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Abstract 
 

There has been growing awareness in recent years of the energy consumption and interior 

environmental comfort of buildings. Substantial evaluation of the building envelope and indoor human 

experience is required to develop sustainable solutions, create a responsive system that enhances building 

performance and human comfort in terms of energy consumption and daylight quality. High-tech, dynamic 

façades have significant impacts on building performance and occupant comfort, but there are negative 

aspects to the concept of environmental and sustainable design, such as the initial cost, maintenance 

requirements, and high energy usage. In this paper, a new advanced integrated façade called a passive 

dynamic shading device (PDSD) is revealed. The system is designed to contribute to energy reduction, 

daylight availability, and view quality through its ability to change position and placement to respond and 

adapt to new climate conditions. The thermal expansion phenomenon was used in the actuation process, 

with heat-activated actuators that correspond to specific dry-bulb temperatures. This paper concisely 

demonstrates the functional mechanism of the PDSD concept. The focus is on the assessment of energy 

performance, daylight, and view quality when using PDSD. A numerical simulation was conducted to 

evaluate and analyze the potential energy savings and daylight control, and to improve the system in terms 

of material properties. The Energy Plus and Radiance platforms were used during the study to facilitate 

simulation of a dynamic system. The system is validated by comparing three cases with the same geometry, 

function, and fenestration. The first case has no shading device, the second has a fixed shading device, 

and the third has a PDSD.  This work presents an example of application of the system in a region with a 

hot, arid climate that receives an enormous amount of direct solar radiation. The result shows the PDSD 

can efficiently reduce overall energy consumption by up to 50%, increase the amount and quality of 
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daylight by up to 60% compared to fixed shading devices, and obstruct the view from the interior 22% of 

the year.  
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 Introduction  

Have you ever asked yourself what is the most serious threat to humanity? It is humans’ energy 

consumption on a daily basis. In the twentieth century, energy consumption abruptly increased due to 

urban sprawl, resulting in more commuting and the need for essential infrastructure such as streetlights. 

Another response has been industry growth to meet increasing demand from consumers. However, good 

things sometimes come with unexpected circumstances. These two factors (i.e., increased energy 

consumption and industry growth), along with others beyond the scope of this study, contribute to global 

environmental problems, including the greenhouse effect and the resulting climate change.  

The greenhouse effect was initiated by manufacturing and human activities that release 

greenhouse gases, namely carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and fluorinated 

gases, into the atmosphere. In the atmosphere, the greenhouse gases work as a sort of panel that allows 

solar radiation to penetrate to the Earth’s surface and into the water and land of the biosphere, which 

absorbs the heat and energy of direct solar radiation. When the sun sets, some of the absorbed heat and 

energy is released into space, but most remains trapped in the Earth’s atmosphere by greenhouse gases. 

Over time, this cycle results in climate change. Human activity has played a significant role in the increase 

of the greenhouse effect since the main source of carbon dioxide is cars and power plants that fulfill the 

energy demand from buildings [1].  

Conventional understanding of the building envelope is that it serves a barrier between the exterior 

and interior environments, which is desirable. However, the building envelope is more than this and serves 

as the foundation for up to 80% of solutions and strategies aimed at reducing energy consumption and 
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enhancing occupants’ experience in terms of thermal and visual comfort, enabling the creation of high-

performance buildings that respond to their environment [2]. It plays a significant role in energy efficiency, 

human thermal and visual comfort, and human psychological wellbeing. The optimum balance of 

environmental concerns, occupants’ comfort, and energy savings can be achieved through innovative 

building envelopes that are sensitive, interactive, responsive, and adaptive. 

 Adaptive Architecture  

Adaptable architecture was demonstrated by Frei Otto as the variation of shape, location, and 

utilization. The main construction principle of adaptable architecture is the lightweight principle, which leans 

on the idealistic use of materials and fabrication (Möller & Nungesser, 2015) [8]. Werner (2013) 

characterized adaptable architecture for buildings as structures planned to have the capability to be 

altered or modified to suit different social functions [9]. 

Adaptation is the evolutionary process whereby a population becomes better suited to its habitat. 

This process takes place over many generations and is one of the basic phenomena of biology (Darwin, 

1859) [10]. All architecture is adaptive at some level over different time scales (Brand, 1994) [11]. 

Adaptive architecture is specifically designed to adapt to its environment, inhabitants, culture, and other 

architecture principles. In architecture, the term adaptation refers to the relation between periodic change 

and the evolution of architecture needs in terms of social interaction, human experience and health, 

environmental aspects, and the morphology of architecture. A good example of adaptation is vernacular 

architecture, which is based on, among other factors, the typical or average weather of a given region, 

which, from records covering a period of years, can be assumed to have remained consistent throughout 
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human history. Indigenous people of particular regions respond to the climate by the design of their 

dwellings. Changing morphologies are the result of shifts in society, the economy, occupancy, and 

environmental efficiency in various time frames. Long-term change occurs over generations and can result 

in the particular architectural style of an area. Short-term change occurs in a matter of days, hours, or less 

and leads to local adaptation. Adaptive architecture can be sub-categorized as interactive, dynamic, 

kinetic, or responsive. 

 Research Aim 

My ambition is to conduct research that explores the use of actuation energy in building façade 

technology. The thermal expansion phenomenon is adapted for the actuation process. Creating a passive 

dynamic façade system is incredibly efficient in terms of initial cost, energy required for operation, and 

maintenance. The feasibility of implementing such a system in a building is determined by environmental 

parameters. Performing a daylight analysis and energy simulation in multiple cases with different façade 

solutions can facilitate assessment of such a system.   

 Research Questions  

Thinking about the day in terms of orientation, each building façade receives direct solar radiation 

for certain hours. When designing a building, architects can implement fixed shading devices to block 

direct solar radiation, control glare, and save energy, but based on the orientation of a particular building, 

these measures are not needed at all points of the day. Ensuring the right amount of daylight in a building 

is an effective energy-saving strategy and plays a key role in human health and psychological wellbeing. 

However, this raises the question of whether shading devices that affect the amount of daylight are 
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necessary all day? View quality is an important factor in human psychological wellbeing and the healing 

process, as scientific research has concluded. Fixed shading devices obstruct views, but it is unreasonable 

to eliminate them since they serve an important function. However, are they necessary all the time? Using 

an active dynamic façade addresses the question above. However, it is unclear whether conventional 

dynamic shading devices can be considered a sustainable solution for saving energy since they consume 

a considerable amount of energy for operations. 
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 Literature Review 

Determining the causes of superfluous energy consumption requires an investigation of ways to 

reduce consumption at the institutional and individual scale. Many regulations have been set in place to 

assist people in making the right choices for their own benefit and for a more sustainable and healthier 

environment, as illustrated in the International Energy Conservation Code (IECC). Further, the International 

Building Code (IBC) requires minimum energy performance for each climate zone. Researchers have 

developed mathematical formulas and computer software to quantify energy consumption in buildings, 

mainly through the building envelope and HVAC system. Determining overall energy usage has been a 

goal for many researchers, which has led them to compromise other important matters such as the indoor 

environment and human psychological health. Lately, there has been concern about finding the right 

balance to satisfy all entities and thus institutes such as the U.S. Green Building Council have established 

comprehensive restrictions, and individuals are exploring more sophisticated environmental solutions. 

 Related Works  

Adaptive building skins is a trending research area in sustainable design that combines active and 

passive design strategies. According to Rodriguez and Alessandro (2014), the adaptive building skin 

demonstrates adaptability, transformability, and evolution in the face of different environmental aspects. 

Jia-Yih and Chu Huang (2016) conducted research on adaptive building façade optimization in Taiwan. 

