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ABSTRACT

SHADING DEVICE DESIGN AND OPTIMIZATION
VIA GENETIC ALGORITHM BY USING SURFACE
TEMPERATURE METRIC AND ELECTRICITY LOAD
Gorgiin, Aysegiil Oykii
Msc, Interior Architecture
Advisor: Assoc.Prof. Basak Kundakci Koyunbaba
June 2019

The world population is increasing over the years. More and more natural resources
are needed to meet the growing population needs. However, natural resources are
limited and should be consumed wisely in order to be used in the following years. In
this context, architects and engineers have great responsibility for the management of
resources. It is their responsibility to provide adequate resources for future generations
and to meet the needs of today. Therefore, the concept of sustainability has emerged
over the years and has been one of the most emphasized issues today. Sustainability
also has an important place in architectural design. Sustainable use of resources is
supported by reducing energy use in buildings. Because people spend an important
part of their time indoors. Most people are in office space during the daylight hours.
In this thesis, an optimization study was carried out to reduce energy use in office
buildings by using shading element. Shading elements, especially in the south facade
of glass with solar radiation control by preventing overheating. In this study, the
variables of the organic, triangular geometry shading element integrated into the
southern facade are solved as a multi-objective optimization problem by the
evolutionary algorithm which is HypE genetic algorithm. One of the two purposes of
the problem is keeping the internal temperature of the glass between 20°C and 27°C
for every hour of the year and the other is the minimum energy consumption for the
interior lighting. The horizontal shading element and the flat triangular geometry
shading element together with the shading element without the shading element have
been studied and compared for the performance evaluation of this proposed organic
triangular geometry shading element. Firstly, the shading element and without energy
simulation of the test geometry for each shading element was modeled in the

“Grasshopper”, which is an add-on of Rhinoceros, and the variables “Ladybug-






Honeybee” were identified in its program. The “Octopus” Grasshopper plug-in
connects the prepared variables to give a two-dimensional optimization problem
“pareto front” based result set. The results are evaluated by selecting from the group.
The evaluation criteria are the operative temperature, the indoor temperature, the
energy obtained from the total sunlight. As a summary, three main issues have been
concluded. First it is seen that which type has better performance which is organic,
triangular based geometry. Secondly, Shading device geometry can be found with
generative model via evolutionary algorithms. It is shown one more time that
evolutionary algorithms are applicable to complicated architectural problems. At least,
in the evaluating phase of the shading devices, a new metric which is surface
temperature metric is referred in the study. The success of the new metric is a good
comparing element for the study and the metric may help the further studies in the

literature.

Key Words: shading devices, energy efficient design, multi-objective optimization,

energy simulation, genetic algorithms
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ELEKTRIK YUKU VE YUZEY SICAKLIK METRIGI ILE GENETIK
ALGORITMALAR KULLANILARAK GOLGELEME ELEMANI
OPTIMIZASYONU VE TASARIMI

Gorgiin, Aysegiil Oykii
Yiiksek Lisans Tezi, ¢ Mimarlik
Danigsman: Dog. Dr. Basak Kundakc1 Koyunbaba
Mayis 2019

Diinya niifusu yillar i¢erisinde artmaktadir. Artan niifusun ihtiyaglarini karsilamak i¢in
her gecen giin daha fazla dogal kaynak kullanilmas1 gerekmektedir. Ancak dogal
kaynaklar smirhdir ve ileriki yillarda da kullamlabilmesi i¢in tamaminin
tiikketilmemesi gerekmektedir. Bu baglamda mimar ve miihendisler iizerinde
kaynaklarm yonetilmesi ile ilgili biiyiikk sorumluluk mevcuttur. Gelecek nesillere
yeterli miktarda kaynak birakilmasi ve giiniimiiziin ihtiyaglarinin karsilanmasi onlarin
sorumlulugundadir. Bu nedenle, siirdiiriilebilirlik kavrami yillar icerisinde ortaya
¢itkmis ve giliniimiizde iizerinde en ¢ok durulan konulardan biri olmustur.
Siirdiiriilebilirlik, mimari tasarimda da 6nemli bir yer edinmektedir. Binalarda enerji
kullanim azaltilarak kaynaklarmn siirdiiriilebilir kullanimi desteklenmektedir. Ciinkii
insanlar, vakitlerin 6nemli bir kismmni i¢ mekanlarda gecirmektedirler. Giindiiz giin
1s1gindan en ¢ok yararlanilan saatlerde cogu insan ofis mekanlari igindedirler. Bu tez
kapsaminda da golgeleme elemani kullanilarak ofis binalarinda enerji kullaniminin
diistiriilmesi ile ilgili optimizasyon c¢alismasi yapilmistir. Golgeleme elemanlari
ozellikle giiney cephesi cam olan binalarda giines 1s1niminin kontroliinii saglayarak
asirt 1simmmaya engel olmaktadir. Bu c¢alismada, giiney cepheye entegre edilmis
organik, iicgensel geometrili gdlgeleme elemaninin degiskenleri, evrimsel algoritma
olan HypE genetik algoritmasiyla ¢ok amagli optimizasyon problemi olarak
¢oziilmistiir. Problemin iki amacindan biri cam i¢ ylizey sicakliginin y1l igerisindeki
her saat i¢in 20°C ile 27°C dereceler arasinda deger almasinin maksimum seviyede
olmasi digeri ise i¢ mekanin aydinlatilmasi i¢in minimum enerji harcanmasidir.

Onerilen bu organic iicgensel geometrili gdlgeleme elemaninin performans
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degerledirmesi i¢in bilinen yatay golgeleme elemani ve diiz iiggensel geometrili
golgeleme elemani ile beraber gblgeleme elemaninin bulunmadig1 6rnekler ¢aligilmis
ve karsilastirilmistir. Oncelikle her bir gélgeleme eleman: igin test geometrisinin
golgeleme elemanli ve elemansiz enerji simulasyonu Rhinoceros eklentisi olan
Grasshopper’da modellenmis ve onun eklentisi olan Ladybug-Honeybee programinda
degiskenler belirlenmistir. “Octopus” Grasshopper eklentisi hazirlanan degiskenlere
baglanarak iki amagli optimizasyon problemine “pareto front” temelli sonug kiimesi
vermektedir. Alinan sonuglar kiimeden segilerek degerlendirilir. Degerlendirme
kriterleri operatif sicaklik, i¢ mekan sicakligi, toplam giines 1s183indan kazanilan
enerjidir. Ozet olarak, ii¢ ana konu sonuglandirilmistir. {lk 6nce hangi tipin organik, i
cgen tabanli geometri olan daha iyi performansa sahip oldugu gortilmektedir. Ikinci
olarak, golgelendirme aygiti geometrisi, evrimsel algoritmalar yoluyla { retken
modelde bulunabilir. Evrimsel algoritmalarin karmagik mimari problemlere
uygulanabilecegi bir kez daha gosterilmistir. En azindan, golgelendirme
diizeneklerinin degerlendirme asamasinda, calismada ylizey sicakligi metrigi olan yeni
bir metrik belirtilmistir. Yeni metrigin basarisi, calisma igin iyi bir karsilastirma

elemanidir ve metrik, literatiirdeki diger calismalara yardimci olabilir.

Anahtar Kelimeler: golgeleme elemani, enerji etkin tasarim, coklu amagh

optimizasyon, enerji simulasyonu, genetik algoritmalar
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CHAPTER 1
INTRODUCTION

The world population is growing year after year. In 2017 world population reached to
7.6 billion according to the data of the United Nations. In addition to that world
population is expected to reach to 8.6 billion in 2030, 9.8 billion in 2050 and 11.2
billion in 2100 according to medium variant projects made by the United
Nations(United Nations, 2017). Thus, both, the world population and the usage of the
natural sources are increasing. This increase brings a lot of problems in its wake such
as undernourishment, economic problems, social issues, health issues over-consuming

energy sources etc.(FAO, IFAD, UNICEF, WFP, 2018).

In this respect, protecting the natural sources is people responsibility. Therefore,
people had better live more carefully in order to provide the sustainability of the natural
sources to the next generations. Sustainability is defined as the quality of being able
to go on beyond a period of time by the Cambridge Dictionary and usage of that word
has become widespread in literature since beginning of the 1990s (Kuhlman &
Farrington, 2010). Additionally, sustainability is the intersection of three main
dimensions, which are economy, environment and society as seen in Figurel.1 (Keiner,

2006).



Figure 1 Sustainability Venn Shema

According to the National Human Activity Survey (NHAPS), people spend their times
indoors mostly (Klepeis et al., 2001). As outcome of the survey, participants spent 68.7
percent of their time in the residential buildings, Other indoor locations have 11
percent, office-factory has 5.4 percent of the time spent. In a vehicle and outdoor,
people spent just total 13.1 percent of their times. It means that the indoor
environmental quality is one of the most important worthiness for them. If the indoor
air temperature, humidity or air quality get worse, people will begin to open the
windows or air conditioner to improve indoor air quality. If it is possible, this action
will cause to reduce the amount of over energy consumption. In most of the high-rise
buildings occupants never have the chance to open windows or change the air

conditioner performance, for instance, Burj Khalifa in Dubai, United Arab Emirates.



