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Abstract 

 

This thesis discusses how a kinetic solar shading device can affect the sustainability of a building 

and how it can control the energy consumption in the building in terms of reducing the cooling 

loads by decreasing the internal temperature, while providing a comfortable place for the 

occupants. In this process by the use of digital softwares, the most proper shape for a shading 

device is gained. A shape which can control the harmful solar radiation while keeping good 

daylight in the building. This thesis also discusses how the application of thin film photovoltaics 

as the materials of shading device can improve the performance and reduce the amount of electrical 

energy consumed in the building, specially the electrical energy required for the shading system 

to perform. The photovoltaic panels produce enough amount of electricity to activate the actuators 

for moving the shading device in the way that it becomes adaptable to the surrounding 

environment. All the analyses have been done for the city of Milan as a case study for the purpose 

of climatic evaluations. The same system is applicable for any other location all around the world 

with some small modifications regarding to the control system. At the end there will be a 

comparison of occupant comfort of the building for the proposed shading device and anormal 

building without shading device and some existing buildings using kinetic shading devices.  

 

Key words: Passive architecture, kinetic shading device, thin film photovoltaics, solar radiation, 

occupants comfort 
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Riassunto 

 

Scopo di questa tesi è quello di valutare come un dispositivo di schermatura solare cinetica possa 

influenzare la sostenibilità di un edificio e come lo stesso possa controllare il consumo di energia 

nell'edificio in termini di riduzione dei carichi di raffreddamento, diminuendo la temperatura 

interna e garantendo un luogo confortevole per gli occupanti. In questo processo, mediante l'ausilio 

di software digitali, si riesce ad ottenere la forma più appropriata per un dispositivo di 

ombreggiatura, una forma in grado di controllare la radiazione solare nociva mantenendo un buon 

livello di illuminazione naturale nell'edificio. Questa tesi verifica anche come l'applicazione del 

fotovoltaico a film sottile, quale materiale del dispositivo di ombreggiamento, possa migliorare le 

prestazioni e ridurre la quantità di energia elettrica consumata nell'edificio, specialmente l'energia 

elettrica richiesta per il funzionamento del sistema di ombreggiamento. I pannelli fotovoltaici 

producono una quantità di elettricità sufficiente ad attivare gli attuatori che muovono il dispositivo 

di ombreggiamento in modo che si adatti alle condizioni dell'ambiente circostante. Ai fini delle 

valutazioni climatiche, tutte le analisi sono state fatte per la città di Milano come caso studio. Lo 

stesso sistema è utilizzabile in qualsiasi altra località del mondo con alcune piccole modifiche 

riguardanti il sistema di controllo. La tesi si conclude con un confronto tra il comfort degli 

occupanti l'edificio con il dispositivo di schermatura proposto, il comfort nello stesso edificio privo 

del dispositivo di schermatura ed il comfort in alcuni edifici esistenti che già utilizzano dispositivi 

di schermatura cinetica. 

  

Parole chiave: architettura passiva, dispositivo di schermatura cinetica, fotovoltaico a film sottile, 

radiazione solare, comfort degli occupanti 
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0. Thesis framework 
 

this thesis is consisting of eight chapters, it starts with the aims and reasons that were the 

inspirations for writing it. The second and third chapter are literature reviews, which in the second 

chapter it discusses the theory of passive and kinetic architecture and theory related to the 

photovoltaics, while it reviews the history and the development of these technologies. While the 

third chapter introduce some existing buildings, which have followed the same goal of being 

sustainable by using kinetic shading devices or using PV panels in their façade. 

The development of the project is discussed in the fourth and fifth chapters. The fourth chapter 

explains how the device can be adaptable and responsive to it surrounding environment using 

climatic software, also the technical specifications are introduced in this chapter. And the fifth 

chapter is about the calculation of the movement of the shading device and the amount of electrical 

energy that it can produce, and in general it explains the performance of the shading device. 

The sixth chapter compares the performance of proposed shading device with the case studies in 

terms of the occupant comfort. And in the seventh chapter which is the chapter of conclusion, it 

sums up all the studies and comparisons, and discusses how using the Photovoltaic shading device 

can be beneficiary for building application. 

Finally, in the eighth chapter all the references which have been used in this thesis have been 

mentioned. 
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1.Introduction 
 

1.1. The need for a Photovoltaic shading system and the aim of this 

thesis 
  

In this thesis the aim is to reach a proper thermal comfort for the occupants of the buildings mostly 

during the summer when the building heats up due to the direct sunlight and outside hot 

temperature and consequently the indoor temperature increases. 

 

In the past, before the use of new technologies or mechanical coolings, people kept the indoor 

spaces using natural methods: breeze flowing through windows, water evaporating from fountains 

or pools, as well as large amounts of stone and earth absorbing daytime heat. These ideas 

developed over thousands of years as integral parts of the design of houses. Today these are called 

" passive cooling" (Butters 2002). In which the cooling operation is ensured by the transfer of 

energy from the space or air abounding the space, to reach a lower temperature or increase the 

humidity level of the ambient (Al-masued 2004). 

 

Passive cooling is based on the interface of the building and its surroundings. Passive cooling can 

be an alternative to mechanical cooling that requires complex refrigeration systems. By 

implementing passive cooling strategies, it is possible to decrease the size of mechanical cooling 

devices and reduce the cost. Or in some cases eliminate the needs for mechanical cooling systems 

(Givoni and La Roche 2001). 

 

Passive cooling occurs naturally, by the means of having lower temperature without using any 

other energy input or mechanical cooling (Al-masued 2011). The location, solar incident radiation 

and wind are some important factors in passive cooling. By controlling the thermal heat gains 
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during summer with having particular shapes or thermal insulations, it is possible to have a lower 

temperature during summer (Brown 1985). Shading of wall and roof surfaces are important to 

reduce summer heat gain, they can reduce the indoor temperature of the building between 5 and 

10°c (cook 1989) 

  

Using kinetic shading devices can improve the performance as they can adopt different positions 

according to climatic requirements. In this way they can reduce the amount of operational energy 

needed. In this manner using a kinetic shading device, can be very helpful in controlling the amount 

of sunlight received by the building which can reduce the amount of cooling energy required while 

providing visual comfort in the meaning of preventing glare. But considering a kinetic shading 

device, there is still a portion of energy needed to activate an actuator in order to run the system, 

which can also cause more operational energy, while the aim is to reduce energy consumption. In 

this case using renewable energies and passive strategies can be very helpful. The photovoltaic 

panel can be used as a shading device while it provides the needed energy for running the device 

by converting solar energy to the electricity. 

 

1.2. Study area 
 

Study area is focusing on the theories related to the passive architecture and kinetic shading devices 

and theories related to photovoltaics. 

Duo to scope of research; this research has to narrow down its focus to the environmental 

adaptivity of the shading device using digital tools and the necessity of providing the required 

energy for running the device using photovoltaic technology. 
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2. Theoretical literature review 
 

2.1. Passive and kinetic architecture 
 

Passive Architecture is defined as a climate responsive building that provides comfortable indoor 

conditions, naturally (Mohd Zaki et al 2008). This aim can be achieved by using different strategies 

in buildings like; shape, orientation, windows and sun shading systems to control sunlight received 

by the building and prevent solar radiation or promote ventilation. In this way the amount of 

required energy for artificial lightening, heating, and cooling, will be reduced. Depending on the 

type of the building and the design, buildings operational energy can be very different (Buchanan 

2005). In order to reduce the costs related to the operational energy it is possible to adopt a 

sustainable approach, using natural resources, which are known as renewable energies, such as; 

wind power, solar power and etc (Szokolay 2006). Another way is using more energy efficient 

equipment (Smith 2005). 

 

Traditional houses all around the world have adopted different strategies to provide more 

comfortable living space (Mohd Zaki et al 2008). This is already known as " Vernacular 

Architecture" which is raised from people tradition and culture and highly influenced by climate, 

and it is very different all around the world. There are informations that people learned from their 

ancestors about how to build a building with a good energy performance and using local materials. 

This kind of Architecture has grown because of climatic challenges and cultural expectations. The 

builders have evolved their architectures for their specific place and climate by making errors and 

correcting them during the time, and finally gain a rich concept of architecture compatible with 

their environment. As a result, nowadays it is necessary for Architects and building engineers to 

see and learn from the past and apply the useful solutions to the new buildings (Elmokadem et al 

2018). 
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Historically moveable structures have always been a great interest for engineers, architects and 

designers. Kinetic devices have been repeatedly used in Architecture; from traditionally hinged 

windows, sliding doors and shutters to innovative fully portable dwellings, folding bridges and 

entirely adaptable structures. The kinetic architecture has been developed during the time. North 

American tepees, Mongolian yurts and African Berber tents are the early examples of Kinetic 

Architectural structures. Nomadic architecture was not built to last, it often had to be repaired and 

replaced. However, the skills and techniques for their construction were passed, advanced and 

refined from generation to generation. With the advent of sedentism, the creation of settlements 

and population growth, Architecture needed to be permeant (Zuk and Clark 1970). But gradually 

the need to add some moveable parts to the building increases. For example, as building's height 

increased, the need for vertical movements like lifting people and loads increased too, which leads 

to the creation of the early elevators. During the industrial revelation of the 19th century these and 

other kinetic devices attached buildings, such as rolling blinds, louvers, foldable shutters, 

revolving partitions, foldable canopies and collapsible parasols, become commercially popular 

(Stevenson 2011). 

 

Although, examples of Kinetic Architecture can be traced back to many centuries ago, but the 

academic research on this topic is quiet recent. This concept began to appear within early modernist 

Architecture (Stevenson 2011). Kinetic Architecture is a design strategy that is being used for 

buildings specially for façade design, among different technics and technologies, to have a more 

climatic responsive building. Which was first represented by William Zuk and Roger H Clark in 

the early seventies in their book named " Kinetic Architecture". They imagined buildings which 

are able to change their physical geometries (Bier and Knight 2010).  

