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Abstract

In this thesis a simplified framework and design decision support tool was
developed to aid designers and architects in the domain of multidimensional
optimization of building facades, where environmental performance
measures are enhanced by incrementally improving the facades design
using multi-objective optimizations. The framework facilitates the
generation of architectural forms of building envelopes according to
different performance aspects such as daylighting, energy efficiency,
thermal comfort, visual comfort, energy generation, and life cycle analysis.
It utilizes the flexibility of parametric design and scripting interfaces as front-
end input tools (e.g. Python and Grasshopper for Rhinoceros 3D) and
simulation software as building performance assessment tools (e.g. Energy
Plus, Radiance, and Daysim). The multi-objective optimization problem can
then be solved using evolutionary search techniques such as Pareto Genetic
Algorithms. A visualization dashboard is developed to facilitate the
visualization and analysis of optimization and simulations results. Case
studies were used to demonstrate the framework’s potential and its
usability.. The thesis aims to show that this approach is specifically
practical for contemporary design practices, as it offers the designers with
a decision support tool that is based on a robust method for optimizing

performative and constructible free-form architecture.

Keywords: Performance-Based Design; Parametric Modeling; Multi-
Objective  Optimization; Building Performance Simulation; Data
Visualization; Energy Efficiency; Daylighting; Thermal Comfort; Visual
Comfort
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Zusammenfassung

Im Rahmen dieser Dissertation wird ein vereinfachtes Entwurfswerkzeug
entwickelt, das Designer und Architekten bei der mehrdimensionalen
Optimierung  von  Gebadudefassaden  unterstitzt. Mit  diesem
Designwerkzeug werden MaBnahmen beziglich der Minimierung von
Umweltwirkungen von Gebauden, durch eine schrittweise Verbesserung der
Fassadengestaltung, mit Hilfe mehrdimensionaler Optimierungen
verbessert. Das Designwerkzeug bewertet die Leistung der Gebaudehdille
nach verschiedenen Leistungsaspekten wie Tageslicht, Energieeffizienz,
thermischer Komfort, Sehkomfort, Energieerzeugung und
Lebenszyklusanalyse. Es nutzt die Flexibilitdt parametrischer Design- und
Skriptschnittstellen als Front-End-Eingabewerkzeuge (z.B. Python und
Grasshopper fur Rhinoceros 3D) und dynamische numerische
Simulationssoftware als Werkzeuge zur Bewertung der Gebaudeleistung
(z.B. Energy Plus, Radiance und Daysim). Das mehrdimensionale
Optimierungsproblem kann weiterfUhrend mit Hilfe evolutionarer
Suchstrategien, wie z.B. Pareto-genetischer Algorithmen, gelést werden.
Um die Analyse und Visualisierung von Optimierungs- und
Simulationsergebnissen zu erleichtern, wird ein Visualisierungs-Dashboard
entwickelt. Anhand von Fallstudien wurde das Erreichen der genannten
Ziele nachgewiesen. Die Dissertation zeigt, dass dieser Ansatz speziell fur
zeitgendssische Designpraktiken praktikabel ist, da diese den Designern ein
Werkzeug fur Entscheidungshilfen bietet, das auf einer robusten Methode

zur Optimierung der Leistungsfahigkeit von Gebaudefassaden basiert.

Schliisselworter: Parametrische  Modellierung; mehrdimensionale
Optimierung; Gebaudeleistungssimulation; Datenvisualisierung;

Energieeffizienz; Tageslicht; Thermischer Komfort; Visueller Komfort
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Chapter 1: Introduction

1.1 Research background and motivation

Nowadays, the combined crisis of energy sources depletion and significant
climate change generates a sense of urgency and demands fundamental
changes in the way we are living. The atmosphere and ocean’s
temperatures have risen and greenhouse gases (GHG) emissions have
reached unprecedented rates (Stocker et al. 2014). Climate change is the
biggest challenge facing humanity nowadays. As a global threat that can be
only solved with the cooperation of all nations, a global agreement on
climate change was signed in December 2015 in Paris with an attempt to
limit changes in global temperatures to below 2 °C or 1.5 °C warming in
2100 compared to pre-industrial levels. To achieve that, a significant
reduction in CO, emissions has to be made (UNFCCC 2015).

The building and construction sector has a direct connection to the climate
change phenomena. As a major source of CO, emissions and energy
consumption, the building and construction sector accounts for nearly 40%
of CO. emissions and energy consumption in developed countries
surpassing other major sectors such as the industrial and transportation
sectors (Pérez-Lombard et al. 2008). The effects of the building sector on
the environment was highlighted in several reports from the United Nations
Environment Programme (UNEP) where it was also noted that the building
sector has the highest potential for delivering significant and cost-effective
greenhouse gases emission reductions. Moreover, the global emission
reduction targets cannot be met without supporting energy efficiency gains
in the building sector (UNEP Sustainable Buildings & Construction Initiative
2009).

Architects and designers usually face these challenges while designing new
buildings. In Europe, the 2010 Energy Performance of Buildings Directive
made it mandatory that all new buildings must be nearly net-zero energy
buildings by 31 December 2020 (European Parliament, Council of the

European Union 2010). Several building codes worldwide and rating
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systems are now targeting more energy efficient designs and aiming to
reach not only Net Zero Energy Buildings (NZEBs), but even buildings with
a positive impact such as Plus Energy Buildings. Building facades and
envelopes have a particularly high impact on buildings’ energy consumption
and users’ comfort. During the past decades, office and commercial
buildings were usually linked to the image of the international style and
highly glazed facades. Nevertheless, since the oil crisis in the 1970s, green
architecture and green design became more popular and building designs
moved towards incorporating more solidity, more insulation, and building
facades that can efficiently depend on natural air instead of heavily
depending on mechanical ventilation. This movement aims at keeping the
pleasant modern look by strategically locating windows where natural light
penetration is actually required, in contrast to wrapping the building skin in
glazing (Shuttleworth 2008).

In order to enhance the facade performance and hence decrease the total
building energy consumption and environmental impact, several previous
research works aimed at providing design guidelines for low-energy
buildings. The impact of fundamental design strategies such as building
orientation, window-to-wall ratio, glazing type and fixed exterior shading on
annual energy use and daylighting performance has been thoroughly
analyzed by several studies conducted in the past decades. Hausladen et
al. (2008) investigated the effect of building facades on energy use. Different
strategies and their effect on natural daylighting were inspected in the report
of the IES task 21 “Daylight in buildings” (Ruck et al. 2000). The Center for
Built Environment at the University of California, Berkeley carried out
another research on high-performance facades, which lead to several
reports and findings (Zelenay et al. 2011). Herzog et al. (2004) provided a
facade construction manual that did not only focus on the performance of
different materials of the building facades but also investigated some of the
newer concepts such as double facades, solar facades, and manipulators.
While most of these research works provide useful rules of thumb and
general guidelines to follow, they focused on providing guidelines for
conventional and modular buildings as it cannot take into consideration

complex building design and the infinite options of fagade shapes.
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Modern building facades can have geometries and forms with a higher
degree of complexity due to the recent advancements in computational
tools, which enable architects and designers to develop performative
designs that are tailored for more specific design problems and are driven

from the building’s necessities, surroundings, and context.

Many researchers worked on enhancing the building form with the aid of
environmental simulation tools as well as optimization tools. While the use
of optimization algorithms in the engineering field dates back to the 1980s,
it didn’t become common among researchers in architecture and the
building construction field until the early 2000s (Abraham et al. 2005). Some
of the early works on using optimization tools in buildings design was
presented by Caldas and Norford (2002; 2003). In their research, a new
optimization tool based on a Genetic Algorithm (GA) was used to optimize
the size and placement of windows, the composition of building walls, the
building form, and the design and operation of HVAC. Another recent
research tackled the issue of performance-based exploration of facade
designs by using a daylighting simulation software as well as a GA-based
optimization (Gagne and Andersen 2010). A different research also used GA
optimization without being restricted to simple geometries; it introduced a
new method to control building forms by defining a hierarchical relationship
between geometry points to allow the user to explore the building geometry
without being restricted to a box or simple form (Yi and Malkawi 2009).
Wright et al. (2013) explored the use of multi-objective optimization to

minimize the energy and capital cost of a cellular designed facade.