NHAPS - Nation, Percentage Time Spent
Total n = 9,196

TOTAL TIME SPENT

IN A RESIDENCE (68.7%) INDOORS (86.9%)

|
/L' OUTDOORS (7.6%)

IN A VEHICLE (5.5%)

OTHER INDOOR LOCATION (11%)

OFFICE-FACTORY (5.4%) BAR-RESTAURANT (1.8%)

Figure 2 Spending Time Indoors (Klepeis et al., 2001)

International Energy Agency (IEA) publishes overview every year about energy
consumption. According to this overview (2016), the energy consumption in
residential and commercial and public services are up to 30% of total final
consumption (Agency, 2018). Some I[EA member countries consume energy more than
50 percent in buildings for heating and cooling directly (International Energy Agency,
2008).
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Figure 3 International Energy Agency

The buildings consume most of the total energy usage in the world. In the time line of
architecture, this problem has always occurred, in response to this, architects and
engineers have searched for solutions. Over energy usage in buildings may originate
from several reasons. These are not only limited by lack of insulation, design errors,

building program but also many others. Accordingly, one of the most important reasons



is the flow of the energy from inside to outside or its reverse. This is gathered from the
thermal transmittance value (U-value) of windows and walls. The bigger part of the
heat losses is from the windows due to the losses through its U-values; therefore
building envelope design has an important role to decrease the heat transfer from the
glass (Mirrahimi et al., 2016). Solution to this problem is either to prevent the problem
at the very beginning or to enhance the situation by retrofitting. This study aims to find

solution to that problem on design stage.

Architects and engineers have an important role to decrease of the energy consuming
for years. They have brought a matter to a solution in order to minimize the damage of
the over energy consumption. In their solutions, they benefit from both natural cycle
specifications like the motion of the sun and natural ventilation, and geometric
specifications of their design such as orientation of the building, opening ratio etc.
They assist the architect or engineer to design the living space better for human and

nature.

There are several causes that increase the building’s heating and cooling loads such as
huge amount of radiation, lack of infiltration, wrong orientation of building and so on.
Designers have developed passive and active systems to be up to loads. The passive
systems that are connected with designing the building conveniently to conditions its
location works without stimuli and actuators. The active systems help the passives to
be applicable for the instantaneous conditions, at the same time they can be an
individual system. For instance, the shading devices can be fixed when they get
involved in the passive systems. The passive system can turn into an active system
when a mechanism is attached to the system to make it kinetic, adaptive or responsive.
On the other hand, ventilation system can be passive or active individually such as
HVAC system (Heating-Ventilation-Air Condition) integration (active) and natural
ventilation (passive). After all, these systems affect the indoor environmental quality

positively, if they integrated according to the needs and requirements.

1.1. THE AIM OF THE STUDY

Architects and engineers encounter a lot of problem in design phase. They have to
make a decision about some issues. In order to come through the issues, they develop

their own procedures based on international standards. However, some problems are



not identified in these standards. In that point, they are alone while making a decision

that affects the user of the design directly.

First, as a good question, how can be evaluate the shading devices which form via
genetic algorithms by using developed metrics? And how much be convenient its
design phase to improve itself? Does the shading devices be more organic provide
performing better? When joining these questions in a study, an optimization and form
finding approaches comes up to light. The study come into existence from these

questions.

In the light of the knowledge mentioned above and to find a solution the research
questions, goal of the study is designated. This study aims decreasing over energy
consumption for cooling in office buildings with south glazing facade by using fixed

organic shading devices without decreasing the indoor luminousness.

1.2. THE SCOPE OF THE STUDY

The scope of this thesis includes the optimization of an energy efficient shading device
integrated onto the south facing fagade of an imaginary test box. The location of the
test box is assumed to be in Izmir, Turkey. The building function is assumed to be an
open office area for the test box as people spend their time in the work place most.
When simulation geometry is generated, the walls, the floor and the roof are accepted
as adiabatic surfaces. Escaping energy from other facades except for the south fagade
is blocked. Geometry of shading device is modelled like a double skin with triangle
openings that surround the south facade. Every single object like box surfaces and
shading devices are parts of the simulation. It is not easy to find the form of the shading
device geometry that perform better because of the amount of the variables. The multi
objective optimization with genetic algorithms as a meta-heuristic approach is

preferred to save time during simulation process.

The modeling has been done in Rhinoceros 3D Modelling Plug-in Grasshopper, while
the simulations have been done in Open Studio based Ladybug-Honeybee
(Sadeghipour Roudsari, Pak, & Smith, 2013) which is a Grasshopper plug-in and the
optimization has been done in Grasshopper Plug-in Octopus. In order to optimize the
geometry of the shading device, a genetic algorithm is used. The hourly values of both
the electrical lighting load and surface temperature metric are the outputs of the

simulation that have been utilized as objectives of the multi objective optimization.



1.3. THE LIMITATIONS OF THE STUDY

This study has potential limitations. First, some limitations are presented to understand
the performance of the shading device clearly. This study has been done for only one
zone and the test box is single floor area. The zone program is selected open office
area. Through a year, performance of the shading devices integrated south facade
glazing evaluated. Multi-objective optimization has been done with just one genetic
algorithm and it has 100 population and 50 generations. Population size and generation
count are limited due not increase the computational time it takes to run the simulation

and optimization.

In addition to this, shading devices are assumed that they are fixed on the south fagade.
So, their structural performance in terms of stability and durability is not in the scope
of this thesis. Productions of the shading devices are not involved in the study also.

Just they are given in the conclusion as a further study.

1.4. THE DEFINITIONS OF THE TERMS

The terms are explained in this part of the study, because after this chapter they are

used frequently.

The Surface Temperature: In this thesis the surface temperature states the mean

temperature value of the glazing indoor surface for each hour of the year. Increasing
the surface temperature means that the indoor air temperature and the radiation are also
increasing. Thermal comfort of the space is positively affected by keeping this value

in between comfort values.

Indoor Air Temperature: Indoor air temperature is the mean air temperature for each

hour of the year of indoor space. The value is directly related with human indoor
comfort. Higher indoor temperatures in summertime reduce the thermal comfort of
space. This causes the cooling load to increase to keep the occupants of the space in a

comfortable state.

The Operative Temperature: Temperature of an imaginary environment in which, with

equal wall (enclosing areas) and ambient air temperatures and some standard rate of
air motion, the human body would lose the same amount of heat by radiation and
convection as it would in some actual environment at unequal wall and air

temperatures and for some other rate of air motion (Radu et al., 2012).



Solar Gain: The (passive) solar (heat) gain is the sum of the radiation comes from
outside to inside unless they are reflected. The glazing surfaces provides the solar
radiation which heats up the space and create greenhouse effect. Controlling the solar

gain plays an important role on achieving space with good thermal performance.

Cooling Load: The cooling load is the amount of energy to keep the indoor space in

the comfort zone especially during summertime for the occupants of the space.

Electrical Lighting [.oad: The space needs to be illuminated for people to perform

certain tasks which requires different required illumination values. If the daylight
performance of the space is not enough additional artificial lighting is also required to
provide required illumination. The electrical lighting load is the energy consumption

of the artificial lighting.

The Surface Temperature Metric: The surface temperature metric how much the

surface is in between 20°C and 27°C by counting the hours when the surface is in
between selected temperatures then dividing it by the value of 8760 which is a year in

hours.

Pareto Front: Pareto front is the set of non-dominated solutions which being chosen as

optimal, if no objective can be improved without sacrificing at least one other objective.

Multi Objective Optimization: Problems are related more than one objective in the real

world are called multi objective problems. In mathematics most related two objective
optimize to solve the complex problems. This technique of the optimization is called

multi objective optimization.

Genetic Algorithm: Genetic algorithms are algorithms that are usable for the solving

optimization problems with their lifelike behavior. They based on natural selection and

genetics.

Evolutionary Algorithms: Evolutionary algorithms are population based metaheuristic

algorithms. They have several phase which are used by originating biological

evolution, such as mutation, crossover, selection, reproduction, termination.



1.5. THE OUTLINE OF THE THESIS

This thesis is composed of five chapters. Chapter 1 is the introduction of the study. It
includes general acknowledgement, scope, limitations, aim of the study. This

information let the reader understand process.

Chapter 2 explains development of the energy efficient design and the studies in the

literature in similar context.

Chapter 3 expresses the history and the usage of the shading devices. First, place of
the shading devices in literature, types of the shading devices and their aims are
demonstrated, and after that, the development of the shading devices in time and their

samples since the first use of shading device term are explained.

In Chapter 4 Methodology, three phases of the study are expressed in the different
sections. These phases are form finding, simulation and optimization and their sub-
sections. Chapter 4 is the most annotative chapter to learn the methodology. It refers
geometry of test box and shading elements, simulation, inputs outputs and settings and

the optimization methods.

Chapter 5 is the Results and Discussion demonstrates the results of the simulation and
optimization. Performance of the types are evaluated in regard of different outputs in

this chapter.

Finally, the inferences and progress of the work and further study are explained in the

Chapter 6.



CHAPTER 2
LITERATURE REVIEW

2.1. PERFORMANCE BASED DESIGN

Performance based design is an approach to complex design of the buildings. Meaning
of the performance often is depicts as a commonly used phrase in architecture (Shi,
2010). There are three fundamental aspects of performance based architectural design.
First of all is structural performance of the design. Because buildings have the most
important reason of the existence provide protection area safely. Secondly, another
important point is Building physics performance. It includes solar control, thermal
performance, humidity ratio, ventilation etc. It is associated the human comfort directly.
In this chapter, the sub-titles of this subjects are examined. Third of the performance
subject is the aesthetic performance which is also important one. All the time, buildings
are seen a sign by the public. They ascribe a meaning to the buildings, hence the

appearance, indoor color, texture and decoration, circulation have huge significances.

