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ABSTRACT

KINETIC FACADES FOR MAXIMIZING HUMAN COMFORT AND
INCREASING SPACE USE EFFICIENCY IN HIGHLY GLAZED
BUILDING INTERIORS

Ulular, Ilgin Biike
Master of Science, Building Science in Architecture
Supervisor: Prof. Dr. Soofia Tahira Elias-Ozkan

December 2022, 154 pages

Environmental problems are one of the major concerns for the present time, and the
building construction sector has a significant impact on the environment. So, existing
buildings should be evaluated for efficient use. In public buildings where people can
choose seats, efficient space use can decrease because of discomfort. Facades are
significant to provide these conditions. Kinetic facades can be considered as an
efficient option with their technological systems. In the literature, few studies are
related to improving thermal and visual comfort in public buildings with large glazed

areas.

This research investigates the impacts of thermal and visual comfort affecting space
use in a case study building with glazed facades and the possible enhancements of
applying kinetic facades. The research is based on a case study-building analysis.
Climate graphs of Ankara were taken from Climate Consultant. Temperature data
was collected by TESTO 405-V1. According to these results, the most

uncomfortable section was selected as the focus study. The illuminance data was



collected by RO 1335 lux-meter for one of the floors, and the simulations were
calibrated with Velux Daylight Visualizer according to the actual results. A fixed
shading and two different kinetic facades were proposed to enhance the thermal and
visual comfort conditions. Kinetic morphologies were selected from the literature
and optimized by Galapagos according to the illuminance data. All simulations were
conducted by Ladybug and Honeybee. Operative temperature, illuminance, daylight
factor, and useful daylight illuminance were simulated for all scenarios. The best
result was achieved with the kinetic fagade with square modules on the ground floor,
with a 63% improvement in illuminance. Eventually, it was determined that the
proposed kinetic morphologies have different effects on diverse floors; however,
they can offer the most effective solution to improve visual and thermal comfort

conditions in all scenarios.

Keywords: Kinetic facade, Thermal Comfort, Daylight Performance, Visual

Comfort, Space Use
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CAM ORANI YUKSEK CEPHELI BINALARIN iC MEKANLARINDA
INSAN KONFORUNU EN UST DUZEYE CIKARMAK VE MEKAN
KULLANIM VERIMLILiGINi ARTIRMAK iCiN KINETiK CEPHE
KULLANIMI

Ulular, Ilgin Biike
Yiiksek Lisans, Yap1 Bilimleri, Mimarlik
Tez Yoneticisi: Prof. Dr. Soofia Tahira Elias-Ozkan

Aralik 2022, 154 sayfa

Giiniimiizdeki en biiyiik endiselerden birisi ¢evresel sorunlardaki artistir. Insaat
sektoriiniin bu konuda biiyiik bir etkisi oldugu goriilmektedir. Bu nedenle, mevcut
binalar verimli kullanim agisindan degerlendirilmelidir. Insanlarin oturma yerlerini
segebilecekleri kamu binalarinda, konforsuzluk nedeniyle verimli alan kullanimi
etkilenebilmektedir. Cepheler bu konuda 6nemli rol oynamaktadir. Kinetik cepheler,
teknolojik sistemleri etkili seceneklerden biri olarak kabul edilebilmektelerdir.
Literatiirde, cam orani1 yiiksek cephelere sahip kamu binalarinda 1s1l ve gorsel konfor

kosullarinin iyilestirilmesiyle ilgili az sayida ¢aligma bulunmaktadir.

Bu arastirma, cam orani yiiksek cephelere sahip bir vaka ¢aligsmasi binasinda, mekan
kullanimmi etkileyen 1s1l ve gorsel konfor kosullarinin etkilerini ve Kkinetik
cephelerin bu kosullar iizerindeki olas1 iyilestirmelerini incelemektedir. Arastirma,
vaka binasi ¢aligmasina dayalidir. Ankara’nin iklim grafikleri Climate Consultant ile

olusturulmugtur. Sicaklik verileri TESTO 405-V1 ile toplanmistir. Bu sonuglara gore

vii



en konforsuz sicaklik kosullarina sahip olan boliim odak olarak secilmistir. RO 1335
liikksmetre ile katlardan biri i¢in aydinlatma verileri toplanmis ve bu sonuglara gore
simulasyonlar Velux Daylight Visualizer ile kalibre edilmistir. Isil ve gorsel
kosullar iyilestirmek i¢in sabit giines kirici ve iki farkli kinetik cephe Onerilmistir.
Kinetik morfolojiler literatiirden se¢ilmis, aydinlatma degerlerine gore Galapagos ile
optimize edilmistir. Simulasyonlar i¢in Honeybee ve Ladybug kullanilmistir. Tiim
senaryolar i¢in ¢aligma sicakligi, aydinlatma, giin 15181 faktorii ve faydali giin 15181
aydinlatmasi simiile edilmistir. En iyi sonug¢ %63 iyilestirme oraniyla, zemin katta
kare modiillii kinetik cephe ile aydinlatma i¢in elde edilmistir. Sonug olarak, dnerilen
kinetik morfolojilerin farkli katlarda farkli etkilere sahip oldugu tespit edilmekle
beraber gorsel ve 1s1l konforu iyilestirmek igin en etkili ¢oziimii sunabildikleri

gorilmiistir.

Anahtar Kelimeler: Kinetik Cephe, Isil Konfor, Giin Isig1 Performansi, Gorsel

Konfor, Mekan Kullanimi
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CHAPTER 1

INTRODUCTION

This research will focus on the thermal and visual comfort that may affect the space
use in a public building with a large, glazed facade and the application of kinetic
facades as a solution for optimizing them. In this chapter, the background, research
problem, research objectives, research questions, hypothesis, and disposition are

presented.

1.1  Background

Environmental problems have been growing day by day. The building construction
sector is one of the primary sources damaging the environment. New building
constructions have increased in speed in recent years (Enshassi, Kochendoerfer, &
Rizq, 2014; X. Li, Zhu, & Z. Zhang, 2010; Zolfagharian, Nourbakhsh, Irizarry,
Ressang, & Gheisari, 2012). The environmental impact of constructing new
buildings is massive, so existing buildings should be evaluated before new

constructions.

It may be challenging to refurbish the existing buildings with green strategies;
however, by refurbishment, indoor environmental quality and, as a result, occupants’
satisfaction can be enhanced (Ardente, Beccali, Cellura, & Mistretta, 2011; Zhou, S.
Zhang, Wang, Zuo, He, & Rameezdeen, 2016). In addition to that, refurbishment is
less harmful to the environment in comparison with new construction (Alba-
Rodriguez, Martinez-Rocamora, Gonzalez-Vallejo, Ferreira-Sanchez, & Marrero,
2017; Hasik, Escott, Bates, Carlisle, Faircloth, & Bilec, 2019; Schwartz, Raslan, &
Mumovic, 2018).



On the other hand, when refurbishing or designing a building, providing comfort
conditions is necessary for a healthy indoor environment. In the four aspects of
comfort conditions, thermal, visual, acoustic, and respiratory comfort, occupants
prioritize thermal comfort (Frontczak & Wargocki, 2011; Song, Mao, & Liu, 2019).

Therefore, it may affect the efficiency of space use and the building’s utilization.

Besides all these, as a regulator and interface between the interior and exterior
environment, facades are essential building elements (Nady, 2017; W. T. Sheikh &
Asghar, 2019; Zuk & Clark, 1970). Kinetic facades can respond to different climatic
conditions; therefore, they can provide maximum occupant comfort in a more
energy-efficient way (Shahin, 2019). Hence, instead of using static facade systems,
kinetic facades with their moveable elements can be helpful to improve thermal and
visual comfort by responding to different environmental and climatic conditions;
therefore, it may enhance the building's utilization (EImokadem, Ekram, Waseef, &
Nashaat, 2018; Mahmoud & Elghazi, 2016; Matin & Eydgahi, 2019; Nady, 2017,
Nielsen, Svendsen, & Jensen, 2011; Zuk & Clark, 1970).

1.2 Problem Statement

In buildings with functions that allow users or occupants to choose their place in a
space, they will avoid spots where they are not comfortable in terms of thermal and
visual comfort. As a result, the building's space efficiency decreases; thus, the

building's maximum utilization regarding space use cannot be achieved.

With the development of technology, kinetic facades can be considered one of the
efficient options that can now be designed, evaluated, and implemented with the help
of advanced computer systems and intelligent building technologies. Instead of static
facade systems, kinetic facades, with their moveable elements, can improve thermal
and visual comfort by responding to different environmental and climatic
conditions.; therefore, they may enhance the building's space utilization efficiency.

There are many studies related to the energy efficiency of kinetic facades and visual



comfort in office buildings in the literature. However, few are related to improving
thermal and visual comfort in public buildings with large, glazed areas, such as

restaurants or cafeteria buildings.

1.3  Research Objectives

In the literature, research shows that kinetic facades are energy-efficient systems. In
addition, they can also help provide thermal and visual comfort to occupants for more
practical space use. In large public buildings with glazed facades, they can
effectively provide these comfort conditions and enhance space use with the
building's efficient utilization. This research aims to detect the thermal and visual
discomfort conditions that may impact space use in a case study building with glazed

facades and the possibility of kinetic facades to improve it.

1.4 Research Questions

According to the objectives previously mentioned, one main question and in relation

to it, five sub-questions are stated in this research as given below:
Main Question:

i.  What are the effects of kinetic facades on improving indoor conditions in

terms of thermal and visual comfort in buildings with glazed facades?
Sub-Questions:

i.  What is the ratio of glazing of the facades?

ii. Which floor levels are more uncomfortable in terms of thermal and visual
comfort in the case study building?

iii. What are the orientations of the most uncomfortable spaces?

iv. What potential effect does the kinetic facade have on improving thermal and

visual comfort?



v. Which morphology of the kinetic facade has the best performance for such

buildings?

1.5  Hypotheses

In non-residential buildings with large glazed facades, such as cafeterias, where
people have a choice of seating locations, the thermal and visual comfort may impact
these preferences; therefore, the space use of buildings. Kinetic facades, with their
advanced technology, can provide a solution to improve these conditions affecting
space use. In this scope, this research has two hypotheses as below:

i Hypothesis 1

Ho: There is no relationship between the application of kinetic facades and thermal

and visual comfort improvement.
H1: Kinetic facades are useful to improve thermal and visual comfort.
ii. Hypothesis 2

Ho: There is no relation between the morphology of kinetic facades and thermal and

visual comfort improvement.

H>: Different facade morphologies have an impact on the thermal and visual comfort

results.

These hypotheses are tested by measuring current thermal and visual comfort
conditions, and the facade morphology selected from the literature is simulated using

appropriate software.

1.6 Dispositions

This study consists of five chapters.



In the first chapter, after brief background information, the research problem,

research objectives, research questions, and hypothesis are explained.

The second chapter presents an overview of the construction industry's
environmental impacts and the comparison of building refurbishment and new
construction. Afterward, the comfort aspects are introduced, and two focus aspects
of this study, thermal and visual comfort, are explained. Then, the Kinetic
architecture and its evolution are covered. Finally, the kinetic facades are discussed
with their functions and performance, environmental factors for the design, and

evaluation.

In the third chapter, the research materials and methodology are discussed. The
current comfort conditions are analyzed as an initial step. Afterward, facade
morphologies in the literature are investigated for implementing the modules. The
design case is proposed according to these investigations, and simulations are run
accordingly. Since the methodology is mentioned in this chapter, the software used

for the simulation and models is also indicated.

The fourth chapter presents and discusses the results of TESTO 405-V1 and
simulations. Six dining halls are simulated for thermal and visual comfort.
Furthermore, the evaluation of the applied kinetic facade morphology is compared
with the base case scenarios of six dining halls, and improvements in comfort

conditions are discussed.

The fifth chapter shows the conclusion of the study. The important derivations and

future study recommendations are presented.






CHAPTER 2

LITERATURE REVIEW

This chapter focuses on the existing publications in relation to the scope of this study.
Firstly, the construction sector's environmental impact and the comparison of
building refurbishment and new construction are presented. Then, the comfort
aspects are introduced, and thermal and visual comfort are explained in more detail
since they are the focus of this study. Afterward, kinetic architecture is illustrated.
Lastly, discussed as an offer to improve thermal and visual comfort in the case

building, kinetic facades are discussed.

2.1  Environmental Impacts of Building Construction

The building construction sector significantly impacts the environment by causing
water, soil, air pollution and risky working areas. Public health, resources, and
majorly 65-67.5% of the ecosystem's total impact are damaged by it (Enshassi et al.,
2014; X. Li et al., 2010; Zolfagharian et al., 2012). This environmental damage is
increasing day by day since new buildings are constructed countlessly (Zolfagharian
etal., 2012).

Because of the considerations related to climate change and environmental problems,
it is critical to convert the existing buildings to have more sustainable cities and
countries (Lee, Wargocki, Chan, Chen, & Tham, 2020; Zhou et al., 2016).



2.2 Environmental Impact Evaluation of Refurbishment

Lee et al. (2020) claim that applying green strategies to an existing building can be
challenging regarding physical, economic, and operational limits. As a result of their
study, implementing “Green Marking Standards” to both existing and new buildings
can be effective in improving indoor environmental quality, even though there is a

challenge for existing buildings.

Improving the building envelope has one of the most significant retrofitting process
outcomes (Ardente et al., 2011; H. M. Teamah, Kabeel, & M. Teamah, 2022). The
study of Zhou et al. (2016) shows that users' satisfaction levels in thermal, visual,
and acoustic conditions have been enhanced after the refurbishment of an office
building.

Hasik et al. (2019) state that renovating a building is approximately three-quarters

less harmful than constructing a new one in terms of environmental impact.

Refurbishment of a building can also provide a decrease in cost and environmental
impacts simultaneously compared to the new construction and demolition.
“Ecological Footprint” of refurbishing energy consumption is lower than the new

construction, as seen in Figure 2.1 (Alba-Rodriguez et al., 2017).

Schwartz, Raslan, and Mumovic (2018) mention the difference between new
construction and refurbishments in terms of carbon footprint instead of energy. Their
research shows that even though some new buildings have a lower carbon footprint
than refurbished ones, overall, refurbishing buildings perform better than

constructing new ones (Schwartz et al., 2018; H. M. Teamah et al., 2022).

2.3  Comfort Aspects in Buildings

Comfort is a significant issue in the buildings’ indoor environmental quality.
Buildings should be assessed according to comfort requirements to provide healthy

and convenient spaces for occupants.



Initial state 0,141

New construction CTE DB-HE (2006) 0,080 0,134 0.214

New construction CTE DB-HE (2013) [MXeEy] 0,168 0.200

Rehabilitated state JEINIEX] 0,060 0.093

M EF(gha/m2): energy consumption (25 years) M EF(gha/m2) : work execution

Figure 2.1. Environmental Impact Comparison of Refurbishment and New
Construction in terms of Total Ecological Footprint (Alba-Rodriguez et al., 2017)

Comfort conditions can be related to both physical and chemical factors. It is also
not only associated with physical parameters; it can also be subjective. However, in
the literature, many studies show that environmental factors are influential in human
comfort (Frontczak & Wargocki, 2011). There are four main comfort aspects in
buildings which are thermal, visual, acoustic, and respiratory comfort, which can be
seen in Figure 2.2 in relation to their corresponding environmental factors (Song,
Mao, & Q. Liu, 2019).

Amongst these four comfort aspects, thermal and visual ones are explained in the

below section since they are in the scope of this research.

2.3.1 Thermal Comfort
Thermal comfort is defined as “that condition of mind that expresses satisfaction
with the thermal environment” (ASHRAE Standard 55-2017, 2017).

According to the research done by Frontczak and Wargocki (2011), indoor

environmental quality is majorly affected by thermal comfort; hence, thermal



comfort is one of the most significant factors for human satisfaction and should be a

priority.