While most of the previous tools and experiments were found useful at
arriving at optimal designs, it is not easy to use by inexperienced users or

researchers, and the optimization results are not easy to be analyzed.

1.2 Problem statement

Evaluating the holistic performance of alternative building facades during
the early design phase can be very challenging to architects and designers.
Building simulation software and design guidelines can help in overcoming
simpler design problems. However, with a huge pool of passive and active

strategies and technological advances to choose from and non-
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conventional construction methods, it becomes harder to analyze the
numerous design alternatives. Moreover, when many objectives are
targeted, it becomes more challenging to analyze and understand the trade-
offs between the several objectives. Developing a simplified early design
decision-support tools (DDS) to guide the designers through the complexity
of analyzing the facade performance and reach high-performance designs

is of immense importance.

1.3 Research objectives
The main aim of the thesis is to develop a framework and a design decision
support tool to aid designers in evaluating and optimizing the integrated

environmental performance of building facades in the early design stages.
The thesis has the following objectives:

1. Analyze and define passive and active strategies for high-
performance building facades.

2. Analyze the state-of-the-art of the current design decision support
and building performance optimization tools and frameworks.

3. Develop a framework for a holistic assessment of the integrated
environmental performance of building facades.

4. Develop and validate a framework for optimizing the integrated
performance of building facades.

5. Develop a decision support tool, with which designers can effectively

compare and evaluate design alternatives.

1.4 Methodology

This research aims at developing a design decision support tool. Developing
such tool requires an iterative process and methodology. For that reason,
this research follows a Design Research Methodology (DRM). Unlike other
natural and social science methodologies that attempt to understand and
explain reality, design science methodologies try to create tools that serve
human purposes. DRMs are developed and used heavily in the domain of
software engineering and product design. For instance, a detailed Design
Research Science Methodology (DRSM) was presented by Peffers et al.

(2007) for conducting design science research in the area of information
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system. It consisted of six consecutive steps which are: Identify problem
and motivation; Define objectives for a solution; Design and Development;

Demonstration; Evaluation; and Communication.

Blessing and Chakrabarti (2009) developed another DRM in which more
focus was given to the definition of the problem. This DRM is particularly
useful with research that aims at presenting a proof of concept rather than
a market-end product as the weight is shifted from the evaluation phase to
the understanding phase. This methodology, which will be used in this
thesis, consists of four stages: Research Clarification; Descriptive Study I;

Prescriptive Study |; and Descriptive Study Il. (Figure 1.4-1).

Basic means Stages Main outcomes
theratL_.lre Research Clarification 3> Goals
Analysis
Empirical . i
Analysis 2> Descriptive Study | 3> Understanding
Assumption l
Experience > > Prescriptive Study > > Support
Synthesis l —
Empirical . .. .
Analysis > > Descriptive Study |l > Evaluation

1.4.1 Design research methodology stages

Research Clarification:
In the research clarification phase, related literature and previous studies are

analyzed in order to better identify the research problem and research gap
that the research is going to address, determine the approach to be used
and define the expected goals of the research.

Descriptive Study I:

The aim of this phase is to create a clearer and deeper understanding of the
research problem. Empirical analyses, such as case studies, are carried out
to show the limitations in current tools that need to be addressed. It
provides more information on the goals, which the developed tool should

achieve and the problems it should overcome.

Figure 1.4-1

The Design
Research
Methodology (DRM)
as suggested by
(Blessing and
Chakrabarti 2009)
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Prescriptive Study:
In this phase, the first prototype and conceptual design of the DDS tool are

developed. Building on the knowledge and information gained from the
previous phases, a proof-of-the-concept tool is designed and presented. A
detailed, transparent and explicit explanation of how the framework
functions, what the inputs and outputs are, and what to expect from the tool
is provided.

Descriptive Study II:

This phase investigates the impact of the support tool and its ability to
realize the desired goals. The evaluation is carried out through self-
assessment using case studies and by disseminating the resulting tool with
a wider and diverse group of users. The feedback is then used to enhance

and improve the prototype.

1.5 Research outline

The PhD project was developed in four consecutive stages that imitate the
four DRM stages discussed in the previous section. The first stage included
defining the research aims and objectives as well as a comprehensive
literature review on high-performance facade strategies and state-of-the-art
design decision tools (Chapters 1,2 and 3). The second stage focused on
the framework design and analysis using case studies (Chapters 4 and 5).
The third stage of the project aimed at enriching the framework by
developing a design decision support tool for integrative performance
optimization (Chapter 6). The developed tool was then evaluated in the
fourth and last stage of this research, which includes the evaluation of the
framework using case studies and users’ evaluation (Chapter 7).

Stage 1: Preparation (Chapter 1, 2 and 3)

Main objective: Analyze and define passive and active strategies for high-
performance building facades, building performance assessment tools and
metrics, as well as the state-of-the-art building performance optimization

and design decision support tools.

This stage responds to the research clarification in the Design Research
Methodology. In this stage, an extensive literature review was conducted
with a twofold goal. First, the research scope and limitations are defined by

analyzing and conducting a literature study on the strategies used in high-
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performance facades as well as the performance aspects and assessment
tools and metrics (Chapter 2). The second part focused on the state-of-the-
art tools and frameworks in the fields of building performance simulation,
building performance optimization, and design decision support tools.
(Chapter 3). The results of the literature reviews were used for defining the
research problem and objectives.

Stage 2: Analytical phase (Chapter 4 and 5)

Main objective: Define a framework for a holistic assessment of building

facades and analyze its limitations.

A framework for evaluating and optimizing the integrative facade
performance was developed and tested using two case studies. The
developed framework provides a method for the assessment of the
building’s fagade integrated performance which includes: Energy use
analysis, daylighting performance analysis, visual comfort and view
analysis, thermal comfort analysis, as well as BIPV energy generation
assessment.

Stage 3: Application (Chapter 6)

Main objective: Develop a design decision support tool, with which

designers can effectively compare and evaluate design alternatives.

In this stage, a prototype for a design decision support tool was developed.
An integrated performance dashboard was added to the framework as a
design exploration tool. Using the dashboard, the designers can investigate
the impact of their design changes on the different performance aspects, as
well as comparing unique design alternatives and optimizations.

Stage 4: Evaluation and enhancements (Chapter 7)

Main objective: Evaluate the developed framework in optimizing the

integrated performance of building facades.

The final stage of the project aimed at the testing and evaluation of the
framework. In this stage, the decision-support tool was enhanced and
simplified to be more useful and easier to use by architects and designers.
Different focus groups of architects, engineers and designers were targeted
to provide critical feedback on the development of the tool. Moreover, an
integrative case study was used to evaluate the usefulness of the framework

in achieving higher performance designs.
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1.6 Structure of the thesis

Chapter 1 - Introduction
provides the background of the research, the problem statement, objectives,

research design, and framework, as well as the methodology and the outline
and structure of the thesis.

Chapter 2 - High-Performance Facades

explores the development and role of modern commercial building facades.
The distinct functions related to the environmental performance are
highlighted and passive as well as active design strategies are discussed
and summarized.

Chapter 3 - Design Decision Support Tools

provides an overview of the several types of early design decision support
tools. The advantages and disadvantages of each type are discussed, and
recent developments and state-of-the-art are analyzed. A literature review
on recent research aiming to develop comprehensive decision support tools
is also presented.

Chapter 4 - Integrated Performance Optimization Framework

This chapter presents a framework for holistic environmental performance
assessments as well as multi-objective optimization for building facades.
The main concept behind the framework is discussed. Furthermore, the
tools, simulation\calculation methods, and criteria used in the framework
are presented.

Chapter 5 - Case Studies

The aim of this chapter is to examine the usefulness and effectivity of the
framework in helping designers to achieve high-performance facade
designs. Two case studies were conducted with a similar approach but
different objectives.