2.1.1. ENERGY EFFICIENT DESIGN

There are so many studies in the literature about minimizing energy consumption in
the buildings. Researchers focus on this subject and find a solution for a while so the
review papers are prepared as the result of this studies(Zhao & Magoules, 2012).
Additionally, lots of research also compared the conventional buildings and low energy
building, in researches, some of them are about the residential buildings, some of them
are about the office buildings and others. In the result of this researches, office
buildings consume extremely big amount of energy (Pérez-Lombard, Ortiz, & Pout,
2008). Also, some of the studies focus on the indoor parameters, while others focus on
the outdoor parameters. In the previous sections, why the facade design is so serious
and affect the indoor environmental quality directly. If the glazing facade is used,
opaque facade elements may be integrated in order to avoid over-heating problem.
These elements are called shading devices. Furthermore, in several cases, shading

devices with any openings become a double skin that covers the building’s primary



skin. These may cause overheating if they do not have air passages. In this study,

building surrounded by a double skin with openings is discoursed.

2.1.1.1. Passive Systems

Passive building design is the efficient way to reduce the energy infiltration via design
and natural resources. Main components of passive design may be summarized as
envelope, orientation, fenestration, walls, roofs, floors and vegetation. As a strategy of
passive design without any actuator or stimuli, the buildings design energy efficient
by helping insulation or thermal storage materials, additional components such as
shading devices. Passive systems generally consist of passive cooling and heating. The
envelope of building, orientation and glazing are the primary element for the passive

design (Pacheco, Ordéfiez, & Martinez, 2012).

There are also a lot of secondary passive design strategies that are utilized in the design

of passive building structure such as wind protection, green roofs (Porteros et al., 2014).

Table 1 Passive Systems

Passive System Solutions

Heating Cooling Thermal Energy Storage
Double Skin Facade Shading Devices Thermal Mass

Wall Solutions (Trombe, Ventilation Solutions .

Water) (Natural, Night) Phase Change Material

Greenhouse, Sunspace, Evaporative Cooling Under Ground Spaces
winter garden
Direct and In.dlrect Solar Stack Effect
Gain
Solar Chimney
Orientation

2.1.1.2. Active Systems

Beside the passive systems there are number of active systems too such as HVAC.
These systems are mostly setting the buildings where cannot apply passive systems

like skyscrapers. It may consume huge amount of electrical energy. Therefore, a
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paradigm is showed up because the usage of the active systems is expected to decrease
the energy consumption. Consequently, the active systems are not preferred in this

study.

2.1.2. EVALUATION OF THE ENERGY EFFICIENT DESIGN

In the literature, energy efficient design performs depending on some criteria. These
are dimensions of the opening ratios and the locations, the orientation of the buildings,
the geometric design, the insulation material, circulation of the ventilation. Before
implementation of any solution to the buildings, efficiency of the systems may be
checked via simulation tools and optimized their parameters. Mostly in architectural
problems, decision variables have floating numbers and due to number of variables it
is not an easy task to decide. Therefore, optimization helps architect to make a decision

about parameters.

2.1.2.1. Simulation

A lot of study works on the energy efficient building simulation, they include different
zone, programs, climates, location, parameters, tools. In this section, some of these
studies are explained and development of this subject is demonstrated. Relevant works

with this thesis and differences between of the are examined also.

From the beginning of the use of computer aided design tools, simulation approaches
are developed also. Some of them have data-driven models and the others have law-
driven models. In law-driven models, firstly detailed physical model is set up then data
is simulated. In the data-driven models, the process is like that respectively measuring
data, setting up statistical model and setting up detailed physical model (Coakley,
Raftery, & Keane, 2014). The simulation tools are compared with their capability and
ease of their use many times (Allegrini et al., 2015). In Allegrini’s study it is easily
seen that the “EnergyPlus” which is energy simulation program has bigger capacity
than most of the other programs. “EnergyPlus” provide the user detailed building
simulations. The “EnergyPlus” is a simulation application and its inputs and outputs
are based on text documents (Crawley, Hand, Kummert, & Griffith, 2008). OpenStudio
is a software to aid all building zones energy modeling via EnergyPlus and a Radiance
which is daylight simulation tool (“Open Studio,” n.d.). Also, OpenStudio takes the

geometry from Ladybug-Honeybee and send to “EnergyPlus” in ifc format. It was
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created by the National Renewable Energy Laboratory for the U.S. Department of
Energy (Rallapalli, 2010). Energy simulation can be done in some others too, such as
Diva for Rhino, Design Builder. Daylight simulation also can be done in different tools
which is Daysim. There are examples of simulations of the buildings which are
analyzed in that software. For example, Diva for Rhino is used for calculating he
annual energy consumption in Jouri Kanters et al. study (Kanters, Wall, & Dubois,

2014).

The literature review becomes distinct in simulation types. Mainly, three simulation-
based results are shown. These are daylight simulation, energy simulation and CFD
simulation in researches. This research focus on daylight and energy simulation in the
literature. Energy and daylight simulation of the buildings contain several criteria. First,
purpose of the building separates the research for example residential and the
commercial buildings. In a study, in residential building, double skin facade modelling
has been tried with different geometry compositions. These geometries implemented
to the each fagade are compared in respect of their energy performance like this thesis
(Zomorodian & Tahsildoost, 2018). In a different case, the shadings and glazing type
configuration are modelled in hot humid climate. Double glazing and egg create
shading devices reduce the energy usage in the study (Khin, Lau, Salleh, Lim, &
Sulaiman, 2016).

The subject of this thesis; shading devices are analyzed in various cases with different
types. The types of the shading devices are explained in Chapter 3 but first, simulations
of the sample cases are shown in this section. For example, louvres that are a type of
a shading devices uses to protect the indoor from the over-heating. In a study they used
for both control the solar radiation and collect the solar gain to heat the water (Palmero-
Marrero & Oliveira, 2006). Comparing the shading device types is an important
assessment to see the performance of the devices. Samples of the comparison were

studied before by some researchers (Dubois, 2003).

2.1.2.2. Optimization

Optimization means “an act, process, or methodology of making something (such as a
design, system, or decision) as fully perfect, functional, or effective as possible”

according to Merriam- Webster Dictionary. After the first use this term, it is developed
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by researchers and scientist in time. Today, optimization is utilized to solve the

complex problems of any department of science as a solving approach.

Optimization approaches in architecture is used for many years to minimize the energy
demand and consumption of the buildings. Providing the thermal performance require
to be achieve some problems such as both keep the large opening for visualization and
decrease the cooling load. Like these the problems are conflictive necessities for the
architect due to amount of the variables. Another challenge is that the value of
variables is not discrete. It causes the problem does not solve deterministic approach.
Therefore, the optimization approaches are used frequently in the architectural

problems in the design phase.

By using the computer-based simulation tools and rising algorithmic design, solving
complex design problems becomes to main topic of the academia. Various methods
are applied to the design problems which are found for engineering problems first.
Then specifically design solution methods are found and applied in time. According to
research of Nguyen, even existed studies about building related optimization in
literature in 1990s, after 2008 rate of incidence of the optimization methods of building

has raised rapidly (Nguyen, Reiter, & Rigo, 2014).

In 1990, N. M. Bouchlaghem and K. M. Letherman studied on optimization method
to solve passive building thermal design problems. Their study clearly shows that the

standard numerical optimization methods can be applied for solving the thermal design.

After former studies on optimization, multi-objective optimization methods are more
applicable for the problems have conflicting multi objectives due to provide non-
dominating sorting. This methodology lets the designer pick intended solution from
Pareto front. The solution may be chosen by the designers according to their design

concerns (Touloupaki & Theodosiou, 2017b).

Genetic algorithms which are very suitable for the multi-objective optimization
problems can be explained a sorting method that are like natural genetic process. They
have individuals or chromosomes as a solution vector, and they are composed of genes
which are discrete units. Population is also a genetic algorithm term that includes
individuals. Then the solutions make new solution by manipulating the solution with

two factor which are mutation and crossover like the natural genetic variability.
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According to general known, two parents combined to create a new child offspring

(Konak, Coit, & Smith, 2006).

In literature, previously, researches about that approaches have been done. Energy
efficient building envelope is a popular problem for optimization studies. In Tuhus-
Dubrow’s study, they minimize energy usage in residential with optimization tool that
developed by them by changing the building layout shape and envelope material
features (Tuhus-dubrow & Krarti, 2010). In a different case, with a diversified
approach (deterministic optimization), shading devices are optimized according to
daylight efficiency (Manzan, 2014). In early design stage, some studies are done about
minimizing energy usage in free-form building envelope with genetic algorithms (J. T.

Jin & Jeong, 2014).

Multi-objective optimization uses in some other studies, Wang et al. use the strategy
to solve green building design problems which are life cycle cost and life cycle
environmental impact (Wang, Zmeureanu, & Rivard, 2005). The end of the study, they

found solution which cost effective and faced the negative effect of the waste.