Environmental Factors Four Aspects of
Human Comfort

Thermal Environment Thermal Comfort

Lighting and Ilumination Visual Comfort

Noise Acoustic Comfort

Indoor Air Quality Respiratory Comfort

1111

Figure 2.2. Comfort Aspects and Corresponding Environmental Factors (Song et al.,
2019)

Building type and seasonal changes have an impact on thermal comfort. Since it is
affected by building type, it should be considered specific to the building function to
obtain a proper thermal comfort condition. Additionally, seasonal changes and
temperature differences between different seasons should be observed, and the
differences in a day (Frontczak & Wargocki, 2011).

According to the ASHRAE Standard 55-2017 (2017), for an acceptable thermal
conditions in a building, there are six factors that should be taken into consideration

as follows:

e Metabolic rate

e Clothing insulation

10



e Air temperature

e Radiant temperature

e Air speed
e Humidity
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Figure 2.3 For the buildings that have natural ventilation, acceptable operative
temperatures ranges (ASHRAE Standard 55-2017, 2017)

The acceptable range of operative temperatures for naturally conditioned buildings
can be calculated according to the graphic shown in Figure 2.3. According to the
representation, the standards explain that limit of %80 acceptability can be used to
detect the proper indoor operative temperature value (ASHRAE Standard 55-2017,
2017).

The operative temperature has a definition for the acceptable thermal conditions as
a range to define a zone that is comfortable for people (ASHRAE Standard 55-2017,
2017). The operative temperature range should be 24.5 °C + 1.5 °C, as stated in ISO
7730 (2005).

11



2.3.2 Visual Comfort

EN 12665 defines visual comfort as “a subjective condition of visual well-being
induced by the visual environment” (Frontczak & Wargocki, 2011). There are three
human needs to determine lighting conditions: visual comfort, performance, and
safety. Luminance distribution, illuminance, glare, the directionality of light, color
rendering, and color appearance of the light, flicker, and daylight are the parameters
to detect the luminous environment (EN 12464-1, 2002).

Distance to the glazed area and the window configuration affect the occupant’s visual
comfort and satisfaction in the interior space; thus, visual comfort should be
considered accordingly (Kong, Utzinger, Freihoefer, & Steege, 2018; Korsavi,
Zomorodian, & Tahsildoost, 2016).

Useful daylight illuminance (UDI) is a parameter under realistic sky conditions.
Meteorological datasets produce UDI based on absolute value time series over a year
(Nabil & Mardaljevic, 2005). The research conducted by Nabil and Mardaljevic
(2005) analyzed published field works and surveys to observe the efficient UDI
range. The results show that 500 lux to 2000 lux is an acceptable range. In addition,
100 lux is low, and people do not find it tolerable, while values above 2000 lux are
uncomfortable (Nabil & Mardaljevic, 2005). In the literature, it is observed that some
of the research related to UDI shows this metric can be considered as 50% of the
year should be in the range of indicated threshold (Nabil & Mardaljevic, 2005;
Shafavi, Tahsildoost, & Zomorodian, 2020).

According to the Chartered Institution of Building Services Engineers (CIBSE)
Lighting Code (W. Wu & Ng, 2016), 300 lux should be the minimum value for the
study areas. EN 12464-1 (2002) defines 200 lux as the minimum for a “self-service

restaurant.”

Daylight factor is a definition in percentage. It is a ratio between indoor and outdoor
illumination that is horizontal. A continuously overcast sky is the condition of
daylight factor (Miieller, 2013). Mehdizadeh, Ahadi, Masoumi, and Maleki (2014)

12



claim that the daylight factor has different values according to UK Building Research
Energy Conservation Support Unit. The acceptable range for a window to provide
sufficient daylight is between 2% and 5%. Darker points occur if this factor is below
2%, which requires artificial lighting most of the time, while the amount of daylight
is sufficient at a level that does not require much artificial lighting if it is above 5%
(Mehdizadeh et al., 2014). Correlatively, 2% of daylight factor should be provided
as the minimum value according to the Leadership in Energy and Environmental
Design Certificate (United States Green Building Council, n.d.).

2.4 Comfort Conditions in Kinetic Architecture

“Architecture is not static, as has traditionally been the case, but one that has the

capability of adapting to change through kinetics.” (Zuk & Clark, 1970, p. 4)

Architecture should provide safe shelter to humans. However, the needs of humans
have changed. Therefore, buildings should also be adapted to this change, which
means their function must not be limited to this definition. Since communities are
dynamic, architecture should also be dynamic to respond to their needs, which can
be achieved by implementing Kinetics in architecture. Otherwise, it cannot be able to
meet the requirements of society. The buildings' form should change their shape

under different pressures to provide user satisfaction (Zuk & Clark, 1970).

Trubiano’s study (2013) (EImokadem et al., 2018) also shows that rather than static
forces, dynamic ones such as time, weather, functions, and human needs affect the
buildings; hence, the buildings that can adapt themselves into climatic changes

energy are needed.

Elmokadem et al. (2018) claim that the construction of buildings with transformative
and automated components is the idea behind kinetic architecture. The buildings shift

their shapes to respond to the needs of the people and adapt to the environment.

Since providing a comfortable place where humans can be protected from

environmental conditions is the fundamental goal of architecture, the building

13



envelope is the primary consideration in achieving this goal. Moreover, one of the

most critical elements of the building is the facades (Nady, 2017).

24.1 Development of Kinetic Systems

Ramzy and Fayed (2011) claim that kineticism is not a very new term for
architecture. However, kinetic architecture, as a concept, is newer. It has been a
widespread discussion mostly in the last decades. The futuristic designs became a
factor affecting the concept with their moveable, dynamic, and high-speed
characteristics.

Elmokadem et al. (2018) argue that kinetic design was originally developed in 1908.
Randl’s study (2008) shows that in 1908 Rotary building was designed by Thomas
Gaynor as an initial kinetic concept and Alter’s study (2017) states that Villa
Girasole was designed by Angelo Invernizzi in 1935 as another residence.
Afterward, Emanuel (2016) points out that as a moveable architecture, “Spatial
Town” was introduced in the 1950s by Yona Friedman, who also explained a
manifesto called Mobile Architecture one year earlier Issues in Construction and
Refurbishment (EImokadem et al., 2018).

Dynamic concepts mostly caught attention in the 1960s and 1970s with the
development of computer technologies and their integration into building
technology. As a result, architecture evolved from a static structure to a dynamic one
(Elmokadem et al., 2018). In the 1960s, Fun Palace, designed by Cedric Price, was
the earliest and most important example in the field. Moveable spaces were
introduced with this project (Alotaibi, 2015; Elmokadem et al., 2018). In 1967,
moveable architecture, which is a city that can walk, was introduced by the team of
Archigram (Alotaibi, 2015; Fortmeyer & Linn, 2014).

In the last half of the 20th century, since electronics and digital systems were

developed, systems of kinetic architecture also gained further qualifications.

14



Afterward, with the development of artificial intelligence, dynamic systems became

more advanced (Ramzy & Fayed, 2011).

Elmokadem et al. (2018) claim that kinetic architecture with high technology is
constitutively developed in the twenty-first century. Many buildings in the kinetic

concept were designed and constructed sin that century.

According to Shafaghat and Keyvanfar (2022), since moveable facades can reduce
energy consumption and emissions, it becomes more significant with the latest

commitments related to climate, such as Kyoto Protocol.

2.4.2 Kinetic Typologies in Architecture
According to Fox and Miles, “One who puts in motion” is the corresponding phrase
for kinetic in Ancient Greek (Di Salvo, 2018).

Three typologies for kinetic systems Figure 2.4, which are embedded, deployable,
and dynamic, are introduced by Fox and Kemp (Fox & Kemp, 2009).

(a) (b) (c)

Figure 2.4. Kinetic typologies embedded (a), deployable (b), and dynamic (c)
(Elmokadem et al., 2018)

The aim of embedded kinetic systems, which are fixed in a location and an essential
component of a building, is to give a response to changes by regulating a larger
system or a building. This type is a more developed system than the deployable and
dynamic structures (Fox & Kemp, 2009).
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The entire building’s inherent flexibility can be provided by deployable systems,
which are also a part of a larger architectural structure. Deconstruction and

reconstruction are permitted by this system in a fixed structure (Fox & Kemp, 2009).

The most known typology of this classification is dynamic Kinetic structures, which
are also a part of a larger system like embedded and deployable kinetic systems.
However, even if it is a part of an integral system, it does not act dependently in this
context. Typical building elements, including escalators, doors, and windows, can
exemplify this kinetic system. There are three subcategories of dynamic kinetic
structures, which are mobile, transformable, and incremental systems (Fox & Kemp,
2009).

According to Fox and Kemp (2009), subcategories of dynamic kinetic structures can

be defined as the following:

Mobile systems would include all types that can be physically moved
about within an architectural space to a different location.
Transformable structures are those that can change to take on
different spatial configurations and can be used for space saving and
utilitarian needs. Incremental systems can be added to or subtracted

from, like LEGO pieces, to create a larger whole out of discrete parts.
(p.48)

24.3 Transformation Types

Facade panels can shift their shapes based on geometrical change and material
deformation. As shown in Figure 2.5, four different changes are defined by Moloney
(2011). The three geometric transformations in space are translation, rotation,

scaling, and movement via material deformation.” (Moloney, 2011, p. 7).

The first movement type is translation. It is defined as when the elements of kinetic
facades move in a steady and horizontal direction. The movement occurs around a

centerline, and it is the second typology, which is called rotation. The third one is
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scaling, which is a system that provides panel movement by expanding and
shrinking. The last one is actualized by the flexibility and elastic properties of the

selected material of the panels (Moloney, 2011).
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Figure 2.5. Transformation types which are translation (a), rotation (b), scaling (c)
and material deformation (d) (Moloney, 2011)

25 Kinetic Facades

In buildings, facades are one of the crucial elements in order to enhance the
performance of the building as a result of their function as an interface between the
exterior and interior conditions (Nady, 2017; W. T. Sheikh & Asghar, 2019; Zuk &
Clark, 1970). Facades have gained the ability to adapt their behavior and functions
according to environmental conditions and user requirements by virtue of the
implementation of developed technologies into their system (Matin & Eydgahi,
2019).
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25.1 Environmental Factors Effect Design

i. Sun’s Position

The usage of elements such as dynamic louvers or overhangs can be effective in
regulating the energy that is gained from the sun. By using these elements, solar

radiation can be controlled automatically (Kensek & Hansanuwat, 2011).

Temperature is one factor in relation to the sun’s position. Formentini and Lenci
(2018) express that in order to design a ventilated facade, kinetic panels can be used,
which are activated by exterior temperatures. According to their research, the
designed kinetic panel with SMA wires can respond to these environmental
temperatures. As a result, kinetic panels are closed during winter to provide heating,

while in summer, they are opened to provide cooling, as shown in Figure 2.6.

Another factor affected by the sun is the light conditions. Static elements for shading
can be effective according to climate conditions. However, even if these can protect
the interior of the building from excess daylight, their efficiency is limited (Kensek
& Hansanuwat, 2011).

Research by Hosseini, Mohammadi, and Guerra-Santin (2019) shows that the sun's
position can be a trigger for the movement of kinetic panels. The proposed facade
system has a hierarchical structure that aims to provide visual comfort by combining
daylight and user position, which can be seen in Figure 2.7. Direct sun radiation is
also reduced as an inherent result of its shape, which provides self-shading (S. M.
Hosseini et al., 2019).

The study by Fakourian and Asefi (2019) also shows that sunlight can be a factor for

moveable panels to change their shapes.

Designed by Jean Nouvel in 1988, Institut du Monde Arabe is a leading example of
a kinetic facade that moves according to light conditions. It has panels shaped like

camera lenses with an opening and closing mechanism, as seen in Figure 2.8. By
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doing that, the amount of lighting coming into the building can be controlled by this

dynamic facade system (Nady, 2017).
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Figure 2.6. Schematic Illustration of the Designed Ventilated Facade of in winter,
panel closed (a) and in summer, panels open (b) (Formentini & Lenci, 2018)

il. Ventilation

Kinetic facades can also provide natural ventilation and night cooling with their
movement mechanism. For example, as shown in Figure 2.9, in the facade of Al
Bahar Towers, with the actuators of the kinetic facade mechanism, windows can
open automatically for natural ventilation. The building can be cooled during the

night by using this air movement (Alotaibi, 2015).

The wind is the critical factor in the kinetic movement for ventilation. Its direction
is important, as well as its velocity. Since these two parameters cannot be foreseen,
designing a moveable facade for ventilation can be more problematic than the ones

for daylight or temperature (Kensek & Hansanuwat, 2011).

19



Occupant

Position Trigeeri
Attraction 28 |r.1g
Boiht — Interactive shape
Sun timing change fagade
position

) — Identifying an Intersection point between
Users field of vision line between users field of vision line and facade surface
sun and occupant positions as an attraction point

\

Sun Timing position

Shape change fagade as an interactive Users position in the office
device for real-time daylight control

Figure 2.7. Sun position and user behavior as factors that affect shape changes (S.
M. Hosseini et al., 2019)

Figure 2.8. The facade system, like the camera lenses of Institut du Monde Arabe
(Schielke, 2014)
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Figure 2.9. The facade system of Al Bahar Towers allowing ventilation with its
opening and closing mechanism (Schielke, 2014)

25.2 Functions

The building envelope is significant due to the fact that it is the element of a building
that interacts with the exterior conditions (Nady, 2017). EImokadem et al. (2018)
state that a building envelope's function is to regulate indoor climate conditions while

sustaining internal comfort.

As an element of the building envelope, the facade is valued in terms of both
aesthetics and performance. Since a building's skin is the part of a building that
attracts attention, firstly, it should be designed considering that fact (Nady, 2017).
On the other hand, the more advanced system a facade has, the more effective
protection it will provide by filtering the exterior weather conditions. Providing
occupant comfort should be the main goal of a dynamic facade. By achieving this

goal, users can work more efficiently (Alotaibi, 2015).
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Soyluk and Saricioglu (2015) state that kinetic facades can provide an aesthetic view
with their different shapes from the outside of the building while they provide sound

or thermal insulation for the interior with their dynamic structure.

Kinetic facades are able to give a response to environmental conditions such as
temperature, light, and wind by collecting data from sensors and moving by using
control switches and actuators (Dewidar, K., Mahmoud, A. H., Magdy, N., &
Ahmed, 2010).

Matin and Eydgahi (2019) claim that facades have gained the ability to adapt their
behavior and functions according to environmental conditions and user requirements

by virtue of implementing developed technologies into their system.

According to the study by Fakourian and Asefi (2019), educational buildings have
majorly wide glasses as a facade typology since the penetration of natural lighting is
essential for classes and provides user comfort. On the other hand, using wide glass
windows can cause a negative effect. This can be prevented by controlling natural
lighting and ventilation with the design of kinetic facades. Kinetic panels can also be
designed in different configurations, responding to different environmental

conditions for each facade.

25.3 Performance and User Satisfaction

According to Fakourian and Asefi (2019), since both occupants’ needs and
designers’ goals can be achieved more sustainably, the usage of dynamic facades
systems is ever-increasing. For example, a comfortable indoor environment can be
provided in educational buildings by designing an adaptable facade that controls heat
and light (Fakourian & Asefi, 2019). However, since there is an interaction between
interior and exterior spaces, providing optimized conditions for visual and thermal
comfort, which conflict with each other simultaneously, is not easy (S. M. Hosseini

et al., 2019). Nielsen et al. (2011) claim that thermal comfort and visual indoor
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environmental conditions simultaneously with occupant comfort can only be

provided and qualified at a room-scale.
I. Thermal Comfort

Research by Fakourian and Asefi (2019) shows that penetration of the sun and
temperature can be controlled in an educational building by kinetic panels with their

opening and closing mechanism to provide occupants’ comfort.