 

The kinetic architecture is defined as " The design of buildings with transformative and automatic 

elements. The building shape is changed to match the people requirements and adapt to 

environmental conditions" (Elmokadem et al 2018). 



 
11 

  

 

 

Michael Fox (Moloney 2011) defined six category of control systems for kinetics based on the 

level of complexity: 

 

1) Internal control: They do not have any direct control or mechanism like mechanical hinges. 

2) Direct control: They are moved directly by an energy source outside the devices. 

3) Indirect control: It depends on the sensor feedback system. 

4) Responsive indirect control: It depends on multiple feedback sensors. 

5) Ubiquitous responsive indirect control: It has the ability of prediction by using a network 

of controls with predictive algorithms. 

6) Heuristic, responsive indirect control: It depends on algorithmically mediated networks 

that have a learning capacity. 

 

 

 

Figure 1: The starting point of Kinetic Architecture, The first design in the kinetic architecture which was never 
built, the sketches of Rotary building by Thomas Gaynor in 1908 (Elmokadem et al 2018, Randl 2008) 
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 Figure 2: The first building with Kinetic Architecture was Villa Girasole where girasole 
     means sunflower designed by Angelo Invennizzi in 1935, which follows the sun path 

  (Alter 2017). 
 

 

The Kinetic Architecture has evolved during time using new technologies and computer, which 

made it possible to design a building more responsive to the climatic changes. An example is 

"Institute du Monde Arab" in Paris designed by Jean Nouvel in 1987. The building south façade 

is a grid of 24×10 m of square bays which simulate the geometry of traditional Arab screens. Each 

bay contains a central circular shutter set within a grid of smaller shutters, Figure 3 (Elmokadem 

et al 2018, Moloney 2011) 

 

 

                      Figure 3: an example of a responsive façade to the environment is the southern façade of 
     Institute du Monde Arab designed by Jean Nouvel in 1987 [ www.pinterest.com] 
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The twenty first century is the real start of Kinetic Architecture because many buildings were built 

with Kinetic Architecture in this era. Such as Brisbane Airport parking garage designed by Ned 

Kahn in 2011 and Mercedes-Benz new stadium (Elmokadem et al 2018). 

 

 

    Figure 4: Kinetic façade of Brisbane Airport parking garage and its panels which moves by 
 wind, designed by Ned Kahn in 2011 (Elmokadem et al 2018). 

 

 

      Figure 5: kinetic roof of Mercedes-Benz new stadium, the roof of the stadium opens.  
and closes as a flower [www.pinterest.com] 
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A Kinetic Architect system has three main components: kinetic structure systems, kinetic 

interior, and kinetic façade. 

The kinetic structure itself is divided in three categories; embedded kinetic structure (which exist 

within a larger architectural whole in a fixed location), deployable kinetic structure (which exist 

in a temporary location and are easily transportable), dynamic kinetic structure (which exist within 

a larger architectural whole but act independently with respect to control of the larger context). 

 

 

Figure 6: Kinetic structure categories:(a) embedded (b) deployable (c) dynamic (Phocas 2013) 

 

Also, Kinetic interior can be two different categories: transformable space and kinetic wall. 

 

 

                      Figure 7: transformable space; different option adapting by Kalhoefer Korschildgen 

 (Murray et al 2008) 
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Figure 8: kinetic wall, interactive installation [ www.pinterest.com] 

 

A kinetic solar shading device is a part of the façade which According to Ashraf Elmokadem et 

al;" The concept of kinetic façade is about using geometric transformation to create a motion or a 

movement in space". There are different types of kinetic façade, but the most common type is 

based on façade transformations. Geometry transition of kinetic façade are classified in different 

type of movements: Translation (The motion occurs in vector direction), Rotation (The object is 

moved around all axis), Scaling (it is an expansion or contraction in size), Motion through material 

deformation (it depends on changeable material properties, like mass or elasticity). 

 

The operation of the kinetic architectural structures is comparable to the operation of the machine. 

It usually involves an array of identical components organized within a set of patterns that relate 

them in order to complete a whole. In the case of kinetic architecture, modularity, is fundamental 

due to the pragmatic need of movement being transmitted from one element to the next. The ability 

of modules or components to modify their physical characteristics is dependence to their materials 

and the ways the parts are connected to each other. The material used in a kinetic device are usually 

3 types: rigid, flexible or smart (Stevenson 2011). 
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Rigid materials such as solid metals, plastics, or timber allow the transmittance of movement 

through mechanisms, formed by bars or plates linked by hinges or pivoting joints. Rigid Kinetic 

devices are mainly used within kinetic structures such as foldable or retractable plates, scissor type 

structure, retractable reciprocal frames and swived diaphragms. A built example of kinetic 

architectural structure using mainly rigid devices is the Hoberman Arch installed in front of the 

stage at the 2002 Winter-Olympic-Medals- Plaza in Salt Lake City. The structure comprised 96 

interlinked angulated- scissor modules made of sand blasted aluminum profiles and translucent 

fiber- reinforced covers which moved simultaneously operated by 30ps electric motors Figure 9. 

 

 

Figure 9: Hoberman Arch, an example of kinetic architectural structure using rigid devices, 
aluminium profile modules moving by electronic motors (Stevenson 2011). 

 

Flexible materials such as textiles or cables allow the transmittance of movement by folding, 

creasing, bending, stretching and/or inflating. Flexible Kinetic devices can be part of flexible 

membranes or deformable pneumatic structures. Foldable textile roofs, such as the retractable roof 

built in 2006 at the Fortress Kufstein, Austria by Kugel + Rei Figure 10, are great examples of 

kinetic architectural structures that use mainly flexible devices. Combination of rigid and flexible 

devices can form composite structures such as deployable tensegrity system. 
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     Figure 10: retractable roof of Fortress Kufstein which is made of foldable textiles and cables 
 made it possible to open and close. (Stevenson 2011). 

 

smart or intelligent materials transmit movement by changing their physical properties and 

characteristics. Recent advances in nano technology and bio-mimicry have prompted the 

emergence of innovative smart materials. These have the extraordinary ability to change their 

properties (mechanical, electrical, appearance), their structure or composition, and/or their 

functions in a controlled manner to suit desirable behaviors. Smart devices can be part of 

responsive surfaces or structures such the (open columns) proposed at the Department of 

Architecture in Buffalo, USA. These collapsible structures are programmed to drop from the 

ceiling when co2 levels are going up in the room where they are placed: as a result, the physical 

space is reconfigured encouraging people to disperse into smaller groups Figure 11 (Stevenson 

2011). 

 

 

                          Figure 11: smart materials in open columns proposed at the Department of Architecture 

 in Buffalo, USA (Stevenson 2011) 
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2.2. Renewable energies and photovoltaics 
 

The continuous reduction of fossil fuel resources and their harmful effects on the environment 

inspired many researchers to look for alternative sources of energy. Renewable energy resources 

used for electricity generation are: solar, thermal, photovoltaic (PV), wind farm, hydro, bio fuels, 

wave, tidal, ocean, and geothermal sources. But PV systems are known as the best choice of 

renewable energies for producing electricity, because of the long-term availability of free solar 

energy on the earth's crust, while it has no harmful effect on the environment such as carbon 

emissions, greenhouse gas emissions and climate changes. Solar energy can be easily converted to 

thermal and electrical energy without causing any negative effect on the environment (Gupta 

2020). 

 

Photovoltaic (PV) is a technology option for decarbonization and sustainable energy supply. It can 

be used almost everywhere in the planet. Solar energy is a source which is abundant and available 

all around the world, not limited to special region or country. Considering the limitation of energy 

resources and increasing price of them, PV and other renewable energies are the only solutions for 

replacing fossil fuel resources and causing the reduction in the future prices. 

 

The cost of PV systems electricity decreased by over 75 % to USD 69/MWh (EUR 60/MWh) 

between 2009 and 2018. In the most markets the main contribution was the decrease of module 

prices by over 85%. Because of the continues increase of electricity prices while PV system prices 

is decreasing, this system is becoming more and more popular and the market develops gradually. 

Also, the nuclear accident in March 2011 caused a shift in energy investments towards more 

renewables and PV systems. In 2017, solar energy attracted 58% of all renewable energy 

investments or USD 161 billion (EUR 140 billion). 
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PV industry rese again by more than 35% and reached a worldwide production volume of more 

than 110 GW of PV modules, in 2017. The compound annual growth rate (CAGR) over the last 

15 years was above 40%, which nowadays makes PV one of the fastest growing industry. And PV 

industry has grown from a small group of companies and key players into a global business 

(Waldau 2018). 

 

PV effect is a process in which PV cells use solar light photons to strike on the doped 

semiconductor silicone to produce electricity. The PV effect was discovered in 1839, and it was 

developed to produce power using doped semiconductors in 1954. PV power has been the fastest 

growing renewable energy technology that grew from 50 MW in 1990 to 177 GW (IEA) in (IEA 

PVPS TRENDS 2015). 

 

The annual electrical power output of a PV plant depends on the following factors: solar radiation 

incident on the installation site, inclination and orientation of the PV module, presence of a shading 

or not, technical performances of the planet components especially modules and inventers. 

The solar cell manufacturing technologies are: single cell or monocrystalline, multicell or 

polycrystalline, bar crystalline silicon, thin film technology. 

 

Monocrystalline and polycrystalline represent the traditional technologies for solar panels and are 

grouped as crystalline silicon. Monocrystalline PV technology was invented in 1995 and 

polycrystalline entered the market in 1981. And they are quiet alike in performance and reliability 

(IRENA 2012). 
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2.2.1. Thin film technologies 

 

In this technology the PV cell is made of a microscopically thin layer of silicon on a sheet of metal 

or glass, instead of a thick wafer. They are light weight and flexible made of plastic glazing. Some 

of them perform slightly better than crystalline modules under low-light conditions. They are also 

less susceptible to power loss from partial shading of a module (Ramalingam and Indulkar 2017). 