They assessed two transformation modes, namely opening shutters (A) and tilting blinds (B), both of which 

had the same defined parameters and evaluation platform (EnvLoad Evaluation Platform). The results 
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demonstrate that based on the energy required for controlling the opening rate of the shutters, case (A) is 

a more effective shading design strategy than controlling the shading coefficient value in case (B). [3]  

Bacha and Bourbia (2019) created a computational framework to optimize varieties of shading 

design as a second skin formed by direct solar radiation and daylight utilization parameters. The Ecotect 

and Radiance platforms are simulation tools used to assess shading system in terms of radiation exposure, 

daylight utilization, and energy consumption. Such a system has been implemented in a glass office 

building in the city of Biskra located in the south-eastern part of Algeria, which is considered a hot, arid 

region. The results indicate direct solar radiation exposure decreased by 17.9%, energy consumption was 

reduced by 43%, and indoor air temperature was reduced between 4.0°C and 4.8°C.  The researchers 

also integrated photovoltaic cells that generate 6,000 Kw/month into the design[4]. 

Ahmed, Abdel-Rahman, Bady, and Mahrous (2016) conducted a field study to experiment with 

a kinetic shading system. The study was conducted between July 20 to August 20 of 2015 in New Borg 

El-Arab in Alexandria, Egypt (30.9°N, 29.6°E). The experimental case is the south-oriented fenestration 

of an apartment located on the third floor. Other apartments with the same properties in terms of 

dimensions, HVAC system, equipment, building envelope, and orientation were used for comparison. The 

system moved vertically, powered by two servo motors using a direct current as the source of actuation 

energy. The actuators were monitored by an Arduino microcontroller board with an outdoor temperature 

sensor and 28°C as the setpoint. The results show a decrease in indoor temperature ranging from 25.5°C 

to 35°C as the baseline to 25.5°C to 28.2°C after installing the proposed system. The results demonstrate 

how the system can enhance human thermal comfort and reduce energy consumption by 15 to 20 W/m2 

of direct solar radiation [5]. 
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Elghazi, Wagdy, and Abdalwahab (2015) investigated an origami-based façade design 

controlled by daylight performance. The Daysim and Radiance platforms, which are daylight simulation 

tools, were used to control daylight uniformity. The researchers considered a hypothetical indoor office 

space with an area of 20 m2 located in Aswan, Egypt (24°05′N 32°54′E), which is classified as having 

a hot, arid desert climate (Peel et al., 2007). The proposed system was implemented on the south façade 

of the building. The results show a comparison between a static base case and the proposed dynamic 

system in terms of hourly spatial daylight autonomy (HsDA) and annual sun exposure (ASE). Thus, the study 

validated the usefulness of the proposed system since it enhanced the indoor environment through 

increasing daylight quality [6]. 

 Jayathissa, Schmidli, Hofer, and Schlueter (2016) studied electricity generation and building 

energy consumption through an adaptive building façade system comprising square copper indium 

gallium selenide (CIGS) panels with two degrees of rotation freedom. The EnergyPlus platform was used 

for energy simulation through the DIVA interface. An hourly simulation was run for each dynamic 

configuration corresponding to the study location of Zurich, Switzerland. The results demonstrate the 

combination of electricity generation and adaptive shading can compensate for 41% of energy demand 

over an entire year for the research base case [7]. 
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 Kinetic Structure System 

In the literature, there are many definitions of adaptive structures. Adaptable, transformable, and 

deployable architecture are renowned terms in the sustainable architecture field, but it is difficult to 

distinguish the differences between them. Adaptive structures involve a combination of materials, structural 

systems, and operational methods that work sophisticatedly together in response to the environment to 

enhance human comfort.  

In 1970, Zuk and Clark described transformable structures and kinetic architecture as follows: “the 

architectural form could be inherently displaceable, deformable, expandable or capable of kinetic 

movement”. The function of transformable structures or adaptable architecture must be specified, such as 

glare control, control of amount of daylight, or heat gain, in specific conditions such as location, climate 

condition, or orientation. The transformation mechanism has a huge range of possibilities, from hinging and 

rolling to inflating. The process works from a compact to an expanded form and vice versa [12]. 

Time is a significant factor of transformable structures since these structures change over time. The 

transformable structure is a part of reversible and repeated architecture (Bouten, 2015) [13]. Rivas-

Adrover (2015) defined deployable structures as those that “can expand and contract due to their 

geometrical, material and mechanical properties – offering the potential to create truly transforming 

environments” [14]. The difference between a transformable structure and deployable structure, as defined 

by Werner (2013), is that a deployable structure has connected structural components that need to move 

together in order to transform. On the other hand, a transformable structure has jointed pieces, but they do 

not need necessarily to perform together for the form to transform [15]. 
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 Classification of Kinetic Structure Systems 

There are many classifications of transformable structures. All are based on a central idea that 

drives the classification. According to Hanaor and Levy (2001), the most useful classification is in terms of 

the morphology of form, which plays a significant role in kinetic movement, movement mechanisms, 

movement components, and materiality [16]. The main categories are: 

• Rigid links – Bar elements 

• Rigid links – Continuous surfaces  

• Deformable links – Bar elements  

• Deformable links – Continuous surfaces 
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Figure 3.1. Classification of kinetic structure systems (by the author). 
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 Proposed System 

The proposed system must follow many design, function, and operational restrictions to achieve 

the desired purposes. The proper response to restrictions leads to optimized energy performance and 

human visual and thermal comfort. 

The proposed system was developed to contribute to the built environment and achieve more 

sustainable, healthier buildings. The system minimizes the negative impacts of energy consumption on the 

environment and maximizes human visual and thermal comfort in the indoor environment. 

 

Figure 4.1. Map of proposed system considerations (by author). 
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 Objective of the Proposed System  

 Energy Reduction 

The dominance of climate change has created a growing need for new systems that have positive 

impacts on energy use and human comfort in interior spaces. Buildings, both residential and commercial, 

are responsible for about one-third of total energy consumption (Figure 4.2.). The amount of energy usage 

is reflected in CO2, which represents 81% of greenhouses gases, as shown in Figure 4.3. Figure 4.4 

presents CO2 by source in the United States and illustrates that the main source of CO2 is the production 

of electrical energy. Energy conservation is considered the first priority for designers, developers, and 

planners working in community development since it has a positive impact on reducing consumption (KwH 

or KBTU/hour), avoiding greenhouse gas emissions (i.e., CO2, NOX, SO2), conserving water, and saving 

money. The production of one KWh of electricity releases 2.3 pounds of carbon dioxide into the 

atmosphere. 

 

 

 

 

 

 

 

Figure 4.2. CO2 sources by 
sector (U.S. EIA) 
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 Daylight Quality 

In 1880, electric light replaced traditional light sources when Thomas Edison introduced the first 

incandescent lamp. Today, electric lighting consumes up to half of all electricity in commercial buildings, 

producing a heat load similar to that of HVAC systems, as shown in Figure 4.5. Designs that integrate 

daylight with electric lighting have great energy-saving potential in buildings. In addition, daylight 

enhances human health and psychological wellbeing in many ways. (Humphris, 1924; Kellog,1910; 

Kovacs, 1924). Luckiesh (1924) stated that there is an advantageous impact of daylight on human health 

and concluded that "working men are depressed by improper and inadequate lighting" Numerous early 

20th-century authors discussed (see e.g., Elton, 1920; Weston, 1921; Weston & Taylor, 1926) the 

beneficial impact on occupants’ productivity associated with illumination level and performance [17]. 

Successful integration of light in a space hinges on the skillful design of daylight and electric lighting 

systems, including selection of the type of bulbs, ballasts, and fixtures, but most importantly, the method of 

control between daylight and electric light. 
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 Optimizing the View 

A view of the outdoors has been proven to have beneficial impacts on health and psychological 

wellbeing through several studies. Ulrich (1984) found that the view in patients’ hospital rooms enhances 

the healing process. Kaplan, Talbot, and Kaplan (1988) found that in the workplace, access to nature 

corresponds with a reduction of job stress and higher levels of job satisfaction. Collins (1975) found that 

a view to any scene is better than not having a view [17]. 

