of the curtain walling was evaluated according to the procedure described in 

UNI EN ISO 12631 [10]. The first step is the identification of reference areas of the façade; they are 

distinguished according to their thermal characteristics (glazing units, opaque panels, frames etc.). They 

were then further subdivided into elements of different thermal properties (frame, glazing, mullions, 

transoms etc.). The calculation of thermal transmittance of individual elements was performed according 

to EN UNI 10077-2 [11]. The analysis was carried out with the software Mold Simulator Error! Reference s

ource not found.. The geometry of junction areas was drawn in the software, materials were assigned 

according to the datasheets and boundary conditions were set as defined in the aforementioned standard. 

In order to assess the overall detail, the frame was subdivided in the parts consisting the upper and lower 

window frames (Figure 7-5 a) b) and c) respectively). Separate simulations were performed which 

produced the results of Table 7-5, regarding U-values and thermal bridges of upper and lower detail.  

 

a) 

 

b) 

 

c) 

 

 

Figure 7-5. Distinction of frame elements (Mold Simulator environment) 

 

Table 7-5 Simulation results of thermal characteristics 

Element U-value 

[W/(m2K)] 

Ψ 

[W/(mK)] 

Upper frame 3.90 0.092 

Lower frame 3.15 0.095 

 

For taking into account the behavior of the overall detail, a third simulation was performed to calculate 

the overall heat flux. The previously calculated values were assigned to the elements and the thermal 
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bridge due to the joint with the transom, as well as its thermal transmittance, were evaluated. These 

resulted to be ψtot=0.21W/(mK) and Utransom=3.21 W/(m2K) 

Regarding the shading devices, since in TRNSYS 17 materials, reflection and curvature are neglected, 

and their influence is not taken into account in its full extent, an alternative approach was followed. The 

façade was modelled in detail in Rhinoceros 3D and a radiation analysis was performed with the use of 

Honeybee (Grasshopper plugin) Error! Reference source not found. by creating testing surfaces in f

ront of and behind the blinds and calculating the total amount of incident radiation on both surfaces. 

Contrary to TRNSYS Type 34 Error! Reference source not found., material properties are accounted f

or with this approach. By dividing the two, a shading factor corresponding to the contribution of the blinds 

in reducing the amount of incoming radiation is calculated and provided as external shading factor in 

TRNBuild. 

Finally, the BiPV has been represented in TRNSYS by type 568, as described in chapter 9.3. Since no 

retro-ventilation is active in this system, mass flow rate has been set to zero. 

The period for which the calibration was performed is from the 13th of February (h 13:00) to the 3rd of 

March (h 18:00), period for which heating and cooling systems were not operating and consecutive data 

were available. A weather file was created using measured data of air temperature and wind velocity 

while for radiation the data were taken from the Copernicus Atmosphere Monitoring Service (CAMS) [16]. 

The TRNSYS model was then compiled. The zones´ initial conditions are reported in Table 7-6.  

Table 7-6. Zone initial conditions. 

Zone  Volume 

[m3] 

Capacitance 

[kJ/K] 

Initial Temperature 

[°C] 

Initial Rel. 

Humidity 

[%] 

Multifunctional 14.8 148.31 17.5 52 

Base 14.8 148.31 26.6 34.1 

 

For the other two rooms of the TestCell, the same simplifications as in Model M0 were adopted. 

 

Figure 7-6. TRNSYS deck of detailed model M1 
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In model M1 a sensitivity analysis was carried out by varying numerous parameters in order to identify 

the most influencing ones. The results are presented below. 

Due to issues with measured radiation data the parameter that was altered in order to achieve a calibrated 

model was mainly radiation and shading coefficient of blinds. Various attempts were performed in order 

to balance the influence of the available measurements. A study [16] was performed comparing the data 

from the meteorological station of Bolzano, and the ones from CAMS radiation service showed that the 

RMSE was 13.8% regarding Global Horizontal Irradiance, 12.0% regarding Direct Normal Irradiance and 

13.4% regarding Diffuse Horizontal Irradiance but it has been considered acceptable as backup option 

instead of using measured data (which were not available). 

The more representative results are gathered in Figure 7-7 to Figure 7-11. The results correspond to the 

initial simulation (sim0), the simulation performed by decreasing incident radiation and infiltration rate 

(80% and 20% of the initial radiation and infiltration respectively)(sim2) and finally by setting the shading 

factor from a varied number according to hour of the day, to a fixed value of 0.5 with an additional 

decrease of incident radiation (30%) (sim4) providing the best results among the various simulations that 

were performed. 

Regarding the ambient temperature (Figure 7-7), the initial simulation deviated to up to 9.8K. Infiltration 

rate had no significant impact during daytime and only achieved to slightly smooth the results in some 

cases, during night-time. High infiltrations rates were also tested with the outcome being that only 

extremely high rates affected the behaviour. The main factor to which the model performed better appears 

to be the variation in radiation with which a maximum deviation of 2.6K was achieved (sim4).  