 

             

             Figure 12: Crystalline photovoltaic [source:sharp]           Figure 13: Thin film [ source:sikod.com] 

 

Fangyan liu et al defines 3 different categories for solar cells: organic, inorganic and organic-

inorganic hybrid. Inorganic PV materials attracted more attention because of the good 

photoelectric performance, high reliability and lower manufacturing cost (Miles et al 2007). For 

example, silicon is the second most abundant element in the earth crust, while it is highly stable 

and not toxic. Silicon solar cells are the most popular one in the PV market (Lee et al 2015) and 

their power conversion efficiency (PCE) has reached 27.6 % (NREL).In recent years many 

inorganic materials become more popular because of their high absorption coefficient, low cost 

and high PCE potentials with absorber layers with micron and even nanometer thickness which 

makes it easy for thin film production thus it becomes a competitive alternative for silicon solar 

cells (Poruba et al 2000, Mitchell et al 1977).Among inorganic thin film PV materials, 

Cu(In,Ga)Se2 ,( CIGSe) and CdTe with outstanding photoelectric performance have experienced 

rapid development. And they have achieved high PCE of over 22%  (Metzger et al 2019).These 

materials have the advantages of short energy payback time, light weight, compatibility with 

substrates compared to the silicon solar cells (Carron et al 2019, Theelen and Daume 2016).But 
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the scarce of In, Ga and Te and the toxicity of Cd restrict the long-term use of these particular PV 

materials. However Kesterite Cu2ZnSn(S, Se)4 , (CzTsSe), Sb2Se3 semiconductors are good 

alternatives with low cost, less toxicity and they are earth abundant  (Chen et al 2013, Zeng et al 

2016). 

 

2.2.1.1 Cu2ZnSn(S,Se4) solar cells 

 

Despite the fact that CIGSe solar cells, had a good performance, the future development could be 

restricted because of the scarce reserves of In and Ga. CZTSSe solar cells developed from CIGSe 

are better alternatives because of the low cost, more abundant and environmentally friendly. They 

exhibit many similar features as CIGSe in which the In or Ga is replaced by Zn and Sn. The 

development of CZTSSe solar cells could be inspired by the success of CIGse solar cells (Liu et 

al 2020). 

 

2.2.1.2. Sb2Se3 solar cells 

 

Sb2Se3 is a material with good optoelectronic properties and low cost and it has a non toxic 

composition, which makes it good alternative for CdTe while Cd has toxicity problems and Te is 

a scarce element. Sb2Se3 materials have a peculiar one-dimensional crystal structure that differs 

considerably from the other conventional absorber materials. These materials are flexible for 

fabrication and it is possible to create light weight solar cells with them (Liu et al 2020). 
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2.3. potential of PV panels as a material for kinetic shading device 
 

 

As mentioned before in the chapter of introduction using kinetic shading devices can be very 

helpful in controlling energy consumption of a building, but it is clear that in order to create any 

moving part in a building or activate any system an energy source would be required. This means 

an extra amount of energy should be added to create the required movement, while the aim was to 

reduce energy consumption as much as possible. In this case in order to activate a kinetic shading 

device for required movement an electrical actuator is needed. The use of PV panels as the material 

of shading device can create enough amount of energy to activate the actuator. Also, it is necessary 

that the material used in the kinetic shading device is light weight so it can move easily and it will 

require less energy for movement and prevent any possible dangerous situation in case of breakage 

of some part of device, also they don’t add to much weight to the total weight of the building. So 

thin film PV panels are good choice for the material of the kinetic shading devices, as they are 

lightweight materials, and they can produce the energy required to activate the electric actuator 

and there is no need to have an extra source of energy to use kinetic shading devices. These type 

of kinetic shading devices can be applicable to different type of buildings. 
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3. literature based on case studies 
 

3.1. Al Bahr Tower 
 

The Al Bahr towers are two towers of 25 story. It is located on the North shore of Abu Dhabi 

island, overlooking the eastern Mangroves and toward Sadiyaat island, and the Persian Gulf 

beyond. The main aim was to design two towers of to create an outstanding landmark reflecting 

the region's architectural heritage with the corporate status of the client's organization. It was 

requested for the design of towers which are contemporary sustainable using modern technologies 

(Armstrong et al 2013). 

 

The concept of the project was inspired by the traditional Islamic object " Mashrabiya". It is a 

wooden lattice screen in traditional Islamic architecture and used as a device for achieving privacy 

and environmental control including natural ventilation, solar control, and glare reduction. The 

project area is 56000 square meters primarily for office use (bank). The design submitted by 

architect Abulmajid Karanouh (Aedas) won the competition which offered two 150 meter high 

circular towers cladded with curtain wall covered with a kinetic shading system, Figure 11a (Attia 

2016). 

 

The two towers have a circular envelope cladded with water tight curtain wall. The curtain wall is 

comprised of unitized panels with a floor to floor height of 4200 mm and variable width of 900-

120 mm. From floor to ceiling, the vision area of the curtain wall spans 3100 mm. The curtain wall 

is separated from the kinetic shading system through a substructure by means of movement joints. 

The fixation of the substructure movement joints (cantilever struts) is at the first basement, grand 

floor, and podium levels, thereby allowing them to respond independently from the substructure 

(Attia 2016). 
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Figure 14: (a) Northern facade and (b) south facade of Al Bahr Towers, with 
some opened and closed shading devices. coordinates: 248 27’ 23” N, 548 24’ 4” E; 

alt: 3m (photo courtesy: Terry Boake). 
  

The dynamic shading system is a screen comprised of a triangulate units such as origami umbrellas. 

The triangular units act as individual shading devices that unfold to various angles in response to 

the sun's movement in order to obstruct the direct solar radiation. Each mashrabiya was conceived 

as a unitized system, cantilevering 2.8 m from the primary structure. the shading device system 

contains stainless steel supporting frames, aluminum dynamic frames, and fiber glass mesh infill. 

The folding system transforms the shading screen from a seamless veil into a lattice like pattern to 

provide shade or light. Each shading device comprises a series of stretched polytetrafluoroethylene 

(PTFE) panels, so in the case of shading system being closed, the occupants can still see through 

from inside to the outside Figure 15. In total, each tower has 1049 mashrabiya shading devices, 

each weighing about 1.5 tonnes. the plan and elevation configuration led to 22 different variations 
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in the mashrabiya geometries, which in itself created a challenge for managing their manufacture 

and assembly (Attia 2016). 

 

Figure 15: (a) Three fully opened shading devices allowing an open view during 
non-solar periods and (b) a group of fully opened shading devices. 

(photo courtesy: Terry Boake). 
  

 The shading device is controlled by a computer software which responds to the optimal solar and 

light conditions. The mashrabiya shading devices are grouped into sectors and they are being open 

and closed based on the sun's angle. Each shading device comprises a series of stretched PTFE 

panels and is driven by a linear actuator. The actuator opens or closes the shadings once a day 

based on the defined sun's position to prevent solar radiation. Figure 16 shows a detailed 3D model 

of an individual shading device actuator, sleeves, arms, and fabric mesh. The 1049 mashrabiyas 

are controlled through a central building management system (BMS) that can control each unit 

individually or in groups. The system is updated every 15 minutes using a light meter and 

anemometer on the roofs.in the case of whether events the automated program gets overridden 

power and data transmission is enabled through the strut sleeves, as shown in the Figure 17a. The 

mashrabiya has a service life of 20 years including the PTFE coated fiber glass fabric and the 

actuators have a service life of 15 years. 
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Figure 16: Detailed 3D model of an individual shading device of Albahr tower 
 (photo courtesy: Wood A 2013). 

  

 

      Figure 17: (a) A close view of the mashrabiya and curtain wall where the strut sleeves penetrate 
        the curtain wall and connect to the main structure and (b) a view out when the mashrabiya is open. 

 (photo courtesy: Terry Boake). 
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Unfortunately, the use of an adaptive façade in this project was meaningless from a sustainable 

point of view. The use of mashrabiya in Al Bahr project led to missing the huge opportunity to 

promote adaptive shading systems as a sustainable technology. The client did not consider energy 

consumption of the occupant satisfaction from the beginning and therefore, the mashrabiya lost its 

meaning as a sustainable element while acting on the side of being a gadget (Struck et al 2015). 

 

3.2. Simons center at stony brook university 
 

 

Simon center is the state university of New York designed by Perkins Eastman. In this project an 

adaptive shading system is applied on the southern façade of the building. The shading system is 

formed by a Tesselate pattern reflecting the occupant's field which is science and mathematics. 

The Tesselate pattern forms a combination of geometric shapes like hexagon, circle, square and 

triangle that shapes into opaque mesh. This kinetic pattern covers 124 square meters of the building 

façade and provides the building with the functional capability to a dynamic opacity transformation 

(Hoberman and Schwitter 2008). 

 

Figure 18 : Tessellate system façade of Simons center at stony brook university  
(Jamil Alkhayyat J 2013) 
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The design concept is driven from a flower named " Morning Glory" which opens in the morning 

and closes in the evening when the sunlight is gone (Jamil Alkhayyat J 2013). 

 

 

Figure 19: Morning Glory flower which opens and closes based  
on the presence of sunlight (Jamil Alkhayyat J 2013) 

 

 

Tesselate pattern modules are independent, framed curtains with cribriform patterns that can 

constantly move and evolve which can dynamically control the light, air flow, ventilation, privacy 

and sights. This pattern is consisting of couples of overlapping metallic layers which can create an 

opaque mesh by moving or be open and create more transparent shape. This pattern can 

dynamically change the façade opacity. Each one of the Tesselate modules has one motor and it is 

being controlled by a computer (Hoberman and Schwitter 2008). 
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                             Figure 20: triangular and rectangular Tessellate pattern of Simons center at  

stony brook university (Jamil Alkhayyat J 2013) 
 

These Tesselate modules has a location-based sensor which responds to the sunlight and weather. 

For example, in the case of the high sun light the pattern interlock completely to block the 

excessive sunlight. The sensors are designed to take the maximum advantage of the system in 

regard to energy efficiency and savings. Pattern opacity can varies from 10% to 85%. also, the 

moving speed can be adjusted to track the sun or responds to environmental aspects like energy 

usage, solar gain and daylight levels (Hoberman and Schwitter 2008). 