 Climate Region 

Weather is the atmospheric condition for a day or portion of a day. Wind speed and direction, 

precipitation, and temperature are weather factors that determine the climate of a region. Climate is the 

cumulative weather conditions over a long period. Weather conditions are affected by three main 

variables. The first is latitude, which determines the placement of a region. The farther from the equator, the 

less heat is received from the sun. The second is water body proximity, which affects temperature and 

humidity. The third is elevation above sea level, which affects temperature.  

Climate is never static and always dynamic. The ever-changing climate is a major external force 

at work on buildings. Designers can manipulate various climatic elements to achieve human thermal 

comfort. Therefore, it is essential, from an energy-conscious design standpoint, to study and analyze the 

different climate elements, types, and associated data.  

 Arid Climate   

A region with an arid climate is extremely hot and dry in the summer season and moderately cold 

in the winter season. Regions with this type of climate have high energy consumption. The diurnal 
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temperature range in the summer is wide and thus summer nights are relatively cool. There is sunshine about 

85% of the year, and night skies are mostly clear. The humidity is generally below the human comfort range 

over the course of a year, and average annual precipitation is about 7 in (18 cm) [18].  

Norbert Lechner, in his book Heating, Cooling, Lighting, mentioned a number of climate design priorities, 

which are:  

High priority 

• Keep hot temperatures low during the summer. 

• Provide protection from the summer sun. 

• Use evaporative cooling in the summer. 

• Use thermal mass to reduce day-to-night temperature swings during the summer. 

Lower priority 

• Retain the heat and keep cool air out of buildings during the winter. 

• Let the winter sun into buildings. 

• Use natural ventilation to cool in the spring and fall. 

 Window Orientation 

             Windows are responsible for 30% of the heating and cooling loads of buildings. The mean radiant 

temperature (MRT), which contributes to thermal comfort, is influenced by windows [18]. The total heat 

gain through windows corresponds to a buildings’ orientation, as shown in Figure 4.6. Window orientation 

is an essential factor of building energy consumption. Balcomb’s (1987) solar radiation study articulates 
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the amount of solar radiation received by each orientation (Figure 4.6).  Their study on transmitted solar 

radiation also shows the amount of solar radiation (Figure 4.7) that penetrates to interior spaces through 

each window orientation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. On June 21 South-oriented windows maximize solar radiation in the summer and 
minimize it in the winter (Balcomb, 1987) 

Figure 4.6. On June 21, windows orientations receive the maximum solar radiation in the summer, 
except skylights on the south orientation, which receive four times more that south-oriented windows 

(by Balcomb, 1987) 
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 West Orientation  

West and east oriented windows receive the highest amount of solar radiation in the summer 

season (Figure 4.7). As shown in Figure 4.8, the solar radiation transmitted through windows on the west 

and east in the summer season is higher than the amount in the winter. West and east orientation have 

negative impacts on energy consumption and thermal comfort in buildings. In addition, they affect human 

visual comfort through the direct sunlight that comes from a lower solar altitude angle. The solar altitude 

angle in the west and east is extremely low in the late afternoon, making it hard to block with shading 

devices of reasonable dimensions, or requiring division of the window into small segments (Figure 4.8).  

 

 

 

 

 

 

 

The azimuth angles in the west and east are wide, which means the sun profile angle (shadow-

line angle) should be considered when designing efficient shading devices. However, the west orientation 

is the worst among all orientations since it receives direct solar radiation from the middle of the day to 

sunset. This period is the hottest time of day because all the elements of the natural and built environment 

Figure 4.8 West-oriented window in a CAPLA Dinsmore classroom from outdoor and indoor 
viewpoints (by the author) 
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have absorbed heat from the sun, which radiates into the environment. The high temperature increases the 

potential of building heat gain through conduction and convection.  

 Building Types 

Each building type has distinguished code, construction, and function requirements. Air 

conditioning systems (HVAC) deliver heating, cooling, and air circulation/cleansing; lighting systems 

deliver illumination; water heating and sanitation systems deliver and dispose of water; electrical and gas 

systems deliver power and fuel; elevators and escalators provide mobility; and envelope systems 

(windows, walls, and roofing) seal the conditioned environment from the outside. Moreover, the behavior 

of a building’s occupants plays an enormous role in the overall energy usage and performance of that 

building. 

 Office Buildings 

The commercial sector, which includes office buildings, accounts for approximately 35% of all 

electricity consumption in the United States. Recently, the number of office buildings has increased in 

response to industry growth. Office buildings are commonly designed with mainly glazed façades in an 

effort to express luxury, with the unintended consequence of increasing daylight in interior spaces. Thus, 

this type of façade is a potential source of undesirable glare and daylight and can lead to high energy 

consumption and thermal discomfort due to high demand for cooling and heating.   

 Actuation Energy 

The first law of thermodynamics states that the total energy of an isolated system is constant; energy 

can be transformed from one form to another but can be neither created nor destroyed. In physics, energy 
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is the capacity for doing work. Actuation energy is the main energy source for machine or device operation. 

It represents many forms of energy such as electric current, hydraulic fluid pressure, pneumatic pressure, or 

human power. The original energy form is transformed into motion and movement.  

 Actuators 

An actuator is an element of a mechanical system that provides a control signal and a source of 

energy. It converts energy into motion, or is a mechanism control, and is operated by electricity and manual 

power. Linear and rotary motion are types of actuator movement. A rotating knob or handwheel can be 

used as a manual source of energy, and rigid chains with linear actuators provide push and pull motions. 

Valve control is a typical use of actuators, for example, for ball valves or butterfly valves. 

 Type of Energy 

There are many types of natural energy that can be harvested to create an active or passive system 

that uses the original force without conversion to electrical energy. These resources are: 

• Solar energy 

• Wind  

• Material properties 

• Biomass 

• Hydrogen  

• Geothermal  

• Ocean  

• Hydropower 
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Passive design is one application of a passive system. It maximizes the use of natural energy 

sources to create a comfortable indoor environment in terms of heating, cooling, ventilation, and lighting 

space requirements. Passive design employs environmental aspects such as solar radiation and cool 

night air to reach the human comfort zone. 

 Source of Energy   

Solar energy is dependent upon the sun’s thermonuclear reaction (conversion of hydrogen to 

helium) at its core (29 million°F), which propagates as radiation to the sun’s apparent surface, called the 

corona, then travels 93 million miles (149.6 Kilometers) to reach the Earth’s surface [19].  

Solar energy can help achieve a more sustainable environment. The total energy received from 

the sun each day is greater than the total energy used by end-users in a year, placing it at the top of the 

alternative energy list. Solar energy is among the most efficient sources of energy [20]. 

 Thermal expansion   

Thermal expansion is the change in the volume and shape of a material as its temperature 

increases. It is usually expressed as a fractional change in length or volume per unit of temperature [21]. 

Thermal expansion is represented as linear expansion, areal expansion, and volumetric expansion and is 

proportional to temperature change (Figure 4.9). Solid shapes generally retain their original geometry 

when they are not constrained. They expand linearly by almost double and volumetrically by triple. Fluids 

tend to retain the shape of their container with volumetric change [22]. 
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 Thermal Actuators 

Thermal actuators are also called thermal wax elements, wax elements, and thermostatic elements. 

The thermal actuator assembly contains several components, as shown in Figure 4.10. No electrical 

energy is required to perform the actuation since the actuator converts heat energy into mechanical motion. 

The heat energy, represented by temperature, is calibrated to work at an activation setpoint to the 

engineered fluid (wax) located inside the actuator.  

 

 

 

 

 

Figure 4.9. Thermal expansion mechanism (by North Carolina King Tides Project) 

 

Figure 4.10. Thermal actuator assembly (ThermOmegaTech, Inc., 2019) 
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The fluid expands with increasing temperature, which causes the actuator piston component to shift 

from its initial place to a position outside the actuator (Figure 4.11). When the temperature decreases, this 

allows the piston to retract through the reduction of the wax size [23]. The returning piston needs an 

external load to shift it from the expanded position to its initial position. Since the piston is not fit tight to the 

wax, a reduction of wax size is insufficient to cause a change in piston placement. Springs that place a 

load on the piston, allowing it to retract to its original position, are commonly used in thermal actuators 

assemblies that do not have an adequate load.  