 

Figure 7-7. Comparison between monitored and simulated ambient temperatures 

The same trend was followed on the internal surface temperatures of windows (Figure 7-8). From an 

initial maximum temperature difference of even 15K, with reduced radiation this was limited to maximum 

6.9K during the whole period. Different kinds of glazing were used with the same thermal and optical 

properties, provided by the manufactures ´datasheet, to ensure no mistakes were performed in the 

modelling of the glazing.  
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Figure 7-8. Comparison between monitored and simulated internal surface temperatures of lower window 

The same behaviour was observed in the case of the internal surface temperatures of the frame (Figure 

7-9). This time the maximum initial temperature difference of 9K was dropped to approximately 5K. Other 

approaches that were used were to balance the thermal bridges in order to exclude the possibility of over- 

or underestimating them. 

 

Figure 7-9. Comparison between monitored and simulated internal surface temperatures of frame 

The external surface temperatures of the windows (Figure 7-10), reached closer to the monitored data 

from the first simulation (maximum deviation of 4K). With the decrease in radiation this was further 

reduced, achieving a ΔΤ=2K. 

 

Figure 7-10. Comparison between monitored and simulated external surface temperatures of lower window 
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The graph in Figure 7-11 reports the external temperature of the frame. In this case, insignificant 

improvements were achieved by altering various parameters in numerous simulations. The possibility of 

obstructions in the surrounding area that interfere with the measurements has to be taken into account. 

 

Figure 7-11. Comparison between monitored and simulated external surface temperatures of frame 

The results are not satisfying in order to provide a calibrated model. Parameters such as radiation 

intensity measurement and possible errors in sensors´ calibration have to be considered and evaluated. 

Further modifications focusing on using high performance glass, evaluation of the thermal transmittance 

of the façade as an element and others, will be implemented in order reach better results.  

 

7.1.3. Model M2: Thermal and electrical model of PV 

For the BiPV model, the configuration that has been described in par. 6.3 related to the PV module of 

Flexi outdoor lab has been used. The parameters have been set accordingly and the number of holes 

were set to 0.0001 to simulate the non-ventilated photovoltaic unit.  

 

Figure 7-12. TRNSYS deck of PV model M2 

From the simulation, the results showed that the temperature that was developed in the PV cavity was 

significantly higher compared to the monitored data (Figure 7-13).  
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Figure 7-13. Monitored and Simulated temperature in the PV cavity 

To address the problem, an outside airflow rate was introduced in the cavity, starting at a low amount and 

increasing gradually until more satisfactory results were obtained. Furthermore, the equation Error! R

eference source not found. that was originally used to describe the wind induced convective heat 

transfer coefficient of the exterior surface of the PV panel was substituted by two other equations found 

in literature. The first that was tested was the result of a field test conducted by Sharples and Charlesworth 

(1998) Error! Reference source not found. that provided the following relationship between wind t

ransfer coefficient and wind speed: 

hw= (3.30*Wind_velocity) + 6.50 

The second was the outcome of the two-year experiment performed by Suresh Kumar and S.C. Mullick, 

2010 [18] in order to determine the correlation between the two parameters on a flat plate collector 

situated on a rooftop of a building in the Indian Institute of Technology Delhi. The study concluded in the 

following correlation: 

hw= (3.87 ± 0.13)*Wind_velocity + (6.90±0.05) 

All three formulas provided similar results; only small differences were observed in the outcome of the 

simulation. The one provided by Kumar and Mullick was chosen due to slightly better agreement between 

measurements and simulation. The scatter around the mean that the authors indicated (β and γ in the 

calibration procedure) was introduced in the model as an uncertain parameter to be calibrated. 

The results of manual calibration are presented in Figure 7-14 and Figure 7-15. 

Trials were performed with various infiltrations rates by adding holes of 6.5mm radius each, on the surface 

of the PV. Simulation 4 corresponds to adding 10 holes, and gave dissatisfying results. Finally an amount 

of 50 holes was tried and provided the best results (during daytime the results almost coincided). 

Considering though that this amount of flow rate resembles to having a total of 64 holes, this practically 

means having a fairly retro-ventilated BiPV. 



 

 

 

 

 

95 

Deliverable D3.4 Concept of modular multifunctional facade 

 

Figure 7-14. Monitored and Calibrated model´s temperature in the PV cavity 

Surface temperature of the PV was achieved again by decreasing the amount of radiation incident on its 

glass, while in contrary to the cavity temperatures, the difference during night-hours was not significantly 

improved. Considerations regarding convective heat transfer coefficient and overestimation of air flow 

have to be made. 

 

Figure 7-15. Monitored and Calibrated model´s temperature of external surface of PV 

 

7.1.4. Model M3: Overall model 

In the final model the previous steps were combined. The model was calibrated with the use of GenOpt, 

a generic optimization programme developed by LBNL which allows the minimization of an objective 

function implemented in a simulation software, in this case TRNSYS. In GenOpt, the parameters to be 

varied are specified by the user in the “Optimization commands” along with other factors related to the 

optimization algorithm. In this occasion, after having already performed a sensitivity analysis and a 

manual calibration, a total of 22 parameters were chosen and are: 
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 Infiltration rate 

 Discharge coefficient for the naturally ventilated window 

 Incident radiation coefficient on the façade plane 

 Solar Factor coefficient for frame, upper and lower window 

 Convective heat transfer coefficient of back surfaces 

 Convective heat transfer coefficient of front surfaces 

 Solar Absorptance and long wave Emission of back and front surfaces of walls 

 Solar Absorptance and long wave Emission of windows 

 Zone capacitance 

 Resistance of frame 

 Air flow rate in the PV 

 Wind transfer coefficient (β and γ) 

The objective function that was chosen to be minimized was the Root Mean Square Error (RMSE) of the 

ambient temperature and the internal surface temperature of the windows. 