As a similar study of Toutou is about multi objective optimization building material
specifications. And in that study, as a generative model tool Grasshopper, as a
simulation tool Ladybug-Honeybee and as a optimization tools Galapagos and
Octopus are utilized (Toutou, Fikry, & Mohamed, 2018). In the result of the study,
process of the optimization is clarified and best daylight and energy performance

solution is shown.

Objectives are selected to tackle design problems according to the type of the problem.
In some problems Useful Daylight Index (UDI), Summer discomfort, heating and
lighting load are selected (A. Zhang et al., 2017), in another long-term percentage of

dissatisfying was selected (Carlucci, Cattarin, Causone, & Pagliano, 2015).

The following reviews of the literature includes energy simulations of some samples
with and without optimization methods and they explain that which parameters are

evaluated in that studies.
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Table 2 Literature Review
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2.2. CONTRIBUTION TO THE LITERATURE

Even though MOO with genetic algorithm becomes widespread for architectural
problems, there has been still gap. The study brings a new point of view to solve the
over consumption of office buildings by using that methods. It is shown that the
solving design problem with evolutionary algorithms may be used one more time. It
can be seen easily that this thesis subject is different in some aspect from the studies
in the literature. The study aims not only optimize the opening ratio but also extrusion

value and angle, base geometry of the shading devices as a free-form geometry.

Additionally, with this approach the typology which is perform better is shown in the
study. Another difference is the evaluation phase of the study. The results assess
according to different metrics. The keeping the surface temperature in specific range
let the indoor temperature be more comfortable for the users. The Surface Temperature
Metric is not widespread metric to evaluate the shading device performance. It
provides contribution to the literature both new evaluating approach and compatibility
of the metric with other results. In addition, after the simulation tool Ladybug-
Honeybee launched first in 2013 by Sadeghipour Roudsari, Mostapha, it was updated
many times. These simulations were done in the last release of the tool, so they have

current results.
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CHAPTER 3
SHADING DEVICES

Shading devices are used to control the solar gain and heating in hot climates area.
Their effect of the shading devices on the cooling energy and heating energy load could
not be ignored in the design. They are reducing the cooling and lighting energy

consumption (Tzempelikos & Athienitis, 2007).

Shading Devices should not only provide thermal comfort but also present a good
visual comfort (Yener, 2002). Herewith, for keeping balance the visual comfort and
thermal comfort some studies are done (Jan Wienold, 2007). At the end, the shading
devices that provide them should have low costs and high reliability (Kuhn, Biihler, &
Platzer, 2000).

Shading devices have many types as internal and external. As internal shading devices
are horizontal and vertical blinds and Persian blinds and roller shades (Kirimtat,
Koyunbaba, Chatzikonstantinou, & Sariyildiz, 2016). In this study, internal shading
devices does not play a part because of the context and their performance is worse than
externals (Atzeri, Cappelletti, & Gasparella, 2014), for this reason external shading
devices are explained. There are three main external shading element types overhangs,
horizontal or vertical louvers and light shelfs (Bellia, Marino, Minichiello, & Pedace,
2014). In addition to these types deciduous plants have the same function. The
horizontal shading elements performs on the south fagade better, verticals perform on
the east and west facades better. In intercardinal points, egg create type should be better

to shade the sun each way.

The shading devices can be separated two main division too. These are static and
kinetic devices. Static elements after assembling cannot change or move for this reason
they should be evaluated in so many perceptions. Kinetic shading devices can move
rotate open close or other do other motions. They need to an actuator and stimuli. They

may be stimulated by whether condition such as the temperature, lighting or occupants.
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Their actuator also can be various type such as electrical, pneumatic etc. or they have
passive actuator that based material specification like phase change material, shape

memory materials.

vertical wall | vertical wall | slat vertical wall |
overhang _ltilt angle — light-shelf
horizontal louvers _————
window , window window
fixed fixed/movable fixed
vertical wall . vertical wall | vertical wall | overhang
slat f =
5 blind system &
window vertical louvers window 3 window |
. -
~ L L
\ N e ;
~ ™ e e
N v
tilt angle 2
side-fin
fixed/movable movable fixed

Figure 4 Shading Device Types(Bellia et al., 2014)
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2.3. TYPES OF SHADING DEVICES

2.3.3. INTERNAL SHADING DEVICES
2.3.3.1. VENETIAN BLINDS

Venetian blinds consist of horizontal surfaces which are placed a part. They are used
to control the daylight and glaring problem of the indoors. They are movable and have
changeable angles. Venetian blinds may be applied on the south glazing parts of the
building due to horizontal parts.

Figure 5 Venetian Blinds (photo by A.O.G. in a house)

2.3.3.1. VERTICAL BLINDS

Vertical blinds are used also in buildings with vertical surfaces like venetian blinds.
They are preferred to apply because of ease of implementation and cost. They may be

made in various textures and materials same as venetian blinds.
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2.3.3.1. ROLLER BLINDS

Vision blinds have motion up and down around the cylindrical axes. They are used for
both control the shading and privacy. When they are fully opened the cover the whole
glazing area therefore, their material is very significant. If they have transparent
material and texture, the sunlight will be filtered to the interior space and visual contact
is provided to outdoor. On the contrary, if it is opaque, it may provide fully privacy

and block the sunlight but no visual access to outdoor.

Figure 6 Roller Blinds (photo by A.O.G. in a house)
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2.3.3.1. CURTAINS

Curtains are also similar to vision blinds in many respects. They are move horizontally

and they made by from transparent to opaque any kind of fabric too.

Figure 7 Curtains (photo by A.O.G. in a house)

2.3.4. EXTERNAL SHADING DEVICES
2.3.4.1. OVERHANG

Overhangs are the horizontal building components upon the south facade windows that
they provide shading in summer period mostly. They may be in various dimensions

according to sun position and location.
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Figure 8 Overhangs (“Overhangs,” n.d.)

2.3.4.1. HORIZONTAL LOUVERS

Horizontal louvers are external shading devices that can be implied the outside of the
windows and glazing. They block over-heating and glare. They give the visual comfort
to users in the building although according to their dimensions they cause an obstacle
to visual contact to outdoor. The horizontal louvers are used mostly on south fagade.
In this study also this type utilized to compare the shading devices. They made from
several materials such as wood, composite, aluminum and so on. The important factor
in the selection of the shading devices is color. The color choice affect how much light

bounce from the surface of shading device to illuminate the space behind.
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Figure 9 Horizontal Louvers (Kirimtat et al., 2016)

2.3.4.2. VERTICAL LOUVERS

Vertical louvers are also external shading devices like the horizontals. They implied
outside of the windows and provide control daylight. The reason of the motion of the
sun, mornings and afternoons the altitude of the sun is lower than other times in the
day and the position of the sun near east or west. Therefore, the sunlight comes through
the east or west fagade with angle and horizontal. The vertical louvers are very useful
on the east and the west facing of the buildings. The other specifications are same as

horizontals.

2.3.4.3. EGG-CRATE

Egg-crate shading devices have bi-directional elements that protect the interior space
from daylight and glare. In this type of shading devices that is with a depth sunlight

may reflect to indoor.
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Figure 10 Egg-Crate (Lotfabadi, 2014)

2.3.4.1. DECIDUOUS PLANTS

Some plants called deciduous plants drops their leaves in winter periods and blossom
in summer period again. The plants near the building ensure shading to the buildings
from spring to autumn. Thereby, the plants may be accounted as a external shading

elements.

Figure 11 Deciduous Plants (photo by A.O.G in a house balcony)

For shading, perforated panels may be used outside of the buildings. The panels with
various amount of the openings can be utilized not only to block lighting penetration
but also to demonstrate a visual concern. In relation to the ratio of the openings of the

panels ensure homogenous visual to occupants.
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Figure 12 Perforated Panels (“Perforated Panels,” n.d.)

2.3.4.2. HYBRID SHADING DEVICES

Some shading devices cannot be classified with types mentioned above. They may
compose of more than one types. For example, in Chapter 3 explains a type of shading

element is made by perforated panels and extrusions like egg-crates.

2.3.5. FIXED AND MOVABLE SHADING DEVICES

The both internal and external shading devices may be movable and fixed. It is
preferred that the internal shading elements are movable mostly. The external shading
devices may be both adaptive and static. Adaptive shading devices shades the interior
space even though the sunlight angle changes. However, they need stimuli and actuator.
It means that they consume some energy. Their stimuli also can be not only sensor-

based system but also direct effect of human.

31



Figure 13 Al-Bahar Tower Responsive Kinetic Shading Devices (“Al-Bahar Tower
Facade,” n.d.)

Figure 14 One Ocean, Thematic Pavilion EXPO 2012 in Yeosu-si, Jeollanam-do,

South Korea by Soma Architecture (Kinetic Adaptive Shading Device, n.d.)

2.3.6. DEVELOPMENT OF SHADIN DEVICES

To stay away from the overheating, when a building is designed, energy efficiency
must be taken into consideration. Therefore, the methodology of the protection from
the sun have been applied to buildings for many years. In this context, shading devices

have been developed since the beginning of the use of them in many aspects. First of
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all, their design are not only conventional types but also, they may be hybrid types.
The design of the shading devices takes the advantage of the emerging technologies.
In addition to that the evaluation of their performance are done in many simulation

programs.
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CHAPTER 4
METHODOLOGY

In this chapter, the methodology of the study, the research approaches, the test box and
tools which are utilized in this study are explained. To sum up the study starts with the
generative model with test box, and simulation of generated shading device and
continues with optimization until completion of the generation number. After that,
from the solution cluster, one model is chosen and is evaluated. The flow is explained

detailed below and showed in Figure 4.1.