 

Figure 21: Perforated shades for Tessellate by “The Adaptive Building Initiative”  
(Jamil Alkhayyat J 2013) 
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3.3. Helio Trace Center of Architecture 
 

 

Helio trace center was designed by a team of specialist "Skidmore, Owings, Merrill and 

Permasteelisa" in New York, Figure 22. The aim of this collaboration was to design a building 

covered with Kinetic curtain wall system which is responsive to the environmental changes. This 

system is able to control daylight and glare and can decrease solar heat gain by 81%. Adaptive 

Building Initiative developed the kinetic shading system for the whole façade, applying its pattern-

based strata system. This design responds to the ecological, formal and functional requirements 

(Hoberman and Schwitter 2008). 

 

(a) (b)  

              Figure 22: Helio Trace Center of Architecture adaptive pattern (a) Tower of Helio Trace Center 

 (b) adaptive modules (Hoberman and Schwitter 2008) 
 

 

The curtain wall is able to track the sun path on the daily and yearly bases. In contrasts with other 

system mechanisms: this kinetic pattern will expressively develop daylight while decreasing solar 

heat gain impacts on building residents. The system keeps a good daylight while it eliminates glare, 

and it decreases peak solar heat gain by 81% on a yearly basis. 
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This façade technology is applicable to any responsive building geometry by adjusting different 

panels. It can be placed everywhere in the world by adapting to the location, attributes, orientation 

and sun path. Kinetic pattern shade on the building façade is linked to a prefabricated, thermally 

efficient building covering, which enable interior chilled ceiling plates usage that have a lower 

energy efficiency than other standard air conditioning solutions (Hoberman and Schwitter 2008). 

 

 

                                      Figure 23: Exploded 3D section for Helio Trace Center window unit,  
structures and how it performs (Jamil Alkhayyat J 2013) 
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Hellio Trace maintains the precise balance between shad eand sun. A mobile external sun shade 

blocks out the rays when required, architects can modify the system to climate sun path and 

processes schedules. A wide solar analysis has been done on the system with three main objectives: 

to decrease glare, increase daylighting, and control solar heat gain. Glare studies (at the top), with 

baseline analysis at its left and enhanced analysis at its right. Daylight levels (at the middle) were 

adjusted to avoid extreme illumination (at middle left) which can be a reason of glare and to help 

increasing energy savings, also to provide user comfort. Finally, the problem of high solar gain (at 

bottom left) was analyzed regarding the systems external shades, all of them together can cut the 

peak solar gain by an expected 81 percent . The team’s parametric analysis calculated the ideal 

deployment level of every shading system at particular times of day, for every season (Hoberman 

and Schwitter 2008). 

 

 

Figure 24: Glare, daylight levels, and solar gain analysis for Helio Trace  
(Jamil Alkhayyat J 2013) 



 
33 

  

 

 

3.4. Solar decathlon 2007 
 

In 2007 a team of designer from the Technical university of Darmstadt won the competition of 

solar decathlon 2007. It was a two-story house, and the aim was to design a house which use the 

minimum amount of energy while at the same time it provides the maximum amount of comfort. 

To reach this goal the designers decided that the house should comply with German " Passive 

House Energy Standard" which requires the annual demand for heating energy to be less than 15 

Kwh/m. This requires a highly insulated building envelope. As a result, the East and west walls 

were constructed as opaque walls, using vacuum insulation panels and North and South walls are 

glazed. The house was constructed with prefabricated panels which have been transported from 

Germany to the competition site in Washington DC to be assembled there (Solar decathlon Report 

2007).  

 

 

Figure 25: Technische Universitat Darmstadt 2007 Solar Decathlon Entry 

 [www.solardecathlon.org] 
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The design team used different strategies to reduce the energy demand of the building while the 

strategy which is in the interest of this thesis is the use of dynamic louvers on the facades of the 

building. The facades facing East, West and South are covered with thin film photovoltaic modules 

to support the energy supply of the house. In order to make sure that the timber-optic of the 

building is not disturbed the cells are embedded into the lamellae. The necessary deepening's and 

cable channels are shaped out of the wood. The cables are transmitted to the frame via special side 

fittings. This provides an optimal integration of the high-tech elements into an approved façade 

system. 

 

     Figure 26: Intelligent facade of automated wood louvers with building integrated Photovoltaics 
         create a continuous facade for TU Darmstadt’s 2007 Solar Decathlon House.  

(Source: Thun and Velikov, 2013) 
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The louvers are constructed with oak. On the porch in the south the louver can be opened by folding 

the two flaps and side them aside. Altogether 9 louver modules can be opened: seven in the south 

and one in the east and one in the west façade. Additional to these openable louver elements, there 

are four more louver on the east and west façade which are not openable. The openable louvers 

consist of two flaps with each 35 lamellae in an oak frame (Solar decathlon Report 2007).  

 

 

Figure 27: Vertical and horizontal section of the shading system (source: www.solardecathlon.de) 

 

All lamellae can rotate 90° around their center axis. To ensure that the PV surface has always an 

optimal angle to the sun. the lamellae will be connected to a motor system that rotates them, if it 

is necessary. the motor system is controlled by a system that calculates the optimal angle with 

sensors. 
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Figure 28: The movement and optimization of the louvers (source: www.solardecathlon.de) 

 

To prevent the self shading of the PV-modules and the loss of energy only 50% of the full depth 

of each lamellae is activated. 

The gained power has to be transported to the electric system of the building. Special fittings and 

solar cables provide the transportation through the louvers. Every louver is fixed in one point. This 

fixed point is used to transmit the cable to the building. The louvers are connected parallel to 

prevent too high voltage at the transmission points. In the building the louver system is connected 

to an inventor which is a special low voltage device. The inventor is connected to the island system 

of the building. 

 

The used photovoltaic components are cis-cells produced by the company SCHOTT- Solar. These 

cells are embedded into a glass-panel and were specially constructed for very small areas such as 

louvers and shading blinds. They distinguish themselves with their very minimal width of down 

to only 2cm (around 0.8 inches). This submits the optimal saturation of the lamellae surface, which 

is necessary to prevent self-shading of the lamellae (Solar decathlon Report 2007).  
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4.Design process 
 

4.1. Design concept and climate adaptability 
 

 

The aim of this thesis is to design a kinetic shading device which is made of thin film photovoltaics 

and can provide the required energy for its movement. It should be possible for the shading system 

to be applied to different building with all types of façade systems in different locations while it 

can adapt itself to the required climate. 

 

In order to provide the required electrical energy for the shading system the device must be 

positioned in the way that it can receive the most solar radiation and as a consequence produce the 

most possible electrical energy. For normal PV panels there is a defined tilt angle for the whole 

year for every specific location which is different from the other part of the world according to 

their latitudinal and longitudinal position. So, it is important to have a kind of inclined shape which 

can modify its angle based on the location that it is placed in and the angle of solar radiation Figure 

29. 

 

 

                                Figure 29: First step of development of the module, moving from a normal shape 
 of a photovoltaic panel to the rotational form of it. 
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Providing a visual comfort for the occupants is another important aspect which it must be taken 

into account in the design process. Having too much movement in the façade can cause distraction 

for the occupants. And also, we have to consider that sometimes the occupants don’t want any 

obstacle in front of the window which can block their view from the outside. As a result, it is 

important to avoid any complicated design which requires too much movement, also this can be 

beneficiary later in industrial production, as it is easier to produce and more economical, and also 

it will have less maintenance cost. As a consequence, it is better to have a device which can be 

removed completely from the surface of the window. 

  

 In order to start the design process having a climatic sample is necessary, to perform all the 

climatic analysis on the special location, then it is possible to have the same performance with 

some modification in different locations. In this thesis the case study climate is the city of Milan, 

Italy, latitude 45.46° N and longitude 9.19° E. The modelling of the shading device is done by the 

software of Grasshopper, the plugin of Rhino, and all the climatic analysis are done with Ladybug 

plugin. 

 

4.1.1. solar radiation analysis 
 

 

The first step of a designing the shading device is to take the position in which there is the most 

solar radiation. So, when the shading can perform properly in this position, it means that it can 

have a good performance also in the other sides of the buildings. Based on the analysis extracted 

from Ladybug, Figure 30, the best position to apply the shading device is toward south in which 

there is the most solar radiation. 
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  Figure 30: total solar radiation in Milan, radiation rose and sky dome  
for Milan which it shows the higher values from the south 

 

In order to proceed with the analysis, we consider a box of 3m×4m×3m then we apply the shading 

device on the southern surface of the shading device. First, we check how much solar radiation do 

we have on the southern surface of the shoebox without having a shading device, Figure 31. 

 

 

    Figure 31: Solar radiation in the summer on the southern façade 
 of the box of 3m×4m×3m without shading 
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The analyses are done from 21st of June to the 21st of September, the months that we have higher 

amount of solar radiation specially on the southern façade. These months are important months for 

the operation of the shading device. As we can see in the Figure 31, we have 306.86 KWh/m2 on 

the face of the southern façade. In order to reduce the solar radiation, we add an overhang of 0.5m 

on the top and then another one in the middle in distance of 1.5 m from the base Figure 32. 

 

 

                                Figure 32: Solar radiation on the southern façade of the box of 3m×4m×3m  
(a: with overhang on the top) and (b:with overhang on the top and middle) 

 

It can be seen from Figure 32 that two overhangs are not enough for the southern façade and we 

should have more overhangs or increase their dimension, while increasing the dimensions can also 

increase the weight of each module. So, in order to have a southern surface totally shaded it is 

better to divide the surface in 3 parts and have an overhang every one meter Figure 33. 
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 Figure 33: Solar radiation on the southern façade of the box of  
3m×4m×3m with 3 overhangs every 1 meter. 