Chapter 6 - Visualization Dashboard

This chapter presents a visualization tool prototype that can be effective in
decision making and in the analysis of multi-objective optimizations results.
Chapter 7 - Framework Evaluation

In this chapter, the framework was evaluated by user representatives in
focus groups as well as a comprehensive case study. Moreover, further

enhancements of the framework were presented.
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Chapter 2: High-Performance Facades

2.1 Introduction

Computational tools and technologies play a key role in the design of
today’s building facades, whether in its form and geometry or the selection
of materials and integrated systems. Facades are no more the mere
protective skin it used to be. Technological influence can be seen in the
development and increase in 3D printed facades, parametric systems,
breathable and green facades, and interactive facades. This research
focuses on climate-based building facades, which are facades that function
as a filter between the exterior and interior and create comfortable interior
living conditions. In order to achieve that, building facades have to achieve
several functions, such as controlling the indoor thermal and lighting
conditions, provide better visual contact to the outdoors, helping in
insulating the building in order to reduce energy consumption and even
being used as an active system to produce energy. With the current
sophisticated design tools, numerous facade forms and designs can be
easily obtained. However, it is important for designers and architects to
understand the effect of their design decisions on the overall performance
of the building. In order to have a clear understanding of the separate roles
and functions of modern high-performance facades, it’s vital to understand
how the facade, as an essential building element, evolved into its current
state. The following sections discuss briefly the evolution of modern fagade
as well as its diverse functions, especially those related to the environmental
performance of the fagade, and the different methods and metrics used for

the assessment of the facade environmental performance.

2.2 The evolution of modern facade

The modern fagcade is a product of hundreds of years of continued
development. The evolution process of the facade's form and function is
connected to the history of humanity itself. Humans at the early ages
discovered the importance of shelters that functioned as an enclosed

envelope for protection and security. For centuries, wall-openings were
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limited by the difficulty to punch an opening in a load-bearing wall and for
the main reason of security. Additionally, as using glass or similar materials
was a rarity by that time the wall-openings were a major source of energy

loss and vulnerability to climatic phenomena (Schittich et al. 2006).

In order to have more openings and wider spans, separating the building
skin and the structural elements was essential. However, it wasn’t until the
industrial revolution that real opportunities emerged. Facilitated by the new
technological advances in iron and glass manufacturing, buildings that
integrate more transparency started to appear. It was, however, limited to
specific building types such as factories, exhibition- and showrooms, and
greenhouses. One of the most significant buildings that mark this time was
Joseph Paxton’s Crystal Palace, which was built for the London World Fair
in 1851. The Crystal Palace was as much a technological miracle as an
architectural one. Taking advantage of new glass sheet manufacturing,
Paxton designed an almost fully transparent building that had the
impressive final dimensions of 563 m long by 139 m wide and 41 m high.
The structural understanding and approach used in the Crystal Palace

buildings paved the way for the development of curtain walls (Figure 2.2-1).

In 1913 Walter Gropius and Adolf Meyer achieved another milestone in the
history of modern fagcade development by designing and constructing the
Fagus Werk building, a fully transparent shoe factory with structure free
corners demonstrating a new concept of a “curtain wall”. (Figure 2.2-2).
Almost at the same time when several transparent facades started to
emerge in the United States and more specifically in the new high-rise
buildings in Chicago. The new highly-glazed towers presented a unique
image at the time and promoted a style of steel-frame dependency which
was later known as the “Chicago school”. This style would continue
unhindered for several decades for offices and workshops, where more
workplaces were needed and the increase in daylight and illumination was
appreciated. Highly glazed building with concrete and/or steel core
construction would be, and to some extent still is today, the image of

modernity and prosperity around the globe.
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It was not until the 1970s, when the energy crisis hit, that voices against the
‘International Style” were raised. The former style known for its significant
energy use and dependency on mechanical air conditioning was finally
facing a fair amount of criticism. A new trend that shifts the focus on energy
use and indoor comfort appeared and started to define new needs for
building designers and industry. Several design and engineering solutions
evolved to achieve the new goals, e.g. integrating elements of high-tech
industry and technology into building design (Schittich et al. 2006), reducing
the amount of glazing, and adding thermal separation in the window profile
to limit thermal bridges and heat transfer (Arasteh 1985). Figures (2.2-3 and
2.2-4) shows a good example of the evolution of building’s fagade over the
last century. The 678 S Michigan Ave building was constructed on 1913, but
the fagade was replaced with a fully glazed tinted curtain wall when IBM
took over the building in the 1950’s to express the company’s ultra-modern
image. Recently in 2012, the building was reacquired by Columbia

University and the old facade was restored, and a new curtain wall was

Figure 2.2-1

Exterior of the Crystal
Palace at Sydenham,
1854.

Image source:
paul-mellon-centre.ac.uk

Figure 2.2-2

Fagus Werk (1911-1913)
by Walter Gropius and
Adolf Meyer

Image source:
Wikipedia.de
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Figure 2.2-3

The evolution of the same
building's fagade through
100 years’ period. 618 S
Michigan Ave, Columbia
College Chicago. lllinois,
Chicago, USA.

Architect: William Carbys
Zimmerman (1913).
Renovation: Gensler
(2012)

Figure 2.2-4

The current facade of 618
S Michigan Ave
embracing the original
design while providing a
second skin for high
performance.
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introduced as a second skin to provide better energy performance of the

building and retain the transparent image.

2.3 The role and functions of building facades

Building facades is the layer separating the interior of the building from the
exterior. Herzog et al. (2004) presented an analysis for the function of the
building facade as a separator between the interior and occupant comfort
and the external nature. It provided an integral approach that combines

passive and active functions to insure achieving its goals. (Figure 2.3-1).
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| Figure 2.3-1

Outside Facade Inside .
; Requirement of
i building facade a

Conditions specific to location Requirements

(climate specifications, formative Protf_\ctive functions (e.g. comfortable temperature, visual gep_arator betwee_n the
surroundings, e.g. socio-cultural (e.g. insulation, seals, relationship, protection against damage) "inside" and "outside"
context) storage) according to (Herzog
i
) et al. 2004)
Supplementary measures Regulatory function Supplementary measures with a
(shutter, blinds, vegetation) (controlling/regulating direct effect

responding/changing) (e.g. antiglare protection, redirection of
i daylight)
Facade with integral services
(integral air/water collectors,

heat recovery, media distribution)

Supplementary building services .

(e.g. external photovoltaics, heat pipes)

Supplementary building services

1 (e.g. convectors, artificial lighting, air
' conditioning)
1

Building facades are complex systems with many functions to fulfil. These
functions can be grouped under some larger categories to be easier to
analyze. Assuming the roof and facade as a single entity “building skin”,
Lang (2006) divided the skin into different systems, which functions within a

larger scheme that aims to achieve several functions such as:

e |ighting e VVentilation

¢ Insulation against heat / cold ¢ Protection from humidity
e Sun protection e Wind protection

¢ Glare protection e Visual protection

e Visual contact / transparency e Safety / security

® Prevention of mechanical damage ¢ Noise protection

* Energy gain ¢ Fire protection

A more detailed scheme was later provided as a function tree by (Klein 2013)
based on a graduation project work by (Hovels 2007). The “Function Tree”
was categorized into six primary functions and several secondary,

supporting and detailed supporting functions. The six primary functions are:

¢ Create a durable construction

¢ Allow reasonable building methods

¢ Provide a comfortable interior climate

¢ Responsible handling in terms of sustainability
e Support use of the building

e Spatial formation of facade
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The full scheme of two of the primary functions: Provide a comfortable
interior climate and Responsible handling in terms of sustainability is shown

in figure (2.3-2) below.