 

4.5.5.1. Thermal Actuator Applications  

Thermal actuators have been used in many applications, including those in the aerospace, 

automotive, agricultural, solar, and HVAC system industries. This type of actuator is often used in the 

agricultural industry for freeze protection of livestock watering systems and in automatic greenhouse 

ventilation structures. The automotive industry utilizes thermal actuators in transmission coolers, thermostats, 

and oil temperature regulation applications.  

Figure 4.11. Thermal actuator mechanism (by KeyStone Inc., 2019) 
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We benefit from thermal actuators every day but do not actually see them, with most people 

believing their action to be an electrical action. For example, in the automotive industry, thermal actuators 

are used in most cars as a thermostat (Figure 4.12).  They are also used as an auto choke (Figure 4.13) 

in some small engines such as Honda’s GCV160LA0S3T vertical engine (Figure 4.14). 

 

 

 

 

 

An application related to energy conservation is heat-activated greenhouse vents (Figure 4.15), 

where thermal actuator assemblies open and close greenhouse windows (Figure 4.10). The actuator 

opens the windows when the temperature rises to the assembly setpoint. Springs return the window to the 

closed position when the temperature returns to normal. 

 

Figure 4.14. Car thermostat (by 
Stack Exchange Inc., 2019) 

Figure 4.14. Auto choke 
assembly (by Honda Canada 

Inc.) 

Figure 4.14. HONDA 
GCV160LA0S3T (by 

Honda Canada Inc., 2013) 

Figure 4.15. Univent automatic vent opener (by ACF Greenhouses, 2019) 
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 Kinetic Structure Types  

A kinetic system has a longitudinal foldable plate structure also known as a hinged plate element. 

The mechanism is based on planar surfaces that have only one degree of freedom. They mainly use a 

linear deployment method that results in an efficient system but with relatively heavy weight. The integration 

of a large structure and foldable connections is complex and challenging as the foldability resulting from 

connected elements is affected by the thickness of planar surfaces (Hanaor & Levy, 2001) [16]. Changing 

the relative in-plane angle of the edges of the plate elements results in the kinetic movement of this type of 

system (Bouten, 2015) [13]. 

Planar surfaces are used for structural support and to cover the system, so less time is required for 

assembly. In contrast, they are generally lighter compared to scissor structures (Ohsaki et al., 2015) [25]. 

  

Figure 4.16. Longitudinal folding surface (by Hanaor & Levy, 2001) 
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 Applied Methodology  

This work assesses the performance in terms of both energy consumption and daylight utilization 

of fixed conventional shading, PDSDs, and a base case without shading devices. This research employed 

dynamic simulation for both the energy and daylight parameters to assess thermal actuators’ operation, 

which allows passive, dynamic movement in response to a defined ambient temperature, thus providing 

indispensable protection from direct solar radiation. The shading design follows multiple performance 

criteria to assure the applicability and eligibility for the specific location. The Energy Plus and Radiance 

platforms, whose development was funded by the U.S. Department of Energy’s (DOE) Building 

Technologies Office (BTO), are simulation tools for performance assessment of energy consumption and 

daylight parameters. Both can be connected to Rhinoceros, which is a commercial 3D computer graphics 

and computer-aided design program through DIVA-for-Rhino with Rhino and Grasshopper plug-ins 

(Figure 5.1).  

 

The research makes a consecutive comparison of the three phases documented in Figure 5.2. 

Each of the three comparisons measures energy consumption and daylight. The first stage focuses on the 

base case, which has no shading devices. While this case does not serve as a benchmark for comparison, 

Figure 5.1. DIVA software logo (by SOLEMMA LLC, 2019) 
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it determines the value of using shading systems. The second phase analyzes the case with fixed shading 

devices, and the third analyzes the case with PDSD. An additional step of the third phase is manipulating 

the PDSD materials to find potential alternatives to enhance performance. The third phase requires a 

dynamic simulation that is updated on an hourly basis. The Archsim tool, which is a part of DIVA for the 

Grasshopper plug-in, can create an hourly schedule over the course of a year based on restriction inputs, 

including environmental climate data. In this research, the dry-bulb temperature, which is extracted from 

the Energy Plus weather file, drives the PDSD operation schedule. It allows the PDSD to operate accurately 

in real time based on the data.  

 

 

 

  

Applied Methodology 

Base Case

3D Modeling - Rhino

View Evalution 
(Rendering)

Daylighting simulation 
(Radiance)

Daylight Analysis 
Results 

Electrical Lighting 
Schedule

Energy Simulation 
(EnergyPlus)

Energy Consumption & 
Performance Results

Comparison of Phases 

Fixed Shading Case Passive Dynamic Case

Figure 5.2. Research methodology diagram (by author)  
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 Implementation  

 Base Case Location 

The location of the case study is Phoenix, Arizona (33.4484° N, 112.0740° W), which is located 

around the center of the Salt River Valley, a broad, oval-shaped, nearly flat plain. The city has an elevation 

of about 1,100 feet and a desert-type climate that is usually dry with low annual rainfall and low relative 

humidity. The summer months have high daytime temperatures between 105°F and 115°F, and the winter 

months are moderate with temperature generally in the lower 60s. During the three coldest months of 

winter, nighttime temperatures decrease below freezing, but the afternoons are mostly sunny and warm. 

January and December has sunshine an average of 78% of the time. This rises to a maximum of 94% in 

June. The yearly average for sunshine is 86% [26]. According to IECC (Figure 6.1), Phoenix falls in the 2B 

climate zone, which is considered hot and dry and has high cooling thermal criteria measured by cooling 

degree days (CDD) [27]. 

ZONE NUMBER TYPE THERMAL CRITERIA REPRESENTATIVE U.S. CITY 

2B Hot-Dry 6300 < CDD50°F  9000 Phoenix, AZ 

 

 Base Case Design and Properties 

The base case of the study is a one-story office building, with applied fixed shading devices and 

PDSD. The building meets the minimum requirements of the 2018 City of Phoenix Building Construction 

Codes (PBCC) in terms of thermal protection. The building’s properties are as follows:  

• Dimensions: 25 ft x 14 ft 

Figure 6.1. Phoenix’s climate characteristics (IECC)  
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• Floor area: 350 sq. ft 

• Ceiling high: 9 ft 

• Ceiling type: Exposed   

• Wall construction: Metal frame, R19 

• Wall finish material: Stucco  

• Roof construction: Metal deck, R30 

• Roof finish material: White coat  

• Floor finish material: Exposed concrete  

• Orientation: West  

• Façade area: 225 ft2 

• Window area: 32 ft2 = 14% of the west façade  

• Window dimensions: 8 ft x 4 ft 

• Window construction: Aluminum frame with single glazing  

• Equipment: Office  

• Lighting: 10.76 W/m2 

 

    

             

 

 

Figure 6. 2. Base case floor plan (by author)  

Figure 6.3. Base case west façade (by author) 
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 Fixed Shading Design  

In hot climates, the most effective way to reduce the solar load on fenestration is to intercept direct 

radiation from the sun before it reaches the glass. Properly designed fenestration can significantly reduce 

the heating load during the winter months by admitting solar radiation. Just as significant, however, is 

protection from excessive solar radiation in the summer to reduce the cooling load. Fully shaded windows 

from the outside have a solar heat gain reduction of as much as 80% [28].  

Fenestration can be shaded by roof overhangs (extension of the eve) or by vertical and horizontal 

architectural projections. The ability of horizontal panels or vertical louvers to intercept the direct 

component of solar radiation depends on their geometry and profile, or shadow-line angle. The profile 

(shadow-line) angle is defined as the angular difference between a horizontal plane and a plane tilted 

about a horizontal axis in the plane of the fenestration until it includes the sun (Figure 6.4) [28].  