 

The proposed shading device is going to be made of Photovoltaics and we know that sun is not 

shining perpendicularly on our building, so we need a kind of inclined shape to have the maximum 

benefits from the sun radiation. The degree of inclination can be different based on the location 

and also the time of the day. So, the choice is to use a shading device which can change its tilt 

angle based on the position of the sun. 

 

 

       Figure 34: Solar radiation on the southern façade of the shoebox of 
3m×4m×3m with inclined overhangs every 1 meters 
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The overhang can shade almost enough the southern façade even when they are inclined, but there 

are some parts at the bottom part which still receive some harmful radiation. Considering that these 

analyses have been done for Milan, we can conclude that this situation can be worst in some other 

parts of the world with higher amount of radiation, so it is better to add some other parts to the 

shading device to also cover the bottom parts. In this way it is possible to prevent completely the 

penetration of the harmful solar radiation. Also, for the possibility of having the whole window 

closed. It is important to have a kind of shading which can be totally open in winter so we can use 

the solar radiation to increase the temperature inside the building, or it can be totally closed if the 

occupants prefer so. 

 

In the new design for each module, we will have one overhang on the top and one on the bottom, 

so they can be open and close based on the solar radiation angle or the preference of the occupants 

Figure 35. 

 

Figure 35: single module of the shading device, consist 
 of one overhang on the top and one on the bottom. 
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We run the solar radiation analysis for the new design to see if it works properly in the required 

location Figure 36. 

 

(a)  (b)  

(c)   (d)  

                           Figure 36: solar radiation received by the southern façade of the box of 3m×4m×3m  
                               (a) completely open position, (b) 15° of rotation, (c) 45° of rotation,  

                (d) completely closed position  

 

In the Figure 36 we can see that when the shading device is in completely open position, we still 

have solar radiation at the bottom parts, but with adding another shading at the bottom when it 

starts to rotate, it reduces the amount of solar radiation that southern façade receives. And when 

the device is in completely closed position, no radiation can receive to the surface. 
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4.1.2. daylight analysis 
 

After designing the proper shape for the shading device which shades the façade in the way that it 

can prevent the excessive solar radiation, it is important to check if we still have enough amount 

of daylight in the building in the way that no artificial lightening is required during the day. As we 

can see from the Figure 37, we have enough amount of sun light when the shading device is in the 

3 different positions of completely open, 15° of rotation, 45° of rotation. There is only one picture 

of no daylight and it is for the time when the device is in the completely closed position. And we 

will have this position only when the occupants want to close it on purpose.  

 

(a) (b)  

(c) (d)  

                                 Figure 37: daylight factor for the box of 3m× 4m× 3m (a) completely open 
 (b) 15° of rotation (c) 45° of rotation (d) completely closed. 
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4.1.3. Internal temperature analysis 
 

In this chapter we analyze the effects of the designed kinetic shading device on the internal 

temperature of our case study which is a simple box of 4m × 3m × 3m located in Milan, with the 

help of Honeybee plugin of Rhino software. The first graph Figure 38 shows the values of mean 

radiant temperatures of the room which has a totally glazed surface on its southern façade. The 

analysis has been done for the whole year, while our focus is on the summer time where we need 

to shade more in order to decrease the internal temperature. On the contrary we do not need any 

movement of the shading device as we need the sun to get in and heats up the space. 

In this case while we have no shadings applied on the façade of our room, it can be seen the 

temperatures during the year vary from 9°c to 41°c and we mostly have this high temperature 

during spring and summer specifically in the midday around 12 PM and 6 PM. We can see during 

the winter we have relatively low temperature which supports the pervious idea that we do not 

need to shade our surface during winter. 

 

 

                Figure 38: annual mean radiant temperature for the room of 4m× 3m× 3m with the  
fully glazed southern façade 
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In the next step we add the shading device to the room as overhangs and run the simulation, to see 

how having overhangs on the southern façade of the room will affect the internal temperature of 

the room. Figure 39 shows the results of the analysis. 

 

 

 Figure 39: annual mean radiant temperature for the room of 4m× 3m× 3m with  
the fully glazed southern façade and overhangs every 3 meters. 

 

It can be seen from the graph of mean radiant temperature, with simply adding overhangs the 

temperatures decrease specially during summer. In this case the higher temperature is about 34°c 

in the beginning of September. 34°c still is a high temperature, but it is significantly low compared 

to the 41°c in the case of having no shadings on the facade. 

 

Then we start to rotate the shading device to see how it can affect the internal temperature while 

we provide more shaded area due to the rotation of the overhangs. In this step we run the analysis 

for 15° of rotation, the results are shown in the Figure 40. 
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                             Figure 40: annual mean radiant temperature for the room of 4m× 3m× 3m with  
the fully glazed southern façade and overhangs 15° of rotation. 

 

The Figure 40 shows the graph of mean radiant temperatures and it can be seen clearly that we 

have a decrease in the internal temperatures of the room. The highest temperature decreases to 

31°c and it exists only in the summer time in the midday.  

In the next step we want to try if it is possible to reach a relatively comfortable temperature during 

the summer in the midday by having higher rotational angle in our shading device. The Figure 41 

shows the results of mean radiant temperature for 45° of rotation. 

 

 

                         Figure 41: annual mean radiant temperature for the room of 4m× 3m× 3m with the fully 
                                                       glazed southern façade and overhangs 45° of rotation. 
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From the Figure 41 can be seen that we are mostly in the comfort zone during the summer when we 

have the rotational angle of 45°. The highest temperature is 28°c which mostly can be seen in the 

summer in the midday till the afternoon and it is a relatively comfortable temperature.  

The next graph Figure 42 shows the values of internal temperature when the device is totally closed. 

 

 

Figure 42: annual mean radiant temperature for the room of 4m× 3m× 3m with 
 the fully glazed southern façade and totally closed shading device. 

 

 

As it can be seen from the Figure 42, we are in a more comfortable condition when the shading 

device is in the totally closed position. But this position is not recommended because we also block 

the sunlight inside the room during the day while it is necessary to have an enough amount of it 

during the day to avoid artificial lightening, and also when the device is totally closed, it is not in 

a good position to produce electricity. As we already know this device is made of Photovoltaic 

panels and the best position is perpendicular to the solar incident angle. But this position is 

accessible if the occupants of the building prefer to have a closed window sometimes, and they 

will be able to open and close the shading device manually. 
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4.2. Technical specification 
 

 

One of the important goals of this design is that to have a shading device which is applicable to 

different façade systems. The whole structure is light weight, and it can be mounted on window 

frames on the opaque walls or be connected to the structures of any glazed façade system. The 

Figure 43 shows a module which is connected to mullions and transoms of a glazed façade. Each 

module has the dimension of 1m×1m and consist of two kinetic panels which are made of thin film 

photovoltaics. Each panel has the dimension of 1 m × 0.5 m.  

 

 

Figure 43: one module of the shading device mounted on a glazed façade with the dimension of 1m × 1m 
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There are two moveable parts in each module with two different typologies of movement. These 

moveable parts are the thin film photovoltaic panels which do the shading by being rotated and 

adopting the required angle based on the solar radiation incident angle and also produce electrical 

energy for the actuators to operate. The upper panels rotate by using a rotator actuator. It can be 

rotated for 90° and be totally open at 0° and totally closed at 90°. It can also rotate and adopt any 

degree between 0° and 90° based on the required degree in the specific location and the specific 

time of the day and the position of the sun Figure 44.  

 

 

 

           Figure 44: Rotation of upper panel with rotary actuator; rotation from 0˚ 
 open position to 90˚ closed position 

 



 
51 

  

 

 

The lower panel also rotates but with the help of a slider. As it is necessary to always have the face 

of the PV panel toward the sun, it is not possible to simply rotate the lower module.it need to move 

with a slider on two rails so it can always have the same rotational angle as the upper panel. This 

can be seen more clearly on the Figure 46. The panels move on the slider with the help of two ball 

joints, one is connected to the panel, one to the slider. The ball joints allow the panels to move 

along the rail of the slider while they can be rotated at the same time. Also, on the other side of the 

panel there are two other ball joints, on connected to the panel and one mounted on a vertical rail. 

When the slider pushes the panel one side of it moves horizontally and rotates and the other side 

of it moves horizontally and rotates Figure 45.  

 

 

Figure 45: Rotation of the lower panel with the slider actuator; rotation from 0˚ 
 open position to 90˚ closed position 
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         Figure 46: the rotation process of panels one module. Going from completely 
 open to completely closed position 
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In the Figure 47 all the used components of the shading device can be seen clearly.  

 

 

  

Figure 47: components, details and dimensions of the shading device 
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4.2.1. Choice of the Photovoltaics  
  

  

Flex - Flexible CIGS Solar PV modules from Flison company with the Swiss technology 

 

  Figure 48: sample of thin film photovoltaic being used in the kinetic shading device 
 [www.flisom.com] 

 
 

The eFlex is a range of flexible and lightweight CIGS solar PV modules specifically designed 

for application on buildings and transportation platforms (such as buses, vans and trucks). 

The modules can be applied on surfaces with limited load bearing capacity, on curved surfaces, 

on membranes that need to keep their waterproofing and should not be penetrated, or where 

aesthetics is critical such as facades and residential roofs. The modules come in different sizes 

which can be used to cover entire surfaces. The modules are made of high-quality materials 

which give a lasting performance and are based on a unique technology developed in 

Switzerland to deliver high performance in targeted applications. 
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Features 
 

 Ultra-low weight, < 2kg/m2 

 Applicable on curved surfaces – bendable on a 20cm radius 

 Super thin (<2mm) & aerodynamic 

 High energy yield due to shadow tolerance and temperature stability 

 Special adhesive option for easy installation on various surfaces 

 Beautiful aesthetics - uniform full black design 

 Robust and vibration resistant - micro cracks free 

 Multiple length options (~1m to ~6m) to meet different needs. 

 Low environmental footprint 

 Swiss technology made in Europe. 