Primary functions Secondary functions Supporting functions Detailed supporting functions

Provide a comfortable Block radiation

interior climate

|
Let radiation pass T

Control air exchange rate Ventil we h
—{ Create a comfortable temperature entilate excessive heat }

Control daylight radiation

Prevent unwanted energy losses

Maintain air tightness T
Prevent surface temperature differences ‘

Provide thermal insulation

Create a comfortable humidity -
] level ~——| Control air exchange rate

Adapt facade to changing climate

—‘ Keep climate within a given range Adapt fagade to changing climate

Add mechanical building services

Acousticinsulation of fagade plane |

—{ Block unwanted noise

Insulation of connection to dividing walls |

Insulation of floor connection I

Provide a comfortable daylight level —| Create transparent fagade areas }

—{ Create visual comfort Provide glare protection I——' Redirect daylight ‘
Allow visual contact !—

—| Provide sun shading ‘

Responsible handling in —| Adapt to changing climatic conditions

terms of sustainability
—| Prevent energy losses

HW_A—I Allow natural lighting of interior

Minimized energy consumption

during use
—| Provide sun protection
—' Adapt according to orientation of building
—| Reduced material quantities
—{ Minimized embodied energy !—

| Choose materials with low impact

— Minimize spatial distances in the supply chain

Minimized energy for production,
|| transport assembly

‘I Allow production with low use of energy

—' Allow separation of components

4 Enable reuse and recycling E——

—| Choose recyclable materials |
Collect solar thermal energy |
ﬂ Generate energy
Collect solar energy |
Include thermal mass |
—i Store energy
Include components for artificial thermal mass |

Figure 2.3-2

An excerpt from the
facade function tree
as presented by

(Klein 2013) scope and type of performance implied. For instance, facade performance

2.4 Performance parameters

High-performance facades can have various definitions depending on the

can refer to the structure, or the energy performance of the facade. This
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thesis focuses on the holistic environmental performance of the building,
which includes the relation between the environment, the facade and the
user. In that context a high-performance facade can be defined as “ ... an
exterior enclosure that uses the least possible amount of energy to maintain
a comfortable interior environment, which promotes the health and
productivity of the building’s occupants.” (Aksamija 2013). The performance
of a building facade is therefore firmly related to how effective the facade
performs for its various functions that are related to the user’s comfort and

environmental impact.

From the literature, performance parameters that are related to
environmental performance of building facades can be summarized without
a particular order as: thermal comfort, visual comfort, energy use,

daylighting, environmental impact and energy generation. (Figure 2.4-1).

DO @ @ &

Thermal  Visual Energy Daylighting Environmental Energy
Comfort Comfort Performance Performance Impact Generation

2.4.1 Thermal comfort:

Thermal comfort is an essential aspect in modern office space and is usually
directly linked to the productivity of workers (McCartney and Humphreys
2002). According to the ISO (EVS-EN ISO 7730:2005) standard, thermal
comfort is described as being “... that condition of mind which expresses
satisfaction with the thermal environment.” While the definition may be clear
and concise, achieving that goal in a qualitative and quantitative measuring
is not an easy task. Thermal comfort depends on several parameters that
cannot be easily unified between coworkers, which makes it harder to
measure the thermal comfort as each person has a different perception of
comfort. One way to overcome this issue is to use statistical models that
represents the different users of the space. One of the most used models to
measure thermal comfort is the Predicted Mean Vote (PMV) model
presented by Fanger (1970) which is still widely used till date. The PMV
model uses a scale from -3 (cold) to +3 (hot) to determine the thermal

sensation. The recommended acceptable PMV range for thermal comfort

Figure 2.4-1

Performance parameters
of building Facades
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from ASHRAE (Standard 55-2010) is between -0.5 and +0.5 for an interior
space. When the PMV is defined, the predicted percentage of dissatisfied
(PPD) can be calculated, and benchmarks of indoor environment can be set.
ISO7730 (2005) suggests that an average performing building should be
designed to meet the criteria of less than 10% PPD. Later studies showed
that the PMV model works well with air-conditioned buildings. However, in
naturally ventilated and mixed mode buildings, people tend to adapt with
higher indoor temperature than those predicted by the PMV model (Richard
de Dear and G. S. Brager 1998). As a result another “adaptive” model was
developed based on hundreds of field studies where persons can
dynamically interact with the environment (Nicol and Humphreys 2002).
These findings later encouraged the ASHRAE to make significant revisions
in its comfort standard and include the adaptive comfort standard (ACS) (G.
S. Brager and R. de Dear 2001).

For both models, the parameters that are used to calculate the PMV and
PPD are:

Metabolic rate (met): Energy generated by human body. The metabolic rate
is dependent, among other things, on the activity of the person.

Clothing insulation (clo): The amount of thermal insulation the person is
wearing.

Air temperature: The temperature of indoor air surrounding the person.
Radiant temperature: The temperature of the surrounding surfaces.
Relative humidity: Percentage of water vapor in air.

Air velocity: Rate of air movement in a given time.

2.4.2 Visual comfort

Visual comfort is also an essential design parameter in commercial buildings.
Modern offices depend on a constant use of monitors and visual aids, which
requires homogenous lighting and glare free spaces. Similarly, the view to
the outdoors plays a key role in the well-being and satisfaction of the
occupants.

Glare analysis

Glare occurs because of high contrast between the luminance of the task
area and the surrounding area. Having inhomogeneous lighting in the field

of view with high contrast lighting spots can result in inconvenience and
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inability to focus. With the everyday use of computer screens in offices,
avoiding glare is very important as having too much light on the screen will
make it harder to work, and users will most certainly close the blinds and
depend on artificial lighting. Several methods with variant complexity could
be used for glare assessment such as:

Maximum to Minimum llluminance Ratios provide a method that can help
detect glare and unbalanced illuminance on the work plane. A work plane
calculation must be performed to find the point illuminance at the desired
time of year or the averages based on an annual calculation. Then computer
simulation is carried out to find the work plane extremes so the maximum
to minimum illuminance ratio can be calculated.

Daylight Glare Index (DGl) is the first metric to consider large glare sources
such as sky viewed through the window. However, direct sunlight and
reflections are typically not accounted for, but they can be.

CIE Glare Index (CGl) was widely used and adopted by the International
Commission on lllumination (CIE). Calculations require both direct and
diffuse illuminances and are mainly used for luminaire sources of glare.
CIE Unified Glare Rating (UGR) Established by CIE in 1995 is a simplified
method of CGI now preferred by the CIE. The separation of direct and
diffuse illuminances is no longer needed. (ICE 1995)

Finally, the Daylight Glare Probability (DGP) DGP represents the

probability that a person is disturbed by glare and is derived from a

subjective user evaluation (Wienold 2009; Wienold and Christoffersen 2006) .

Annual DGP uses a simplified method that calculates the vertical illuminance
at the eye level as a parameter which can affect the brightness of the space.
(Kleindienst and Andersen 2009).

View to outdoors
View to the outside is more than often left out during the design, despite the

undoubted importance of view and effects on users (Leather et al. 1998;
Heschong Mahone Group 2003). Hellinga and Hordijk (2014) attributes this
to the reasons that research on daylighting and view quality belongs to
different research disciplines and secondly, there is usually very limited time
and budget for architects and engineers to work on daylighting and view.

Hellinga and Hordijk also found that users prefer distant and nature views
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and views that contain water. In design cases were view is an essential
concern, such as spaces overlooking important landmarks or natural
features, such as the case presented in the first case study in Chapter 5 of
this thesis, the view to the outside cannot be neglected. It can be noted that
only few studies considered the view as one of the main objectives of
building facade design and in particular shading devices design
(Konstantzos et al. 2015; Tzempelikos 2008; Kim and Kim 2010; Sherif et al.
2016). Evaluating the view to the outdoors can be a very hard task as it
combines both qualitative and quantitative measures. Measuring the view-
to-outdoor percentage can be done using various methods from simply
measuring the percentage of windows to external walls to measure the
percentage of view lines to a specific point (landmark) outside the window.
In this thesis a 3D isovist method was utilized. An isovist field is “... the set
of all points visible from a given vantage point in space and with respect to
an environment.” (Benedikt 1979). Assessing the quality of the view is, on
contrary, a more challenging task as it requires the knowledge of the
surrounding of the buildings and the exact image that the occupant of the
space sees from the room. Hellinga (2013) developed a point system to

assess the view based on survey of building occupants.