The results of this step are presented in par. 7.2. 

 

 Calibrated model results 

The results of the calibration with GenOpt produced a RMSE=0.81 K compared to the 1.29 K that was 

achieved by the manual calibration. The final parameters to produce this value are reported in Table 7-7. 

 

Table 7-7. Outputs of GenOpt 

Infiltration rate [vol/hr] 0  

Discharge coefficient for the naturally ventilated window [-] 0.2 and 0.69 

Incident radiation coefficient on the façade plane [-] 1 

Solar Factor coefficient for frame, upper and lower window [-] 4, 1, 4 

Convective heat transfer coefficient of back surfaces [kJ/(hm2K)] 98  

Convective heat transfer coefficient of front surfaces [kJ/(hm2K)] 30  

Solar Absorptance of back surfaces of walls [-] 0.28 

Solar Absorptance of front surfaces of walls [-] 0.33 

Long wave Emission back surfaces of walls [-] 0.7 

Long wave Emission front surfaces of walls [-] 0.8 

Solar Absorptance of windows  [-] 0.4 

Long wave Emission of windows [-] 0.8 

Zone capacitance [-] 12 

Resistance of frame [(hm2K)/kJ] 0.087  

Air flow rate in the PV [kg/hr] 0.6  

Wind transfer coefficients (β and γ) [-] 3.75, 6.95 
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Concerning the ambient temperature (Figure 7-16), a better agreement between simulation and 

monitored data was achieved with the use of GenOpt. Even though the maximum temperature difference 

that was encountered is 3.42K, on the 2nd of March at 13:15, an average of 0.63K was achieved.  

 

Figure 7-16. Ambient temperature after calibration 

Regarding the internal surface temperatures of the lower window (Figure 7-17), even if there is a 

maximum difference of 4.96K which occurs on the 24th of February at h 17:15, throughout the rest of the 

period the results converge and the mean temperature difference for the specified period has dropped to 

0.21K. 

 

Figure 7-17. Internal surface temperature of lower window after calibration 

The internal surface temperature of the frame (Figure 7-18) has the same response as the window with 

an average temperature difference of 0.42K but again a maximum of 5.44K is occurring as before on the 

24th of February at h 17:15. 
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Figure 7-18. Internal surface temperature of frame after calibration 

The final model developed (M3) shows an acceptable agreement between measured and simulated data 

in terms of RMSE. However, some lower and upper peaks are not well represented with maximum 

temperature difference of around 3 K. The uncertainty on measurements is difficult to be quantified 

because of a not clear understanding especially related to the solar radiation sensors installation. 

 

 Performance evaluation of multifunctional façade prototype in 

other climates 

The model calibration that was achieved, allows to perform simulations in different climates, therefore 

predict drawbacks of the current configuration of the multifunctional climate adaptive façade system and 

evaluate its performance. Hence, a better understanding of its replication potential will be acquired.  

The locations that were chosen for the simulations are Seville (Spain), Trondheim (Norway) and Modena 

(Italy).  

Simulations are run both in free-floating mode, to analyse passive behaviour, and in unlimited heating 

and cooling power mode to assess heating and cooling loads. 

For the calculation of heating and cooling loads the set point temperatures that were imposed and the 

schedule that was assigned, are shown in Table 7-8. 

 

Table 7-8 Set point temperatures and operating hours 

 

Winter Summer 

Temperature 17.5°C 24°C 

Relative Humidity 50 50 

Working hours 8:00am to 21:00pm 

(Monday to Saturday) 

8:00am to 21:00pm  

(Monday to Saturday) 

 

7.3.1. Façade performance in the Seville climate 

A free-running simulation was performed to obtain indoor ambient temperature of the zone. In Figure 7-19 

and Figure 7-20, the ambient temperature is plotted against the external temperature for the coldest and 

hottest week respectively. It is evident that due to the performance of the façade, in the coldest season 
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high temperatures are maintained in the room achieving an average ΔT=14.35K between internal and 

external environment.  

 

Figure 7-19. Indoor ambient temperature during the coldest week (Seville climate). 

During the hottest period on the other hand (Figure 7-20), as expexted a slight drop of temperature is 

achieved during daytime thanks to the window openings. The average temperature difference is in this 

case 0.63K although a maximum of even 5K was observed.  

 

Figure 7-20. Indoor ambient temperature during the hottest week (Seville climate). 

In Figure 7-21, the required heating and cooling loads are reported, according to the configuration 

reported in Table 7-8. The total heating load is 10kW while the total cooling load 353kW, consisting the 

3% and 97% of total sensible loads for the year.  
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Figure 7-21. Energy consumption over a typical year (Seville climate). 