TEST BOX

x/-'_-_\_ ™
/ \J GENERATIVE MODEL EVALUATION
\ ja' Shading Devices Ladybug-Honeybee
\ y

\‘-H___/"

Reaching the specific OPTIMIZATION
generation? Octopus
YES

//_ -H-H\\

p
/ \

l—

g B

Figure 15 Flow Chart

In this study, there is a test box and various shading devices are assembled to south
fagade of the box. The test box has some selected criteria which are going to be

explained further. This test box is an office space in [zmir, Turkey which is located on
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the southeast of Europe and at the junction of two continents which are Europe and
Asia. Izmir has a warm temperate climate according to Koppen Csa climate class.
According to ASHRAE (American Society of Heating, Refrigerating and Air-

Conditioning Engineers), [zmir’s climate zone is 3A.

World Map of Képpen—Geiger Climate Classification  Main ci

updated with CRU TS L1 temperature and VASClimO v1.1 precipitation data 1951 fo 2000 A: equaterial W: desert In: hot arid F: palar frost

: arid 5t sbeppe ez cnld arkd T: polar tundra
©: warm temperate  : fully bumid 2 hot summer

AT Am  As Aw BWK BWh BSk BSh Ol O Ck OCa Ob COx Cwe I smow = summer dry b warm summer
E: polar w: winter dry ©: conl summer

Cwh Cwe DI Db Die Did Dsa sk Dsc Dad Dws Dwh Dwe Dwd EF ET - I d: Ay

Resobation: 0.5 deg batlon Verson of April 2006

Kotick, M.,
1 Girigser, C. eck,
“ B Rl and F. Rubel,

2006 Workd Map of Koppen.
Ciaper Clienate Classification
updated, Meteoml £, 15, 199361

It adwid e
I g et vis when ac ot

Figure 16 Koppen Climate Classification (World Map of Koppen — Geiger Climate
Classification Main climates, 2000)

The test box bases a rectangular parallelepiped and its dimension of the edges are 10m,
5m, and 4m. This test box is south oriented with 3,6m height and 9m length window
size. Also, the test box has Sm depth which is optimal size (approximately one and
half times of the untreated window size) for light penetration (O Connor, Lee,

Rubinstein, & Selkowitz, 1997).

After the decision of the test box’s orientation, dimensions and location, the zone
program has been selected. So, many people spend their time mostly at work, therefore,
the zone program is selected as open office. In the office-space, there are some
problems in terms of indoor environmental quality. There are two important and
conflicting factors that provide the good quality of the interiors. These are sufficient
amount of illumination and requiring less of a cooling energy. Daylight is a major
source to illuminate indoors. Lack of daylight, artificial lighting helps to illuminate

interiors. That is a reason to increase electrical lighting load. These are two metrics are
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usable to measure electrical load according to occupancy schedule. Other factor

cooling load can be measured with indoor temperature or impact of the global radiation.

Composing an environment with hourly sky model and outdoor temperature by
importing the weather data is the precise method to generate a measurable model. This
model bases on statistical EPW data. EPW data is arranged by World Meteorological

Organization.

As a component of building shading devices are utilized in order to get under control
the equilibrium of energy consuming for cooling and lighting. In other words, this
study aims to find a form with optimal shape of shading device to keep balance
between cooling load and lighting load. The recommended shading element has many
decision variables to generate 3-dimensional shape and opening ratio. Due to the
challenge of the manage that much amount of decision variables to generate the
shading device geometry, it is not feasible to implement deterministic methods. For
this reason, a heuristic approach with multiple objectives that gives a cluster that

consist of solutions are near optimum instead of deterministic approach.

Three types of shading device are studied and compared against each other in terms of
effectiveness. Therefore, the performance of each type of shading devices is compared
with “test box” without a shading device to measure the effectiveness of them,. These
types are separated as conventional horizontal, flat triangle grid base and organic
triangle grid base. Each type of shading device is simulated through the year with Izmir
EPW data. The test box behind the shading devices doesn’t have any dynamic
variables to change its geometry. Table 3 displays the property of the test box in detail.

Table 3 Test Box Dimensions

Part of Design Values
Height (h) 4m
Length (1) 10m
Depth (d) Sm
Windows Length (Iw) 9m
Windows Height (hw) 3,6m

After generation of the shading device geometry and evaluation those values feed into

genetic algorithm and genetic algorithm creates individual of generation according to
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fitness values. Generating the shading device is provided by using optimization tool
which works with HypE (Bader & Zitzler, 2010) genetic algorithm. Each types of
shading devices have many variables, such as distance from the facade, opening ratio,

extrusion amount, angle etc.

At the end of the optimization process, one of the options of the shading devices is
selected which have minimum electric lighting energy from pareto front. Test box
which have three different shading devices and without are compared in point of

operative, air and outdoor temperature lighting energy load, solar radiation etc.

Detailed definition of the methodology of this study is explained below. This
methodology is separated into five main sections that include simulation and
optimization tool, volume, generation of the shading device geometries, simulation

settings and optimization.

5.1. TOOLS

First of all, base geometry of the test box is formed with Grasshopper is a plug-in of
Rhinoceros 3D which is computer aided design program, because generating the
shading device geometries are more effective in grasshopper therefore in the literature
there are so many examples (Touloupaki & Theodosiou, 2017a). Grasshopper is an
algorithmic design tool for Rhino. 3D modelling with Grasshopper is very effective
and it lets people use the other plug ins together. Grasshopper (GH) gives the user an
empty canvas then the user calls a component from the GH library by typing. When

generating a model in GH it visualizes in thino’s 3D space.
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Figure 17 Sample View of the Model

The simulation of the performance of the shading devices integrated to the south
facade of the building is made in Grasshopper. A plug-in of Grasshopper, Ladybug
Honeybee provides energy simulations for the zones with program, occupancy,
location and other simulation settings. Ladybug- Honeybee works with several
simulation programs such as Energy Plus, Open Studio, Daysim, Radiance and Therm.
In Ladybug — Honeybee, the test box defines as a zone with its program and Energy
Plus Weather (EPW) data import in it. The zone program is set with occupancy data in
simulation setup accordingly the topic of this study which is office space. Also, EPW

data that comes from location of the site are given the program.
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Figure 18 Ladybug, Honeybee Flow Charts
(https://www.food4rhino.com/app/ladybug-tools)

The optimization part of the study is made with another Grasshopper plug-in Octopus.
It is made for formerly Multi-Objective Evolutionary Algorithms. Octopus uses
evolutionary algorithms as a optimization tool(Vierlinger, 2015). These evolutionary

algorithms are SPEA 2(Zitzler, Laumanns, & Thiele, 2014) and HypE (Bader & Zitzler,
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2010). In this study, in order to solve the problems HypE is used. Inputs of the
component of Octopus are objectives, parameters and constraints. In the Octopus user
interface, number of generations and populations size and variable of optimization

algorithm such as mutation rate, elitism etc. are defined.

5.2. TEST BOX

The test box has 10 meters of length, 5 meters of depth and 4 meters of height. All of
the surface that cover the test box except for the south facade are assumed to be
adiabatic. Components of the south facade are double glazing window and a thin frame
which is made from default ASHRAE external wall material. Specifications of window,

walls, floors and roof are given in the Table 3.2. in detail.

Table 4 Test Box Specifications

Surface Orientation Material Type

North N/A Adiabatic

East N/A Adiabatic

West N/A Adiabatic
South extwll Climate 7one Outdoor

South Window Double glazing (3-13-3) Outdoor- Child Surface

Up N/A Adiabatic

Down N/A Adiabatic

There are some necessities about the geometry modelling in Grasshopper and its plug
ins. Ladybug-Honeybee needs a closed zone to analyze the energy performance.
Therefore, the test box geometry is generated in Grasshopper with box component.
The glazing is integrated on the south facade of the test box which covers 90% of the
facade area. It means 3,6m x 9m surface is comprised. Additionally, the window must
be defined as a child surface in the ladybug-honeybee. For this reason, two surfaces

are defined as glazing and wall.

Each surface has an “Energy Plus Construction” as a material definition normally but
in this case, due to the walls, floor and roof are adiabatic, these definitions are used
only for the south facade and window. There is a RAD Material in order to calculate
the reflections. On all surfaces, RAD Material consist of the RGB Reflectance values

to show the color of surface. Walls are white color and floor and roof are off white
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colors. After the surfaces specified, zone specifications and simulation settings are
defined.

5.2.1. BASE GEOMETRY (T0)

The test box mentioned in previous section is named as T0. It means that it is the plain

geometry of the test box. It has no shading device. After this section, in the

comparisons test box will be referred as TO. In the Figure 4.5, TO is shown.

Figure 19 TO, Plain Geometry of Test Box

5.3. SHADING DEVICE GEOMETRY GENERATION

This section explains how the geometries of the types generate. Three types of shading

devices are simulated to evaluate how well each of them perform.