2.4.3 Daylighting

The optimized use of natural daylighting can lead to significant energy
savings while offering a productive friendly environment for users. Daylight
availability, the absence of glare and direct sun, and view to outdoors can
have direct and in-direct effects on users’ comfort and productivity. Natural
daylight was found to strongly affect the health, mood and behavior of
occupants. Past studies of shift workers have shown that decreased
exposure to daylight is strongly correlated with an increased risk of health
problems (Webb 2006). Studies of stress levels among people working
indoors indicate that workers working under daylight have considerably
lower stress levels than those working under artificial lighting. (van Bommel,
Wout J M 2006). A survey of building occupants found that daylight is
perceived considerably better for physiological comfort and health, and
somewhat better for work performance (Heerwagen and Heerwagen 1986).

A more recent study on the effect of windows on workers' performance
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highlighted the effect of both the availability of views and daylighting on

workers' performance (Heschong Mahone Group 2003).

Most of architecture design decision related to natural daylight are based
on illuminance measurements of the space, usually on a horizontal plane
that represents the working plane. Building codes and rating systems define
a minimum amount of lighting, which differs according to the use of the
space. Measuring methods differs from a single-point-in a time to annual
measurements. Quantitative daylight metrics are usually used for measuring
the internal illuminance of the space either in specific moment or annually

for a certain measuring plane.

Daylight Factor (DF) is defined as the ratio of the internal illuminance at a
work-plane point in a building to the un-shaded, external horizontal
iluminance under an overcast sky as defined by CIE (International
Commission on lllumination). Daylight Factor was mainly proposed for
overcast sky condition and therefore cannot be used under other sky
conditions as it does not account for orientation, shading and glare control,
or changes in sky conditions. Moreover, the daylight factor was never meant
to be a measure of good daylighting design but as a minimum legal lighting

requirement.

Single Point in Time (SPT) In this method illuminance calculation is
measured at a specific surface for a single time of the year. The time can be
selected to represent an average daylight condition, such as sunny equinox
at noon or an extreme scenario, such as cloudy winter solstice. This method
is widely used and accepted in several codes and certification programs
such as LEED as it accounts for variability in designs such as orientation
and shading mechanisms. However, with the increase of mixed-use spaces
and changes in the functions of buildings, it’s highly recommended to
account for different measuring times that represent the different conditions
throughout the entire year. Therefore, annual dynamic metrics were

presented.

Dynamic Daylight Performance Metrics (DDPM) or Climate Based
Daylight Metrics (CBDM) was recently proposed and offers an excellent
chance to evaluate the daylighting performance on year-round basis. The

method quantifies the amount of daylight available in a space based on
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annual illuminance or luminance profiles. These values are generated from
a weather file and are utilized through hours of occupancy. An important
advantage of dynamic daylight performance metrics is that it considers the
quantity and character of daily and seasonal variations of daylight for a given
building site. (Reinhart et al. 2006).

Some of the often-used dynamic daylight metrics are:

Daylight Autonomy (DA) is “the percentage of the occupied hours of the
year when a minimum illuminance threshold is met by daylight alone”
(Reinhart and Walkenhorst 2001).

Continuous Daylight Autonomy (DAcon) is a modified version of the
daylight autonomy metric. Continuous Daylight Autonomy gives partial
count to times when the daylight illuminance at a given point lies below the
task/ambient lighting threshold. This method becomes useful for showing
the potential energy savings if the electric lights have dimming or multi-level

switching capabilities.

Useful Daylight llluminance (UDI) is another proposed annual daylight
metric, as the name indicates, UDI calculates the total number of occupied
hours that “useful” daylight enters a space at a select point. Useful daylight
is defined as providing ambient light at the work plane at illuminance levels
between 100 Ix to 2,000 Ix. Above 2,000 Ix, heat gains and glare become
potential problems. The UDI metrics uses thresholds (too low, useful, and
too high) for certain percentages of the work plane. (Nabil and Mardaljevic
2006).

IES Spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure
(ASE) is a recent method that corresponds to the llluminating Engineering
Society standard IES LM- 83-12 (IESNA 2012). Normally, sDAsooLuxs0% IS
used to evaluate the presence of sufficient daylight by calculating the
percentage of the floor area that receives 300 lux or more for at least 50%
of the annual occupied hours, while ASE represents the percentage of the
floor area that receives more than 1000 lux for at least 250 occupied hours

per year.
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2.4.4 Minimize energy consumption

Probably the most sought-after aspect, minimizing energy use is a main goal
in most high-performance buildings. Energy efficiency is the ratio between
the energy output and input. The efficiency is related to the amount of
energy that is being lost during the processes. Most industrial countries now
have building regulations that enforce at least a basic set of energy
conservation measures. The largest part of energy is usually consumed
during operational phase by the heating and cooling systems or HVAC
system. Artificial lighting and equipment loads also contribute to the total
amount of energy consumed. Some design solutions that aim to minimize
the energy use have become self-evident: use of thermal isolation,
minimization of air gaps, avoidance of thermal bridges, solar orientation and

application of energy-efficient HVAC-systems are daily practice.

The 2010 Energy Performance of Buildings Directive (EPBD) requires that
by the end of 2020 ‘all new buildings are nearly zero- energy buildings’
(nZEB). A ‘nearly zero-energy building’ is defined as a building that requires
nearly zero or very low amount of energy, which should be covered to a very
significant extent by energy from renewable sources, including energy from
renewable sources produced on-site or nearby (European Parliament,
Council of the European Union 2010). Beside codes and laws, several green
building certification systems were developed to guide designers and
architects to achieve higher performance building designs. Of the most

popular certification systems are LEED, BREEAM, DGNB, and PassivHaus.

2.4.5 Minimize environmental impact

Buildings don’t only consume energy while operating. A significant amount
of energy is used throughout the life-span of the building starting with the
acquisition of raw materials, the production and manufacturing of building
elements, construction work processes, and actual use of the building
including maintenance, refurbishment and operation and finally, at the end
of life, deconstruction or demolition, waste processing and recycling. The
energy used in other phases other than the operational phase is usually
referred to as embodied energy or grey energy, and while the EPBD requires
the energy use during operation phase is minimized, other phases in the

building life cycle neglected (Szalay 2007). In a net-zero energy building the
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Table 2.4-1

Life cycle stages of
buildings from (BS EN-
15978:2011)
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embodied energy will count for nearly 100% of the total energy use during
the building life span. Which means that only conceivable way to move
forward is then to limit the amount of energy used during the other phases
of the building construction. One of the methods to measure the embodied

energy in building elements is by using the Life Cycle Assessment (LCA)

approach.
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In the life cycle assessment, the amount of the all materials used in the
building elements is calculated. Information about the energy used in the
different phases of the building element production to the end of life phase
is gathered and compiled. Information related to embodied energy is usually
provided by the products manufacturer. Efforts toward creating an inventory
of materials’ embodied energy have resulted in different databases.
Commercial databases such as GaBi and ecoinvent are considered the
most complete and transparent datasets (Martinez-Rocamora et al. 2016;
Takano et al. 2014). Other open-source datasets also exist such as the
environmental product declarations database OKOBAUDAT (BBSR 2015),
used in the German sustainable building certification scheme, DGNB.
However, such databases are limited by regional standards and selection of

products and are usually limited to specific phases of the building life span.