 

 

 

 

Figure 6.4. Profile or shadow-line angle Ω (by Prof. Nader Chalfoun) 

 

The profile angle Ω can be calculated by equation (1) [28]: 

Tan Ω = TanAL / Cos(Solar AZ - Window AZ)  
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The window azimuth is 0° if facing south, 90° (or –270°) if facing west, 180° if facing north, and -90° 

(or 270°) if facing east (Figure 6.5) [28].  

A shading device that works on a façade at a specific time will not necessarily be effective 

during other times of the day due to the diurnal factor. It is also true that shading devices designed for a 

specific season may not be effective for another season due to the seasonal factor. At low sun angles, 

especially early morning and late afternoon, horizontal overhangs cannot efficiently shade windows. 

Therefore, it is recommended that a continuous overhang be utilized to shade windows throughout the 

day in the summer. 

 Proposed Fixed Shading Devices  

The proposed shading device protects the window from April 21 through the end of August, which 

is considered the summer season. On April 21 at 3.00 pm, Phoenix has an altitude angle of 49.06°  and 

an azimuth angle of 67.36°. To design efficient shading devices, the profile angle (shadow-line) must be 

calculated through equation (1). 

The west profile angle is Tan Ω = Tan49.06°  / Cos(67.36° - 90°) = 51.3°  

The south profile angle is Tan Ω = Tan49.06° / Cos(67.36° - 0°) = 71.73°  

To ensure an acceptable depth for the shading devices, the window as divided into four segments, 

each measuring one foot in height and the length of the window. Figure 6.6 shows a graphical method of 

0° or 360° 

-90° or 270° 

±180° 

90° or 270° 

Figure 6.5. Window azimuth (by Prof. Nader Chalfoun) 
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designing shading devices. In this case, the shading dimensions are determined by drawing a 

perpendicular line from the bottom of the window to the bottom of the segment. The line is then rotated by 

the west profile angle to create the exact shading depth. In this case, the depth was rounded up from 9 

3/16 in to 1 ft for simplification and to create a shade that will protect the window until 3:30 pm.  

 

 

 

 

 

 

 

Figure 6.7 demonstrates the method of calculating the length of the continuous overhang. This is 

done by drawing a line from the bottom right of the segment and then rotating it by the south profile angle. 

To create a continuous overhang that is effective based on the diurnal factor, the overhang is extended 

until it meets the rotated line to create a 4-in overhang extension.  

 

 

 

Figure 6.6. Graphical method of calculating the depth of shading structure (by author) 



Chapter: 6-42 
 

Contribution of a Passive Dynamic Façade to Energy 
Reduction, Daylight, and View Quality in a Hot, Arid Climate 

Thesis Kifah Alhazzaa 
UofA I CAPLA I House Energy Doctor I 2019 

 

 

 

          

 

                                                                              

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Graphical method of calculating the length of continuous overhang (by author) 

Figure 6.8. Interior space on December 21 at 3:00 pm (by author) 

Figure 6.9. Interior space on April 21 at 3:00 pm (by author) 
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 Passive Dynamic Shading System (PDSD) Design 

As explained in Section 6.3, the design of fixed shading is important when considering a shading 

system for a hot climate. The fixed shading must be designed for specific seasons and times of the day. 

Consequently, fixed shading is present on times and days not included in the shading design process, 

when it is not needed. The presence of fixed shading when it is not needed compromises daylight and 

energy consumption through increasing demand for electrical lighting. It also increases the heating load 

since the fixed shading partially blocks direct solar radiation in the winter. In addition, it obstructs views of 

the outdoors that enhance mental and physical health [17]. 

The PDSD is an innovation system that enhances energy consumption, daylight, and view quality 

through passive dynamic movement that allows the shading system to be used only when it is needed, 

mostly in the summer. The passive dynamic movement occurs through thermal expansion in the actuators. 

A PDSD increases the amount of useful daylight since it is not visible on winter mornings and most summer 

mornings, reducing energy demand for electrical lighting. This improves the cooling and heating load since 

the PDSD blocks the direct radiation in the summer, which increases cooling energy demand, and allows 

the winter sun, which reduces heating energy demand, to penetrate into the building. The view is optimized 

through timing of the appearance of the shading system, as it is in use only when it is needed for essential 

purposes, reducing the amount of time it obstructs the view. 

 Proposed PDSD Design   

The proposed PDSD follows efficient fixed shading design recommendations to enable a fair 

assessment of the impacts of dynamic shading compared to fixed shading. One of the main goals is for 
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PDSDs to be feasible for all users. They are different from algorithmic dynamic facades, which rely on many 

sensors and a complicated operating system, and are cost-effective in terms of initial costs, maintenance, 

and operation. To ensure the system’s simplicity and effectiveness, I worked within the restrictions of a 

typical configuration of an automatic window opener for greenhouses (Figures 6.10 and 6.11) since this 

assembly is provided by many companies. The strictest limitation is the opening angle, which, since it relies 

on linear deployment, is difficult to extend past 90°. The assemblies generally have an opening temperature 

around 25°C, or 77°F, to optimize greenhouse temperatures. For this study, however, I assume a different 

opening temperature. 

 

 

 

 

 

According to the fixed shading design, the overhang must have a depth of 1 ft, but dynamic 

shading requires clearance between the shading device and the window. I used two rules of thumb for 

the PDSD design. First, the clearance is equal to the depth. Second, the system needs a fixed cavity with 

a depth twice that of the shading device (Figure 6.12). The system must be connected so the folding 

mechanism can work. Therefore, I designed the vertical surfaces as hollow surfaces that act as a void to 

allow the occupants to have a view to the outside and allow diffuse light to penetrate to the interior 

(Figure 6.13). 

Figure 6.12. Automatic Vent Opener (by ACF 
Greenhouses,2019) 

Figure 6.13. Univent Automatic Vent Opener 
(by J. Orbesen teknik ApS) 
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Figure 6.14. Cross sections of the PDSD in all positions (by author) 

Figure 6.15. Elevation of PDSD (by author) 

Hollow Surface 
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 PDSD Operation Setup 

After analyzing Phoenix’s EnergyPlus weather data through the Archsim plug-in, I found the most 

frequent daytime dry-bulb temperature in the summer to be 35°C (95°F), which was determined by 

examining the temperature of the total 8,670 hours of a year (Figure 6.14). Thus, 35°C (95°F) is the 

opening temperature for the PDSD. It is clear from Figure 6.14 that the device is in use for some hours off 

outside of the intended time of operation. However, the intended time of operation is 90% covered. Figure 

6.15 demonstrates the temperature setup of the movement mechanism and shows efficient shading on June 

21 at 3:00 pm.   

 

 

 

Figure 6.16. Actuation setup (by author) 

DBT ˂ 35oC – 95oF  DBT ≥ 35oC – 95oF  

Figure 6.17. The relationship between dynamic movement and temperature (by author) 
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 PDSD Schedule 

The PDSD operation schedule, generated by the Archsim plug-in, provides 78% unshaded 

conditions when the system is closed, and 22% shaded conditions when the shading device is needed 

(Figure 6.16). 

 

 

 

 

  
Figure 6.18. PDSD operation schedule (by author) 
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 Testing and Results 

Figure 7.1. shows the workflow of the energy and daylight simulations completed with DIVA for 

Grasshopper. 

 

 

 

 

 

 

 

 

 Daylight Analysis 

In the field of daylight analysis, there several ways to evaluate daylight quality and amount. Each 

serves a specific purpose and provides different information for assessing the usefulness and strength of 

daylight in the design of architecture. In this study, I evaluated daylight quality in the Radiance platform 

using four methods: 

1. Daylight autonomy (DA) 

2. Continuous daylight autonomy (CDA) 

Figure 7.1. Simulation workflow (by author) 
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3. Useful daylight Illuminance (UDI) 

4. Daylight availability (DAv) 

 Daylight Autonomy (DA) 

DA, which is also referred to as the dynamic daylight metric, is the annual daylight metric. DA is 

expressed as the percentage of annual daylight hours in a particular space for a defined illumination level. 