According to the study results by Kensek and Hansanuwat (2011), a kinetic facade
with moveable shading elements independent of the shading system can perform

30% better than a system that has no shading in an office building.
ii. Daylight and Visual Comfort

Kinetic facades are significant in providing daylight and visual comfort
simultaneously for occupants in an office building (Bakker, Hoes-van Oeffelen,
Loonen, & Hensen, 2014; S. M. Hosseini et al., 2019). According to their research,
three different facade systems based on daylight and occupants’ engagement were
designed to provide visual comfort, and their performance was assessed by computer
simulations. As it can be seen in Figure 2.10, a plane window as a static facade, two-
dimensional shape changes facade as an automatic facade, and three-dimensional
shape changes facade as an interactive facade were compared after simulations.
According to the simulation results, plain windows cannot efficiently provide visual
comfort, while two-dimensional and three-dimensional changes provide better
results. However, the difference between two-dimensional and three-dimensional
shape changes is also remarkable. Since three-dimensional shape changes have both
scaling and translating movement capability with their hierarchical configuration,
they provide more useful daylight and enhanced visual comfort (S. M. Hosseini et
al., 2019).

W. T. Sheikh and Asghar (2019) claim that designing a facade that is effective in
reducing energy consumption can decrease visual comfort conditions in the interior

space. However, they found that an adaptive facade with horizontal and vertical
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movement inspired by biomimicry in a highly glazed office building can effectively
reduce energy consumption and simultaneously protect visual comfort. They are
inspired by the Oxalis oregana leaf, as shown in Figure 2.11, tracking the sun’s path

and adapting itself accordingly.

Fakourian and Asefi (2019) also mention that kinetic facade systems are able to
control the light that is coming from the sun; thus, comfort requirements for
occupants can be achieved by their moveable mechanism. A kinetic system with
vertical louvers can work 55% more efficiently than the other systems. These kinetic
facades can control excess daylight, and the recommended range can be provided for

daylight penetration (Kensek & Hansanuwat, 2011).
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Figure 2.10. Different facade functions and the relationship with the sun and user
behavior (S. M. Hosseini et al., 2019)

Mahmoud and Elghazi (2016) compare two motion typologies for an office building,
rotation, and translation, to observe which is more effective for daylight
performance. Results show that both typologies improved the daylight conditions;

however, rotation motion performed better than translation (Mahmoud & Elghazi,
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2016). Tabadkani, Roetzel, Li, & Tsangrassoulis (2021) also claims that in office
buildings, hexagonal adaptive systems defined as Kaleidocycle can provide
maximum visual comfort level based on the users' preferences for future smart

envelopes.

(a) (b)

(c)

Figure 2.11. Horizontal shading (a), vertical shading (b), and kinematics (c) of
Oxalis Oregana-inspired facade morphology (W. T. Sheikh & Asghar, 2019)

254 Kinetic Movement Technologies

Zuk and Clark (1970) state that the logic behind kinetic structures is very similar to
the system of the human body. According to this, actuators are like muscles and
tendons which provide and control the body's movement, and sensors are represented
by eyes, which transmit signals from the external surroundings. The working
principle and components of kinetic architecture can be arranged based on this
natural system of the human body (Zuk & Clark, 1970).
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Since computational technology has developed in the last years, usage of these
technologies has become inevitable (EImokadem et al., 2018; Ramzy & Fayed,
2011). Fox and Kemp (2009) state that “A kinetic environment without the
computation is like a body without a brain: incapable of moving.” (2009, p. 58). By
using technological systems such as sensors and processors, Kinetic architecture can
gather information about environmental conditions. As a result, it can control and

respond to these conditions (Fox & Kemp, 2009).

Kinetic facades are not simple since they have many components and movement
systems. However, according to Pesenti, Masera, Fiorito, and Sauchelli (2015),
nature-inspired movement designs and modules are less energy consumption as they

are already a natural mechanism (Pesenti et al., 2015).
I. Sensors

Kinetic facades have moveable elements and make this movement according to the
information collected from environmental conditions. So, these facades should have
a device to understand these conditions and gather information, called sensors. The
sensor can be used as that first step. They can collect data from exterior conditions
such as temperature, light, and wind. By using that data, dynamic facades can change
shapes to adapt to environmental conditions to prevent undesired situations such as
extra daylight penetration, solar heating, and excess cooling (Fakourian & Asefi,
2019; Fox & Kemp, 2009)

il. Actuators

Addington and Schodek (2004) state that input energy conversion from a signal
coming from the sensors into action is actualized by an actuator. There is a variety

of systems of actuators for a specific movement (Matin & Eydgahi, 2019).

According to Kolarevic and Parlac (2015) and Matin, Eydgahi, and Shyu (2017),
there is a classification for actuating technologies which are mechanical, electrical,

pneumatic, and hydraulic actuators (Matin & Eydgahi, 2019).
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Linear actuators can be used in dynamic facades that track the position of the sun
and arrange themselves according to it. Therefore, these facades, with their
movement, can protect the interior of the building from extra light and glare as is
designed for the facade of Al Bahar Tower. Additionally, to provide automatic
movement for the windows of the facade for ventilation, an automatic actuation

system is used to create movement (Alotaibi, 2015).
iii. Energy Supply of Control Systems

The control mechanism of kinetic panels requires energy. Photovoltaic (PV) panels
implemented on the roof of a building can supply the power needed to move kinetic
panels when the sun is in the sky. Additionally, the energy demand for the movement
of components can be provided by inserting PV cells into the panels (Fakourian &
Asefi, 2019).

iv. Material-Based Technologies

Automated facade technologies are often used in buildings; however, using smart
materials is not very common (Boke, Knaack, & Hemmerling, 2020).

Formentini and Lenci (2018) point out that using Shape Memory Alloy (SMA) wires
as an actuator and thermal sensor provides movement to a kinetic facade panel
without an energy supply which has been significant in the last decades since energy
consumption has been increasing. SMA can change its shape under different
temperature conditions. When the temperature is low, deformation occurs. On the
contrary, when it is heated, the original form returns (Fakourian & Asefi, 2019;
Pesenti et al., 2015).

Formentini and Lenci (2018) state that Nitinol consisting of Nickel and Titanium is
generally preferred as an SMA wire since it is a biocompatible, ductile, corrosion-
resistant, and high-shape recovery metal alloy. They point out that aluminum can be
chosen to design a kinetic panel for the experiment of ventilated facades due to its
cost efficiency, thermal inertia, flexibility, and thickness variations. In their

experiment, a rectangular aluminum panel with L-shaped aluminum profiles is used,

27



as seen in Figure 2.12. As previously mentioned, SMA wires were connected to these
panels to move the panel. An industrial hair dryer for summer conditions and a
cooling spray for winter conditions is chosen in order to observe the wires'
deformation and panels' movement under low and high temperatures (Formentini &
Lenci, 2018).

In the research by Kensek and Hansanuwat (2011), a kinetic overhang system is
proposed. The physical model consists of a structural frame and panels that can be
bent. As shown in Figure 2.13, aluminum is chosen as the material (Kensek &
Hansanuwat, 2011).

Figure 2.12. Physical model by using aluminum sheets and closed (a) and opened (b)
positions (Formentini & Lenci, 2018)

2.5.5 Digital Tools to Design and Evaluate Kinetic Facades

In order to evaluate daylighting performance and create energy models for kinetic
facades, software such as Rhinoceros, Grasshopper, and Diva can be utilized by
using the website of EnergyPlus to obtain weather data for a specific location (S. M.
Hosseini et al., 2019; Tabadkani et al., 2021). In addition to that, another simulation
program, which is called eQuest and Autodesk’s 3ds Max Design, can also be helpful
for daylight simulations. WinAir4 is the software that provides simulations for
ventilation. A model from Ecotect can be created, and this model can be imported to
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WinAir. Solar Advisor Model from the National Renewable Energy Laboratory can

be chosen to simulate energy production (Kensek & Hansanuwat, 2011).

Figure 2.13. Physical model of proposed panel system (Kensek & Hansanuwat,
2011)

Tabadkani, Valinejad Shoubi, Soflaei, and Banihashemi (2019) mention
Grasshopper’s Honeybee Plug-in for grid-based daylight simulation and Ladybug

for analysis of the selected sky conditions’ cloud coverage is used.

Arduino, an open-source programming language, Parallax’s Basic Stamp, Sx-Key,
and Propellor can be chosen to program the devices that can connect the software

and the hardware of the designed system (Fox & Kemp, 2009).

25.6 Evaluation of Kinetic Facades

Altin and Orhon (2016) argue that adaptive facades can reduce energy consumption
by responding and adapting to the exterior environmental conditions without

decreasing indoor environmental quality.

There are many advantages of that dynamic facade, including controlling sunlight,

providing thermal insulation, and adapting to different climatic conditions. As a
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result of these benefits, they are useful to reduce energy consumption and provide
occupants’ comfort. (Fakourian & Asefi, 2019; Nielsen et al., 2011)

Kinetic facades give an opportunity to create more efficient spaces in different
orientations under different climatic circumstances and improve indoor
environmental quality by means of preventing extra glaring and heating. Since these
facades can regulate the environmental conditions, need of air-conditioning can be
mitigated; thus, they are effective in reducing energy consumption (Kensek &
Hansanuwat, 2011; Ramzy & Fayed, 2011). They are also essential to provide a high-
performance design that considers energy efficiency, communication, and
sustainability (Di Salvo, 2018). Nady (2017) states that with an appropriate design
of kinetic facade systems, ventilation can be provided efficiently to the building.

According to Bakker et al. (2014), most occupants have positive thoughts about
kinetic facades. However, they are more satisfied when they also have manual
control over the facade besides its automatic movement. Their study shows when the
configuration of the facade has discrete transitions with less frequency, occupants

feel more comfortable.

Even though there are many advantages of dynamic facades, they are complex
designs; thus, these facades can have a high cost to be constructed and maintained
(Alotaibi, 2015; Fakourian & Asefi, 2019; Mahmoud & Elghazi, 2016). Since kinetic
panels have a mechanism of transformation and movement, their element can create
noise pollution during shape changes. However, this negative effect can be reduced
depending on the design of moveable panels (Bakker et al., 2014; Fakourian & Asefi,
2019).
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CHAPTER 3

MATERIALS AND METHOD

In this chapter, materials and research methodology are explained with the data
collection and analysis details. Measurement method, selected case study building,
facade morphologies from the existing publications, facade design, and simulation
software are shown as the materials. As the methodology, simulations of the base

cases and design cases are presented with the selection of facade typologies.

3.1 Materials

Kinetic facades as a solution to space use in terms of thermal and visual comfort are
investigated in an existing case study building in this research. The facade
morphologies from the literature, the weather data of Ankara, the Middle East
Technical University (METU) Cafeteria Building, and simulation software are

discussed as the materials of the study.

3.1.1 Facade Morphologies

This research claims kinetic facades are effective for thermal and visual comfort in
space use, and the main purpose is to observe a moveable facades difference in terms
of these two comfort conditions regardless of a specific design. Hence, existing
facade morphologies from the literature were reviewed for an effective and simple
facade design, which can be sustainable for the operation of the building. Google
Scholar, Taylor & Francis Online, ScienceDirect, and METU Library were used to
find related publications. A total of 70 publications were analyzed, and the ones

including potential morphologies were selected.
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3.1.2 Weather Data

The case study building is on the METU campus in Ankara, Turkey. The city is in
central Anatolia, and the coordinates are 39°53' N and 32°47'E. It is 920 meters
above level height (Google Earth, n.d.).

Ankara has different climatic properties locally. The steppe climate, which is
distinctive for Central Anatolia, is dominant in the south, and the Black Sea climate,
which is rainy and temperate, can be seen in the north. July-August is the hottest
month, while January is the coldest one. Generally, it has a continental climate;
therefore, its winter temperatures are low, and summer temperatures are high (T.C.
Ankara Valiligi, n.d.).

Climate Consultant 6.0 software is used to illustrate various weather graphs of
Ankara. These graphs are produced according to Adaptive Comfort Model in
ASHRAE Standard 55-2010. EnergyPlus Weather (EPW), retrieved from

OneBuilding (n.d.), was used for all simulations and climate analysis.

During the whole year, August has the highest air temperature, with a value of more
than 35 °C, while January has the lowest one, with a value of lower than -20 °C, as
shown in Figure 3.1. According to the graph, it can be said that the air temperature

is above the comfort zone between May and October, with a temperature of 25 °C.

According to Figure 3.2, the difference between direct normal radiation and diffuse
radiation is higher from June to October in the whole year. Hence, it can be
concluded the city is not cloudy during this period. The graph in Figure 3.3 also
shows this period has a clearer sky than the other months of the year. September has
the clearest sky, with a sky cover percentage below 40 at the average high value,
while December has the less clear one, with a sky cover percentage over 90 at the

average high value.
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Figure 3.1 Comfort Zone and Temperature Range of Ankara during the year,
produced by Climate Consultant 6.0

LEGEND Radiation Temperature
1600 60
1500 55
HOURLY AVERAGES
1400 50
TEMPERATURE: (degrees C)
—— DRY BULB MEAN 1300 45
~———WET BULB MEAN ph 0
DRY BULB (all hours)
COMFORT ZONE 1100 35
(Acceptability Limits 90%)
1000 | Bl 30
RADIATION: (Whisq.m) 200 L 25
[ GLOBAL HORIZ
] DIRECT NORMAL 800 ] 20
y
[ DIFFUSE
700 — 15
600 10
500 — - - i 5
400 A | 3 A 0
300 o A 5
Display Dry Bulb Temp 200 }n\ 10
Il h
(all hours) 100 -15
TEMPERATURE RANGE: |
@ -10to40°C 0 an Oct 20

(O FittoData

Figure 3.2 Monthly Diurnal Averages and Comfort Zone of Ankara during the year,
produced by Climate Consultant 6.0
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From April to October direct normal radiation range has the highest values, as shown
in Figure 3.4. They are over 40000 lux for the monthly average high value. August
has the highest illumination with a value of over 70000 lux, and December has the

lowest one with a value of around 10000 lux.

According to these graphs, the months between May to October are the most

uncomfortable months, thermally and visually.
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Figure 3.3 Sky Cover Range of Ankara during the year, produced by Climate
Consultant 6.0
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Figure 3.4 Illumination Range of Ankara during the year, produced by Climate
Consultant 6.0

3.1.3 Case Study Building

This research aims to detect the thermal and visual comfort that affects space usage in a
case study building with large, glazed facades and the possible enhancements of
applying kinetic facades to provide solutions for the areas of discomfort. Regarding this
aim, the population of the study is non-residential buildings with glazed facades, and the
sample is cafeteria buildings where people can have lunch and dinner. METU Cafeteria
building, seen in Figure 3.5, is selected as the case study building in this sample. It has

highly glazed facades for whole dining halls.

METU Cafeteria Building, designed by architect Behruz Cinici, which was started
to construct in 1962, has been in service for students since 1965 (ODTU Kafeterya
Midiirliigii, n.d.). Itis in the center of the campus, and students can use it for lunch

and dinner, meaning it is used twice a day.
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It has an approximately seven-degree angle difference from the North direction to
the West, as seen in the roof plan in Figure 3.6. It has two stories and three different
dining halls on each floor, as shown in the plan layouts of the ground and first floors
in Figure 3.7 and Figure 3.8, respectively. South and east halls are open to students.
The upper north hall is used for the academic staff, and the bottom north is used as

the a la carte section. All photographs can be seen in Appendix A.

(b)

Figure 3.5 Exterior (a) and interior (b) views of the South dining hall of METU
Cafeteria, pictured by the author
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Roof Plan

Figure 3.6 Roof Plan of METU Cafeteria Building
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Ground Floor Plan

Figure 3.7 Ground Floor Plan of METU Cafeteria Building
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Figure 3.8 First Floor Plan of METU Cafeteria Building

The geometrical properties and the glazing ratios of the southern dining halls,
selected for the design case interventions as the focus section, can be seen in Table
3.1 and Table 3.2. The criteria for the selection are explained in Section 3.2 and
Chapter 4. Detailed plans and sections with the measurements can be seen in

Appendix B.
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Table 3.1 Geometrical properties of south dining halls

Floor Room (m) (length x | Glazing (m) (length x height)

width x height) East South West North
Ground | 19.58 x21.89 x 4.3 2.05x4.3 1.85x4.3 2.05x4.3
First 22.86x23.61x4 2.26 x4 2.26 x4 2.26 x4 1.38x4

Table 3.2 Wall areas and window-to-wall ratios of the south dining halls

Floor Total Wall Area (m?) Window to Wall Ratio (%)
East South West North East South West North
Ground 94.2 83.9 94.2 94 95 94
First 94.4 91.45 94.4 6.52 96 99 96 85
3.14 Measuring Tools and Software

The TESTO 405-V1 tool, shown in Figure 3.9, was used to measure existing thermal
conditions in six dining halls, and the data was recorded accordingly on a specific

day and hour.