In Figure 7-22 to Figure 7-24 indicators related to indoor comfort of naturally ventilated spaces are 

reported. For climates such as that of Seville, indoor comfort is guaranteed with the exception of extreme 

temperatures in which case the categories limits are not respected. Figure 7-22 shows the percentage of 

time when comfort conditions are compliant with adaptive comfort categories. During 51% of the occupied 

time, the temperature levels in the zone remain in the comfort limits while 19% in total exceed upper and 

lower limits of category III. Figure 7-22 also reports the percentages of time when indoor conditions can 

be considered as comfortable and the ones exceeding all uppers and lower limits.  
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Figure 7-22. Acceptable indoor temperatures according to the adaptive comfort model (Seville climate). 

 

Figure 7-23. Percentage of time in the specified limits (Seville climate). 
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In Figure 7-24 the cumulative frequency of the temperature ranges can be seen. For a total of 5206 hours 

the temperature remains between 20°C and 25°C, while for 2191 hours the temperature is in the range 

of 25 -30°C, numbers corresponding to 59.4% and 25.0% respectively. Considering that the external 

temperatures are significantly high, maintaining indoor temperatures, without mechanical systems, at 

these ranges is greatly satisfactory.  

 

Figure 7-24. Distribution of hours in temperature ranges (Seville climate). 

In Figure 7-25 the mean fluid temperature of the PV module is reported. High temperatures in the PV 

cavity can affect its performance reversely and therefore should be avoided. The fact that the maximum 

temperature is less than 50°C is an indication that nonetheless the temperatures reached are within the 

acceptable limit and may not significantly affect its performance. 

 

Figure 7-25. PV module mean fluid temperature (Seville climate). 
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7.3.2. Façade performance in the Trondheim climate 

The same figures were plotted for Trondheim. In the case of the coldest week (9 January to the 16 

January), the ambient temperature (Figure 7-26) could not be kept at high enough levels to guarantee 

comfort (since a much colder climate is considered compared to that of Seville), but still an average 

ΔT=2.6K between indoor and outdoor has been achieved. It is noteworthy to point out, that for extremely 

low outdoor temperatures, maximum low -15.8°C, the corresponding indoor temperatures is even 12°C 

higher. 

 

Figure 7-26. Indoor ambient temperature during the coldest week (Trondheim climate). 

The hottest week is the 18th of July to the 25th. In this case (Figure 7-27), the average temperature 

difference is 7.9K. The highest temperature occurs on the 21th of July and as can be seen, the ambient 

temperature rises about 2°C from the previous data which also triggers the windows operation that allows 

for a drop of temperature to be achieved. 

 

Figure 7-27. Indoor ambient temperature during the hottest week (Trondheim climate). 
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The total cooling load calculated (Figure 7-28), in the case of Trondheim, is 10kW which corresponds to 

the 3% of the total sensible load. The rest 97% relates to the heating loads that are up to 400kW. As 

expected, Seville and Trondheim show exactly the opposite behaviour in terms of cooling/heating needs. 

 

Figure 7-28. Energy consumption over a typical year (Trondheim climate). 

In Figure 7-29, the thermal categories of the adaptive comfort model are again shown. For a number of 

hours where the outdoor running mean temperature reaches very low temperatures, the operative 

temperature remains outside comfort levels. The extension of the category limits (dotted lines) should not 

be accounted since they exceed the threshold values, since adaptive model is not valid in this case. 

 

Figure 7-29. Acceptable indoor temperatures according to the adaptive comfort model (Trondheim climate). 
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Figure 7-30 shows the percentages of hours within the three adaptvie comfort category limits. Contrary 

to the results for Seville climate, during summer months comfort conditions are ensured up to 84% of the 

time, while for the winter months comfort occurs only 50% of the time. As anticipated, almost all hours 

outside the comfort zone occur due to low temperatures and thus exceed the lower limits of category III. 

 

Figure 7-30. Percentage of time in the specified limits (Trondheim climate). 

Moreover, in Figure 7-31 with cumulative frequency of temperatures, it is noticeable that for the biggest 

amount of occupied time (2177 hours translating to 24.9%), temperatures remain between 20°C and 

25°C. Regardless, for 74.2% of the time, temperatures are at low ranges (<20°C).  
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Figure 7-31. Distribution of hours in temperature ranges (Trondheim climate). 

The temperatures developed in the PV cavity (Figure 7-32), are held below 40°C at all times, avoiding 

unwanted effects e.g. damage of the electrical equipment. 

 

Figure 7-32. PV module mean fluid temperature (Trondheim climate). 

 

7.3.3. Façade performance in the Modena climate 

The coldest week in Modena, is again the one from the 9th of January till the 16th (Figure 7-33). The 

average temperature difference obtained is 8K. In the coldest day (-4.05°C, 15th of January) an indoor 

ambient temperature of 5.74°C is reached. During the hottest week (16-23 of July) an average of 0.75K 
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is attained mostly attributed to the night-time hours where temperature drops occur due to windows 

operation (Figure 7-34). 

 

Figure 7-33. Indoor ambient temperature during the coldest week (Modena climate). 

 

Figure 7-34. Indoor ambient temperature during the hottest week (Modena climate). 

In Figure 7-35 the energy needs of the zone are reported. Contrary to both other climates, where either 

the heating or cooling consumption was prevailing, in this case there is a more even distribution between 

the two. Specifically, the total heating load is 153kW while the total cooling load is 232kW accounting to 

40% and 60% respectively.  
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Figure 7-35. Energy consumption during a typical year (Modena climate). 