It was invented by the Association Suisse des Electriciens in 1989 and improved by Christoph Reinhart 

between 2001and 2004. DA considers the geographical location and climate data on an annual basis 

and is used to calculate the electric lighting energy savings corresponding to a user-defined threshold by 

adjusting the electric lighting operation schedule [30].  

Many energy conservation and health associations, including Leadership in Energy and 

Environmental Design (LEED), use the DA threshold of 300 lux (DA300) and a graphical presentation of 

the percentage of the floor area that exceeds 300 lux at least 50% of the time. These values and methods 

of presentation are used in this research. 

 Continuous Daylight Autonomy (CDA) 

CDA is a modification of DA developed by Zach Rogers in 2006. CDA gives a partial credit of 

space that has daylight below the user-defined threshold. For a location with a DA threshold of 300 Lux, 

the CDA value with a 300 Lux threshold will be higher by approximately 65 -70% if it exceeds 300 Lux 

60% of the time on an annual basis. For example, if an area has 150 Lux at a given time, the DA300 will 

give it zero credit while the CDA will give it 150/300, or 0.5, credit for that time [30]. 
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The CDA setup uses a threshold of 300 Lux (CDA300) and graphical presentation of the 

percentage of the floor area that exceeds 300 Lux at least 50% of the time, with partial credit for time steps 

below 300 Lux. 

 Useful Daylight Illuminance (UDI) 

UDI is an adjustment of DA developed by Mardaljevic and Nabil in 2005. It is used to analyze 

daylight at an hourly rate based on three illumination levels, namely 0-100 Lux, 100-2,000 Lux, and over 

2,000 Lux. It gives full credit for values between 100 Lux and 2,000 Lux and assumes that horizontal 

illumination values above this range are not useful [31].  

The UDI framework for this research uses 2,000 Lux as the upper threshold and 100 Lux as the 

lower threshold and a graphical display of the percentage of the floor area that meets the UDI criteria at 

least 50% of the time. 

 Daylight Availability (DAv) 

DAv describes daylight in hourly-based values based on two conditions: a 300 Lux threshold at 

least 50% of the time and over-lit areas with a percentage of occupied hours with 10-times the threshold 

illumination value, which is considered potential glare and undesirable illumination. It gives full credit only 

for these two conditions. The first condition has positive values, and the second has negative values to 

distinguish between the two.  

The DAv setting for this study graphically displays the percentage of floor area that exceeds 300 

lux at least 50% of the time and the percentage of floor area that exceeds 10-times the threshold 

illumination (3,000 Lux) at least 5% of the time. 
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 Energy Simulation 

Energy simulation is used to that replicate the real-time performance of a building. The analysis 

illustrates how the thermodynamics in a selected building works in a specific climate region. Understanding 

the thermodynamics helps designers comprehend the strengths and weakness of a building envelope, 

enabling them to enhance energy performance. In this research, I assessed energy performance through 

four types of energy simulation using the EnergyPlus platform:  

1. Total ideal cooling energy  

2. Total ideal heating energy  

3. Total lighting electric energy  

4. Total heat gain energy through windows  

 Total Ideal Cooling and Heating Energy 

Cooling and heating energy are used to remove or create heat. Ideal cooling and heating energy 

are used to study a building’s performance since they give the total energy required to heat or cool a zone 

at specified thermal conditions regardless of what type of HVAC unit is used in the zone. On the EnergyPlus 

platform, the ideal load can operate with two modes—infinite and limited capacity. Both modes can specify 

operation schedules, outdoor air control, dehumidification, humidification, economization, and heat 

recovery. In this research, the system mode is infinite with a heating setpoint of 20°C (68°F) and a cooling 

setpoint of 24°C (75°F), and the operation schedule is occupied hours.  
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 Total Lighting Electrical Energy 

Energy is the ability to act. Electrical energy is a form of energy that is caused by the flow of 

electrical charges. Power is produced by the attraction or repulsion between these charges. In 1880, 

electric light was invented by Thomas Edison when he introduced the first incandescent lamp. According 

to the U.S. Energy Information Administration, electric lighting consumes up to half of all electricity used in 

office buildings. In addition, electric lights produce heat, which increases the cooling load. There are many 

lighting variables that influence total lighting energy and total energy consumption simulations. In this study, 

lighting by area is 10.76 W/m2, lights are assumed to be either on or off, with no dimmer switch. Further, 

target illumination is 300 Lux, and the operating schedule is from a real-time daylight analysis conducted 

with the Radiance platform for more accuracy.  

 Total Heat Gain Energy through Windows 

Windows are one of the single largest sources of unwanted heat gain and loss in the thermal 

envelope. It is not unusual to find a glass area that comprises only 15% to 25% of the surface area of a 

building while contributing up to 75% of the heat loss. Windows typically lose or gain heat through 

conduction and air movement around the frames, and solar radiation. Heat is lost in the winter and gained 

in the summer [28]. The window glazing and frame type play a significant role in heat loss and gain. In 

this research, windows are assumed to have single clear glazing with non-thermal-break aluminum frames.  

 View Quality Analysis   

In LEED v4, view quality credits are achieved with 75% direct sight to the outdoors through the 

glazing of all regularly occupied floor areas. The view must provide clear access to the exterior and be 
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unobstructed by frits, fibers, patterned glazing, or added tints that distort the color balance. View 

obstruction plays a significant role in view quality. In this research, I consider shading devices obstructions 

to the view since they create a potentially dense pattern on windows. Thus, the percentage of time of 

obstruction and the obstruction density are calculated.  

 Base Case  

As mentioned earlier, the base case has no shading device system. Figure 7.2. shows the west 

elevation of the base case.  

 

 

 

 

 

 

 

 Daylight Analysis 

Figure 7.3. illustrates the daylight analysis with four study types. The DA and cDA studies 

demonstrate the amount of daylight over the course of the year and show that the window provides an 

amount of daylight that meets the 300 Lux criteria for the space. However, the DAv analysis in Figure 7.3 

shows high values for the floor area, indicated in purple, that exceed 10 times the illumination threshold of 

Figure 7.2. West façade of base case (by author) 



Chapter: 7-54 
 

Contribution of a Passive Dynamic Façade to Energy 
Reduction, Daylight, and View Quality in a Hot, Arid Climate 

Thesis Kifah Alhazzaa 
UofA I CAPLA I House Energy Doctor I 2019 

3,000 Lux at least 5% of the time, which is mostly due to direct solar radiation. Exposing the interior space 

to the direct solar radiation potentially creates glare and visual discomfort and can cause the space to 

overheat in the summer. The UDI study shows that the useful daylight may be inadequate for some specific 

tasks, but it is sufficient for normal work. 

 

 

 

 

 

 

 

       

 

 

 

 

 

Figure 7.3. Base case daylight analysis (by author) 
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 Energy Simulation 

Figure 7.4 presents the energy simulation for the base case. In this case, cooling energy is a critical 

factor for energy savings since, as shown in this graph, it accounts for almost 10 times the energy required 

for heating and lights. The peak of cooling energy demand is in the summer. Demand is increased through 

heat gain from the window and transmitted solar radiation energy because the window is not protected 

from solar radiation, exposing the interior to direct heat. Heating energy is not critical in the hot, dry climate 

in which the base case is located. As shown in the graph, heating energy demand is generally low 

throughout the year and nonexistent during the summer. Lighting energy demand is quite low in this study 

since the window provides an adequate amount of natural light, which helps avoid the excessive use of 

artificial lighting.  