An existing Revit model of the case study building was used as the primary model.
Based on this model, 3D Rhinoceros models were prepared for the selected dining
halls, not as a whole model with two floors but each floor separately for the
simulations. Grasshopper interface was used for parametric scripting of simulations
and kinetic facade design. Ladybug and Honeybee plugins were used to detect the
base and design cases' thermal comfort and visual comfort conditions. EPW weather
data, retrieved from OneBuilding (n.d.), was used for all simulations and climate
analysis. The optimal facade openings were detected with Galapagos Evolutionary
Solver for each focus dining hall.
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(b)

Figure 3.9 Thermal data collections from the dining tables with TESTO 405-V1
measuring device (a) and a closer look at the data recorded on the screen (b)

A Lux meter RO1335 by Rotronic Figure 3.10 was used to measure the existing lux
conditions of the first floor of the south dining hall to calibrate the simulation results,
which are mentioned in the following chapters in detail. Velux Daylight Visualizer

was also used as a part of the calibration.

Figure 3.10 Lux meter RO1335 by Rotronic to measure illuminance in the METU
cafeteria dining halls
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3.2

Method

The methodology of this research first establishes the existing conditions in the case

study building. Afterward, it focuses on the improvements of thermal and visual

comfort conditions affecting space use and the results of applying these. The existing

data was obtained by both measurements for all dining halls and simulations for the

selected ones, while the design case data was collected by simulation. In this scope,

the methodology of this research has seven steps as follows:

Vi.

Vii.

Measuring the existing temperature values of the existing building and taking

photos from the interior,

. Selecting the uncomfortable section of the building according to field

measurements and modeling these dining halls in Rhinoceros, and simulating
them as a base case scenario using Grasshopper interface with Ladybug and
Honeybee plugins,

Analyzing existing publications and selecting two optimal kinetic facade
typologies considering weather data of Ankara, simplicity, improvement
results, and applicability of the modules,

. Modeling one of the selected morphologies by using Rhinoceros and

Grasshopper and detecting the optimized opening conditions of facade
modules Galapagos Evolutionary Solver, then testing it for one of the dining
halls by using two different materials, i.e., ETFE and metal,

Selecting the more efficient material, the result of the previous step, and
applying it to two facade morphologies for detecting the optimized openings
with Galapagos, and integrating it for the facade of two selected dining halls,
Designing fixed shadings and integrating them into the case study building
facade with the same material as the kinetic facades,

Getting simulation results of all design scenarios using Ladybug and
Honeybee plugins and comparing them with the base case scenario. All

scenarios can be seen in Table 3.3.
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Table 3.3 Simulation Scenarios

Scenario Definition

Base Case Existing facade of the case study dining halls

Design Case 1 Fixed shadings

Design Case 2 Kinetic facade morphology adapted from the design of W. T. Sheikh &
Asghar (2019)

Design Case 3 Kinetic facade morphology adapted from the Al Bahar Towers

3.2.1 Measurements of Existing Conditions of METU Cafeteria Building

and the Selection of the Case Section

Existing temperature data for each table was collected on the 30th of July 2021,
between 1 and 1.30 pm, before the simulations, using TESTO 405-V1. The outdoor

temperature was 34 °C.

In the plan view, every dining table is named according to which floor and dining
hall they are located. They are numbered from left to right and from top to bottom.
Abbreviations are shown in Table 3.4. For instance, SG-Al (South Ground Floor,
Row A Column 1) corresponds to the leftmost dining table in the dining hall on the
ground floor of the south section. The first floor of the north section was measured
for three points instead of tables due to the differences since it is the academic part.

Figure 3.11, Figure 3.12, Figure 3.13, Figure 3.14, Figure 3.15, and Figure 3.16
shows the naming of the dining tables on the ground floor and first floor of the south,
east, and north sections, respectively. The corresponding temperature data to the

tables are explained in the results and discussion chapter
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Table 3.4 Abbreviations used in plan views for tables to name the different
locations for temperature data

Location Abbreviation in Plan View
South Ground Floor SG

South First Floor SF

East Ground Floor EG

East First Floor EF

North Ground Floor NG

North First Floor NF

Rows from Ato |

Columns from1to 8

Figure 3.11 Ground Floor Plan and Temperature Data Notation of South Dining Hall
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First Floor - South

Ground Floor - East

Figure 3.13 Ground Floor Plan and Temperature Data Notation of East Dining Hall
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Ground Floor - North

Figure 3.15 Ground Floor Plan and Temperature Data Notation of North Dining
Hall
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First Floor - North

Figure 3.16 First Floor Plan and Temperature Data Notation of North Dining Hall

According to these field measurement results, the section with higher temperature
values, causing discomfort, for both the ground and first floor was detected, and the

most uncomfortable one was selected for the simulations.

As previously mentioned, for the calibration of the simulation results of HoneyBee,
the field illuminance values were measured with the RO 1335 for the first floor of
the south section. The data was collected on the 24™ of November 2022, between
12.30 and 1.15 pm, with 10380 lux of exterior illumination. The data were organized

according to the notation given in Figure 3.12.

3.2.2 Facade Morphology Selection and Design

A literature survey was completed for the facade morphology using Google Scholar,
Taylor & Francis Online, ScienceDirect, and METU Library databases. The related

articles published between 2015 to 2022 were reviewed with a total of 70
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publications. The most related 23 facades from these publications were classified
and indicated according to the morphology, inspiration, and material technology of
the facade, applied case study building, and the climate, response input and output,

movement type, base case parameters, design considerations, and results.

Boke et al. (2020) investigate eleven adaptive facades of the actual building
applications. These real facade examples are classified according to applied building
type, facade material technology, facade function, location, and user control, as can
be seen in Table 4.9 in the section 4.2.

As stated in Chapter 2, kinetic facades can have disadvantages, while the operation
phase of the building due to maintenance difficulties of the system is very complex.
Therefore, they can also create discomfort if they are not working properly. Hence,
the criteria for selecting the morphology amongst these 23 different facades was
considered the simplest and more sustainable since the main objective was to detect
moveable facade impact. Two different facade morphologies were selected, one from
the proper theoretical results and one from the actual case application results.

The results of these classifications and selections are mentioned in the results and

discussion chapter.

Selected facade morphology was modeled with Grasshopper, and Galapagos
Evolutionary Solver was used to detect the optimized movement for the specific
month and hour, i.e., 8" of June at 1 pm. The reason for the specific time and the
optimization details are explained in Section 3.2.3 in detail. These morphologies are

defined as shading in the design case simulations.

One of the selected facade morphologies was tested for translucent and reflective
materials, i.e., ETFE and white metal. The one having better results was selected for

all design case scenarios.
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3.23 Simulation

The ground and first floors of the focus study section were modeled and simulated
separately. Overhang due to the top floor is defined as a shading surface to reflect
the shading effect of the top floor in the scenarios for the bottom hall. The top floor
was modeled 430 m above ground. Surfaces and masses are modeled for the ground
and first floors using Rhinoceros, as can be seen in Figure 3.17 and Figure 3.18,
respectively. The “Create Honeybee” step is used to define these surfaces and masses
in the Grasshopper interface, and the building program is defined as a “Full-Service

Restaurant,” as seen in Figure 3.19.

In the current plans, table layouts correspond to approximately 2 to 4 meters grids.
Therefore, the grid size of sensors was defined as 2 meters, and the distance from the
floors was considered 0.75 meters, which is the table height.

According to the graphs explained in Section 3.1.2, thermal and visual comfort is
lower from May to October. Amongst these months, since the last weeks of the
spring semester are more busy due to the final exams, the period was considered
from the 15" of May to the 15" of June; these dates were selected for the scope of

this research.

Figure 3.17 Honeybee Model of Ground Floor of the South Section
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Figure 3.18 Honeybee Model of First Floor of the South Section

Four different parameters were analyzed by using Ladybug and Honeybee:
illuminance, daylight factor, annual daylight for UDI, and adaptive comfort for
operative temperatures. In UDI and Daylight Factor simulations (scripts can be seen
in Figure 3.20 and Figure 3.21), since they do not require a specific period, the
average annual results were obtained. For the adaptive comfort simulations, the

period was defined between the 15" of May and the 15" of June, as in Figure 3.22.
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Figure 3.19 Script of the Definition of the Honeybee Model with the rooms, glazing,
and shading

Figure 3.20 Script of the Definition of Annual Daylight for UDI

o1



Figure 3.21 Script of the Definition of Daylight Factor

ThermalM

=
g
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N
s

Figure 3.22 Script of the Definition of Adaptive Comfort for Operative Temperatures
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Since the illuminance results from a point-in-time grid-based component, it requires
a specific day and month. Therefore, dry bulb temperature analysis was completed
for the selected time range, i.e., between the 15" of May and the 15" of June, and
the 8™ of June was determined as the specific day and month for the illuminance
simulations, as can be seen in Figure 3.24.

POINT-IN-TIME GRID-BASED
HE = Baror

Figure 3.23 Script of the Definition of Point-in-Time Grid-Based for Illuminance
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Dry Bulb Temperature (C)

5/15 to 6/15 between 13 and 13 @1
city: ANKARA

country: TUR

time-zone: 2.0

source: IWEC Data

Figure 3.24 Dry Bulb Temperature Analysis with Ladybug from 15" of May to 15"
of June
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The material properties of the existing building were defined as given in Table 3.5
for the simulations as the modifiers. Grey concrete reflectance ratio was also used

for terrazzo tiles in the simulations.

Table 3.5 Optical properties of surface materials of METU Cafeteria Building
(Guan, 2011; Kalzip, 2009; Marceau & VanGeem, 2008)

Surface Material Dining Hall Optical Properties (%)
Exterior Wall Concrete All 35
Interior Wall Concrete All 35
Interior Ceiling | Concrete First 35
Interior Ceiling | Metal, white Ground 77
Interior Floor Terrazzo Tiles All 35
Glazing Clear, double glass All 81

Two different materials, i.e., painted metal and ETFE, were simulated to see the
effect of a reflective material and a translucent one. The metal properties were
defined as stated in Table 3.5. The result of Flor, X. Liu, Sun, Beccarelli, Chilton,
and Wu’s (2022) research shows that fritted ETFE with switch ability can provide
more contributions for efficient daylight conditions to the building than clear or
fritted ones. Therefore, it was used as one of the material options for the facade

modules. The optical properties of ETFE for simulation are shown in Table 3.6.

The illuminance simulations were obtained for one of the kinetic facades, and the
results were compared. The one with more sensors in the desired range was selected

and applied as material to all design cases.

For all design cases of the first floor, the concrete railway was assumed to be

removed to integrate the facades into the whole glazing.
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Table 3.6 Optical properties of ETFE used for simulations taken from (Flor et al.,
2022)

Surface Diffuse Specular Diffuse Transmittance
Reflectance Transmittance
ETFE (Dense Fritted) ‘ 41.3 % ‘ 0.4 % ‘ 3.6 %

i. Calibration Results of the Field Measurements and Simulations

As mentioned in the previous sections, the illuminance values of the first floor of the
south section for all tables were measured by a RO 1335 lux-meter on the 24th of
November between 12.30 to 1.15 pm. These results were compared with the ones
obtained from Velux Daylight Visualizer. The Revit model of the dining hall was
imported into the software. Since Velux Daylight Visualizer can only simulate the
21%t of months, the 21% of November at 1 pm was selected. Afterward, the 21% of
June at 1 pm was chosen as a day in June, and the results were compared to the
Honeybee ones for the same date.

Similar to the illuminance results, the simulation temperature data was also
calibrated with the field measurements. The field data was obtained on the 30" of
June at 1 pm; therefore, the first floor of the south section was simulated for the same
day and hour. The results were compared to each other, and calibration was

completed.
i, Base Case

The base case consisted of the ground and first floor of the south part of the METU
Cafeteria Building. All materials and scripts were defined as it is presented in Section
3.2.3.

According to EN 12464-1 (2002), the self-service restaurant should be at least 200
lux, and a range is mentioned in the same standard. 300 lux was considered the

highest limit for illuminance according to this range.
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As a result of a literature survey, UDI was defined as a minimum of 100 lux and a
maximum of 2000 lux, and the metric has accepted a minimum of 50% UDI received
by the sensors in this range during the whole year for the occupied hours while 2%

to 5% was considered as the acceptable range for daylight factor.

According to ISO 7730 (2005), the operative temperature should be 24.5 °C with a
tolerance + 1.5 °C. After calibrating the results for illuminance and operative

temperature, the results were evaluated according to these ranges.

After modeling the base case, design cases are integrated into these as the
interventions into the facade. In the following sections, these interventions are

explained.
iii. Fixed Shadings

The intervention of fixed shadings is defined as design case 1. The same properties

as the base case were used for the building.

Sun angles were taken from the Climate Consultant 6.0 sun shading chart, shown in
Figure 3.25, for the west and south facades, as 20° and 68°, respectively. As can be
seen in Figure 3.26., vertical sunshades were integrated at 2 meters intervals at a
depth of 75 cm for the west facade, in accordance with the angles. However, the
existing cantilever caused by the first floor creates an overhang for the ground floor,
which provides enough shading to the south facade, according to the calculated

angle. Therefore, no additional louvers were designed for this facade.

As can be seen in Figure 3.27, vertical louvers with 75 cm depth were designed at 2
meters intervals for the west facade of the first floor, while for the south facade,
horizontal louvers with 80 cm depth, one for the top and one for the middle of the

window, were integrated since they can maintain/ provided shading.

ETFE was used as the material for louvers. The shadings were modeled in
Rhinoceros and defined to Grasshopper interface with “Brep” component as shading

object.

56



90

LEGEND
© WARMHOT > 27°C
(SHADE NEEDED) 8] 80
0 Hours Exposed /——"‘ JUN T~
60 Hours Shaded - Noon \\
L s b |
(SHADE HELPS) /' = e L ?‘—:E i ™ o
I ] [ 2T
10 Hours Exposed /Af/@i - =y ‘ & & &
177 Hours Shaded / )_/‘!/ i ¥ ’\‘J‘
© COOLICOLD < 20°C 1 R - 4 - \‘st 14 60
(SUN NEEDED) f & F }\
591 Hours Exposed 4 ’{;‘" P
1355 Hours Shaded P/ w
Y% N2 X 4
= - . 50 g
—)'i milR & # E
A A H
b A :
& n.( 0=
= 4 5
8 % i { p"\ 1 16 e
g ) 0
4N (\1 Pyl 30
PLOT MONTHS: b A rt ] p ,
r
WINTER SPRING | Hoon [~ y
December 21 to June 21 L
® b DEC A .
— f
SUMMER FALL . \ /1/“./ e #ﬁ .
(0 June 21 to December 21 & e 2 %
\ - 1 4 -
Display Grid | AT T § 4
Display Shading Calculator b 1q f ®
[[] Display Obstruction Elevation l F
e 120 [ AN 60 30 EEMN@ 30 60 a0 120

EAST SOUTH WEST

Figure 3.25 Sun shading chart of Ankara, produced by Climate Consultant 6.0
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(a) (b)

Figure 3.26 Shading calculations of the ground floor for the west facade from the
plan view (a) and south facade from the section view (b)
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Figure 3.27 Shading calculations of the first floor for the west facade from the plan
view (a) and south facade from the section view (b)

iv. Kinetic Facade with Square Modules

As design case 2 scenario, kinetic facade modules were adapted from the design of
W. T. Sheikh and Asghar (2019). Square modules with 2x2 meter dimensions were
integrated, which can move horizontally and vertically for the south and west
facades, respectively, as seen in Figure 3.28.