In the building industry, embodied energy is most frequently expressed in
mega joule (MJ). Several other indicators are often used to evaluate the
materials impact on the environment such as:

PERT Total renewable primary energy

PENRT Total non-renewable primary energy

GWP Global warming potential for a time horizon of 100 years

EP Eutrophication potential

AP Acidification potential

ODP Ozone layer depletion potential
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POCP Photochemical ozone creation potential

ADPE Abiotic resource depletion potential for elements

2.4.6 Generate energy

To achieve a near zero energy or net zero energy, renewable energy has to
be generated on site. Musall et al. (2010) conducted a survey of more than
280 net-zero energy buildings within the framework of the International
Energy Agency IEA Task 40/ Annex 52 “Towards Net Zero Energy Solar
Buildings” and found that all cases depend on PV generated electricity to
achieve the net-zero energy benchmark. Both the roof and facade can aid
in generating renewable energy using integrated PV cells. Different systems
can be used depending on the type of construction and the context. Energy
generation output varies significantly due to the type of PV cells used, the
total area, orientation, inclining and tilting angle as well as the efficiency of
the system. (Attia and Herde 2010).

2.4.7 Holistic approach

Several research and practice works focus on a specific environmental
measure. However, a better way to deal with fagade designs is through an
integrative and holistic approach. Any design decision or strategy is more
likely to affect several measures at once. Considering the complexity of the
facade system, such an approach is important to fully understand the trade-
offs resulting from design decisions. The following table summarizes this
section by connecting the performance aspects and measuring metrics and

indicators and highlighting the ones that were used in this research.

Figure 2.4-2

gNERGY Usg

Representation of the mutual
connections and relations
between the environmental
performance aspects.
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Table 2.4-2

Environmental performance
aspects and its assessment metrics
and indicators. Indicators
highlighted in bold and blue were
the ones used in this research.

Environmental
performance
aspect

Models/Metrics and Indicators

[units]

Thermal comfort

Predicted Mean Vote (PMV):

PMV [%]
PPD [%]

Visual comfort

Glare analysis:

Daylight Glare Index (DGI) [%]

CIE Glare Index (CGl) [%]

CIE Unified Glare Rating (UGR) [%]
Daylight Glare Probability (DGP) [%]

View analysis:

WWR [%]
3D Isovist [%]

Daylighting Daylight Factor (DF) [%]
Single Point in Time (SPT) [lux]
LEED points [pts.]
Daylight Autonomy (DA) [%]
Continuous Daylight Autonomy (DAcon) [%]
Daylight availability (DAv) [%]
Useful Daylight llluminance (UDI) [%]
Spatial Daylight Autonomy (sDA) [%]
Annual Sunlight Exposure (ASE) [%]

Energy Annual energy consumption [kWh/a]

consumption

Energy Use Intensity (EUI) [kWh/m2/year]
Annual thermal load [kWh/a]

Annual thermal load/unit area [kWh/m2/year]
Annual cooling/heating/lightning load [kWh/a]
Monthly cooling/heating/lightning load [kWh/a]

Environmental

impact

Total renewable primary energy (PERT) [MJ]

Total non-renewable primary energy (PENRT) [MJ]

Global warming potential for a time horizon of 100 years (GWP) [kg CO2-eqv.]
Eutrophication potential (EP) [kg PO43-eqv.]

Acidification potential (AP) [kg SO2-eqv.]

Ozone layer depletion potential (ODP) [kg R11-eqv.]

Photochemical ozone creation potential (POCP) [kg C2H4-eqv.]

Abiotic resource depletion potential for elements (ADPE) [kg Sb-eqv.]

Energy generation

Annual DC Energy [KWh]
Annual AC Energy [kWh]

26 |



Chapter 2:
High-Performance Facades

|27



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

28 |



Chapter 3:

Design Decision Support Tools

Chapter 3: Design Decision Support Tools

3.1 Early design decision support tools

Providing sufficient information about the environmental performance of the
design during early design stage is of significant importance. The building
overall performance is more sensitive to changes made in early design as
changes in later design stages are typically limited, more expensive and
time consuming (Ritter et al. 2015), yet combining the different passive and
active systems in early design phases is a complex and challenging task
(Attia et al. 2012). Several types of decision support tools were developed
throughout time to help designers and architects make informed decisions
during the early design stage. The following sections discuss four different
types: guidelines and rules of thumb, simulation tools, knowledge-based

tools, and optimization tools.

3.2 Guidelines and rules of thumb

Guidelines and rules of thumb were the first methods used in guiding
building design. It is typically consisting of generalized statements, charts,
tables or diagrams based on extensive empirical research. Its aim is to
provide a simplified information and guidance to the designer. Simplifies
rules of the thumb and design guidelines are still used till date by some
codes and standards such as ASHRAE standards in the US and German
Institute for Standardization (DIN) standards in Germany. It's also widely
used in building rating systems and certification programs such as LEED,
BREEAM, DGNB and PassivHaus. Additionally, detailed handbooks are
commonly used as designing aiding tools for architects, engineers and

designers.

One of the first handbooks to provide guidelines and design tools related to
the performance of the building was presented by (Olgyay 1963; Olgyay and
Olgyay 1957). In his book Designing with climate Olgyay discussed the

importance of climatic design and the impact of climate on building design
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and presenting guidelines for shading devices design using shading masks.
G. Z. Brown presented another useful and easy to use guidelines in his book
Sun, Wind, and Light (Brown 1985), in which he presented several
approaches to aid designers who want to consider the climatic factors in
the early stage in the design process. A third edition was published in 2014
providing more examples and updating the methods. In the book more than
hundred techniques were presented and sorted according to climate, scale,
and into bundles. In the book “Climate-skin: building skin concepts that can
do more with less energy” (Hausladen et al. 2008), the authors suggest that
at the early planning phase it is more necessary to make a quick assessment
of the building facade and services, than detailed calculations. That is
mainly because the boundary conditions and the building itself is still not
strictly defined and several options are still there to consider. The book
starts with a foundation of knowledge discussing the role of the building
facade in different times of year and climates. It than discusses the role and
the use of several facade concepts and technologies. Finally, the book
concludes with design guidelines that are easy and quick to follow.
Guidelines include recommendations for orientation, building position,
building height, building shape, fagade concept, size and proportion of the
window area, solar screening, glazing quality, insulation standard, air
change and ventilation, among many others. Despite the comprehensive
and useful knowledge presented by the authors, the guidelines proposed
are very generalized and can be seen better as palette of different facade
concepts that can be used and decided by the architect according to the
context. It aims to provide the designers with a better understanding of the
effect of different fagcade elements than strict location- and case-based
guidelines. In a later publication the authors presented a handbook for
designers with a more direct approach. In the book “Building to suit the
climate”, guidelines for building skins were introduced for each climate zone
(Hausladen et al. 2011). Climate zones were divided into six zones: cold,
temperate, subtropics, tropics, desert coastal and desert continental. For
each climate zone a typical city was picked and guidelines for building
structure, building skin, building systems and urban planning rules were
presented. The book afterwards discusses the trade-off between the initial

and running cost of each system and provides a glossary for the building
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concepts provided. This approach is most useful as it links the building
guidelines with the climatic zones. Hindrichs and Daniels (2007) presented
another guideline book that besides focusing on building skins extends to
other areas such as renewable energy and solar technologies. The volume
discusses in detail the newest technologies such as advanced fagcade and
glazing systems and provides flowcharts to compare and provide an easy
way for the selection of the suitable system. Another research conducted in
the Lawrence Berkeley National Laboratory in the US and funded by the
California Institute for Energy Efficiency (CIEE) concluded with online
guideline and report for the design of windows and building facades in
commercial buildings (O'Conner et al. 1997). While it mainly focuses on the
aspect of daylighting, other factors such as the effect of windows on HVAC

systems and costs were also considered in an integrated approach.

Such guidelines proved to be quick and useful in early design phases and
are still used by students, teachers and practitioners. However, achieving
maximum efficacy is hindered by several limitations. The guidelines are
usually generalized from calculations of a typical space or prototype, it
doesn’t necessary take in concern the specific form, context and building
systems used by the designers. That is very critical when non-standard
spaces are being evaluated or when a unique context and design problem
is at hand. In such cases using straight guidelines might lead to misinformed
design decisions. It is the responsibility of the designers to make sure that
the guidelines apply to the case at hand. When more accurate results related
to the real-world design are needed, building simulations are believed to be

more useful.