 

As this thin film material can not tolerate any weight on top of it and it is not strong enough for 

snow or wind loads it must be applied on another material. In this case we decide to apply it on a 

steel plate of 1000 mm×500mm×2mm. 
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    Figure  49: data sheet and technical specifications of thin film photovoltaics being  
used in the kinetic device [www.flisom.com] 
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4.2.2. Choice of the Rotator actuator 
 

For the lower panel in order to operate a rotator is needed, for this purpose we chose a rotary 

actuator from the SMC company. The choice is a rotary table/ rack and pinion type, MSQ series 

in size of 70. 

 

 

Figure 50: rotary actuator used for the upper panel [www.smcitalia.it] 

 

Figure 51: sizing of the rotator and weight bearing (unit: gr) [www.smcitalia.it] 
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   Figure 52: Degree of rotation for the rotary actuator used in the upper panel 
 [www.smcitalia.it] 

 

4.2.2. Choice of the Slider actuator  
 

For the lower panel in order to operate a slider is needed, for this purpose we chose an slider from 

the SMC company. The choice is a ball screw drive series of LEFS in size of 16 with the parallel 

motor. 

 

Figure 53: Slider actuator used for the lower panel [www.smcitalia.it] 
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Figure 54: motor specification for the lower panel [www.smcitalia.it] 
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Figure 55: dimension of the slider actuator for the lower panel [ www.smcitalia.it] 
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4.3. Snow load calculation 
 

 

The snow load on the shading device when it is in the completely open position (overhang) should 

be determined taking into account the local conditions and specific standards related to the built 

environment. In this case we examine our model for the city of Milan located in Italy and the 

standard used for this calculation is NTC 2018. 

 

 

Figure 56: snow load zones (NTC 2018 ) 
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The load caused by snow on the covers should be calculated by the following equation in 

accordance with the NTC 2018 normative: 

 

qk = μi * qsk · CE· Ct 
 

where: 

qk is the snow load on the roof; 

μi is the coefficient of the shape that assumes nominal values depending on the angle of inclination 

of the areas affected by snow – α, which from the following table has been set to μi = 0.8 because 

the designed surface is flat with an inclination of 1%. 

 

 

Figure 57: shape coefficient values (NTC 2018) 

 

qsk is the characteristic value of the snow on the ground. It depends on the local climate conditions 

and exposure conditions considering the varying of snow precipitation from zone to zone.  Milan 

is part of Zone I – Mediterranean.   

 

 

Figure 58: zone 1 for snow precipitation and related value of qsk (NTC 2018) 
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CE is the exposure factor, in our case is CE = 1.0 

 

 

Figure 59: CE values for different classes of topography (NTC 2018) 

 

 
Ct is the thermal coefficient that can be used to redact the snow load as a result of its melting due 

to heat loss from the structure itself. In order to consider the higher possible value of snow load 

this value is considered as Ct = 1.  

  
 
Therefore: 

  

qk = 0.8 * 1.5 KN/m2 · 1· 1= 1.2 KN/m2 
 

 

 

As the dimension of each overhang in the shading device is 1000*500 mm we have 0.6 KN of 

distributed snow load on each overhang.   
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5. Performance calculations 
 

5.1. Movement calculations 
 

In order to define the performance of the shading device it is necessary to first define how much 

the shading device needs to be rotated and in what times of the year the rotation is needed. First it 

is necessary to know the limits of rotation. The first parameter that defines a limit for rotation is 

the daylight factor, it is necessary to have enough amount of daylight in the building in the way 

that no artificial lightening is required. We found the limits of rotation with the help of the software 

Velux Daylight Visualizer, Figure 60.   

 

(a)  (b)  

(c)  (d)  

        Figure 60: daylight factor for the box of 3m× 4m× 3m (a) 35° of rotation (b) 45° of rotation  
(c) 50° of rotation (d) 55° of rotation. 
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The limit for the daylight factor is 2, as we can see from the Figure 60 we reach this limit with 50° 

of rotation while we still have enough amount of daylight inside the room. And with 55° of 

rotation, we would not have enough amount of daylight in our area. As a result, in the shading 

device should rotate at maximum 50°, just in case that the occupants require so, and they want less 

light inside the room. 

 

The next step is to check in what time of the day there is the need for rotation and how much we 

need to rotate in each hour. The crucial time of the year that requires the shading device to perform 

is the summer time, starting from 21th of June until the 21th of September. We need to shade 

during this time to provide more thermal comfort inside the building. In this case we check the 

indoor temperature of the room of 3m× 4m× 3m for every single hour of the summer to see in 

which hours the internal temperature exceeds 26°c, so we will shade to decrease its temperature. 

And we check with how much rotation we can decrease the internal temperature, taking into 

account the limit of 50° of rotation. Following graphs show the average internal temperatures of 

the room for the month of June starting from 21th, which have been extracted from the Honeybee 

plugin of Rhino software with simulating a room of 3m× 4m× 3m located in Milan as an case 

study. 

(a) (b)  

      Figure 61: average of hourly temperature for the month of June starting from 21th. 
(a) without shading (b) with shading 0° of rotation 
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As it can be seen from Figure 61 it can be seen that with only adding the shading devices as 

overhangs to the room we are able to simply decrease the temperature about 3°c or 4°c. after having 

the shading device applied on the façade of the room we have temperatures higher than 26°c 

starting from 10 AM until usually 21 PM. In some cases we still have higher temperature after 

21PM which is obviously not because of presence of sun in the sky. So, if we shade enough during 

the hot hours of the day it is possible to also have more comfortable temperatures also late at night 

because we already avoid the space to heats up during the day. 

 

We perform the same analysis for the month of July and the results are shown in the Figure 62. 

 

(a) (b)  

Figure 62: average of hourly temperature for the month of July.(a) without shading 
 (b) with shading 0° of rotation 

 

It can be seen that the situation for the month of July is quiet the same as June, with adding the 

shading device the average temperatures decrease about 3°c or 4°c, and we have temperatures 

higher than 26°c starting from 10 AM until 21 PM. Which means that it is necessary to start the 

rotation from 10 AM. 
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Following graphs shows the average temperatures for the month of August. 

 

(a) (b)  

Figure 63:average of hourly temperature for the month of August. (a) without shading 
 (b) with shading 0° of rotation 

 

Figure 63 shows that not only adding the shading system decreases the internal temperatures, but 

also the time interval which we have temperatures higher than 26°c have been decreases to 11 AM 

until 20 PM. Consequently, for the month of August it is better to start the rotation from 11 AM. 

Following graphs show the average temperatures for the month of September up to the day of 21th. 

 

(a) (b)  

Figure 64: average of hourly temperature for the month of September. (a) without shading 
 (b) with shading 0° of rotation 
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The same decrease of temperature happens also for the month of September. As in the September 

we normally have a lower temperature the time interval which temperature exceeds 26°c decreases 

to 11 AM until 19 PM. So, it is required to start the rotation of panels from 11 AM. 

 

After finding the hours that are necessary to shade the façade, it is crucial to know what the exact 

rotational angle in each single hour will be. As the shading device is made of photovoltaics the 

rotational angle should also be compatible with the sun incident angle to produce enough 

electricity and use the total efficiency of the photovoltaic panels. 

 

The best position for the photovoltaic panels is perpendicular to the sun incident angle. With 

having the sun altitude for every hours of the year it is easy to calculate the exact position for the 

photovoltaic panels based on the following formula; 

 

Rotational angle = 90 – sun altitude 

It is also important to check if the calculated rotational angle is effective in terms of reducing 

internal temperatures. Based on the graphs of average temperatures which was shown before the 

rotation will starts at specific hour for each day. It starts the rotation in the morning from 10 AM 

or 11 AM and reaches the highest rotational angle when the sun has the highest altitude angle so 

we have higher temperatures in this case and we need more shading as a result, this happens usually 

at 13 PM or 14 PM. After that when the sun goes down the device is coming back to its original 

position. So the device will rotate once a day in the morning and goes up to 50° and return back to 

its original position in the afternoon. We set the end of the cycle at 7 PM when there is no need 

for the façade to be shaded. Following table shows the rotational angles for the photovoltaic panels 

for each hours of the summer. The hours which are not shown in these tables are the hours which 

the rotational angle is considered equal to zero. 
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In these tables the angles which are highlighted with green are the angles which are compatible 

with the previous calculations regarding to the internal temperatures. In this case not only we have 

the best position for the photovoltaic panels, but also, we have the internal temperature lower than 

26°c. 

 

The angles which are highlighted in red are the angles higher than 50°. As previously discussed, it 

is better not to have a rotational angle higher than 50°, because we won't have enough sunlight 

inside the place. We can see from the tables this happens mostly in the afternoon when sunset is 

gradually happening, as a result we will have a very low value for sun altitude and consequently 

high value for rotational angle. While we know during sunset our photovoltaic panels would not 

produce a considerable amount of electricity. So, in the case of having the rotational angle higher 

than 50° we stop at 50 and based on the previous calculations we follow the angle wich is more 

suitable for the internal temperature. 

The angles which are highlighted in orange shows the angles in which the rotational angle is lower 

than the required angle for having the temperature lower than 26°c. This happens mostly in 

middays when we have the highest temperatures during the day, and it is crucial to shade enough 

the space. As the priority in this design is to provide a more comfortable space for the occupants 

rather than producing electricity, we adopt the angle which helps us the most to decrease the 

temperature. 
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The angles which are highlighted in yellow, are the angle related to the sunrise time when the sun 

altitude is very low, so the rotation angle will be higher than what is really necessary. In these 

hours the photovoltaic panels would not have the highest efficiency and considering that it is only 

necessary to close and open the shading device only once a day. We will choose a lower value for 

rotation which is the closest one to the calculated angle.  

 

Finally, by defining the patterns of rotation for each day of summer and giving it to an internal 

control system it is possible to adopt the best position for our shading system. 
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5.2. Electrical calculations 

5.2.1. Required electricity 
 

 

Each module of the proposed shading device is consisted of two different panels. These two panels 

have different way of rotation. The upper panel moves by the help of a rotary actuator and the 

lower panel moves by the help of a slider actuator. These actuators need specific amount of 

electricity to perform the defined pattern of movement. For calculating the required amount of 

electricity for each one of the panels, it is necessary to know how much power is required to move 

the panels with their specific weight in the defined direction and pattern. These calculations have 

been done separately for each panels and at the end the values of upper and lower panels have been 

sum up together and that will be the final value of required electricity for each module to perform 

in the correct manner.  