 

 

 

 

 

 

 

Figure 7.4. Base Case Energy Simulation (by author). 
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 View Quality  

The base case has a wonderful view of the outdoors that is unobstructed throughout the year 

(Figure 7.5).  

 

 Fixed Shading Case 

The fixed shading case has an efficient fixed shading device that protects the window from direct 

solar radiation during the entire summer. Figure 7.6 shows the west elevation of the fixed shading case. 

Figure 7.6. West façade of the fixed shading case (by author) 

Figure 7.5. Interior of the base case (by author) 
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 Daylight Analysis 

Figure 7.7. shows the daylight analysis for the fixed shading case. The general trend, as illustrated 

by the results of the DA and cDA studies, is an inadequate amount of daylight, as the existing shading 

device reduces the amount of diffuse and direct natural light that can penetrate to the interior. While it is 

desirable to block direct radiation to improve energy consumption and visual comfort, as the DAv study 

shows, the reduction of diffuse daylight causes a decrease in the amount of useful illumination. The results 

of the UCI study, which has a relatively low threshold of 100 Lux, demonstrate this.  
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 Energy Simulation 

Figure 7.8. demonstrates the energy performance of the fixed shading case. As shown in the graph, 

demand for cooling energy is high compared to other types of energy demand. The shading device 

decreases cooling demand by blocking the summer solar radiation transmitted to the space and reducing 

heat gain through the windows. However, the low quality of daylight for the fixed shading case, as 

discussed in the previous section, affects demand for lighting energy in the energy simulation, as the use of 

artificial light is increased. The shading device allows winter solar radiation to penetrate the interior, which 

helps decrease heating energy demand. The graph shows no need for heating energy in the summer and 

low demand for heating in the winter. 

Figure 7.7. Fixed shading case daylight analysis (by author) 
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 View Quality  

The fixed shading case has a view of the outdoors that is partially obstructed during the course of 

the year by the shading device (Figure 7.9). 

 

0

200

400

600

800

1000

1200
Kw

h
Zone Lights Electric Energy

Zone Exterior Windows Total
Transmitted Beam Solar Radiation
Energy

Zone Windows Total Heat Gain
Energy

Zone Ideal Loads Total Heating
Energy

Zone Ideal Loads Total Cooling
Energy

Figure 7.8. Fixed shading case energy simulation (by author) 

 

Figure 7.9. Interior of the fixed shading case (by author) 
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 PDSD System 

 PDSD Case 

A PDSD is a dynamic shading system that passively actuates corresponding to the outdoor 

temperature, as extensively discussed earlier. Figure 7.10 shows the west elevation of the PDSD case.  

7.6.1.1. Daylight Analysis 

Figure 7.11. elaborates the daylight analysis for the PDSD case. The annual daylight that enters 

the space is shown by the DA and cDA studies, which indicate adequate daylight over the course of the 

year in the work area. The PDSD system is beneficial for daylight quality because its dynamic movement 

allows full penetration of natural light during most of the summer, when direct solar radiation does not 

interact with the window, and over the entire winter. The DAv study shows the over-lit area in purple, which 

has low daylight percentage throughout the year. According to the PDSD actuation schedule, there are 

times during the winter when the system is not operational and thus the over-lit area could cause visual 

Figure 7.10. West façade of the PDSD case (by author) 
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discomfort during this time.  However, this will reduce the heating load. The useful illumination in this case 

is efficient for most of the tasks throughout the year, as illustrated by the UDI analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11. PDSD case daylight analysis (by author) 
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7.6.1.2. Energy Simulation  

Figure 7.12 illustrates the energy performance of the PDSD case. It shows a cooling energy 

demand peak in July, as the result of the high energy demand in hot, dry climates. The PDSD improves 

cooling and heating performance through its dynamic movement since it blocks the direct solar radiation 

that is transmitted in the summer and allows it to penetrate the building in the winter. This results in a reduction 

of heat gain through the window in the summer and an increase in the winter. The daylight quality and 

amount of the PDSD case reflect positively on the consumption of lighting energy demand since the window 

provides a decent amount of natural light, decreasing the need to use artificial light. As Figure 7.12 shows, 

lighting energy demand is relatively low and steady, which means that the daylight amount generally 

remains constant throughout the year.  
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Figure 7.12. PDSD case energy simulation (by author) 
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7.6.1.3. View Quality   

The PDSD case has a window that provides a partially obstructed view 22% of the year. Mitigation 

of the time of obstruction is a result of the dynamic movement of the PDSD.  

 

 PDSD First Alteration Case  

Analysis of the PDSD case reveals some areas with a relatively high daylight rate, which could 

cause visual discomfort and overheating in the summer, increasing cooling demand. I attempted to 

enhance the performance of the system by reducing 50% of the system’s transparency using 40% 

transparent materials. The modification is on the second and fourth vertical elements, as shown in Figure 

7.14.  

Figure 7.13. Interior of the PDSD case (by author) 
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7.6.2.1. Daylight Analysis 

Figure 7.15. shows the daylight analysis of the PDSD first alteration case. The DA and cDA illustrate 

the annual daylight matrix, which is highly comparable to that of the PDSD case. However, the useful 

illumination from the UDI analysis decreased slightly, especially close to the east wall. The DAv results 

indicate the annual over-lit areas is decreased by 9.4%. This is due to a reduction in over-lit areas during 

the summer since the values at other times are identical to the PDSD case and the system operates only in 

the summer.  

 

 

 

Figure 7.14. West façade of PDSD first alteration case (by author) 
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7.6.2.2. Energy Simulation 

Figure 7.16 compares the energy performance of the PDSD first alteration case with the PDSD 

case. It shows a slight improvement in cooling and heating energy demand. Lighting energy demand 

increased because of the reduction in daylight. There was slightly higher solar heat gain through the 

window, but this did not have a noticeable impact on the overall energy performance. The transmitted 

solar radiation is similar to that in the PDSD case. 

PDSD First Alternative PDSD Case PDSD Case PDSD First Alternative 

PDSD First Alternative PDSD First Alternative PDSD Case PDSD Case 

Figure 7.15. Daylight comparison between PDSD and PDSD first alteration case (by author) 
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7.6.2.3. View Quality  

The PDSD first alteration case benefited from the system’s dynamic movement since there is an 

obstructed view 22% of the year, but the obstruction is half the window area (Figure 7.17).  

 

 

 

Figure 7.17. View comparison between the PDSD and PDSD first alteration cases (by author) 
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Figure 7.16. Energy comparison between PDSD and PDSD first alteration cases (by author) 
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 PDSD Second Alteration 

After simulating the PDSD first alteration case, I found using 40% transparent materials on two 

vertical panels did not have a significant impact on the analysis values. Thus, I thought that increasing the 

amount of translucent material in the system may have a considerable influence. Figure 7.18 shows the 

40% transparent materials covering four vertical panels.  

 

7.6.3.1. Daylight Analysis  

Figure 7.19. presents the daylight analysis of the PDSD second alternative case. The DA and cDA 

analyses show a slight decrease in the amount of daylight compared with the PDSD case. However, the 

useful illumination was reduced, as shown in UDI analysis, predominantly close to the east edge of the 

interior space. The DAv simulation shows the annual over-lit area is minimized by 17.4%.   

 

Figure 7.18. West façade of the PDSD second alteration case (by author) 
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7.6.3.2. Energy Simulation 

Figure 7.20. compares the energy performance of the PDSD second alternative case with the 

PDSD case. The cooling and heating energy did not noticeably improve, and the lighting energy increased 

since the annual daylight amount decreased. The solar heat gain through the window decreased since, in 

this case, the system works as an insulation barrier. However, this does not remarkably affect the overall 

energy performance.  