(b) ()

Figure 3.28 Kinetic facade modules adapted from the study of W. T. Sheikh and
Asghar (2019) with the options of fully close (a), half-open vertically (b), fully
open vertically (c), half-open horizontally (d) and fully open horizontally (e)
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The geometry and the movement of the modules were created in the Grasshopper
interface. Since each module should move separately, these scripts were repeated for
each one of them. There are 36 modules, 18 for the west and 18 for the south facade,

integrated into the ground floor, while 44 modules, 22 for the west and 22 for the
south facade, were integrated into the first floor.

As a translucent material, the optical properties of ETFE were used for the modifier
component. The facade geometry was defined as shading to the building.

V. Kinetic Facade with Al Bahar Towers Modules

The kinetic facade consisted of the adaptation of Al Bahar Towers modules that were
applied as design case scenario 2. Triangles with the dimension of 2x2x2 meters

were created as one module. Different openings can be seen in Figure 3.29.
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Figure 3.29 Kinetic facade modules adapted from Al Bahar Towers with the
options of fully close (a), half-open (b), and fully open (c)

As in the previous kinetic facade morphology, each module script was created
separately using the Grasshopper interface. Sixty modules, 30 to the west and 30 to

the south facade, were placed to the ground floor, and 84 modules, 42 to the west
and 42 to the south facade, were integrated into the first floor.

Similarly, with all design interventions, ETFE was defined as the material. Facade
modules were interpreted as shading to the existing model.
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Vi. Optimization of the Kinetic Facade Modules

Galapagos Evolutionary Solver was used for the optimization of the module
openings under the desired conditions for the 8" of July at 1 pm. The algorithm was
inspired and adapted from the methodology published by M. M. El Sheikh (2011)

The illumination range of 200 lux and 300 lux was defined as the optimization
parameter, as shown in Figure 3.30. The total number of sensors in this range was
converted to “True” and “1” from this point. Afterward, these numbers were summed
up and connected to Galapagos as the “Fitness” parameter. Since the aim is to
increase the sensors in the defined range, Galapagos was adjusted to maximize this
value. The facade openings were based on these maximized number of sensors

according to illuminance range.

quququ

13 232

17253

Figure 3.30 Optimization script with Galapagos adapted from the methodology by
M. M. El Sheikh (2011)
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CHAPTER 4

RESULTS AND DISCUSSION

The existing conditions with both measurements (TESTO 405-V1 and RO 1335) and
simulation and design case conditions as a result of simulations are presented in this
chapter. Selected kinetic facade morphologies are also discussed. Consequently,
thermal comfort with the operative temperature and visual comfort with illuminance,
daylight factor, and UDI results are compared between the base case and design case
scenarios, i.e., fixed shadings and two different kinetic morphologies, for the south

section of the METU Cafeteria Building under related sections.

4.1 Data Collected with the TESTO 405-V1 and the Result of the Case
Section Selection

This section presents the results of the temperature measurement device, i.e., TESTO
405-V1, for thermal comfort conditions of the existing building as an initial step. As
mentioned, data for each table was collected for all dining halls on the 30th of July
2021, between 1 and 1.30 pm. The results were organized and presented according

to table locations, and the notations were explained in section 3.2.1.

Table 4.1 and Table 4.2 shows the temperature data results of the south-ground and
first floors, respectively. According to these results, it is observed that tables near
glazing have higher temperature values than the other ones. When the floors are
compared, it is seen that the tables on the first floor have higher temperature values

than the ones on the ground floor.

Overall, it is concluded the temperature results are not comfortable for both floors

of the south section.
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Table 4.1 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the
Ground Floor of the South Dining Hall on 30" of July 2021, between 1 and 1.30

pm

Location 1 2 3 4 5
A 28.6 28.7 29.0 29.0 29.2
B 29.0 29.0 29.1 29.1 29.2
C 29.1 29.1 29.1 29.1 29.2
D 29.1 29.1 29.1 29.1 29.2
E 29.1 29.1 29.1 29.1 29.2
F 29.1 29.1 29.1 29.1 29.2
G 29.1 29.1 29.1 29.1 29.2
H 29.2 29.2 29.2 29.2 29.3

Table 4.2 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the First

Floor of the South Dining Hall, on the 30" of July 2021, between 1 and 1.30 pm

Location 1 2 3 4 5 6

A 32.0 32.1 32.1 32.1 32.3 32.6
B 32.0 No Table | 32.1 32.1 324 32.8

(NT)

C 32.0 32.1 321 323 325 335
D 32.0 32.1 325 325 32.8 33.7
E 32.0 32.5 325 32.8 334 33.9
F 32.0 32.5 NT 335 33.8 33.9
G 32.0 32.7 32.7 33.8 33.9 34.0
H 32.0 32.7 32.7 33.9 34.0 34.2
| 32.1 34.2 34.2 34.2 34.2 34.4

As opposed to the south dining halls, tables near glazing have lower temperature

data, as seen in Table 4.3 and Table 4.4 for the ground and first floors of the east
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section, respectively. The tables on the first floor have higher temperature values

than the ones on the ground floor, similar to the south section.

It is determined that the temperature results are within the discomfort range for both

floors of the south section.

Table 4.3 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the
Ground Floor of the East Dining Hall, on 30" of July 2021, between 1 and 1.30 pm

Location 1 2 3 4 5 6 7 8

A 28.4 28.4 28.4 28.4 28.4 28.4 28.4 28.3
B 28.4 28.4 28.4 28.4 28.4 28.4 28.4 28.3
C 28.6 28.4 28.4 28.4 28.4 28.4 28.4 28.3
D 28.6 28.4 28.4 28.4 28.4 28.4 28.4 28.3
E 28.6 28.6 28.6 28.5 28.6 28.4 28.6 28.3

Table 4.4 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the First
Floor of the East Dining Hall, on the 30" of July 2021, between 1 and 1.30 pm

Location 1 2 3 4 5 6 7 8
323 32.0 313 30.9 30.5 30.4 30.1 323
B 32.3 31.9 31.7 NT 31.3 31.0 30.6 30.3
C 32.7 32.7 324 NT NT 32.0 315 31.0
D 32.5 32.3 32.3 NT 32.0 31.6 31.3 31.0
E 33.0 32.8 32.7 NT 32.7 32.5 32.0 315
F 33.8 33.6 33.0 32.5 324 324 324 32.0

In the north dining halls, tables near glazing similarly have lower temperature values

than the east section. The results of the ground and first floors of the north section

can be seenin Table 4.3 and Table 4.4, respectively. The tables on the first floor have
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higher temperature values than the ones on the ground floor, as for the other two

sections.

In conclusion, it is seen that temperature ranges are not comfortable for both floors

of the north section.

Table 4.5 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the
Ground Floor of the North Dining Hall, on the 30" of July 2021, between 1 and 1.30
pm

Location 1 2 3 4 5 6

A 29.4 29.6 29.6 29.6 29.6 29.6
B 29.4 NT 29.4 29.4 NT 29.4
C 29.4 NT 29.4 29.4 NT 29.4
D 29.4 NT 29.4 29.4 NT 29.4
E 29.4 NT 29.4 29.4 NT 29.3
F 29.4 NT NT 29.4 NT 29.3

Table 4.6 Data Collected in degrees Celsius (°C) with TESTO 405-V1 for the First
Floor of the North Dining Hall, on the 30" of July 2021, between 1 and 1.30 pm

Location 1 2
A ‘ 30.1 ‘ 315

Since the south section has the highest values for both ground and first floors, with
29.2 °C and 34.4 °C, respectively, it was selected as the focus study section of the
METU Cafeteria Building.

Field measurement results of illuminance values, recorded on the 24™ of November
2022 between 12.30 and 1.15 pm, are presented in Table 4.7. According to these

results, it was observed the first floor of the south dining halls has the illuminance
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values 1498 lux as the highest and 103 lux as the lowest. The illuminance outside
was recorded to be 10,380 lux as the sky was overcast. These data were used to

calibrate the simulations, explained in Section 4.3.

Table 4.7 Data Collected in lux with the RO 1335 lux-meter for the First Floor of
the South Dining Hall on 24" November 2022 between 12:30 pm and 1.15 pm

Location 1 2 3 4 5 6

A 550 103 220 180 230 435
B 582 No Table | 180 282 232 586

(NT)

C 480 232 290 240 232 445
D 366 232 280 120 287 380
E 366 170 280 120 287 494
F 565 400 NT 303 453 494
G 600 400 365 303 500 518
H 600 400 365 303 600 600
I 1006 830 830 830 1473 1498

4.2  Design of Kinetic Facade

Amongst the 23 facades shown in Table 4.8, it can be concluded that kinetic facades
have a positive impact on the comfort conditions for different climates and
morphologies. However, as stated in the literature review, when the system is too
complicated, unexpected results may occur. As a result of this, the comfort
conditions may be affected negatively. Because even if these facades have a
significant result in calculations in the design phase, they may not be working
properly during the operation phase, as expected. The selected morphologies were
taken into consideration these circumstances; hence, two morphologies were chosen

as follows:
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Based on biomimicry with Oxalis Oregana leaf, the facade design by W. T.
Sheikh and Asghar (2019) was adapted as the design case 2 to the case study
section. According to the research done by W. T. Sheikh and Asghar (2019),
it is a facade design inspired by nature with a less complicated mechanism,
and the results show that it is effective for highly glazed buildings. It is also
movable in both vertical and horizontal directions. The research also states
concrete results of the effectiveness of this facade morphology (W. T. Sheikh
& Asghar, 2019). In the scope of this research, it is tested with modules of 2
x 2 meters. These measures were calculated according to the azimuth and
altitude angles of Ankara. So, it was tested for a different climate and

building type to observe if it is also effective for these different parameters.

I. As design case 3, the morphology of Al Bahar Towers was adapted to the

case study building. As stated in the research by Shahin (2019), it can reduce
solar heat gain by 50%. It is a facade with triangle modules applied to a highly
glazed tower building. Moreover, since it is a real case application, it is seen
that during the operative phase, it is also effective. Therefore, it can be
concluded that it is one of the most successful real case facade morphologies.
As it is in design case 2, it is also tested for a different climate and building

type with the 2x2x2 meters of triangular shape.

66



90TASP [eoTURYOAUT
© JOU ‘uomenjoe

SIOJEN)OE pUE SIOSUAS
[eurIaT) 221-A810U2 sk VNS

10 senpradord Terrsjeur - sagueyo ;
sa[npour amjeraduray ““ : (8102
anbedo ‘uonjenuaa uo paseq UOT)R[T)UA- £ ‘Iou9T 29
I10J pausrsap- apeoe] paje[IuaA- ameradurs)- (dn-yoowr) WN TUTJUSWLIO I)
OvI-
a1e[3-
ure3 Jeay Iefos- sjoued 3114 %
uoneordde ured uns sse[3 pajeroriad-orotur — [Jem (610T
Surpying [ea1- | 1Sy IBJOS SSI] %06~ a1} JO UOTION- s1omo] Ieqed-Ty UTeMINO B SE Ud3I0S SuIpeys ‘urgeys)
(uonoeIayur
(Z3A1F) WS1om ssof- Syuednooo (OVI) L1end
(3413) 1500 ssaT- ou) uondumsuod Ty Jo0puy - Sutpying 101 waemderq 3419 — (4419 (610T
a3esn [eLIS)RWI JTBWIS- A313u2 559] 9407~ | uTeS JBAY IR]OS- — BIP3JA BUOJ2IRY YT Jowod) s[erIs)ejN JewS ‘urgeys)
X0y 05/ Tourmns 1p % - Wm i
-00S Usam1aq doeds “Joy] UT pruunyy 29 10H- N T e
sa[Sue uns Mo[ pue JOLIdUT JO 9408 ue)sTed ‘ar07eT Ul o 7 (610T
[31Yq [}0q J0J SATO]Jo- (worjonpar o47¢) I9)ua)) 9jerodio)) UodLI] v« mwm = Q\w “ ‘Teyssy
s3urp[ing paze[s uondunsuoo JEOTIToA - (epeoey pazel3 Jeo] eue3aI1Q SI[EXQ 2 YIeYS
Ay31y 107 UOTINJOS- AS10ug [eIuOZIIOH- ATy31y) 901330 A1035-0Z- Arorumuorg ‘LA
b | JUSTAAOTAL
saSejueapesiJ | NS /UONRISPISTO)) /ndinQ pue SjewrtD/Surpjing ASofouyoa] eLIdIeIA
/ sa3ejueApy ustsa | Induy asuodsay Apnig ase) suonendsur/ASotoydIon ERNENEI N

ainyeJa1i] ayl wouy saibojoydiol sapede gy a|qel

67



SPIBpUEIS

2y} paAsTyoE-
are[D spqndediadu
JMoTWoD
are[n o1qelda0ay-
¥
UETJ} JoM0T [Xapul
are[D WSIARQ
S1qEHOIWO D~
¢E0 Ue) (wd Z1)
1amoT tANIqEqOIg siep xommnba N ™ S -
aXe[D WSIARC PUE 20115[0s- AN . e P
a1ge1dac0v- 5IN0Y wizyyed ayofoopia[ey]
X0] 00% 2T} SjRTpaTT UBI] “UBMRL [euodexay paseq-Suruny | (6107 B3R
uSisep xo[duwoo- ‘pIoysemL I(Qr]- | 2 SWesX? mnoq w 2oeds 201770 S[8UIg Surprog 1eded /muesug TUBYPEQRL) | g

syoedun
[EIUSTIIUOIIATS
pue uorydunsuod

AB1aua Burseardap ABojouras L

£q Lrqeure)sns P S[ELISEW MBS
SUISEaI0UI-

paau s Juednoado Jendwoo [enu20 21 — s]j@0

xa[dwoo- | vo paseq Sureq-Tlem awpoapRoloyd ‘swdemderg

uoneorjdde | pue JIoJmIod [ENSIA SITEd Ul 8q [ea1s arenbg opg (8102
Suippng (esI- | ‘reumeyy Surpraoxd- ST QBIY SPUOIN wened BAIqEIYSEW QBIY ‘oABS ICT) | §

(panunuod) gt 3[qe L

68



K31aus 107 seued Ad- (ereos-ng) sndured (9107
ssuIpring HL1d jo Surpfing INOH ‘10jen[YOS
9]B0S-93.TB] JOJ 9[qISEa]- ‘QNPowW Ad UM opedrq | P UURW][IM
woddns 107 aInjonns ‘uopAT
opdums “JySromyysny- ‘19J0H ‘9[3eg
Arxerdwod | Suraes A310u9 0467- S[oAS] JYST ‘essiyyeier
IOF Wa)sAS [OIJU0D- |  JIOJUIOD [BNSIA pue ‘arnyeraduwa) PUBISZIINS ‘BASUSD ‘O1AIBZOJOAS
orduns ‘rejnpow- | ewney) Surpraoxd- ‘Surpeys- JJBWID S)BISPOW- ‘A8eN)
uonN[OS S[qBUTEISNS- ueped yosay uoy
201ASP [BITURYIRW o8ejusored ‘(STerIjEW JRWS) SI0JEN)OE
B JOU uonenjor uoTjeuIofap PUR SIIM VINS YIM TWes1o
Jog seradoad Teriejew- I0J SUOTRINSIU0D :
Anawoa3 s[qrxayy SuIp[0j JURIRHIP > ¥ (s10T “T®
PUE Jy3ram)ysi[- Surredwoo- YN VN > 30 juesad)
UOTJBIPEI
TeJOSs JO_IIp
30 908 Sunosjoid-
Surpeys [ejuoZLIoY
UM 9AT}OSTI
ST qInos “yyIou- uraped jeuoSerg
(&mqeyiom pue Surpeys [eonIeA jo9ys WwnuIwn|V
‘uonjeprodsuen) UM SATJORJID Surpring _
‘UOTJBOLIGE] JO ST]S9M )SBa- K10)8-G 1 paze[s a5re] oy L
95B9) J99YySs WNUTWIN[e- Sureq-rem SINOY [BOTILID (9107
MOTA JOJes[d |  PUB MIOJWOD [BNSIA SB Pa)o9[as BQRQY ‘nyRIOIN
& 10 wieped [euoSeIp- | ‘feuriay) surpraoad- wd 00 #-0€Z- | SIPPV — e1ewy) [eordoil nmeq)