In terms of thermal comfort, as shown in Figure 7-36 and Figure 7-37, a high amount of data lay outside 

the comfort limits, especially the lower ones.  

 

Figure 7-36. Acceptable indoor temperatures according to the adaptive comfort model (Modena climate). 

As presented in Figure 7-37, in almost every case the vast majority of temperature data stay in the comfort 

limits. In total, for the 46% of the time the comfort limits are respected as indicated as well in Figure 7-38, 

where temperatures between 20-25°C are occurring for a total of 3248 hours. 
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Figure 7-37. Percentage of time in the specified limits (Modena climate). 

 

Figure 7-38. Distribution of hours in temperature ranges (Modena climate). 
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More similar to the case of Seville, the mean fluid temperature of the PV reaches high temperatures 

although never exceeds 50°C (Figure 7-39). As before, this is an indication of insignificant influence on 

its performance. 

 

Figure 7-39. PV module mean fluid temperature (Modena climate). 
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8. Parametric Analysis Tool for Climate-Based Façade Design 

The high number of design possibilities offered by the modular multifunctional façade system raised the 

need of a tool which enables designers to make informed decisions about façade configuration, glazing 

materials and shading geometry depending on the building design constraints, such as climate, façade 

orientation, facade module size and indoor space usage. 

Therefore we defined a parametric simulation model to evaluate the performance of all the possible 

configurations of the modular multifunctional climate adaptive façade from both energy and indoor 

environment quality perspective. 

The parametric simulation model is based on a mono-zone model, intended to be representative of typical 

shopping mall environments. The reference zone is 15-meters deep with adiabatic boundary conditions 

on all the walls, except for the one including the multifunctional façade. The multifunctional façade module 

covers entirely the external wall of the reference zone model. As far as the façade module is concerned, 

it has been drawn considering a distinction between the fixed mullion and transom and the assigned 

frame’s percentage of windows installed in the module. The model geometry has been drawn with 

SketchUp using Trnsys3D plug-in and then imported in the Trnsys simulation environment (Klein et al, 

2010); in particular, the thermal behavior of the reference zone is modelled by TYPE 56. The standard 

radiation model of Trnsys Error! Reference source not found. has been used through the simulation p

rocess. The PV power production has been evaluated using the model of Trnsys TYPE 94 Error! 

Reference source not found.. Three volume sizes of the zone have been considered in the study: 60 

m3, 90 m3 and 270 m3 for the façade module dimensions of 2[m]x2[m], 2[m]x3[m] and 3[m]x6[m], 

respectively. The fixed glazed part of the window is provided with a fixed lamella shading system. Thermal 

transmittance of façade elements, such as mullions and window frames, have been set in accordance to 

data provided by the façade designer (U-value ‘frame&mullion’=3.588 W/m2K). The first part of the 

process which led to model definition has been dedicated to the setting of the reference zone parameters 

and the application of the building physics principles: 

 set point temperature values for the heating and cooling system are the one recommended by the EN 

15251-2007 [19]; 

 the natural ventilation rate has been assessed using the single-sided, two vents, buoyancy driven 

model Error! Reference source not found.; 

 the infiltration rates depend on indoor-outdoor temperature difference and wind speed according to 

Coblenz & Achenbach, 1963 Error! Reference source not found.; 

 internal gains due to people, appliances and artificial lighting system have been provided by an Italian 

shopping malls design company. 

As second step, the input data have been defined in order to include all the possible choices simulating 

the desired condition in each configuration and can be distinguished in three categories: 

 climatic condition and façade orientation; 

 application, depending on the space’s circumstance of use; 

 façade module size and characteristics (glazing system and shadings configuration). 

Finally, the simulation results have been post-processed in order to represent Indoor Air Quality, thermal 

and visual comfort and energy performance of the reference zone. The main considered performance 

indicators are the long-term percentage of people dissatisfied (LPD) Error! Reference source not f

ound., the number of hour per IAQ category, the energy consumption due to lighting, ventilation, heating 

and cooling demand and energy generation form the PV panel. 
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The developed tool shows simulation results using different plots guiding users in the selection of the 

optimal facade configuration. 

 

 Input definition 

Table 8-1 reports the facade configurations used in the parametric analysis. Façade module size and 

configuration results in different proportions between openable windows and fixed ones, with a 

consequent change in the percentage of frame in each window. 

 

Table 8-1. Possible configuration of the facade module 

Façade 

width 

Façade 

height 

Zone 

depth 

Frame % 

openable 

window 

Frame 

% fixed 

window 

Openable 

window 

width 

Openable 

window 

height 

Openable 

window 

area 

Fixed 

window 

area 

PV 

area 

[m] [m] [m] [-] [-] [m] [m] [m2] [m2] [m2] 

3 6 15 22% 9% 1.5 0.60 0.90 6.40 0.9 

3 6 15 17% 9% 1.5 0.90 1.35 5.97 0.9 

3 6 15 14% 9% 1.5 1.20 1.80 5.54 0.9 

2 3 15 31% 15% 1 0.42 0.42 1.74 0.6 

2 3 15 24% 16% 1 0.63 0.63 1.54 0.6 

2 3 15 21% 17% 1 0.85 0.85 1.33 0.6 

2 2 15 36% 21% 1 0.35 0.35 0.85 0.6 

2 2 15 27% 23% 1 0.52 0.52 0.69 0.6 

2 2 15 23% 27% 1 0.69 0.69 0.53 0.6 

 