PDSD Case PDSD Case PDSD Second Alternative PDSD Second Alternative 

PDSD Case PDSD Case PDSD Second Alternative PDSD Second Alternative 

Figure 7.19. Daylight comparison between PDSD and PDSD second alteration cases (by author) 
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7.6.3.3. View Quality  

The PDSD second alteration case has a fully obstructed view 22% of the year (Figure 7.21). The 

cover material is 40% transparent, but it disrupts visual transmittance. 
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Figure 7.20. Energy comparison between PDSD and PDSD second alteration cases (by author) 
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 PDSD Alterations Conclusion  

There are differences in the alteration cases’ performance in terms of daylight, energy 

consumption, and view quality, as discussed in previous sections. The PDSD case is considered the 

benchmark when making inferences about the simulation results. The daylight studies showed a reduction 

in the amount of daylight for the first and second alternatives, which increase the need for artificial lighting 

and the cooling load through the subsequent heat emitted from electric lighting. The over-lit areas in the 

first and second alterations decreased slightly, but this did not affect cooling or heating performance since 

the over-lit areas met the minimum requirement that such areas exceed 3,000 Lux at least 5% of the time. 

The first and second alterations showed slight improvement in solar heat gain through the window. The 

view quality of the PDSD case is logically preferable since it has less obstruction that the first and second 

alterations. 

For the first and second alternative cases, there was no positive impact on energy performance 

and daylight quality and a negative impact on view quality. Thus, there is no logical reason to choose the 

first or second alteration case over the PDSD case. It can thus be concluded that with a properly designed 

dynamic system that protects interior spaces from direct summer solar radiation, there is no need for screen 

shading or covering elements. 

Figure 7. 21. View comparison between PDSD and PDSD second alteration cases (by author) 
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 Daylight Comparison 

Daylight comparison, namely DA, cDA, UDI, and DAv studies, was conducted for the base case, 

fixed shading case, and PDSD case. The aim of the comparison was to determine the most efficient case. 

As Figure 7.22 shows, the DA values for the base case were high and demonstrated adequate illumination 

compared to the fixed shading case. However, the PDSD case provided a decent amount of daylight and 

values relatively close to those of the base case. The fixed shading case did not provide sufficient daylight 

for occupants’ tasks. The cDA values exhibited the same pattern as the DA values in Figure 7.23 as well 

as the UDI rates in Figure 7.24. The over-lit area in the base case was 40.5% of the total area with a high 

time percentage, which affected energy performance, as discussed in the following section, especially in 

the middle of the room and close to the window, as shown in Figure 7.25. In contrast, the fixed shading 

case had over-lit area of 6% with a very low time percentage. The over-lit area of the PDSD case was 

27.4% of the total area with a low time percentage as direct solar radiation only in the winter is considered.  

 

 

 

 

 

 

 

Figure 7.22. DA comparison between the three cases (by author) 

PDSD Case Fixed Shading Case Base Case 
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PDSD Case Fixed Shading Case Base Case 

Figure 7.23. cDA comparison between the three cases (by author) 

PDSD Case Fixed Shading Case Base Case 

Figure 7.24. UDI comparison between the three cases (by author) 

PDSD Case Fixed Shading Case Base Case 

Figure 7.25. DAv comparison between the three cases (by author) 
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 Energy Simulation Comparison 

The energy simulation comparison compares the ideal load of cooling and heating energy and 

lighting energy for the base case, fixed shading case, and PDSD case. The purpose of this comparison is 

to find the most efficient of the three cases. Figure 7.26. shows the ideal cooling energy load, which is 

similar for all three cases in the winter since all of them allow direct radiation to penetrate the building. In 

the summer, however, there is more differentiation. Peak cooling energy demand is in July. The base case 

has the highest demand since the interior space is totally exposed to direct solar radiation. The fixed 

shading case has less demand than the base case, and the PDSD case has the lowest cooling demand 

since, unlike fixed shading, it reduces daylight, leading to more reliance on artificial lighting, which is a 

heat source.   
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Figure 7.26. Zone ideal total cooling energy load (by author) 



Chapter: 7-74 
 

Contribution of a Passive Dynamic Façade to Energy 
Reduction, Daylight, and View Quality in a Hot, Arid Climate 

Thesis Kifah Alhazzaa 
UofA I CAPLA I House Energy Doctor I 2019 

Figure 7.27 presents the ideal heating energy load. Heating demand of the three cases is relatively 

similar since they all allow solar radiation to heat the interior space in the winter. Figure 7.28 shows the 

lighting energy demand. The fixed shading case was the worst among the cases because the presence of 

shading devices all the time reduces the amount of daylight. The performance of the PDSD case is between 

that of the base case and the fixed shading case because it dynamically allows adequate daylight in the 

space.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.27. Zone ideal total heating energy load (by author) 

figure 7.28. Zone lighting energy demand (by author) 
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 View Quality Comparison  

 The view analysis is based on a logical analysis. The base case has a clear view 100% of the time, 

the fixed shading case has a partially obstructed view 100% of the time, and the PDSD case has a 

partially obstructed view 22% of the time.  

Figure 7. 29. View quality comparison between base case, fixed shading case, and PDSD case (by 
author)  

PDSD Case 

Fixed Shading 
 

Base Case 
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 Conclusion and Future Work 

Energy performance, daylight, and view quality generally contradict each other and thus it is 

unreasonable to optimize one factor over the other since this would compromise the values. The 

appropriate solution is to find the right balance between the objectives. In this research, I assessed the 

thermal performance, daylight, and view quality of three different cases in the same building. Two cases 

have a distinct type of shading system, and the remaining case has no shading system. The base case has 

a sufficient amount of daylight throughout the year, but because this includes direct sunlight in both the 

summer and winter, this can cause visual discomfort. Exposure to direct solar radiation causes a large 

amount of heat to transfer through the window in the summer, resulting in high cooling demand. However, 

the view was clear and unobstructed for the base case.  

The fixed shading case was highly protected from direct solar radiation in the summer, resulting in 

low cooling energy consumption. Consumption could be lower, but the heat from artificial lighting 

contributed to cooling demand. Because the shading device reduced the amount of daylight, reliance on 

electric lighting was increased. The view was partially obstructed throughout the year.  

The PDSD case offered the best balance among all the cases. It had the lowest cooling energy 

demand since it was mostly protected from direct solar radiation in the summer. Further, it had less need 

for electric lighting than the fixed shading case throughout the year and higher than the base case in 

summer. This case provided adequate daylight for office tasks throughout the year. While the amount of 

daylight was lower than the amount for the base case, it was high-quality daylight with only a 22% view 

obstruction over the year, unlike the base case, which did not receive abundant direct sunlight. 
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 Base Case Fixed Shading PDSD 

Cooling Energy 5090.91Kwh -1.8% 

92.35Kwh 

-5.55% 

282.51Kwh 

Heating Energy 158.58Kwh -7.6% 

12.06Kwh 

+3.6% 

5.82Kwh 

Lighting Energy 431.04Kwh +146.43% 

631.18Kwh 

+38.96% 

167.94Kwh 

Daylight Autonomy 26.2% 0% 13.1% 

Over-lit Area of Total 

Area 

40.5% With high 

time Rate 

6% with low time rate 27.4% with low time rate 

View Quality 100% of time 

unobstructed 

100% of time partially 

obstructed 

22% of time partially 

obstructed 

 

Architectural environmental treatments must change. Conventional solutions are becoming 

outdated as the world changes and new environmental challenges need creative solutions that satisfy the 

social, economic, and health aspects and the environmental and energy performance requirements for 

buildings. Climate is becoming a critical parameter in sustainable, efficient design. When designing 

building envelopes, architects must consider the climatic context as a primary parameter to frame the 

design. Creative designs can enhance occupants’ satisfaction with a building’s aesthetics and indoor 

environment.  

In future work, I will seek a way to make the thermal actuator respond to direct solar radiation to 

optimize operation of the system. Since it responds to temperature increases, the system may operate at 

times when it is not needed. I will also investigate the façade grammars present in hot, dry climates through 

a computational framework to develop more adaptive façades.  

Figure 8.1. Conclusive comparison of base case, fixed shading case, and PDSD case (by author) 
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