3.3 Building performance simulation

With the increasing complexity of the buildings’ designs, simple rules of
thumb and guidelines are no longer sufficient. To have a better
understanding of the building performance, accurate calculations are to be
made. This was also catalyzed by the fast and increasing advances in
computational tools. Simulation is defined as the process of imitation of a
real-life operation or a system over time. Mostly made by computer
nowadays, the simulation process usually includes a representative model,

mathematical models, or equations that describe the behavior; a method for
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solving these mathematical equations; and finally, a visualization of the
results. Each step in the simulation process should be treated critically to
ensure the accuracy of the results obtained. The simulation model has to be
representative of the real object and has a degree of details that is sufficient
for the simulation task. Simulation results are dependent on the accuracy of
the mathematical models used. Finally, the visualization of the results

should provide clear information to the user.

Simulations tools are developed for the assessment of nearly every aspect
of the building performance such as: Energy analysis, daylighting,
ventilation and indoor air quality and acoustics. The US dept. of Energy
hosts a directory of building energy simulation tools (BEST) (US Dept. of
Energy). According to (Attia et al. 2012) the number of building simulation
tools at the previously mentioned directory increased from 107 to 389
between 1997 and 2010. Detailed reviews of simulation tools in the
architecture design and building performance disciplines are presented by
(Augenbroe 2001), (Crawley et al. 2008) and (Attia et al. 2012).

In the domain of building fagade design, building simulation software is used
extensively. A quick search on the database SCOPUS with the words
“facade” and “simulation” results in nearly two thousand articles. Simulation
tools were used for predicting and comparing the energy use (Thalfeldt et
al. 2013; Rodriguez-Ubinas et al. 2014; Poirazis 2005; Petersen 2011; Raji
et al. 2014) ; daylighting performance (Zhang et al. 2012; Zelenay 2011;
Wagdy and Fathy 2015; Thomson 2011; Sherif et al. 2012); thermal comfort
(Peters and Aksamija 2016; Mirrahimi et al. 2016); visual comfort (Matterson
et al. 2013; Heim et al. 2012); and life cycle assessment (Stazi et al. 2012;
Komerska et al. 2015; LupiSek et al. 2015).

3.4 Building performance optimization

In a traditional optimization process, the minima or the maxima of a given
function are found using special algorithms. This function, which is typically
known as the objective function, may depend on any number of parameters,
and any combination of parameter values within the defined search space
is considered a feasible solution. The optimal solution will be the feasible

set of parameters which minimizes (or maximizes) the objective function. A
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problem will not necessarily have one unique solution. It may have no
optimal solutions at all, a finite number of solutions, or an infinite number of
solutions, which can be defined as a more specific subset of the search

space (Papalambros and Wilde 2000).

3.5 Multi-objective optimization

Multi-objective optimization deals with problems that have multiple
objectives (Abbass et al. 2001). According to Coello (1999), most of the real-
world decision problems are of multi-objective nature. However, there is no
universally accepted definition of “optimum” for such problems as opposed
to single-objective optimization problems. Normally, the decision on what
the “best” answer corresponds to the so-called human decision maker.
Multi-objective optimization breaks the complex system down into a
number of elementary sub-systems. The solving procedure of a sub-system
is often well known and easier to solve. In contrary to single objective
optimization, multi-objective optimization doesn’t result in a single optimum
solution, but a whole set of possible solutions of equivalent quality (Abraham
et al. 2005). This approach is very relevant to the architecture design
process where decisions are taken by considering the trade-offs between

conflicting objects.

3.6 State-of-the-art in decision support tools for buildings
performance Assessment and optimization

Because of the complexity of using optimization tools and the lack of
efficient design decision support systems, a new research domain that
focuses on developing decision support tools and frameworks emerged to
support designers in creating well-informed and high-performance designs.
A software tool, (COMFEN) that can aid in assessing the energy
consequences of building design decisions, was developed by researchers
at Lawrence Berkeley National Labs in California (Selkowitz et al. 2014). The
tool provides a simple interface by which the designer can easily assess the
performance of flexible fenestration facade designs. It is also possible to
compare the simulation results in terms of energy use, daylighting, thermal
comfort and CO2 emissions. The software uses its own 3D modeling engine,
where the user can modify a shoe-box model and control the dimensions of

the space as well as the main fagade by drawing a fenestration system. In
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that sense, the user can not freely design the building form but is restricted
to the rectangular form given by the software. The tool is also limited to
specific climate locations mainly in the USA, Canada, and Australia.
According to the site, the wall construction is defined by the ASHRAE
default and cannot be changed by the user. Despite all the limitations, the
COMEFEN tool provides a good and fast method to compare fenestration

systems effectively.

Turrin (2014) developed a framework to parametrically optimize large roofs
with the aid of multi-objective optimization (MOO) and multi-disciplinary
optimization (MDO). In her research, a three-parts design approach for the
performance assessment of large roofs was developed with special focus
on passive climatic comfort. The framework utilized a parametric CAD
software and optimization tools. The usability of the framework was then
tested with several practical and educational case studies. The main
limitation of the framework lies in the use of several different tools without a

unified tool or interface.

Another powerful decision making support framework was developed by Lin
(2014), where a multi-disciplinary optimization (MDO) approach was also
utilized to provide energy performance feedback in the early design stages.
The Evolutionary Energy Performance Feedback for Designers (EEPFD)
integrates several tools such as: Revit, Excel, and Green Building Studio. It
proposes a framework where designers can integrate energy performance
feedback to support their decision-making process during the early stages
of design. It also provides feedback for other measures besides energy use
such as financial or spatial programming compliance. Autodesk Revit serves
as the parametric design platform, while Excel is used for the calculation of
the three design objective scores. Finally, GBS is accessed through Revit’s
conceptual energy analysis and is used for energy simulation. The prototype
tool, H.D.S. Beagle was also used to provide more simulations. The
framework uses a modified genetic algorithm to drive the optimization
process. (Lin and Gerber 2014; Lin and Gerber 2013). The framework was
validated using hypothetical and pedagogical case studies as well as case
studies from practice. Despite providing a coherent and complex

framework, the EEPFD tool had several limitations including:
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1. complexity of the framework and depending on manual intervention
that requires a high level of experience with the framework.
2. Limits to geometric complexity from utilized platforms

3. Optimization speed

Asl (2015) presented an integrated framework for building multi-objective
optimization for Building Information Modeling (BIM) software. The
significance of the research is for developing the first multi-objective
framework that is fully integrated within a BIM software. The framework
depends on Autodesk Revit and Dynamo (an open source visual
programming tool) to aid designers in modeling and exploring design
alternatives. Assessment of building performance (Energy use and
daylighting) was made by using Autodesk Green Studio, a built-in cloud-
based simulation tool. The framework then utilizes an optimization tool
(Optimo) to optimize the performance of the design (Rahmani Asl et al.
2015). The framework was validated and tested by using case studies by
the authors and other users. The main limitation of the framework lies in the
long time needed for the optimization process, the restriction in further
expanding the framework using third-party tools, and the absence of an
analysis and visualization medium for the proper representation of

optimization results.

Shao et al. (2014) developed a model-based method to support design
teams in early design stages. The study proposes a model-based method
to support design teams in making informed multi-criteria decisions for
energy efficiency solutions when retrofitting building facades. The main
contribution lies in integrating a qualitative and quantitative analysis
procedure carried out by the design team with a numerical multi-objective
optimization carried out by computer. The analysis procedure contains a
quality function deployment model (QFD), which allows the design team to
identify and quantify stakeholders’ concerns and needs. Based on this
model an optimization model is set up. Afterward, an automated procedure
explores this model by multi-criteria constrained optimization to deliver
information on the design space. The model provides a basis for embedding
quality function deployment and multi-objective optimization into the
decision making of energy efficiency retrofit solutions, which considers the

important role of the design team by carrying out the analysis procedure.
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The main limitation of the study is the complexity of the model and the lack
of a user-friendly interface. An integrated computer-based tool with a user-
friendly interface between the model and the users has not been developed
in this study. No guidance system was present or utilized to provide
guidance to the users. Under this circumstance, expertise in the areas of
building performance simulation, mathematical optimization and evaluation

are required to implement the new approach.