Three different typologies of building application have been considered in the parameterization: ‘Shops’ 

(SHP), ‘Common Area’ (CMA) and ‘Restaurant’ (RST); different building application implies different 

lighting, appliances and occupancy density and profiles, and, therefore different internal gains. It must be 

noticed that, in case of ‘Shop’, no shading system has been applied on the façade because each façade 

module is supposed to be a shop window. All the orientation (North, South, East and West) for each 

configuration of the reference zone have been simulated. It must be noticed that for north-oriented façade 

no shading system has been applied on the façade. 

A literature review has been carried out on U-values and g-values in order to define the most likely value 

ranges of these parameters for glazed components in several European countries. The result of this part 

of study has given realistic thermal transmittance and the respective solar gain values, from the point of 

the reliability at the current state of the art in the field of windows and glasses technologies and in 

compliance with the current regulation framework. Upper limit for U-values refers to the minimum 

requirements of national regulations. The lower limit refers to the minimum U-value recommended by the 

standards set by energy efficient buildings certification schemes. Feasible ranges of g-values have been 

assigned to each U-value, taking into account the state of the art of glazing industry (agc-glass.eu, 2016). 

Window glazing systems models have been developed using WINDOW 7.4 database [21]. Table 8-2 

reports glazing U-values and g-values ranges for several locations. 
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Table 8-2. Glazing U-values and g-values ranges. 

Country Reference 

city 

HDD Uw-value 

[W/m2 K] 

(max) 

g-

value 

(max) 

g-value 

(min) 

Uw-value 

[W/m2 K]  

(min) 

g-

value 

(max) 

g-value 

(min) 

Norway Trondheim 5211 1.20 0.67 0.20 0.80 0.63 0.25 

UK London 2800 1.80 0.52 0.29 0.85 0.63 0.25 

Austria Wien 2844 1.90 0.73 0.25 0.85 0.63 0.25 

Italy Modena 2529 2.20 0.52 0.29 1.30 0.67 0.22 

Italy Palermo 585 3.00 0.77 0.40 1.30 0.67 0.22 

Spain Seville 1460 4.20 0.61 0.37 1.25 0.67 0.20 

 

Figure 8-1. Parameterization combinations for the shading system (Trondheim, Modena and Sevilla cases) 

In order to prevent direct sunlight from entering the zone, a fixed shading system has been considered 

for all the big central windows of façade’s modules, except for the ‘shop’ application and for north-oriented 

cases. Among the parameterization variables we considered also lamellas tilt and distance (Figure 2). In 

order to calculate the shading effect due to the shading system, a dedicated model, and the related 

parameterization, have been done using the Radiance plug-in for GRASSHOPPER [24]combined with 

RHINOCEROS Error! Reference source not found.. Practically, the effect induced by shading lamellas h

as been translated in the Trnsys model as a reduction of direct and diffuse solar radiation entering the 

zone. 

The entering level of luminous flux predicted by the Radiance model is also input in Trnsys to control 

artificial lighting dimerization. 
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Figure 8-2. Summary of parametric analysis variables (Trondheim, Modena and Sevilla climate) 

The parametric analysis is run through the JE+ software Error! Reference source not found. in full-f

actorial mode. Therefore, for each possible combination of inputs, one simulation had to be run. The 

parametric analysis led to 8424 façade configurations, or simulation runs (Figure 8-2), 2808 for each 

climate. 

 

 Outputs definition 

Table 8-3 reports the key performance indicators out coming from the simulation results post-processing. 

Table 8-3. Output from the simulation 

OUTPUT UNIT DESCRIPTION REFERENCE 

SPECIFIC 

HEATING 

DEMAND 

kWh/m2 -  

SPECIFIC 

COOLING 

DEMAND 

kWh/m2 -  

LONG-TERM 

PERCENTAGE 

OF 

DISSATISFIED 

- The necessity of using such an 

indicator instead of the most 

known PPD is due to the will of 

having an output for each 

simulated configuration, 

summarizing the result of all the 

considered period. 

(Carlucci, 2013) 

LIGHT 

CONSUMPTION 

kWh Calculation of the lighting 

consumption has been possible 

thanks to combined 

parameterizations regarding 

the shading system, giving as 

result the overall luminous flux 

entering the zone from daylight 

and considering a designed 

enlightenment value. 

 

MECHANICAL 

VENTILATION 

CONSUMPTION 

kWh The electric energy required by 

fans for providing airflows 

required to keep an acceptable 

IAQ, considering a specific fan 

power of 0.75 Wh/m3. 
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N° HOURS WITH 

NATURAL 

VENTILATION 

h Number of hours over the 

occupied period when natural 

ventilation can be activated. 