5.3.1. SHADING DEVICE TYPE 1 (T1)

T1 is the conventional horizontal shading device (CHSD). It has been studied in the
literature so many times (Datta, 2001). In this study, CHSD comprised by divided
horizontal the south surface. After division, each line extrudes to the outside with angle.
The division number, the angle and the extrusion amount are the optimization

parameters. They are limited between specific values which are shown in tables in 5.6.
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Horizontal shading devices are utilized on the south fagades mostly as mentioned in

Chapter 2 because of their performance. In this study, the effectiveness of the CHSD

is important too owing to the fact that proposed geometry will be compared with it.

Figure 20 T1, Conventional Horizontal Shading Device

5.3.2. SHADING DEVICE TYPE 2 (T2)

Flat Triangle Grid Base (FTGB) shading device is the chosen as the shading device
type 2 (T2). This shape is obtained by dividing and triangulating the projection of the
south fagade. First, surface of the south facade is copied forward 45cm and then
divided into 10 vertically, and into 4 horizontally. Thus, the surface is transformed into
Im to 1m parts with 55 points. Secondly, the distance between the points of the highest
level of the new generated surface and the south facade is set to zero. All points are
both deconstructed and sorted according to their X axis values. And then, these points
are sorted their Z axis values. Points on the same line are joined. When the lines form
a loft surface, rectangle surfaces are showed up. But, due to this is not an intended
shape, lines are exploded, and sub-surfaces are generated. Additionally, this surface is
deconstructed again, and its vertices construct diagonal lines. After construction, these
lines form a divided triangle loft surface. In addition to this, except for the ones that
are below the line, which is at 75 cm high, the parts are scaled between ten percent to
ninety percent. The percentage value was determined via the optimization tool.
Together with, by selecting the edges of the scaled surfaces and the edges of the

original surface are constructed loft. As the simulation errors when the surface is seen
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as one surface by it. Inside of the scaled triangles through the openings are placed. The
edges of the scaled triangles are extruded to the south facade a little amount that is

between 10 to 110 cm. Extrusion that is provide the reflectance was determined via

optimization tool.

Figure 21 T2, Flat Triangle Grid Base Shading Device

5.3.3. SHADING DEVICE TYPE 3 (T3)

T3 is the Organic Triangle Grid Base Shading Device and similar to T2 in some aspects.
The difference between T2 and T3 is being organic geometry of T3. South facade is
divided into 10 to 10. Each point on the divided surface is moved back or forward in
the range of 10 and 75 cm. In this geometry, it is not necessary to construct the sub-
surfaces. Because, the lines that are generated after sorting may construct triangle

surfaces. The other phases are the same with T2 shading device geometry generation.
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Figure 22 T3, Organic Triangle Grid Base Shading Device

5.4. SIMULATION SETTINGS

All settings are specified before the simulation in the Grasshopper canvas such as min
lux value, building zone program, infiltration ratio, and others explains below.
According to orientation, the box defined the zone is decomposed to sub-surfaces such
as walls, roof and floors. The walls without an opening are defined as adiabatic. They
have Radiance material with white paint. Their RGB reflectance is 1.000 for each color.
Also roof and floor are defined as adiabatic and their RGB values are 0.763 for each
color which means off-white color. These components of the box have no EP
Construction because their materials changes nothing in the simulation due to being
adiabatic. On the contrary, the window wall is chosen as an outdoor surface in order
to provide the heat transmission. The opening is determined to be placed on the south
facade. Its wall material is ASHRAE 189.1-2009 extwall Climate zone 3. Its window
is composed of 3 mm double clear glass with 13 mm of air gap. The U value of the

window is 2 W/m2-K.

After materials are chosen, all the surfaces are joined, and the zones are created. There
are some zone thresholds their acknowledgements are given to the simulation. The
zone is not conditioned. And their cooling and heating set points and setbacks do not
make sense because of the conditions but, daylight illuminance set point is set to 300

lux. According to some studies, illumination values for working spaces is
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recommended between 200 and 500 lux (Shameri et al., 2013). And according to other
some studies 300 lux is the minimum lighting value for working area (Konis, 2013).
The simulation read the daylight value on the table level 75cm height. In addition to

that, zone loads are set to zero mostly except lighting density per area.

The other important data is RGB values of the shading devices. The red, green and

blue reflectance are 1,0, it means that the color of the shading device is white.

5.5. SIMULATION OUTPUTS

The outputs are arranged in the Grasshopper canvas. The outputs are the zone energy
loses and gains, the zone energy use, the zone comfort metrics, the comfort map
variables, the zone HVAC parameters, the surface temperature analysis, the glazing

solar analysis and the time step which is hourly.

After simulations are run, the outputs of the test box with each type of shading devices
are compared with the test box without shading devices. The outputs are the interior
operative temperature, the interior air temperature, the surface temperature and the
electrical lightings. The operative temperature is average of the mean radiant and room
air temperatures (Shameri et al., 2013). The air temperature is the mean temperature
of the indoor for each hour according to simulation. Surface temperature defines the
temperature of the south facade of the box. The output as electrical lighting defines the
consumption of the electrical energy for lighting of the volume. These outputs are

utilized in the comparison between TO, T1, T2 and T3.

In addition to these, in the comparison of the volumes with all types and without
shading device in the one chart operative temperature and the outdoor temperature are

used in the Chapter Five.

5.6. OPTIMIZATION

As another phase of the study is optimization of the geometry of the shading devices.
In the literature there are many optimization studies related to the architectural
problems as mentioned in Chapter 2. Architectural optimization problems cannot be
solved easily with deterministic approach, because of their huge number of variables.
In this study, Genetic Algorithms are used to compose of cluster of non-dominated

solution.
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Optimization approach has a process that includes several inputs; objectives,
constraints, crossover rates, mutation probability and rate, elitism, population size and
maximum generation number. These parameters are very important component for the

optimization methods.

Table 5 Optimization Values

Name Rate
Elitism 0.5
Mutation Probability 0.1
Mutation Rate 0.5
Crossover Rate 0.8
Population Size 100
Max Generation 50

Additionally, architectural problems have variables which may be floating or discrete
number. Thermal and daylight performance has also floating number of variables. In
addition to that they may have many objectives which are conflict each other too.
Providing an equilibrium to these objectives is very complex and hard. When solve the
problems via optimization, with single, multi or many objective conceptions the

researcher’s approach.

5.6.4. OBJECTIVE FUNCTIONS

The objectives of the problem are surface temperature metric (STM) and electrical
lighting load (ELL). The lighting load can be given from the result component of the
Ladybug-Honeybee but surface temperature metric should be calculate before getting
in Octopus. The optimization problem can be explained with mathematical notation as

below:
minimize(04, 0,, ...)
minimize(STM, ELL)

NHIB
TNHY

STM = (—1) *

NHIB: The Total Number of Hour In Between (bigger than 20 and smaller than 27)

If the temperature is between 20°C and 27°C degrees, number will take 1.
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If the temperature is not between 20°C and 27°C degrees, number will take 0.
The NHIB is sum of these values above.

TNHY: Total Number of Hour of the Year which is 365x24=8760 hour.

5.6.4.1. THE SURFACE TEMPERATURE METRIC

The surface temperature metric like mentioned before is a ratio of the comfort
temperature as an hour to total number of hours of the year. This metric has an
important role of this study because it provides an equilibrium to facade design in
terms of opening ratios. It may take values according to surface temperature between
0 and 1. 0 means the surface temperature never be between 20°C and 27°C degrees.
The temperature might be lower than 20°C or higher than 27°C degrees. In that two
conditions, to bring the indoor air temperature or operative temperature to comfort
zone, energy should be consumed for heating or cooling. As the test box is located in
Izmir where is hot climate region, openings of the shading devices try to close. For
this reason, this metric should not be used alone without considering electrical lighting

load.

5.6.4.2. THE ELECTRICAL LIGHTING LOAD

The illuminance plays a significant role as well as surface temperature for the indoor
environmental quality. For every activity, indoors should be illuminated enough. Due
to the test box is open office area the minimum lux level is set 300 lux. In this case
occupancy use this area in weekdays. Illuminance loads in that days are more than
weekends. The schedule of the occupancy is given below. The sky is another important
factor for the illuminance but the most effective factor of that is opening ratio.
Therefore, the electrical lighting load is chosen another objective function. In this study,
Electrical Lighting Load refers the energy consumption in order to keep the

illuminance level in minimum 300 lux when the area used.

The Electrical Lighting Load is related directly occupancy ratio that shown in Table 6.
The ratio which is selected in the comparison includes ratio with three different density.

These days are Friday and Monday for weekdays, Saturday and Sunday for weekends.
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Table 6 Occupancy Ratio
Open Office Occupancy Diagram
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These objective functions show that they are conflicting each other. If the single
objective optimization was chosen, shading device would be more closed or open. For
this reason, these objective functions are kept in balance the opening ratio of the

shading devices.

5.6.5. DECISION VARIABLES

The decision variable is a quantity that is determined by decision-maker in order to
solve the problem. The variable describes a range of number which may be not only
discrete values but also continuous numbers. Decision variables are also parameters to
shape the geometry of shading devices. This study has both discrete and continuous
variables which are mentioned below. T1’s variables are horizontal division, extrusion
and angle of the extrusions. Angle may get the value between -30° and +30°, horizontal
division is also discrete between 3 and 20. Only Extrusion values for each type of
shading devices have range as continuous numbers between 0.10 and 0.50 with 2 value
after coma. For T2 and T3 except the angle of the extrusion all parameters have

continuous numbers with some ranges.