 

5.2.1.1. Lower panel 
 

Figure 65 shows the lower panel of the shading device. In order to move it to be closed, for example 

in this case to move the panel from point «B» to the «Goal»  position in «t»  seconds  the linear 

speed diagram in point «B»  will be Figure 66. 

 

Figure 65: relation of the rotational degree and displacement of the 
 lower panels, how to move from point «B» and reach the goal point.  
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Figure 66:linear speed diagram of point «B», the 
 variation of the distance with respect to the time. 

 

As the actuator introduce the force in point «A» we have to define «y» as a function of «x». 

ẏ = 

��
� ẋ� 

Where; 

� is power transmission efficiency coefficient according to the roller friction 

 

If we define the angular velocity « � » as the function of «x» and «y», we will have; 

 

�� = ẏ. 
 . ���� 

�� = ẋ. 
 . ��
� 

 

The moment of inertia of the panel for the point c will be ; 

 

�� = �
�
12 + � �


2�� = �
�
12 + �
�

4 = 4�
�
12 = �
�

3   

�� = �
�
3   

Knowing that; 

!� = �� . "�   
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Where; 

!�  is the torsion of point «c» 

�� . "�  is the angular acceleration 

 

By knowing �� = ẏ. 
 . ���� the graph for �� as a function of time will be; 

 

 

Figure 67: variation of angular velocity «��» with respect to the time 

 

The forces applied on the panel are shown in the Figure 68. 

 

Figure 68: forces applied on the lower panel in order to move 
 the panel from pint «B» and reach the goal point. 
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Where N will be; 

# = �$ ����
2%��
� + &����' 

 

In order to calculate the total force required to move the panel, it is necessary to calculate the forces 

in different steps as shown in Figure 67. 

 

Step 1&3: 

!� = �� . "� = �
�
3  . "�                (!� > 0    �*    " > 0!� < 0    �*    " < 0  

 

F. 
. ��
� −  �$ . &. 
 . ��
� −  �$  

2  −  #. & . 
 . ���� =  !�  

Where & is coefficient of static surface friction 

 

F. 
. ��
� –  �$ . &. 
 . ��
� –  �$  

2 –  �$ . & . ����

2%��
� + & ����' . ���� = !�  

F. 
. ��
� = !� +  �$ . 
 /&. ��
� +  & . �����
2%��
� + & ����'  + 1

20  
 

F = !� 
. ��
� + �$
��
� /&. ��
� +  & . �����

2%��
� + & ����'  + 1
20 

 

F = !� 
. ��
� + �$ 1& +  & . ���� ����
2%��
� + & ����'  + 1

2 ��
�2 

 

 

Step 2      α = 0       constant ω    !� = 0 
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4 = �$ 1& . � 1 + ���� ����
2%��
� + & ����' � + 1

2 ��
�2 

 

 

In order to calculate the required forces and electrical energy to move the lower panel we perform 

the calculation for a sample day, in this case 21 of June, and the same principal is applicable for 

the other days of the year.  

 
Figure 69: rotatonal angles for 21 of june for each hour of the day from 10 AM to 19 PM. 

 

Figure 69 shows the rotational angles for the 21 of June. It can be seen that starting from 10 AM in 

the morning, the panel starts to rotate and reaches 50° at 12 AM then returns to 0° at 8 PM. As we 

are calculating the forces for the time when the shading is closing, we should consider t= 2hr. the 

return process is happening due to gravitational forces and with a hydraulic clamping system is 

possible to control the movement.  

For this purpose we have already defined 3 steps to calculate the forces: 

Step 1: First step happens when the panel starts to rotate. Considerin Figure 65 we have the 

following formulas and values: 

 

F = !� 
. ��
� + �$ 1& . � 1 + ���� ����
2%��
� + & ����' � + 1

2 ��
�2 

Where: 


 = 0.5 � 
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& = 0.14  for steel 

� = is the weight of the panel.  

This panel is made of steel plate of 1m×0.5m×0.002m which has the weight of 7.85 kg and a PV 

panel which has the weight of 1.2 kg. so; 

� = 7.857$ +  1.2 7$ = 9.05 kg 

�� = �
�
3  = 7.857$ . %0.5�'�

3 = 0.65 kg. �� 

in order to calculate "�, first we need to obtain �� for all required rotational degree. Then the 

value of "� is equal to the slope of the graph �� − � of Figure 67. 

 

Figure 70: values of angular velocity for different ϴ 

having the values of "�  and �� , now we can obtain the values of !� which is equal to: 

!� = �� . "�   

 

Figure 71: values of torsion of point c for different 
 angular acceleration αc 

 

So we have: 

 

Figure 72: required load to move the panel to each desired rotational angle 
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The movement for each panel happens with two actuators, so the calculated forces should be divided by 

two, in order to find the electricity consumption for each actuator. For this purpose, we use the graph of 

currents with respect to loads which is already provided by the manufacturer. We mark the required loads 

on the graph to see how much current is required to move the panels, Figure 73. 

 

Figure 73: required current [A] corresponding to the applied load [N]  

 

Plotting each value of current we can have the required electrical energy using the following 
formula; 

W=V.I 

 

Figure 74:electricity power [w] required, with respect to  
the required current [A] to move the panel in one day 

 

One slider actuator will use 148.8 W of electricity, this value for two sliders of a panel will be 

equal to 297.6 W. 
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5.2.1.2. Upper panel 
 

The upper panel has two types of movements: one movement for closing and one for opening the 

shading device. The closing movement includes a rotation from up to down. This rotation happens 

with the help of gravitational force. In this case it is only necessary to have a hydraulic clamping 

system to allow the movements happen slowly. This characteristic has been already provided by 

the chosen actuator. But for opening the panel which includes the rotation from down to up. And 

it is the amount of energy that needs to be calculated in order to be provided by electrical sources. 

 

 

Figure 75: Rotation of the upper panel to reach the desired  
position with the angle of ϴd 

 

Where ϴd  is the desired angle to reach the goal position. 

In this case we are using "computed torque control" which is a kind of PID control system. 

 

! =  ;%�<= + >?�= + >@ A �B C� + >= �DB' + ℎF%�. �D' 
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Where: 

! is the required torsion that DC motor should provide. 

M is the weight of the panel 

�<= is the second derivative of �= with respect to the time (acceleration) 

>? is the weight coefficient of the proportional control part 

�B is the error parameter 

�B = �= −  �%�'   

>@ is the weight coefficient of integral part 

>= is the weight coefficient of derivative part 

�DB first derivative of error with respect to the time 

ℎF%�. �D' is the sum of all the required torsions to compensate with friction and gravitational 

forces; 

ℎF%�. �D ' = G%�. �D '�D%�' + $%�' 

 

in this formula the friction part can be ignored due to lubrication and it will have a very low 

quantity. And the formula will be: 

ℎF%�. �D ' = $%�' = �$
 H@I J%K'
�  

 

Considering the21 of June, The values for ℎF%�. �D' will be; 

 

 

Figure 76: values of torsions «ℎF%�. �D'» for the required  
rotational angles «ϴ(t)» in different times «t» 
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So we have:  
! =  ;%�<= + >?�B + >@ A �B C� + >= �DB' + ℎF%�. �D' 

 

Figure 77: values of the required loads to rotate the panel  
in each degree «ϴ(t)»  at different times« t » 

 

The movement for each panel happens with two actuators, so the calculated forces should be divided by 

two, in order to find the electricity consumption for each actuator. For this purpose we use the graph of 

currents with respect to loads which is already provided by the manufacturer. We mark the required loads 

on the graph to see how much current is required to move the panels, Figure 78. 

  

 

Figure 78: required current [A] corresponding to the applied load [N]  
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Plotting each value of current we can have the required electrical energy using the following 
formula; 

W=V.I 

 

Figure 79: electricity power [w] required, with respect to  
the required current [A] to move the panel in one day 

 

One slider actuator will use 124.8 W of electricity, this value for two sliders of a panel will be 

equal to 249.6W. 

In total each module needs 547.2 W of electricity to do the required movement in a day. 
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5.2.2. Produced electricity 
 

Inorder to calculate the electricity produced by our Photovoltaic panels we used the softwares 

"Ladybug" and "Honeybee". With this softwares it is possible to gain the huorly values of produced 

electricity for the target location. Considering the rotation of the panels we have the specific result 

for each degree of rotation in each hour of the day. In this case we are getting the results for 21of 

june. 

 

Figure 80 :rotatonal angles for 21 of june for each hour of the day from 10 AM to 19 PM. 

taking into account the rotational degree of the PV panels in the 21of June, Figure 80 shows the 

value of produced electricity for each hour of the day. 

 

Figure 81:electricity power produced by one module[kwh] for 21 of June. 
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It can be seen from Figure 81 that our photovoltaic panels produce higher amount of electricity 

compared to required electricity in a day. 

 

Figure 82: monthly and annual power produced by one module. 

 

Considering that in some months of the year, no rotation is needed, the power produced by the 

panels can be stored in the batteries for further used in other months or for usage of occupants 

control. 
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6. Comparison of the proposed shading device with case studies 
 

 

In this chapter we are comparing the performance of the proposed shading device compared to the 

two of the case studies that we have introduced before in chapter 3, Al Bahr tower and Solar 

decathlon 2007, in terms of PMV (predicted mean vote) which represent the comfort condition in 

the building and percentage of the occupant satisfaction. Al Bahr tower has been chosen because 

it is a well known sample of building with a good adaptive kinetic shading system and Solar 

decathlon have been chosen because it is more similar sample in terms of system and performance 

to the proposed project. The analysis has been done for the summer time as it is the most critical 

time of the year the performance of the shading device matters. These analyses have been done 

with the help of softwares Ladybug and Honeybee. 