(panunuoo) g 3jqe L

69



VINS ‘TNOd-
UIYs-01q JTeWs

apeoe] Surze[s uorINpar
31} 10] pausIsap jou- PeOJ [RWISY) %t~ ;
uonn[os [qeureisns- | UOISIA0Id 110JWI0D- ITe pajeniyul
uonenjoe uondwnsuod pue ures uel] ‘pue[sy ysrsy (0202
107 sanredord errojew - AS13u2- 1837 [oNU02- uor3ar pruny Joy- qqep1v) | Z1
Ky1adoxd Surpyong-
SaIlm VINS-
xo[duroo- (zzot
uonenjoe UOTJR[IJUIA- ‘uassnuisey
107 sanradoid [errajew - surpeys- VN VN 2 UZaqy) | 11
(omyeys
110JWOISIP -OTWRUAP-O1)R)S) SISAR] ¢-
ensia Sunjuaasid- SJUAW[D ISOID-
9seaId3p urayed [euosexay-
%816 :(1AnNd)
o[durs- QoueuTWIN[]
uoniqure Wysndeq (zzo
S, JoUSISAP 2} J03)2p- [NJas) papaeoxy - sKep [eONIID uel] ‘pzex ‘TIeproq
sjnsar asearour | se sAep xournba AYs 29 TUTASSOH
pazrwo)sno AJIyuapi- sawm 19°6 :IAN- pue 201S[0S- | IB2[O ‘QJRWI[D 113S3p 10T~ ‘IN'S) | 01

(ponunu) 84 J[qeL

70



Auidasuay-

@ ' * . * _ . (L10T
apeoe] Suize[3 . ‘ ! * ! ‘ ‘Ifeura)er
a1 J0J pausisap jou- . ” 2 ‘UooyS
uondwnsuoo ‘eIt g
A310u0 Jo uoOTONPaI- uononpoid oulafes jo Q Q 0 ‘oueusIorg
SUOTSSTUIS SPTXOIP A310u2 1B7O0S- A31aua 1eJOS- | AsIaArun) o) Jo sndured ‘epueITA
-u0qIed Jo uoronpal- JSSATEY pUIM- puism- o uo Surp[ing e- ‘outtiru)) | ST
(170T ‘wenx
Joded rure3tio- -waAnSN
UONB)USLIO wWemar A 2 ‘WaAN3N
ayduurs- %Ct 0} %6 £q ssurp[ing- “K1D qUIN 1D OH “YUIN-03N
$A 49T 10F amsodxa Jy31uns 314ep- S)eWI[O Woosuour ‘ong-o1
SJTPAI0 JO JUSUWIAARIOR- | [eNUUE JO WOI}ONpaI- adeys- | Teordom ‘prumny pue joy- ‘quey1-oT) | $I1
%T°¢l 1IdNd-
%87T €8 IdN-
%9S 6%
vas 1edoid- (wd (Tz0T ‘unues
Answoad 1SoMm pue Isea 10 ¢—wd 77 - wre -eI1anD
xa1dwod yyras apedey- %P6 1ANd- | 6) skep xoutnba 2 1OpQIYRS
yuawraaoxdur %Ly 06 IAN- puE 201)S[0S- uel] ‘pzex ‘IPEUTIETOJA]
JIOJWIOD TensIA | 946°09 VS Todord- |  1I0Juroo yensia- A[s ‘Turassoy
syuednooo ojdnnur- Inos 10y W31Aep- | IBS[O ‘9)RWIT[D }13S3p 10T~ ‘NS) | €T

(penunuod) 8 S[qe L,

71



SapeORJ 8[es pg pue pg-

(wd
¢—wd 7 - we
6) SAep xournba
SAT)ORIIS 10T pue 20ns[os- uel] ‘pzex (610T “T®
ST ToneIngyuod ures jesy- Ays 13 TUTeSSOH
xa[dwoo ssof- a[eOS pg- | JIOJWIOD [BNSTA- | JBa[d ‘@)etur]d }18sap 107- ‘INCS) | 8T
SAT}ORIJ2 Jsow
oty st o13ue joard
yoasur Suredar Jarjaq | Sp-0 & I SpeoR] (wd (0ToT ‘tnues
SNoIST[ar ‘apIsino sse[8 parojoo- | ¢—twd 71 - we -eIIenND
a1} 0) mara ‘Aoearrd 6) sKep xournba 29 “13pOIYOS
“Ia[[01U00 JyBT[ALp 1and- pue a01syos- uel] ‘pzex ‘TpeIeyoN
‘s103]79 Teo13070TdASd V- | MoJwoo [ensia- As ‘TUTeSSOH
pue o1jatsae apraoid- 1an- WS1Aep- | Ie9[O ‘@)etur]d J18sep J0Y- ‘WNCS) | LT
%09 Aq sKep xoumba
ures jeay pasordui- pue 201)s70s- (120T
%9. Aq H0JII0d WS Aep- ‘eameng
SPISINO JO MaTA Tenpred- TenstA paaoxdur - ureg jeay- uel] ‘vener - »1zr9) | o1

(panunuod) 8't A[qe.L

72



(urd

¢-wrd Z-ure
6)-usSredurey)
“Byus 107
(wrd
p-wdzr-we
8)usredurey) amjonns Surpeys onexne-
STWRTA] 103~ 5 -
SITIQWRORA- | [ g o
Aypqeqosd (6102
JYSIUNS SATSSIIXD are[3- ‘leyereqg
Sunusaaad NERE) SN BYNIS 29 ‘U0ISTRYS
xopdwoo- UT 9AT}O9]Je- ouRUTWIN[I- ‘ugredwrey)) ‘TwreIN- ax) | oz
SOINPOW B)2SOY-
AT
ot Ao ALl
*,.*,**@%*n*“ﬁ n (810T
JIoopur 21j-2re[3 *** * w* _ s * :JMow“oM
pA QEITI0) | HOJUOOSIP [EnsiA **** i & A | Tweysequeg
S)IPRID JO JUSUIDASIYOR- UT 9SBOIO3P %01 - | MOJWOD [ensia- UBI] “UBTYO [ - |t e s ‘Tueypeqel) | 61

(panunuoo) 8t A[qeL

73



m - (9102
asearoep Aypruny 5 ‘SNOTYRIN
SATIE[AI %1 » ‘Apeg
s1ojowr | Juraes £319US 0407 $10Z ‘uewyey
)M JUSUISAOW- Iouwruns 1080V POT 1dA37 “eupuexery -1oPqV
xo[dwoo sso]- | UT 9sBRI0RP D.€-7- | 01 AInfJo yoz- | “A10 qBIV-TV Siog MaN- vorpg was ‘poumyy) | €T
(urd
I2JUIM PUR UWIN)NE ¢-urd gr-ure
ur juewasoxdunt | g) s{ep xournba [euoSExaH-
WSTARp UT 950¢- pue 207)s[os-
Sunds 29 Jowrmns JuawaAOW
ur Juswasoxdur UOT)R[SUEI})- (9102
sorpadoxd WS1LRp 2%05- JUSWIAAOT ers{eeIA ‘1zey3[g
£newos3 or1seq- UOT)OU [EUOTE)OYT [euor}e}o1- eI pruny ‘joy- 2 pnowyeN) | 7Z
s{ep xournba
PUE 201)S[0s- [enejewr se HALH-
s9[npow 0¥
JUSTIUOIAUD $9[SUE JUSISIIP- d - ® W, o o (8102
a1y} 03 yoeoadde onystjoy 2183 Surseaosp- 103087 JyS1iep e MRy ‘nomgorey
e apraoid o} a[qrssod- y3niep Arunoyrun- , 1T 2 ‘no1I0321D
orduurs- [eanjeu Sutmoqe- | 10)0EJ JySIjAep- std£) “B1S09IN- x e 1 TeRYAIN) | 1T

(panumuod) gt A[qeL

74



T0TJu0) 198Ju0)) TeNnsSIA-

adojeaug T0T}03)01d 2Ie[D-
VN JOLIIXH Surpeys Ie[os- se[[oure Jomorisod | 9
TOIU0D JOBJUOD) TeNSTA-
UOTJRIUS A~
Tonuo) uoneipey y3nieq-
adojeaug T0T}03)01g 2Ie[D)- se[fetreT / sde[y UOTJB[TIUSA USALIP 01O/
Sax JOTIIXT Surpeys Iefos- -I0)JOWI PAIOJ09 29 SJUSW[S pare[] apeyIa)som M | S
UoTje[NSU] PUNOS-
TOIU0D) JoBIUOD) TeNSTA-
Tonuo) uoneipey y3nieq-
T01}02)01d 2Ie[D-
uondI[JR( JYSIT-
SaX | spurq [ewr)xg Surpeys Ie[os- (a1snorel) spurq wnurwnye [euI)xXg UIO/MZ Z | ¥
TonuoD 10BN TeNSIA-
wooIx adojeaug TOT}03)01J 2Ie[D)-
OB 10] — Sa X JOLI)XT Surpeys Ie[os- sIanNyS Q01JJO/ SOIO [BAO | €
Tonu0D) 10BJU0D) TeNSTA-
adojeaug T01}02)01d 2Ie[D- (B[TouTR] [BOTIISA) SISANO] [RJW 201130/ Jeyrenbpesy
Sax Jon)xg Surpeys IL[0S- | pajusLIo A[TeonIea ‘Yake[ sse[S-TeISIA ddnryyuassiyr 10 | ¢
TOIIU0D) JOBJUOD) TeNSTA-
Tonuo) uoneipey y3nieq-
TOT}03)01J 2Ie[D- DO/
SOX | SIPANO] [eUIUL Surpeys Ie[os- opeoe] S[qQnOp UT B[[ouIe T audooD 23Ul | T
TonuoD I13sn TOTJeO0 suorjouny ASojounoa ] TeIISIeIA SpedR] odA1 2 Supying | #

(020T “Te 12 9¥0d) woJy pardepe ‘sanadold J1ayy pue Buipeys onsury yum sbuipjing 6'y sjgeL

75



WST] [elonIy-

[onuoD 10vIIo.) TeNSTA-
Tonuo) uoneIpey yanied-
0110201 aTe[D-

uonoa[fe S T-
Surtpeys refos-
adofaaug TOTR[TIUSA
Jorxg 2p Sumeay ‘3urjoo)- seT[ewre] Surpers uns- | osnoy uroorided ased | 11
TOIU0.) 19BJWO)) TENSTA-
Tonuo)) uoneIpey W3NLeq-
T01)22)01d 2Te[D- SE[]ote] SUTPEYS WS/ IAISAS 201JO
VN SpUT[q TetIu] Surpeys Iefos- TOTjetIo}ne M SpUIfq [enTs)ul- / sndure) auojepop | 01
(I) TonuoD 10BIW0D) TeNSTA-
apeoes (1) mona)0Id 2IR[D- (seqatrer
[EWIRIXS 29 () uonoeygaq 1ysII- Surpers ung) apeael 2qnod- siauenbpeay
SoX | Se[euNe] TEUIU] (9) Surpeys 1eros- se[etme] SUIpeYs Uns [ewIa)u]- [e21Q, TUOZILIOH | 6
Jonuo)) uoneIpey Y3NLeq-
uondajaq WYar- slapenbpeay
VN | Spulq [ewI)xg Burpeys Ieos- SpuTg Uns [enIaxg sumeoIgH | 8
TONU0) 10RO TeNSTA-
Tonuo)) uoneIpey W3NLeq-
oo adofasaug uonoaaq WsrI-
o83 0] — S8 & Jorrs)xg Surpeys Ieos- B[[ome T reypns we des | £

(PanU0) 6 S[qEL

76



4.3 Simulation Results

This chapter covers the simulation results of the ground and first floors of the focused
section, i.e., the South dining halls. They were completed separately for each floor.
Illuminance, daylight factor, annual daylight for UDI, and adaptive comfort for
operative temperatures were completed for the base case and all design case
scenarios. There are 90 sensors of measurements for the ground floor and 121 for
the first floor.

After the base case results, the comparison between the translucent and reflective
material, i.e., ETFE and painted metal, is discussed. Design cases are presented
according to the selected material. Finally, all scenarios are compared.

431 Calibration Results of the Field Measurements and Simulations

i IHluminance Results

The comparison between field measurements and the Velux Daylight Visualizer was
completed as the initial step for the calibration. As seen in Table 4.7 and Figure 4.1,
the illuminance results are very similar, changing from approximately 100 lux to
1500 lux. Therefore, it is concluded that Velux's simulation results can be considered

a comparison for Honeybee for June.
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Camera Zones

Zone A-010-M_MASS-1 4 )
Location Ankara, latitude 39.5 N, longitude 32.5 E
Time June at 13:00

Orientation 70Cw

Figure 4.1 llluminance Results of the First Floor of the Base Case on the 21% of
November at 1 pm, in Velux Daylight Visualizer

Figure 4.2 Illuminance Results of the First Floor of the Base Case on the 21% of
June at 1 pm, in Velux Daylight Visualizer
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llluminance Results (lux)

15629
14171
12714
11256
9798
8341

6883

Figure 4.3 Illuminance Results of the First Floor of the Base Case on the 21 of
June at 1 pm, in Honeybee

ii. Temperature Results

Table 4.2 shows the field measurements of the first floor. These results were
compared to the operative temperature data of the same date obtained from
Honeybee, which can be seen in Figure 4.4. Approximately 1.5 times higher results

occurred, so the results are calibrated accordingly.
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|47.61
47.41

47.21
47.02
46.82
46.62
46.42
46,22
46.03

I45‘83
4563

Figure 4.4 Operative Temperature Results of the First Floor of the Base Case on
the 30" of July at between 11 am to 14 pm, in Honeybee

432 Base Case Results

As the focus study, the existing building was modeled in Rhinoceros for the ground
and first floors of the South section. It was defined as Grasshopper interface with

the material properties presented in the previous chapter.
i. Ground Floor

The illuminance results vary between 105 and 930 lux for the existing ground floor,
as seen in Figure 4.5. Near glazing, the sensors have higher values, while the middle
and inner parts have lower ones. Nineteen sensors are in the range of the desired
illuminance values. Twenty-eight sensors are below 200 lux, while 43 are above 300
lux, as seen in Table 4.10. It means that the dining hall has excess daylight for most
of the sensors locations, with approximately 48% more light than defined.

Figure 4.6 shows the ground floor's operative temperatures, with 26.4 °C as the
highest and 25.7 °C as the lowest for sensors. Similar to the illuminance results, the
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results are higher for the sensors close to the windows. The lowest values are
obtained in the middle of the hall. There are 71 sensors in the comfortable range.
According to Table 4.11, none of the sensors are below the threshold. On the other
hand, 19 sensors are above the upper limit. Hence, approximately 79% of the sensors
are in the comfort range, which can be interpreted as the dining hall is comfortable

in terms of operative temperature.

Daylight factor results can be seen in Figure 4.7 Daylight factor results of the ground
floor of the base case These results show 36 sensors are between 2% and 5%. While
4 are below the threshold and 50 are above the threshold, as in Table 4.12. The light

is higher than the desired range in most areas, with a ratio of approximately 56%.