“Horizontal Division” is number of the horizontal plane of the shading devices. The
surface might be divided from 3 times to 20 times horizontally. And all lines constitute
the planes with “Extrusion”. “Opening Ratio” states the ratio of the triangle gaps
among the shading device surfaces. Every opening might have different ratio. Last the

“Distance from Facade” shows the motion of each points of the divided surface of the
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shading device (except top points) from 10 cm to 0.75 cm for once. Top points for all
types of shading devices have Om distance from the glazing. These values are being

tried by optimization tools randomly and after generations they converge to the optimal

solutions.

Also, variables are explained with a table below:

Table 7 T1 Parameter Domain

Variable Name Domain
Horizontal Division 3-20
Extrusion 0.10 - 0.50 (m)
Angle -30°-30°
Table 8 T2 Parameter Domain
Variable Name Domain

Opening Ratio 0.10% — 0.90%
Extrusion 0.1-1.1 (m)
Angle -30°-30°

Table 9 T3 Par

ameter Domain

Variable Name

Domain

Distance from Facade

0.10 - 0.75 (m)

Opening Ratio 0.10% — 0.90%
Extrusion 0.1-1.1 (m)
Angle -30°-30°

Also, variables are explained with figures below:
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Figure 23 Angle of the Shading Device extrusion

4

‘Wﬂ’ff"’"f’

Figure 24 Vertically Division Count of the Shading Device
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CHAPTER 6
RESULTS AND DISCUSSION

This chapter explains the results of the study. The results comprise of two main part,
optimization results and simulation results. Optimization results describe the Pareto-
optimal solutions, non-dominated population size, last generation parameter values

they are given in 4.7.

Simulation results demonstrate how well the proposed shading devices. Comparisons
are given below for the specific days of the year in January for winter term, June and
September for the summer period. Some of the values of three types of the shading
devices are compared in charts which are shown below. These values are surface
temperature, operative temperature and solar gain. In addition to that other values
(indoor air temperature, electrical lighting) of each surface temperature are compared
in charts. Also, for each shading device, there are six measure point in the test box in

order to measure the daylight.

For entire optimization phase of the study a workstation has been utilized. The
workstation has 16gb ram and 64-bit processor which is Intel(R) Core (TM) 17-4790K
CPU @ 4.50 GHz. The operating system was Windows 7.

After optimization, all energy and daylight simulations of selected shading devices
from pareto fronts have been done in a computer. The computer has 8 GB Ram and
64-bit processor which is Intel(R) Core (TM) i15-5257U CPU @ 2.70 GHz. The

operating system was Windows 10 Pro.

5.7. SELECTION OF THE RESULTS

The results for each type of shading devices are selected from Pareto-Front. In this
study, the results are selected with best STM and worst ELL in the last generation.

Because of that STM provide a comfortable air temperature for the occupants but it
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has wide range like number of the hours of the year. The ELL keeps the STM in a

balance in terms of opening ratios.
6.1. OPTIMIZATION RESULTS

6.1.6. T1

T1 has 153 non-dominated solution and 23 dominated solution in the last generation
of 50 generations. The result of the last generation parameters are given in the table
below.

Electrical Lighting Load

1169 1
-_'— - oo
893,71 o —
-0,32 -0,07

Surface Temperature Metric

Figure 25 T1 Pareto front with non-dominated solutions

The individual which has maximum electrical lighting load and minimum surface
temperature metric is chosen from the pareto. In the pareto, continuous solutions are
seen with lower ELL but for the comparison the maximum ELL one is preferred. As
an architectural solution, all the individuals in this chart have one more good objective
than each other. The yellow point is the selected solution. In the pareto front there is

some continuity in the lower value of the surface temperature.
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The values of the chosen solution:

Table 10 T1 Parameter Domain

Parameter Values
Opening Ratio 16

Extrusion 0.34m
Angle 0

6.1.7. T2

The pareto front of the last generation of the type 2 has 20 non dominated solution and

180 dominated solution.

Electrical Lighting Load

944,61

909,58 e

-0,37 -0,29

Surface Temperature Metric

Figure 26 T2 Pareto front with non-dominated solution and history

This figure shows the pareto front with history, non-dominated and dominated
solutions. In this type, the pareto does not have a perfect curve. Most of the solution
are came together in heaps in specific locations. The parallel lines with STM are the
locations that the clusters become. The yellow one is the selected solution of the last

generation.
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Table 11 T2 Parameter Domain

Parameter Values
Extrusion 0.2m
Angle -27
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The opening ratios shows the opening are not so closed even the solution belongs the

Figure 27 T2 Opening Ratios

ELL maximum solution. The shading device is worked very effective.

6.1.8. T3

The pareto front of the last generation of the type 2 has 20 non dominated solution and

180 dominated solution.

Electrical Lighting Load

915,86

915,38

-0,31

Surface

0,34

Temperature Metric

Figure 28 T3 Pareto front with non-dominated solution and history
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In this type, it is seen clearly that the pareto front so homogeneous. The ELL has

smallest range than the other types. The yellow one is the solution which is shown.

Table 12 T3 Parameter Domain

Parameter Values
Extrusion 0.2m
Angle -27
7 5 4 sl R 54 | ps g
g 0.7 ! 1] 4
4 3 6: | 0 ] 07, 5 4
0.6 | 75| [ 0.7 71| o 0.6 H5q
o.s 72 ; 74(llor | [|o7 0.725 @
51 |lo7 - 5 06 71||.445

Figure 29 T3 Opening Ratios
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Figure 30 T3 Point Distance (m)

6.2. SIMULATION RESULTS

After optimization has finished, for each shading device, a geometry has been chosen
from the solution cluster in the 50" generation. The chosen geometries individually
have maximum electrical light values in the pareto front, so they have minimum
surface temperature metric. The charts of some values mentioned before are shown for
every types of shading devices. Charts demonstrate the three days in a row of three

months which represent winter period, beginning of the summer period and ending of
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the summer period. The dates of the period are chosen 2™, 3™ and 4™ of June for
“Summer Period - 17, 8" 9% and 10" of September for “Summer Period — 2” and 28",

29" and 30" of January for “Winter Period” because of outdoor temperature fluctuates.

The occupancy ratio of these periods are shown in Figure31, 32, 33.

WINTER PERIOD 28t - 29t - 30t of January
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Figure 31 TO Winter Period Values

SUMMER PERIOD - 1 27 - 3th - 4th of June
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Figure 32 Summer Period 1 Occupancy Ratio
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SUMMER PERIOD - 2 8" - 9th - 10t of September
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Figure 33 Summer Period 2 Occupancy Ratio

6.2.9. TYPE 0 (T0)
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Figure 34 TO Winter Period Values

In all three day, the operative temperature and the surface temperature are almost same.
The outdoor temperature is reached the maximum 11°C degree in the first day and
minimum 0°C degree. The electrical lighting load 3rd day of the this chart reaches the
0,40 kWh. In addition, the maximum value of the solar gain is 10.15 kWh in 2nd day.
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SUMMER PERIOD - 1 2n - 3th - 4th of June
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Figure 35 TO Summer Period -1 Values

In summer period the sunlight comes through the surface of the buildings more angled.
It is expected that the total of the lighting load decrease in the summer period. The
operative and the air temperature are almost same in this period too. And all

temperature values with solar gain have near ratio of the fluctuation.
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Figure 36 TO Summer Period -2 Values

This type (Type 0) has no shading device integrated to the test box. The surface of the
building except for south facade modelled as adiabatic that is mentioned before.
Moreover, altitude of the sun in winter period is lower than it is in summer period. The
result of these three reasons, indoor air temperature and the operative temperature

reach 60°C degrees in winter period and 70°C degrees in September. Also, these two

values are almost same.
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6.2.10. TYPE 1 (T1)

WINTER PERIOD 28t - 29t - 30t of January
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Figure 37 T1 Winter Period Values

In this type the shading device has horizontal parts to control the lighting through the
all mid-day period. In winter period, the shading device does not interfere with the
increasing of the indoor temperature to intended level. When the outdoor temperature
is 3°C or 4°C the indoor air and operative temperature are between 19°C and 20°C.

The peak point of the surface temperature in the winter period is higher than the surface

and air temperature.
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Figure 38 T1 Summer Period -1 Values
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SUMMER PERIOD - 2 8th - 9th - 10t of September
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Figure 39 T1 Summer Period -2 Values

This type (Type 1) of shading device is stated as the conventional horizontal shading
devices. The chosen shading device has fifteen horizontal plate on the south fagade.
The shading device decrease the temperature a degree in first day of the summer

period-2. The change of temperature is smaller level than TO due to the using the

shading devices.

6.2.11. TYPE 2 (T2)
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Figure 40 T2 Winter Period Values

The T2 provide the comfort of the indoor with optimal temperature in winter period.
While the outdoor temperature is 10°C degree, the indoor temperature are between 20°C

and 25°C degrees. This space is the best temperature for the indoor environmental

quality.
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Figure 41 T2 Summer Period -1 Values
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Figure 42 T2 Summer Period -2 Values

This type (Type 2) has the rectangle grid and flat surface. Through the winter period,
this type keeps the indoor temperature intended level and in the summer period
sometimes decrease the outdoor temperature. Because the test box has adiabatic

surfaces, the indoor temperature is very high in three cases although this type decrease

the indoor surface air and operative temperature.
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6.2.12. TYPE 3 (T3)
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Figure 43 T3 Winter Period Values
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Figure 44 T3 Summer Period -1 Values
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Figure 45 T3 Summer Period -2 Values
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This shading device has an organic rectangle grid shape. In summer it performs well,
and it decrease the temperature under the outdoor temperature levels. In winter, it

keeps the temperature mostly between 15°C and 23°C.