 

N° HOURS WITH 

EFFECTIVE 

NATURAL 

VENTILATION 

h Number of hours over the 

occupied period when natural 

ventilation can be activated and 

provides same or higher 

airflows than mechanical 

ventilation 

 

N° HOURS IAQ 

CATEGORY 1 

h CO2 concentration in the air has 

been calculated and Indoor Air 

Quality categories have been 

assigned to the environment 

(EN 15251,2007) 

N° HOURS IAQ 

CATEGORY 2 

N° HOURS IAQ 

CATEGORY 3 

N° HOURS IAQ 

CATEGORY 4 

N° HOURS  

THERMAL 

CATEGORY 1 

h  

Thermal categories have been 

assigned to the room 

environment after having 

compared the running outdoor 

mean temperature with the 

operative temperature inside 

the room 

 

(EN 15251,2007) 

N° HOURS  

THERMAL 

CATEGORY 2 

N° HOURS  

THERMAL 

CATEGORY 3 

OVERHEATING 

HOURS 

h Overheating and overcooling 

number of hours exceeding 

thermal categories limits 

(EN 15251,2007) 

OVERCOOLING 

HOURS 

OVERHEATING 

DEGREE 

°C Estimation of the severity of 

overheating and overcooling 

(EN 15251,2007) 

OVERCOOLING 

DEGREE 

PV POWER 

GENERATED 

kWh PV power generated by the 

façade PV module 

 

PV POWER 

DIRECTLY TO 

LOAD 

kWh Power generated by the PV 

being directly used by the 

actuators of windows 

 

POWER SUPPLY 

FROM GRID 

kWh Electric energy supplied from 

the grid to accomplish window 

automation demand when 

battery is not charged and no 

energy is generated by PV 

 

 

All the outputs and their trends have been analysed using Matlab-based filtering methods. The graphs 

generator will be the base of the graphical user-interface for the façade designers support tool. Therefore, 

using the software Matlab, a series of filters on input and output parameters have been arranged and 

users can select their own preferences excluding undesired ranges for specific variables, thus obtaining 

the optimal facade configuration for stated boundary conditions. Users can define the optimisation 

parameter, depending on their design targets. For instance, designers can decide to give priority to 

comfort level of occupants over energy consumptions. By filtering selection, users can set their order of 
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priorities. Table 4 summarizes two different filtering selection procedures available in the tool. So, 

following one of the two filtering procedures, designers can go through all the possible configurations for 

the façade and end up with just few cases, whose characteristics depends on the filters applied. 

The graph for the LPD filtering relates the percentage of hours with an IAQ in categories 1 or 2 (y-axis) 

with the percentage of LPD (x-axis); moreover, the colour of the indicator gives information on the 

characteristic of the type of glazing used in each facade configuration (U-value, g-value and Visible 

Transmittance). 

As far as the LIGHT CONSUMPTION filter is concerned, it has been decided to use data on light 

consumptions as indirect indicators of the value of daylighting inside the zone. Obviously, the lower the 

light consumption results, the higher daylighting is. The second filter is used in order to ensure good level 

of daylight. By applying this filter, the light consumption (y-axis) is related with the configuration of the 

shading system: distance between lamellas (x-axis) and lamellas angle degree (colour of the indicator). 

Remaining configurations are filtered on the base of total consumptions available, choosing cases with 

lowest energy demand: heating system, cooling system, mechanical ventilation, light consumptions are 

considered; moreover, power demand from the grid is taken into account in the total amount of energy 

consumptions. Therefore, in the TOTAL CONSUMPTION filter’s graph, the total energy consumption (x-

axis) is related with the percentage of hours with an IAQ in categories 1 or 2 (y-axis) and LPD value can 

be identified using the colour scale. 

Finally, a few cases remain, all with very similar comfort and consumption characteristics; therefore, the 

ultimate selection is related to designer’s preferences on shading configurations (slat orientation angle 

and distance), proportions in the façade module and type of the glazing to be used. 

 

Table 8-4. Different filtering procedures depending on the design priority of the designer 

COMFORT PRIORITY LOW CONSUMPTION PRIORITY 

1. LPD filter 1. TOTAL CONSUMPTIO+POWER FROM GRID filter 

2. LIGHT CONSUMPTION filter 2. LIGHT CONSUMPTION filter 

3. TOTAL CONSUMPTIO+POWER FROM GRID filter 3. LPD filter 

4. FINAL DESIGN CHOICE 4. FINAL DESIGN CHOICE 

 

 Example application of the design tool 

One applicative example of the façade configuration selection process is showed below: it has been 

supposed to design a 3x6 south-oriented façade in a ‘restaurant’ building application in Seville. The 

priority in the choice of allowed ranges has been given to the occupants’ comfort level. 

 

8.3.1. Step 1: LPD filtering  

The first filter selected is the one regarding thermal comfort (LPD). So, after evaluating the available range 

for the LPD in the specific case and trying to keep lowest values (PPD<10% as recommended by 

ANSI/ASHRAE Standard 55-2013), filters on LPD are applied. In Figure 8-3, all the configurations for 

‘restaurant’ 3x6 south-oriented Seville facade are reported and a filter on LPD<11 is selected. 
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Figure 8-3. LPD % - Seville_3x6_RST_S 

 

8.3.2. Step 2: Light consumption filtering 

Among the façade configurations with higher thermal comfort, a filter on light consumption is applied 

setting with a threshold of 26 kWh/m2 (Figure 8-4); this value is leaving a good number of cases for the 

final choice, and, at the same time, it is largely reducing available configurations. 