According to Figure 4.8, UDI results of the dining hall vary between 7% and 97%.
The inner parts of the dining hall have more useful daylight during the year, while
the ones near the glazing have less. In other words, 93% of daylight at the periphery
is not necessary, and only 7% is. This is because of the excessive daylight amount,
as the illuminance and daylight factor results show. According to Table 4.13, 35
sensors are greater than or equal to 50% UDI, corresponding to almost 39% of the

total area.
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397 349 340 335 359 433 552

596 533 571 545 545

Figure 4.5 llluminance results in lux of the ground floor of the base case on the 8™"
of June at 1 pm

Table 4.10 Number of sensors corresponding to the illuminances range of the
ground floor of the base case

Number of sensors Illuminance values (lux)
28 <200

19 >200, <300

43 >300
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Figure 4.6 Operative temperature results in °C of the ground floor of the base case
between 15/5 to 15/6 at 1 pm

Table 4.11 Number of sensors corresponding to the operative temperature range of
the ground floor of the base case

Number of sensors Operative temperature values (°C)
0 <23
71 >23,<26
19 >26
ii. First Floor

Figure 4.9 shows the illuminance results, varying between 105 lux and 1399 lux.
Similar to the ground floor, the middle part has lower results, while the sensors near
the windows have higher ones, especially the west of the hall. As can be seen in
Table 4.14, there are 22 sensors in the defined range, while 27 of them are below the
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threshold. Almost 60% of the sensors, corresponding to 72, are above the threshold.
Therefore, it is observed top floor has a very high daylight amount for most of the

areas.

The operative temperatures simulated for the first ground are presented in, Figure
4.10. The highest value is 26.7 °C while the lowest one is 25.6 °C. The pattern is
identical to the illuminance results, meaning the areas near the windows have higher
values, and the inner parts have lower. There is no sensor below 23 °C, as shown in
Table 4.15. However, 24 of them are above the comfort range. Ninety-seven sensors

are in the desired range, which is proximately 80% of the sensors.

1.7 10.9 1.6 1

Figure 4.7 Daylight factor results of the ground floor of the base case
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Table 4.12 Number of sensors corresponding to the daylight factor range of the
ground floor of the base case

Number of sensors Daylight factor values
4 <2%

36 >2%, <5%

50 >5%

Figure 4.8 UDI Results of the ground floor of the base case

Table 4.13 Number of sensors corresponding to the UDI values of the ground floor
of the base case

Number of sensors UDI values
55 <50%
35 >50%
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Figure 4.11 presents the daylight factor results. Forty of the sensors are between 2%
and 5%. There are 4 sensors below 2% and 77 sensors above %5, as it is shown in
Table 4.16. According to these results, approximately 64% of the sensors receive

high daylight.

Figure 4.9 llluminance results in lux of the first floor of the base case on the 8" of
June at 1 pm

Figure 4.12 shows that UDI results change between 6% and 96%. A similar pattern
can be seen as the ground floor results. The sensors near the glazing have less UDI
value because of having more daylight, and the inner parts have a higher UDI
percentage during the year. Table 4.17 shows there are 58 sensors equal or greater
than 50% of UDI. This means approximately 48% of the total sensors are in the

desired range.
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Table 4.14 Number of sensors corresponding to the illuminances range of the first
floor of the base case

Number of sensors Iluminance values (lux)
27 <200

22 >200, <300

72 >300

r

Figure 4.10 Operative temperature in °C results of the first floor of the base case
between 15/5 to 15/6 at 1 pm

87



Table 4.15 Number of sensors corresponding to the operative temperature range of
the first floor of the base case

Number of sensors Operative temperature values (°C)
0 <23

97 >23,<26

24 >26

Figure 4.11 Daylight factor results of the first floor of the base case

88



Table 4.16 Number of sensors corresponding to the daylight factor range of the
first floor of the base case

Number of sensors Daylight factor values
4 <2%

40 >2%, <5%

77 >5%

Figure 4.12 UDI Results of the first floor of the base case

Table 4.17 Number of sensors corresponding to the UDI values of the first floor of
the base case

Number of sensors UDI values
63 <50%
58 >50%
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4.3.3 Comparison of ETFE and Metal Modules

Two different materials, ETFE as the translucent material and painted metal as the
reflective one, were applied to one of the selected kinetic morphologies’, i.e., design
case 2, and the one that is more efficient results was chosen as the material for all
design scenarios. However, as can be seen in Figure 4.13 and Figure 4.14, both
results have 25 sensors between 200 lux and 300 lux. Therefore, ETFE was chosen
for the rest simulations since it is a translucent material and does not block the outside

view completely.

Figure 4.13 llluminance results in lux of the first floor of the 2x2 modules with
metal on the 8" of June at 1 pm

90



Figure 4.14 llluminance results in lux of the first floor of the 2x2 modules with
ETFE on the 8" of June at 1 pm

434 Fixed shadings

Fixed shadings with ETFE as the material were applied to both floors of the south
section. These were modeled in Rhinoceros and defined to Grasshopper interface as
shadings. All existing building materials were defined as the same as the base case.

The results are presented in the following sections.
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i. Ground Floor

Fixed vertical fin shadings were integrated into the west facade as stated in the
methodology. The model of the ground floor of design case 1, created with
Grasshopper interface, can be seen in Figure 4.15.

Figure 4.15 Model of the ground floor of design case 1

The illuminance results of the ground floor of design case 1 are presented Figure
4.16. According to these results, 130 lux and 982 lux are the lowest and the highest
values, respectively. Twenty-one sensors are in the desired range, as stated Table
4.18. The sensors above the threshold are 55, while the ones below it are 14. In this
case, it can be concluded that almost 62% of the sensors receive an excessive amount
of daylight. In addition, sensors near glazing have more daylight in comparison to

the inner parts.

Figure 4.17 shows the operative temperature results of the ground floor of design
case 1. The highest value is 25.9 °C while the lowest one is 25.2 °C. According to

Table 4.19, all the sensors are in the desired range.

According to the daylight factor results presented in Figure 4.18, 35 sensors are in
the desired range. On the other hand, none of the sensors are below 2%, meaning
there are no very dark areas, while 55 sensors have more daylight than the threshold,
according to Table 4.20. The daylight amount is higher for the areas near the

windows.
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Figure 4.16 llluminance results in lux of the ground floor of the design case 1 on
the 8" of June at 1 pm

Table 4.18 Number of sensors corresponding to the illuminances range of the
ground floor of the design case 1

Number of sensors Iluminance values (lux)
14 <200

21 >200, <300

55 >300

UDI results of design case 1 change between 6% and 97%. The sensors near glazing

have less UDI during the year, probably due to the extreme lighting conditions, as
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given in Figure 4.19. According to Table 4.21, 23% of the sensors provide the

desired UDI value, which is 21 sensors.
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Figure 4.17 Operative temperature results in °C of the ground floor of the design

case 1 between 15/5 to 15/6 at 1 pm

Table 4.19 Number of sensors corresponding to the operative temperature range of

the ground floor of the design case 1

Number of sensors

Operative temperature values (°C)

0 <23
90 >23, <26
0 >26
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Figure 4.18 Daylight factor results of the ground floor of the design case 1

Table 4.20 Number of sensors corresponding to the daylight factor range of the
ground floor of the design case 1

Number of sensors Daylight factor values
0 <2%

35 >2%, <5%

55 >5%
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Figure 4.19 UDI results of the ground floor of the design case 1

Table 4.21 Number of sensors corresponding to the UDI values of the ground floor
of the design case 1

Number of sensors UDI values
69 <50%
21 >50%

il. First Floor

Figure 4.20 shows the model of design case 1, which has fixed shadings for the south
and west facade.
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Figure 4.21 presented 108 lux is the lowest value while 1358 lux is the highest for
the first floor of design case 1, as the illuminance results. Sensors near windows are
higher than the other ones. Table 4.22 shows there are 24 sensors between the desired
range. On the other hand, 73 sensors are above the desired value, approximately 60%

of the total. It is deduced that most of the areas have excessive daylight.

Figure 4.20 Model of the first floor of design case 1

The operative temperature is presented in Figure 4.22. According to these results,
the maximum temperature is 26.6 °C, and the minimum one is 25.5°C. The west part
of the hall has higher values than the other parts. Table 4.23 shows that there is no
sensor below 23 °C. Majority of the sensors, i.e., 106, are in the desired range with
aratio of almost 88%. Fifteen sensors are above 26 °C. It can be concluded that most

of the dining hall is comfortable.
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Figure 4.21 llluminance results in lux of the first floor of the design case 1 on the

8" of June at 1 pm

Table 4.22 Number of sensors corresponding to the illuminances range of the first

floor of the design case 1

Number of sensors

Illuminance values (lux)

24 <200
24 >200, <300
73 >300
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Figure 4.22 Operative temperature results in °C of the first floor of the design case
1 between 15/5 to 15/6 at 1 pm

Table 4.23 Number of sensors corresponding to the operative temperature range of
the first floor of the design case 1

Number of sensors Operative temperature values (°C)
0 <23

106 >23, <26

15 >26
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According to daylight factor results presented in Figure 4.23 and Table 4.24, 40
sensors are between 2% and 5%. Seventy-seven sensors are above the threshold
while 4 of them are below. The daylight is higher approximately 64% of all sensors.

The results of Figure 4.24 show UDI vary between 6% and 97%. The sensors near
the windows have less UDI value since the daylight amount is higher these parts. On
the other hand, the inner parts have more useful daylight. Fifty-eight sensors are in

the desired value, corresponding 48% of the total sensors, as shown in Table 4.25.
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Figure 4.23 Daylight factor results of the first floor of the design case 1
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Table 4.24 Number of sensors corresponding to the daylight factor range of the
first floor of the design case 1

Number of sensors Daylight factor values
4 <2%

40 >2%, <5%

77 >5%

Figure 4.24 UDI results of the first floor of the design case 1
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Table 4.25 Number of sensors corresponding to the UDI values of the first floor of
the design case 1

Number of sensors UDI values
63 <50%
58 >50%

4.35 Kinetic Facade with Square Modules

Design case 2 is consisted of kinetic facade square modules with 2x2 meters, moving
horizontally for the south and vertically for the west facades. It is a design adapted
from the proposal of W. T. Sheikh & Asghar (2019). ETFE was used as the material
for the modules. Other materials were defined as they are in the base case scenario.
The concrete railing in front of the windows has been removed to apply the modules.

All results of design case 2 are explained in the following sections.
I. Ground Floor

The optimized kinetic modules of the building's south and west facade can be seen
in Figure 4.25.

Figure 4.25 Model of the ground floor of design case 2
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The illuminance results are introduced in Figure 4.26. According to these, there are
two points that have the highest values with 652 lux. There are no applied modules
on these windows; hence, they have more daylight than the defined range. The inner
parts are darker since the sensors near the grid have less light, which means the inner
parts may not have useful daylight. However, these facade openings are the best
scenario for the interior since it is optimized. Table 4.26 shows that 31 sensors are
in the desired range, while 34 are below and 25 are above. Most areas are darker,

with a ratio of approximately 38%.

According to the operative temperature results in Figure 4.27, after implementing
the kinetic facade with square modules, the maximum temperature is 24.7 °C while
the minimum is 24.1 °C. All the sensors are in the range between 23 °C and 26 °C,
as can be seen in Table 4.27. Therefore, it can be concluded that the room is

comfortable in terms of temperature.

The daylight factor has the lowest values in the center of the room while the higher
ones near the glazing, as seen in Figure 4.28. There are 55 sensors in the desired
range in terms of daylight factor, as can be seen Table 4.28. Seven of the sensors are
below the threshold, and 28 are above. Consequently, it can be said that most of the

room is in the acceptable daylight factor range, with a ratio of 61%.

UDI results change between 9% and 97%, as seen in Figure 4.29. The middle part
has more useful daylight during the year. On the other hand, the sensors near the
glazing have less useful daylight. There are 53 sensors equal or greater than 50% of
UDI, as seen in Table 4.29. So, it can be concluded 59% of the total area is in the

desired range during the year.
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Figure 4.26 llluminance results in lux of the ground floor of the design case 2 on
the 8" of June at 1 pm

Table 4.26 Number of sensors corresponding to the illuminances range of the
ground floor of the design case 2

Number of sensors Illuminance values (lux)
34 <200

31 >200, <300

25 >300

104



244 246
[
243 245
243 245
243 245
[
243 245
243 245
243 245
[ |
243 245
243 245
243 248
= -

Figure 4.27 Operative temperature results in °C of the ground floor of the design
case 2 between 15/5 to 15/6 at 1 pm

Table 4.27 Number of sensors corresponding to the operative temperature range of
the ground floor of the design case 2

Number of sensors Operative temperature values (°C)
0 <23

90 >23, <26

0 >26
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Figure 4.28 Daylight factor results of the ground floor of the design case 2

Table 4.28 Number of sensors corresponding to the daylight factor range of the

ground floor of the design case 2

Number of sensors

Daylight factor values

7

<2%

55

>2%, <5%

28

>5%
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Figure 4.29 UDI results of the ground floor of the design case 2

Table 4.29 Number of sensors corresponding to the UDI values of the ground floor
of the design case 2

Number of sensors UDI values
37 <50%
53 >50%

i First Floor

The optimized facade openings for the first floor, which are integrated into the west

and the south facades, can be seen in Figure 4.30.
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Figure 4.30 Model of the first floor of design case 2

The highest illuminance value is 787 lux, while the lowest is 59 lux, according to the
results shown in Figure 4.14. The inner parts are darker; however, sensors close to
windows have more daylight. According to Table 4.30, 54 sensors are below the
threshold, and 42 are above. Twenty-five sensors are in the comfortable zone. It can
be detected that almost 45% have insufficient lighting. This may be because interior

parts receive less daylight while improving the area near glazing.

Figure 4.31 shows the operative temperature results. 24.1 °C is the lowest value, and
24.7 °C is the highest in the dining hall. All sensors are in the desired range, i.e.,
between 23 °C and 26 °C, as shown in Table 4.31. According to these results, it can
be concluded that the room has a comfortable indoor environment in terms of

operative temperature.

Daylight factor results show, as can be seen in Figure 4.32, the sensors located near
the glazing of the east facade have higher values since there is no designed moveable
facade. Fifty-six sensors are in the desired range, around 46% of all sensors, as seen
in Table 4.32.

As shown in Figure 4.33, 10% to 94% of the area is in the range of UDI results. The
eastern sensors have less useful daylight during the year. This may be because of not
applying any shading to the east facade. As can be seen in Table 4.33, 89 sensors
receive useful daylight in the desired range, which is 74% of the total area.
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Table 4.30 Number of sensors corresponding to the illuminances range of the first
floor of the design case 2

Number of sensors Illuminance values (lux)
54 <200

25 >200, <300

42 >300
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Figure 4.31 Operative temperature results in °C of the first floor of the design case
2 between 15/5 to 15/6 at 1 pm
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Table 4.31 Number of sensors corresponding to the operative temperature range of
the first floor of the design case 2

Number of sensors Operative temperature values (°C)
0 <23

121 >23,<26

0 >26

8.9

1

Figure 4.32 Daylight factor results of the first floor of the design case 2
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Table 4.32 Number of sensors corresponding to the daylight factor range of the
first floor of design case 2

Number of sensors Daylight factor values
45 <2%

56 >2%, <5%

20 >5%

Figure 4.33 UDI results of the first floor of the design case 2
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Table 4.33 Number of sensors corresponding to the UDI values of the first floor of
the design case 2

Number of sensors UDI values
32 <50%
89 >50%

4.3.6 Kinetic Facade adapted from Al Bahar Tower Modules

The second kinetic facade morphology was adapted from the modules of Al Bahar
Towers. It consists of 2x2x2 meters of triangular shape and is considered design case
2 in the scope of this research. As it was the same for the other design scenarios,
ETFE was used as the facade material. The same materials of the base case were
applied to the rest of the buildings’ materials. The results obtained from the

simulations are explained in the subsequent sections.
I. Ground Floor

Figure 4.34 shows the facade modules as a result of the optimization process. It is
applied to west and south facades.

Figure 4.34 Model of the ground floor of design case 3

The illuminance results are shown in Figure 4.35. The results change between 111
lux and 827 lux. Locations near the windows have excessive daylight, while the

center of the hall has less. There are 23 sensors in the range between 200 lux and 300
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lux, as can be seen in Table 4.34. Twenty-three sensors are above the threshold,
which means they do not have sufficient light. On the other hand, 44 sensors receive
more daylight than desired. Most of the sensors are above the range, with a ratio of

approximately 26%.