6.3. COMPARISON OF THE ENERGY SIMULATIONS

In this section, types are compared each other regarding to solar gain, operative
temperature and the surface temperature by referring the other outcomes of their
simulations. As seen above, results belong to three days of winter and six days of

summer period for all types.

6.3.1. SOLAR GAIN
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Figure 46 Winter Period Solar Gain Comparison

As seen in Figure 46 Solar Gain takes values with a wide on 28", 29" and 30" of
January. T3 has smallest values for this period approximately 3kWh but TO has biggest
values in that period approximately 11 kWh. This chart shows that in winter period T3

can blocked the solar gain best. T1 has smaller values than TO and T2 has smaller than

T1.
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Figure 47 Summer Period - 1 Solar Gain Comparison

As seen in Figure 47 Solar Gain takes values with a wide range too on 2%, 3t and 4
of June like in January. But the difference in summer periods daytime is longer than
winter so the gaining of the solar radiation expands the over the day but due to the
altitude is higher than the winter period the solar gain values which is measured with
amount of radiation perpendicular the glazing are smaller than that period. In addition
to that like the winter T3 has smallest values for this period approximately 0.5 kWh
and TO has biggest values in that period approximately 3.5 kWh. This chart shows that

in winter period T3 can blocked the solar gain best. T1 has smaller values than TO and

T2 has smaller than T1.
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Figure 48 Summer Period - 2 Solar Gain Comparison

As seen in Figure 48 Solar Gain takes values with a wide on 8" 9™ and 10" of
September. The daytime is approximately 14 hours of the day at the start of September.
This chart shows that T1 allows the sun come thorough the window for all day, the
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others do not allows in mornings and evenings but they allows it in midday more due

to the their triangle and cover shape.

6.3.2. OPERATIVE TEMPERATURE
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Figure 49 Winter Period Operative Temperature Comparison

As seen in Figure 49 The operative temperature for 28", 29" and 30" of January has
numerous values which are 10,40°C, 23,35°C, 27,36°C, 34,66°C, 61,82°C at 15
o’clock of the 28" day of January for outdoor temperature, T3, T2, T1, TO. These
degrees show similarity in the other days in the chart. This chart demonstrates that the
decreasing of the operative temperature is different for each type of shading devices.
The biggest decreasing ratio belongs to T3 and then T2 and then T1 in comparison to

TO.
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Figure 50 Summer Period — 1 Operative Temperature Comparison
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As seen in Figure 50 The operative temperature for 2, 3" and 4™ of June has numerous
values which are 25°C for outdoor temperature, T3 and T2, 30,97°C for T1, and 47,29°C
for TO at 15 o’clock of the 2% day of June. The TO has smaller values in this period
than winter period because of same with the solar gain. The altitude of the sun is higher
than winter, so the radiation does not affect like in winter period. For this reason,

indoor operative temperature does not rise a lot.
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Figure 51 Summer Period — 2 Operative Temperature Comparison

As seen in Figure 51 The operative temperature for 8, 9" and 10™ of September has
numerous values which are 30,86°C for T3, 33,70°C for T1, T2 and outdoor
temperature, and 71,44°C for TO at 15 o’clock of the 8" day of September.

These charts demonstrate the operative temperature of each types. In all charts, the
performance of the T3 is better than the other can be seen. The T3 decreases the
temperature in all period 30°C as a medium value. In summer periods, T2 and T3 are
competitive although T3 has lower ELL values that shown in Table 11 and lower
degree in winter period. When the indoor environment is adiabatic T3 is better than

the others but it should be tried with real test box and with conductive surface.
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6.3.3. SURFACE TEMPERATURE
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Figure 52 Winter Period Surface Temperature Comparison

When the surface temperature metric is analyzed, it is seen that the temperature value
of the first day without shading device is approximately 53°C degree. The shading
devices decrease that value to 36,97°C, 23,90°C, 20,78°C degrees while the outdoor
surface temperature is 10,40°C degree for the winter period. The peak temperature of

the other days are same almost.
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Figure 53 Summer Period — 1 Surface Temperature Comparison

In the summer period T2 and T3 values takes same readings nearly for each three days.

Even so they decrease the temperature incredibly from 42°C degree to 24°C degree for
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first and second day of the chart. In the second day they take lower value than outdoor

temperature.
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Figure 54 Summer Period — 2 Surface Temperature Comparison

These charts show the surface temperature comparisons which is an objective of the
optimization problem. It can be seen from Figure 47, 48,49 that T3 is the best choice
for reducing the surface temperature most considering that data. At the same time, the
electrical lighting load is another of the optimization objective. Because of that surface
temperature should not be evaluated individually. According to both objectives, T3 is
the best solution. Total electrical light that the other objective of the optimization is

given below:

Table 13 Total ELL and STM of Each Type

Types Total  Electrical  Light Surfa.ce Temperature
Energy (kWh) Metric

TO 904,955 -0.13379

T1 1169,486 -0.303881

T2 944,604 -0.368607

T3 916,861 -0.336187
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Table 14 The Surface Temperature Outputs

Surface Temperature | Mean Surface
Types Number of Hour (20°C - | Temperature of The Year
27°C)
TO 1172 37.122332
T1 2662 22.725707
T2 3229 23.682052
T3 2945 20.448775

Total electrical light energy gives the necessary value to illuminate the interior volume
to minimum 300 lux. The electrical light value of the TO is the minimum amount
among all types but it has no shading device. Therefore, the surface and the operative

temperatures take extreme readings in TO.
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CHAPTER S
CONCLUSION

This research evaluates the performance of the organic and triangle grid base shading
device applied to the south fagade of the office building. The evaluation of the shading
devices is done by comparing the energy performance of the test box with the device
and with other shading devices such as conventional horizontal and flat triangle grid

base and without shading devices.

The result of the study, in most of the periods of the year, proposed type of shading
device which is OTGB performs better than the others. This 3-dimensional shading
device in the specific limits gives to designer organic shape. On the contrary, to
conventional simulation methods, in this study both the simulation and the
optimization tools are utilized together to generate organic shading device form. The
results may aid architects on deciding facade design. Because, this study shows also
that when a multi objective optimization tool is used, designer have a solution cluster.

This procedure provides design options in a reasonable time.

To sum up, the study has three main phases. These are form finding, energy efficiency
evaluating and optimization. First of all, the form finding phase involve the form
generation. By doing this, the surface copied from south fagcade of the test box is
manipulated. The distance of all points of that surface between the facade and the
opening ratios are changed different each other. Extrusions are changed for all opening
edges. Also, the angle of extrusions is changed according to how it performs better.
This phase let the shading device has behavior. The form of the shading devices may
change in terms of the building shape, orientation location, climate type, zone program

and occupancy. Therefore, it is usable for architects in many cases.

The performance evaluation is the second phase. In this phase, geometry of the shading

device is an input for the energy simulation. The energy simulation is done by
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Ladybug-Honeybee tool for Grasshopper Rhino. In the simulation, especially

operative and surface temperature and electrical lighting are evaluated.

The last phase is the optimization part. After each change, the model generates new
design alternative with different variable values to find better performing one
according to energy simulation result. In deterministic approach, it takes a lot of time
and it may not find feasible solution in a reasonable time. For this reason, genetic
algorithms with meta heuristic approach are utilized. The algorithm has done the
simulation automatedly. The optimization does not have have a weighted objective

function since it is multi objective.
As a summary of the results of the study;

e The shading devices decrease the indoor temperatures at least 10°C degrees

against the without shading devices.

o T1 helps to reduce the temperature values in summer and winter period but it is

not enough for the summer period to reach comfort temperature.

e T2 which is FTGB shading devices decrease the temperature approximately 10 °C
degrees in winter period against the T1. Electrical lighting load of the test box
with T3 is 904,644k Wh, it performs better than T1.

e T3 reduce the surface, operative and air temperature approximately 15°C in
winter period against the T1. Electrical lighting load of the test box with T3 is
916,861kWh all over the year.

¢ In summer period, three types of shading devices reduce surface, operative and
indoor air temperature dramatically. Even though all shading devices decrease
the temperature approximately same values against without shading devices.
T3 may be chosen better than the others in respect of electrical lighting and

reducing ratio of the temperature for whole year.

After the summarizing of the results, it is explained that the future works of the study.
Further study of this thesis can include many different aspects in addition to the ones

selected in this study. The sum up the future projections;
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e For test box:

O The material definition may be added to the simulation to increase the
precision of the simulation. Multi-zone building may be studied in

future work, because the high-rise buildings became prevalent.
e Shading Devices;

0 The types of the shading devices may be adaptive because of adapting
the seasonal variation. Adaptation is done by using the specification of
the emerging materials such as shape memory alloys, phase change

materials, etc.

0 The optimization of the shading devices may use in shorter time period
and the opening ratios and shapes are apply to the adaptive shading

devices.

0 The geometry of the shading devices are made by triangulated surfaces,
the other meshing operators can be utilized to find design alternative

with different geometrical characteristics.
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