 

Figure 8-4. Light consumption and shading configuration - Seville_3x6_RST_S 
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8.3.3. Step 3: Consumption filtering 

In this example, on the base of consumption range showed in Figure 8-5, total energy consumption filter 

will be set to 147 kWh/m2 as maximum value. The remaining configurations are reported in Figure 8-6. 

 

Figure 8-5. Total consumption related to IAQ and LPD - Seville_3x6_RST_S 

 

Figure 8-6. Remaining cases after filtering on consumptions, ID simulation displayed - Seville_3x6_RST_S 

 

8.3.4. Step 4: Design choice 

Table 8-5 summarizes the filtering process for the application example described and lists the resulting 

optimal façade configurations among which the designer can choose. 

The parametric tool is suited to support the design process of a modular multifunctional façade giving the 

façade itself the possibility of being climate-adaptive. The tool is based on a filtering procedure, generating 
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graphs and driving the user to identify the most optimal façade configurations. All the possible 

configurations of the façade module – i.e. façade orientation, façade proportions and dimensions and 

glazing characteristics - have been firstly modelled in TRNSYS and secondly simulated through a fully-

factorial parameterization. Therefore, a smart graphical organization of data has been fundamental in 

order to manage the huge amount of results. The choice of the most performing configuration in a specific 

condition depends on the priority of the designer which has been assumed low-consumption or high-

comfort oriented. The results show that the methodology is necessary for the realisation of the “façade 

adaptive” concept. Further research developments would be a detailed study of the retro-ventilation 

behind the integrated photovoltaic panel and a development of the filtering tool, making it more smart and 

interactive. 

Table 8-5. Summary of the filters applied in the example described and available 

 

 

  



 

 

 

 

 

120 

Deliverable D3.4 Concept of modular multifunctional facade 

9. Conclusions 

The climate-modular multifunctional façade system for retrofitting applications has a parametric structure 

that allows tailoring the façade features depending on: (i) climate conditions (ii) building functions (iii) local 

building code (iv) and heritage constraints. The main developer and owner of the technology is ACCIONA 

Construction (Spain), in collaboration with partners EURAC and SUNPLUGGED. 

In terms of use, the façade has a light weight sub-structure and allows fast assembly possibilities, but 

also gives the unique opportunity to adjust the system to local climate conditions and to urban 

characteristics through its flexible and modular system. Some features of the technology include the 

adequate proportion between the opaque and transparent surfaces, shading systems to control and 

exploit solar gain, thermal storage, RES integration, single and double skin systems with proper air gap 

integration and giving ventilation possibilities. This creates a façade concept that can function actively or 

passively, through the management of climatic factors and exploitation of local sources. 

The innovative potential of the system is based on possibility of integrating and exploitation of energy 

efficient technologies, increasing the energy potential of the façade retrofitting and allowing reducing the 

future energy demand. The system is communicating with the building management system iBEMS, 

working as a high-level controller, increasing the system energy effectiveness and adaptation to particular 

dynamic climatic conditions during the day or the year. It can also allow energy exchange between 

systems and using the energy losses of other building systems. 

The façade constructive system is compatible with other technologies, those accessible currently on the 

market, but also much more opened to those to come still. The use and accuracy of the use of the 

particular technology is determined but specific climatic conditions, building particular typology and 

possibilities on integration, urban surroundings and cost possibilities. 

The benefits are justified in terms of energy savings and cost savings in building exploitation. The system 

has been monitored in laboratory condition, also checked in advanced simulation software Trnsys, to 

improve the final impact potential.  

The monitoring results analysis clearly indicates the high energy saving potential in approximate 50% in 

specific periods of the year and taking into account the particular technology configuration (the 

CommONEnergy façade test room consumed 32.37 kWh in period between 2017 May-June, while the 

reference state of the art product room consumed 60.49 kWh).  

The tests performed in EURAC outdoor Lab in Bolzano demonstrated that the presence of a retro-

ventilated cavity behind the module can have positive effects on air temperature, avoiding possible 

damages of batteries and electrical components due to overheating. Moreover, the tests performed 

allowed to develop a simulation model of the BIPV façade component able to evaluate also how the ari 

cavity temperature behind the PV panel affects the indoor ambient adjacent to the cavity. In addition, the 

model allows to optimize the thickness of the insulation layer needed between the cavity and the indoor 

room. 

Manufacturing costs are still high, comparing with the state of the art technologies accessible on the 

market, as due to the still prototype character, and are expected to strongly decrease with thanks to 

specific industrialisation strategies and massive production (the cost of CommONEnergy prototype was 

around 6200€, against 3500 € for the state of the art traditional “curtain wall” product). 

It is important to add, that the CommONEnergy multifunctional façade system was successfully integrated 

into the “Mercado del Val”, the Spanish demo-case of CommONEnergy project, first being positively 

accepted by the local architects, building owners and building users and customers.  
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The product has reached the qualified design level which still should be checked in terms of the different 

tests required by the local regulations, the same allowing the official certification and integration among 

the others market products. The general achieved advancement of knowledge enable the exploitation of 

developed foreground, from commercial point of view, by means of royalties and in further RTD activities. 

The consortium is looking as well for potential façade manufacturers interested in integrating the product 

into their technology portfolio. 
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