»
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Figure 4.35 Illuminance results in lux of the ground floor of the design case 3 on
the 8" of June at 1 pm

According to the results shown in Figure 4.36, the highest temperature is 25 °C, and
the lowest is 24.4 °C. The three corners of the room have higher results. The one in
the north-west is because there is no shading designed for that glazing. The center
and the inner parts have slightly lower temperatures. Table 4.35 shows all sensors

are in the comfort range.

113



Table 4.34 Number of sensors corresponding to the illuminances range of the
ground floor of the design case 3

Number of sensors IHluminance values (lux)
23 <200

23 >200, <300

44 >300

Figure 4.36 Operative temperature results in °C of the ground floor of the design
case 2 between 15/5 to 15/6 at 1 pm
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Table 4.35 Number of sensors corresponding to the operative temperature range of
the ground floor of the design case

Number of sensors Operative temperature values (°C)
0 <23

90 >23, 226

0 >26
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Figure 4.37 Daylight factor results of the ground floor of the design case 3
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Table 4.36 Number of sensors corresponding to the daylight factor range of the
ground floor of the design case 3

Number of sensors Daylight factor values
2 <2%

44 >2%, <5%

44 >5%

Figure 4.37 shows daylight factor results. The center of the dining hall is in the
desired range, while the areas near the windows have higher values. As seen in Table
4.36, the number of sensors is the same for the desired range and above, with a ratio
of almost 49%.

According to Figure 4.38, UDI results change between 7% and 97%. The areas near
glazing are below 50%, meaning there is insufficient lighting during the year.
Furthermore, as can be seen in Table 4.33 Number of sensors corresponding to the
UDI values of the first floor of the design case 2, 30 sensors, corresponding to

approximately 33% of all sensors, are in the desired range.
ii. First Floor

The facade modules with optimized openings can be seen in Figure 4.39. These
modules were integrated into the south and west facade for the simulations.

According to the illuminance results, as seen in Figure 4.40, 94 lux is the lowest
value, while 877 is the highest. South-east and south-west corners have the highest
values. It could be concluded that the center of the dining hall is mostly lower than
200 lux, which is the darkest area in the hall. Thirty-two sensors are in the desired
range, corresponding to approximately 26%, while 45 are below 200 lux and 44 are

above 300 lux, as seen in Table 4.38.

According to Figure 4.41, temperature results show that the highest temperature is
25.2 °C, corresponding to the south-west sensor. On the other hand, the lowest

temperature is 24.5 °C. All sensors have very similar results, and as can be seen in
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Table 4.39, all of the sensors are between 23 °C and 26 °C, which is the desired

range.

Figure 4.38 UDI results of the ground floor of the design case 3

Table 4.37 Number of sensors corresponding to the UDI values of the ground floor
of the design case 3

Number of sensors UDI values
60 <50%
30 >50%
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Figure 4.39 Model of the first floor of design case 3

Figure 4.40 llluminance results in lux of the first floor of the design case 3 on the
8™ of June at 1 pm
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Table 4.38 Number of sensors corresponding to the illuminances range of the first
floor of the design case 3

Number of sensors Iluminance values (lux)
45 <200

32 >200, <300

44 >300

r

Figure 4.41 Operative temperature results in °C of the first floor of the design case 3
between 15/5 to 15/6 at 1 pm
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Table 4.39 Number of sensors corresponding to the operative temperature range of
the first floor of the design case 3

Number of sensors Operative temperature values (°C)
0 <23

121 >23,<26

0 >26

According to Figure 4.42, the daylight factor is higher in the eastern part of the
dining hall. This is because the east facade does not have an integrated kinetic
facade. Table 4.40 shows that 58 sensors, meaning almost 48% of the total area, are
in the range defined as comfortable.

Figure 4.43 shows the sensors that receive the most useful daylight during the year
are in the center of the hall. On the other hand, the sensors near the east glazing have
less due to excessive daylight. The results in Table 4.41 show that 91 sensors are
above 50% of UDI. Thus, it can be concluded almost 75% of the total area receives

useful daylight at the desired range during the year.
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Figure 4.42 Daylight factor results of the first floor of the design case 3

Table 4.40 Number of sensors corresponding to the daylight factor range of the
first floor of the design case 3

Number of sensors Daylight factor values
14 <2%

58 >2%, <5%

49 >5%
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Figure 4.43 UDI results of the first floor of the design case 3

Table 4.41 Number of sensors corresponding to the UDI values of the first floor of
the design case 3

Number of sensors UDI values
30 <50%
91 >50%
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4.4 Evaluation of All Scenarios

This section presents the comparison of all scenarios according to simulation metric
results, i.e., illuminance, operative temperature, daylight factor, and UDI. At first,
each metric explains the different results of scenarios with all ranges for each floor
separately. Then, the floors are compared for each scenario according to the results

based on desired ranges.

4.4.1 Illuminance

According to Figure 4.44, it can be said that all design scenarios improved the base
case conditions. However, design case 2, i.e., kinetic facade with square modules, is
the most efficient scenario in terms of illuminance value between 200 lux and 300
lux. It improves daylight conditions by approximately 63% compared to the base
case. Since it has moveable modules and arranges itself according to daylight, it is
an expected result compared to the fixed shading and base case. On the other hand,
it is concluded that this facade is more effective than design case 3 for the ground

floor.

Although base case conditions of the first floor are improved by all design scenarios,
the most effective one is design case 3, i.e., kinetic facade adapted by Al Bahar
Towers modules, as seen in Figure 4.45. It improves the conditions by approximately
46% compared to the base case since the openings can be arranged accordingly. As
a result, it is observed that these modules create more comfortable illuminance

conditions for the first floor.

It is also observed that according to Figure 4.46, the scenarios have different results
for the diverse floors. Design case 2 provides improved conditions for the ground
floor, while design case 3 is the most efficient scenario for the first floor. However,
the approximate percentages of 26% seem very similar for the ground and first floors.
In this case, since the ground floor has almost 34% of sensors in the desired range

for design case 2, it can be said that the kinetic facade becomes more effective for
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the ground floor in terms of illuminance results. This may be related to the total area
since the first floor is larger than the ground floor; it may have problems maintaining
optimum illuminance levels for the inner parts while arranging to reduce excessive

daylight near the glazed area.
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Figure 4.44 The comparison between all cases of the ground floor for all
illuminance ranges
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Figure 4.45 The comparison between all cases of the first floor for all illuminance
ranges
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Figure 4.46 The comparison between all scenarios of two floors for the desired
illuminance range

442 Operative Temperature

Figure 4.47 presents the operative temperature results for all scenarios of the ground
floor. None of the sensors are below 23 °C for all scenarios. All design interventions

manage to provide a comfortable temperature for all the sensors.

Similar to the ground floor, there are no sensors below 23 °C for any scenarios, as
shown in Figure 4.48. Both kinetic facade morphologies improve the temperature
conditions by providing the proper range to all sensors. They are more effective than
the fixed shadings for the first floor.

According to Figure 4.49, it can be said that all scenarios can reduce excessive
temperature conditions for both floors. To sum up, any shading can provide optimum
temperature conditions for the ground floor, while kinetic ones are most effective
due to their moveability for the first floor.
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Figure 4.47 The comparison between all cases of the ground floor for all operative
temperature ranges
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Figure 4.48 The comparison between all cases of the first floor for all operative
temperature ranges
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Figure 4.49 The comparison between all scenarios of two floors for the desired
operative temperatures

443 Daylight Factor

According to Figure 4.50, both kinetic morphologies are adequate to provide proper
daylight factor results. On the contrary, it can be said fixed shading slightly reduces
this result. The darker areas are improved because of fixed shadings; however, the
excessive daylight increases. Design case 2 is the most efficient scenario for the
ground floor, with an improvement of approximately 53% of the desired daylight
factor levels.

When the scenarios of the first floor are investigated, it is observed that with a 2%
difference, design case 3 is the most useful scenario in terms of daylight factor, as
can be seen in Figure 4.51. It improves the daylight factor results by 45% because of
its moveability.

The comparison between floors, presented in Figure 4.52 shows that approximately
61% of the sensors are in the desired level for the ground floor with the integration
of design case 2. Similar to illuminance results, kinetic facades are more efficient for
the ground dining hall in terms of daylight factor.
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Figure 4.50 The comparison between all cases of the ground floor for all daylight
factor ranges
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Figure 4.51 The comparison between all cases of the first floor for all daylight
factor ranges
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Figure 4.52 The comparison between all scenarios of two floors for the desired
daylight factor

444 uDlI

Figure 4.53 presents a UDI comparison for all cases of the ground floor. According
to these results, it can be concluded that Design Case 2 is the most effective scenario,
with the improvement of an approximate 51% ratio for the ground floor in terms of
UDI. Even though the facade optimization is completed for a specific day, but UDI
is a result of annual analysis, and design case 2 can still provide optimum conditions
for 59% of the sensors for the year. Therefore, it is possible to say since this facade
can arrange its movement according to instant needs, it may provide even better
results.

Although design case 3 is the best scenario in terms of UDI, for the first floor, there
is a slight difference, i.e., 1%, with design case 2, as presented in Figure 4.54. Design
case 3 can provide improved UDI conditions by an approximate ratio of 56%. Similar
to the situation in the ground floor, it can provide more useful daylight considering
its optimization ability.
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According to Figure 4.55, UDI results are better for the first floor of all cases as
opposed to other metrics. Design case 3 of the first floor has the highest range, around
75%. Hence, as similarly discussed, it is possible to say this can also be enhanced in
the actual case since the modules are adaptable.
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Figure 4.53 The comparison between all cases of the ground floor for all UDI
ranges
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Figure 4.54 The comparison between all cases of the first floor for all UDI ranges
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CHAPTER 5

CONCLUSION

Many studies show that the environmental conditions on our planet have been
deteriorating rapidly during the past decades, and many sectors have taken action to
decelerate this collapse. The building construction sector should also pay attention
to the environment since the deterioration caused by the construction cannot be
underestimated. Amongst these effects, constructing new buildings have a
significant impact, according to the studies in the literature. Therefore, rather than
constructing new ones in the case of a need, existing buildings should be evaluated

if the conditions can be enhanced.

Building facades have a crucial role in regulating indoor and outdoor conditions.
Moreover, many studies in the literature show that kinetic facades are energy-efficient
solutions for a building. They can reduce energy consumption and improve user
satisfaction, leading to effective space use. Thermal and visual comfort are the two
effective parameters for space usage. They may cause a decrease in the efficient space
use in public buildings where people can choose seats if thermal or visual discomfort
occurs. However, as previously discussed, facades are the key elements that can
provide the desired condition levels with their behavior as a regulator between the
interior and the exterior environments. Especially considering the technological
developments in the last years, kinetic facades with advanced computer technologies
have become an effective solution to arrange these conditions.

The objective of this research is to investigate the kinetic facades' effect on thermal
and visual comfort in a highly glazed public building. METU Cafeteria Building,
located in Ankara, was selected as the case study building since thermal discomfort

and excessive daylight was observed.
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Actual temperature data was collected by TESTO 405-V1 from all six dining halls
of the building. The most uncomfortable section was selected as the focus study, one
with two floors, and these floors were simulated to observe the effects of possible
facade integrations.

After selecting the focus section, a lux meter, RO1335 by Rotronic, was used to
measure the actual illuminance results to calibrate the simulation results since a
difference was observed in the simulation results. After the calibration process,
simulations were completed for illuminance, operative temperatures, daylight factor,

and UDI parameters to obtain the building's daylight and thermal comfort data.

Literature was surveyed to review existing facade morphologies, and two were
selected, one from the theoretical and one from the actual case application, for
integration into the existing building. Using Galapagos, these facades modules were
optimized for a specific date and hour according to the illuminance range for a self-
service restaurant, namely between 200 lux and 300 lux. Two different materials
were also simulated to see the impact of the reflective and translucent ones. The
better one was chosen and applied to all design scenarios of two floors. These
scenarios are fixed shadings, kinetic facade with square modules, and kinetic facade
with the modules of Al Bahar Towers. The focus study section has glazing facades
for three orientations, i.e., west, east, and south. The designed facades were
integrated into the west and south facades, not the east facade of the focus study

section because the building is being used during lunch hours.

As aresult of this study, it is observed that there is no significant difference between
ETFE and metal. However, ETFE was selected to provide a view of the outside.
Modules adapted from Al Bahar Towers are the most effective scenario for the first
floor in every metric, i.e., illuminance, operative temperatures, daylight factor, and
UDI parameters, while in terms of daylight criteria, the square modules are the most
efficient ones for the ground floor. This may be related to the different dimensions
of the two floors. The first floor is larger than the ground floor, and having efficient

results near glazing while arranging the same conditions for the inner part can be
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more challenging. Since the modules adapted from Al Bahar Towers have a more
specific movement, these may efficiently arrange the optimized conditions for the

larger area.

Considering the simulation results, it can be said that all the measured visual and
thermal parameters may be affected by many factors, such as floor height,
surrounding vegetation, etc. Overall, it can be concluded that kinetic facades that
are adaptable to optimize interior illuminance levels are effective in enhancing visual
and thermal comfort in a highly glazed public building in the continental climate of
Ankara; however, the design of the morphology or the height of the floors may have

an impact on the results.

As previously stated in the literature, installing these facades can cause high costs to
the construction. Materials should be selected accordingly to decrease the cost, and
the system should be as simple as it can be since the cost of installing complex
systems would be higher. The operational cost and the payback time should also be
taken into consideration since, in the literature, it is stated that these facades have
mostly higher initial costs, but during the operation phase, this cost is covered by the
facade’s efficiency. PV panels can be installed in the building to supply the energy

of the control mechanism of the kinetic facades, which would be more sustainable.

If the moveable modules were applied to all glazing parts, the efficiency would be
increased, but it depends on the occupation needs, such as if the building is used in
the morning, the east facade should also be considered for more effective interior

condition results.

As the next step of this study, since all these conditions were tested according to the
computer simulations in a theoretical approach, these can also be tested with a scaled
real model to observe if these facade morphologies have the same thermal and visual

performances in the real environment conditions of Ankara.

For further research, these facade interventions can be tested for different section

orientations, such as north or east, since this study only covers the south section of
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the case study building. It can also be tested for different facade orientations, such
as north and east. The illuminance range was based on the restaurant requirements;
testing with other building types with different illuminance ranges will provide a
contribution to observing the difference.

This study covers a facade moving according to illuminance values and its
contribution to visual and thermal conditions. A facade that adapts itself according
to temperature can be designed to investigate if it can also provide an improvement
to visual comfort conditions. Additionally, facade modules can be designed based
on the needs of the climatic conditions and facade orientations, considering the

horizontal movement for the south and the vertical one for the west.

On the other hand, it can be concluded that these facades can be more efficient for
high-rise buildings in hot and humid climates considering the total impact with cost
return. Another future study can also focus on this efficiency comparison of the

buildings with different heights in different climatic conditions.
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APPENDICES

PICTURES OF THE METU CAFETERIA BUILDING

Figure A.1 Exterior view of the south section of the METU Cafeteria Building,
pictured by the author

Figure A.2 Exterior view from the west facade of the south section of the METU
Cafeteria Building, pictured by the author
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Figure A.3 Exterior view of the east section of the METU Cafeteria Building,
pictured by the author

Figure A.4 Exterior view of the north section of the METU Cafeteria Building,
pictured by the author
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Figure A.5 Exterior view of the north section of the METU Cafeteria Building,
pictured by the author
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Figure A.6 Interior view of the first floor south section of the METU
Cafeteria Building, pictured by the author
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Figure A.7 Interior view of the ground floor east section of the METU Cafeteria
Building, pictured by the author

Figure A.8 Interior view of the first floor east section of the METU Cafeteria
Building, pictured by the author
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Figure A.9 Interior view of the ground floor north section of the METU Cafeteria
Building, pictured by the author
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DRAWINGS OF THE SOUTH SECTION OF THE METU CAFETERIA
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BUILDING
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Figure B.1 South facade drawing of the south section of METU Cafeteria Building
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Figure B.3 West facade drawing of the south section of METU Cafeteria Building
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Figure B.4 North facade drawing of the south section of METU Cafeteria Building
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