6.1.1 Simple model without any shading 
 

First, we analyze the simple model which is a box of 3m× 4m× 3m fully glazed on the southern 

façade without any shading applied on it. The analysis has been done for the summer in city of 

Milan. Figure 83 shows the result of PMV comfort analysis during the summer we have only 

32.34% of comfortable hours in our case study room. 

 

  Figure 83: percentage of the comfortable hours in the summer for the  
simple model without shading 
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Figure 84 shows the percentage of dissatisfied occupants of the building for all hours of summer 

which shows a relatively high values, while at some point we see the percentages are very low, 

which are related to the night time while we have very high percentages during the day. 

 

 

Figure 84: percentage of dissatisfied people for the summer in the simple model without shading 

 

Figure 85 represent PMV comfort situation for all hours of summer which shows that with a 

fully glazed façade we have hot conditions inside our analyzed model. 

 

 

Figure 85: PMV comfort for the summer in the simple model without shading 
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6.1.2. Proposed shading device 
 

 

In this part we add the designed shading to the southern façade of our model to see how the 

application of shading device will change the comfort of the occupants of the building and how it 

will change with different position of our device. Figure 86 shows that with simply adding the 

shading device without applying any rotation to it the percentage of comfortable hours from 32.34 

will increase to 37.36. 

 

 

(a) (b)  

Figure 86: percentage of the comfortable hours in the summer. (a) simple model (b)model with shadings as 
overhangs 

 

 

It can be seen from Figure 87 the percentage of comfortable hours in the analyzed model will 

increase when we gradually close the shading device. This value reach 60% of comfortable hours 

in the whole summer when the shading device is completely closed and the glazed surface is 

completely shaded. 
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       Figure 87: percentage of the comfortable hours in the summer for different opening  
      percentages of the proposed shading device, starting from the model without shading,  

                                    then adding the shading and gradually closing it, which shows the increase of  
                                                                      comfortable hours by closing the device. 
 

 

Figure 88 shows that with simply adding the shading device to the southern façade as an overhang 

without applying any degree of rotation we have a significant decrease of people dissatisfaction 

inside the building.  

 

 

Figure 88: percentage of dissatisfied people for the summer comparing simple model without shading and with 
shadings as overhangs 
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Figure 89: percentage of dissatisfied people for the summer comparing different percentage of shading device 
openings 

 

From Figure 89 it can be seen with gradually closing the shading device and avoiding the solar 

radiation to heat up the space the percentage of people dissatisfaction will decrease little by little 

during the summer time. and we will have the lowest value of people dissatisfaction when the 

device is completely closed.  

 

Figure 90: PMV comfort for the summer in the (a) simple model without shading (b) with overhangs 

Comparing the PMV graphs represented in the Figure 90 , it can be clearly seen that adding a 

shading device will make the place more comfortable during the summer. 
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     Figure 91: PMV comfort for the summer in the (a) 25% closed (b) 50% closed  
(c) 75% closed (d) completely closed 

 

As represented in the Figure 91 which shows the values of PMV comforts for the analyzed model 

for different percentages of opening of the shading device, It can be seen that the gradually closing 

the shading device during the summer will provide more comfortable place for the occupants of 

the building. And the more comfortable situation will be reached when the device is completely 

closed and the glazed surface is shaded completely. 
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6.1.3. Al Bahr tower 
 

In this part we add the shadings of Albahr tower to the southern façade of our model to see how 

the application of shading device will change the comfort of the occupants of the building and how 

it will change with different position. Figure 92 shows that with simply adding the shading device, 

the percentage of comfortable hours from 32.34 will increase to 36.37 and it is lower than our 

proposed shading device, which is 37.36. 

 

 

(a) (b)  

Figure 92: percentage of the comfortable hours in the summer. (a) simple model 
(b)model with shadings as overhangs 

 

 

 

It can be seen from Figure 93 the percentage of comfortable hours in the analyzed model will 

increase when we gradually close the shading device. This value reach 60% of comfortable hours 

in whole summer when the shading device is completely closed and the glazed surface is 

completely shaded. But the percentages are generally lower than our proposed shading device. 

They only have the equal percentage of comfortable hours when both system are completely 

closed.  
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Figure 93: percentage of the comfortable hours in the summer for different opening  
 percentages of Albahr tower compared to the proposed shading device, starting 

                             from the model without shading, then adding the shading and gradually closing it, 
                                    which shows the increase of comfortable hours by closing the device. 
 

 

Figure 94 shows that with adding the shading device to the southern façade we have a significant 

decrease of people dissatisfaction inside the building.  

 

 

Figure  94: percentage of dissatisfied people for the summer comparing simple model without shading and with 
shadings  
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Figure 95: percentage of dissatisfied people for the summer comparing different percentage of shading device 
openings 

 

From Figure 95 it can be seen with gradually closing the shading device and avoiding the solar 

radiation to heat up the space the percentage of people dissatisfaction will decrease little by little 

during the summer. and we will have the lowest value of people dissatisfaction when the device is 

completely closed.  

 

 

Figure 96: PMV comfort for the summer in the (a) simple model without shading (b) with shadings 
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Figure 97: PMV comfort for the summer in the (a) 25% closed (b) 50% closed (c) 75% closed (d) completely closed 

 

As represented in the Figure 97 which shows the values of PMV comforts for the shading of Albahr 

tower applied to the case study model for different percentages of opening, It can be seen that the 

gradually closing the shading device during the summer will provide more comfortable place for 

the occupants of the building. And the more comfortable situation will be reached when the device 

is completely closed and the glazed surface is shaded completely. But the except the completely 

closed position which has the exact same result of our proposed model the other opening positions 

of Albahr tower are less comfortable than the proposed shading device. 
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6.1.4. Solar decathlon 2007 
 

In this part we add the shading of Solar decathlon 2007 to the southern façade of our model to see 

how the application of shading device will change the comfort of the occupants of the building 

and how it will change with different positions. Figure 98 shows that with simply adding the shading 

device without applying any rotation to it the percentage of comfortable hours from 32.34 will 

increase to 44.71. 

(a) (b)  

Figure 98: percentage of the comfortable hours in the summer. (a) simple model (b)model with shadings as 
overhangs 

 

 

It can be seen from Figure 99 the percentage of comfortable hours in the analyzed model will 

increase when we gradually close the shading device. This value reach 60% of comfortable hours 

in whole summer when the shading device is completely closed and the glazed surface is 

completely shaded. This graph shows that the shading system of solar decathlon is performing 

better than the proposed shading device during the summer. But this system has also some other 

disadvantages; because it is not possible to remove the shadings from the surface of the window it 

causes visual discomfort, also this amount of shadings will also creates unnecessary shadows 

during the winter and increase the heating loads of the building. As it can be seen from the Figure 

100, Despite of the good performance in the summer it creates an uncomfortable place in the winter. 
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Figure 99: percentage of the comfortable hours in the summer for different opening  
 percentages of Solar decathlon 2007 compared to the proposed shading device, starting 

                             from the model without shading, then adding the shading and gradually closing it, 
                                    which shows the increase of comfortable hours by closing the device. 
 

(a) (b) (c)  

Figure 100 : percentage of the comfortable hours in the winter. (a) simple model without shading (b) model with 
proposed shading (c) solar decathlon shadings 

 

 

 

Figure  101: percentage of dissatisfied people for the summer comparing  
simple model withoutshading and with shadings  
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Figure 102: percentage of dissatisfied people for the summer comparing 
 different percentage of shading device openings 

 

From Figure 102 it can be seen with gradually closing the shading device and avoiding the solar 

radiation to heat up the space the percentage of people dissatisfaction will decrease little by little 

during the summer time. and we will have the lowest value of people dissatisfaction when the 

device is completely closed.  

 

Figure 103: PMV comfort for the summer in the (a) simple model without shading (b) with shadings 

 

Comparing the PMV graphs represented in the Figure 103, it can be clearly seen that adding a 

shading device will make the place more comfortable during the summer. 
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Figure 104: PMV comfort for the summer in the (a) 25% closed (b) 50% closed (c) 75% closed (d) completely 
closed 

 

As represented in the Figure 104 which shows the values of PMV comforts for the analyzed model 

for different percentages of opening of the shading device, It can be seen that the gradually closing 

the shading device during the summer will provide more comfortable place for the occupants of 

the building. And the more comfortable situation will be reached when the device is completely 

closed and the glazed surface is shaded completely. 
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7. Conclusion 
 

The aim of this thesis was to design a shading system which can help to reduce the energy 

consumption in a building. As previously discussed in the second chapter shading devices can be 

beneficial in reducing cooling loads of a building during summer, specially kinetic shading devices 

can perform much better than the normal shadings, due to the ability to shade when it is required.  

 

In this thesis with the help of climatic softwares such as Ladybug and Honeybee and Velux 

daylight visualizer, a shading device was designed which is completely climatic responsive. With 

the help of this softwares the most proper shape was reached which is able to shade enough during 

the summer and consequently reduce the internal temperature, while keeping the good amount of 

daylight inside the building. It was really important not to over shade the façade both for having a 

good daylight and not shading the façade during the winter which can increase heating loads.  

 

Performing the comparison in chapter 6, with a normal building without shading and with a very 

famous example of kinetic façade "Albahr tower" and also " solar decathlon 2007", it was possible 

to see that, we could gain the goal of the thesis. With this design we could reach a space which is 

more comfortable during the summer compared to the other examples while it does not shade the 

façade during the winter and let the sun to come inside the building and heats up the space. As 

mentioned before this shading keeps a good daylight inside the building, while visual comfort of 

the occupants have been also considered. As the device can be completely open. 

 

This device moves by the help of electric actuator. The novel aspect of this device was being made 

of photovoltaic panels to produce the electricity required for the movement, so in this way there 

was no need to consume more electrical energy in order to have comfortable space inside. As it 
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can be seen in the second section of chapter 5, this device is able to produce all the required energy 

for its movement.  
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