Another research that focused on life cycle environmental impact was
presented by Wang (2005). In this research, the object was to minimize the
environmental impact and three impact categories were considered, which
are resource depletion, global warming, and acidification. The framework
consists of four parts: the input, the output, the optimizer and the simulation
program. In the end, an object-oriented framework was presented and can
be used for other uses. Nevertheless, the framework depends entirely on
programming and no user-friendly interface was presented, which limits the
possibility of being used by architects or designers. The lack of a guiding
system and the long optimization time were also present as major limitations

in the framework.

Winn (2014) presented another inter-scalar multivariant decision making
framework. The computational design framework integrates analysis and
optimization to inform decision-making in parametric architectural 3D
modules. The workflow uses parametric modeling in grasshopper as the
modeling base. A special visualization tool was developed to visualize
climate characteristics based on the case location, which helps in
determining the design variables. The models are then tested using third-
party plugins and optimized, using a multi-objective genetic algorithm. The
research uses several tools for visualizing results on 3D geometry for fast
feedback for designers. The main limitation of the framework is the
inconsistency and complexity depending on the task at hand. Visualization
tools seem to be developed for each case separately and therefore there is
no unified tool available for other users. Feedback on the efficiency and

validation of the optimization framework was also not present.

Although not limited to building performance optimization, Vierlinger and

Hofmann (2013) developed a framework for design search and optimization
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in parametric context. The developed optimization tool is available as a
plugin for the parametric tool grasshopper and therefore is available for
users to use in different design problems such as optimizing structure
systems or walkability and urban zoning, ... etc. The developed plug-in
Octopus is based on the evolutionary algorithm SPEA-2, developed at ETH
Zurich (Zitzler et al. 2001) and applies evolutionary principles to provide
Pareto-optimal solutions. It provides an interface to interact with the
optimization process and a multi-dimensional scatter plot for the
visualization of the results. However, some limitations affects the usability
of the framework such as the long computation time and the difficulty in
interpreting the optimization. Another limitation is the absence of any

guidance or decision support tools as it is provided as a generic tool.

Konis et al. (2016) used the Octopus optimization plugin to present another
framework for the optimization of passive performance and building form in
the early design stages. The framework is multi-objective as it aims at
improving the performance of daylighting, solar control, and natural
ventilation strategies in the early design stages of architectural projects. The
framework uses Grasshopper as the main modeling tool and developed a
plugin to support easy modeling of building components, such as
fenestrations and shadings. The models are then connected to simulation
engines using third-party plugins. The Optimization was then carried out
using the Octopus optimization plugin. The research provides a simple
framework based on available tools to provide simulation-based multi-
objective optimization for high-performance buildings. The main limitation
of the research lies in the absence of proper visualization of the optimization

results or guidance system tools.
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3.7 Conclusion

Previous research work, that focused on developing design decision
support tools for building performance optimization, resulted in a number of
useful tools and frameworks for designers and architects. Several limitations
were found to hinder the use of these tools in everyday practice. The main

limitations found in the literature were:

Computation time: building performance optimization is a very time-
consuming task. Having a huge number of cases to optimize increases the
computation time significantly. The process becomes more complicated
when different simulation types are run simultaneously (e.g. energy and

daylighting).

Parametric Modeling: while several frameworks are successfully
integrated within parametric modeling tools, others depend on the simplified
modeling tools of the simulation software, or in some cases uses a text-
based modeling. These types of models, known as “shoebox models”, don’t
provide much flexibility to the designer as it is limited to simple forms of

buildings and spaces.

Visualization of optimization results: It is very critical for the user to be
able to interact with the optimization data in an informative way. Providing
an efficient and clear way to visualize, sort and compare design results
should be an integral part of the framework. However, most of the tools
don’t provide any way to analyze or visualize the results, which forces the

user to depend on other tools for the visualization and analysis of the results.

Guidance and knowledge-based system: Visualizing the results is usually
not enough for inexperienced users. To provide a real decision support tool,

a guidance system or knowledge-based support should be provided.
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Chapter 4: Integrated Performance Optimization
Framework

4.1 Simulation framework

From the literature study analyzed in chapter 3, several limitations for
performing a holistic evaluation for building facade performance were
highlighted. The framework presented in this chapter aims at overcoming
some of these limitations by providing a parametric workflow that is capable
of fulfilling integrative facade performance assessments as well as multi-
objective optimizations. By relying on a parametric modeling software, the
framework can be effectively used for the design of building fagcades with a
high degree of complexity, from the simplest fagade to geometrically

complex designs.

4.2 Framework objectives

The framework aims at optimizing complex and multi-variant building
facade models for the integrative environmental performance of the fagade.
The automated optimization process aims at reaching the highest
performance in the aspects discussed in chapter 2: energy consumption,
thermal comfort, visual comfort, daylighting, as well as minimizing the

environmental impact and increase the possible energy generation.

4.3 Framework setup

Figure (4.3-1) shows the main structure and setup of the framework. The
framework consists of three main phases: parametric modeling, simulation,
and optimization. Within each of these phases, a group of components,
inputs, and tools function in synergy to reach the optimized designs. The
below sections describe each phase in more detail and the function of each

component.
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Figure 4.3-1

lllustration of the
integrated simulation
and optimization
framework.
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4.3.1 Parametric modeling and visual programming language
Models are abstract three-dimensional representations that aim to provide

approximate imitations of the real world. (Papalambros and Wilde 2000).

Parametric modeling depends on mathematical formulas, rules, numbers
and data values to create geometrical models. The models can be then
morphed and controlled easily by changing the values rather than having to
reconstruct the entire model. In architectural design, parametric modeling
or parametricism is being used more often in the recent days and is
considered an avant-garde architecture style in which all the elements of
architecture have become parametrically malleable. (Schumacher 2008).
Parametric design is based on exploration and iterative re-editing process.
(Woodbury 2010). In that context, parametric design is distinctive than other
methods of design and modeling in the fact of its capability to interact and
respond to changes in design variables defined by the designer and the
environment. According to Barrios (2005), the main unique characteristics

of parametric design are:

o Offering more flexibility to design parts and assemblies of complex
nature.

e Provide reliable systems to test instances of designs from a single
model.

o Expand design exploration at the initial stages of the process.
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As this research investigates the possibility of reaching optimal designs from
a larger pool of design options, parametric modeling was chosen for its

unique flexibility and efficiency when dealing with a vast number of options.

The developed framework for this research relies on the parametric
modeling software Grasshopper' which is a Visual Programming Language
(VPL) tool that is widely used by architects to create parametric designs and

models.

In this research, parametric modeling was used to construct the main
geometry and shape of buildings, but also to control other parameters or
inputs such as building materials, building loads, simulations inputs, ... etc.
The primary model is defined with the use of global variables which includes
general parameters e.g. project name, location (weather file), orientation, ...
etc., as well as building parameters e.g. space dimensions, shading
devices, materials, ... etc. The building parameters affect the building form
or properties and can be used as optimization variables. As a result, the
parametric model definition can generate a considerable number of design
options according to the number and range of the design variables.
However, it is the unique combination of design variables values that makes

each design alternative distinctive.

Beside the global variables that define the design alternative, other local
variables are used as inputs for the simulation or optimization software and
control the accuracy and workflow of the simulations. A diagram for an
example of a simple building zone using VPL and parametric modeling is

shown in Figure (4.3-2).

In this research, several user components and parametric models with
different complexity were prepared and tested in the next chapters. The user
can use these models as ready-to-use templates or can create his own
parametric model for higher flexibility and customization. The parametric
model is then converted to different simulation models to adapt to the

guidelines of the simulation types and software used.

T Grasshopper®: http://www.grasshopper3dd.com/
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Figure 4.3-2

Example of a custom
user object component
for a parametric model of
an office space.
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4.3.2 Integrated performance simulation

In order to have a complete understanding of the facade’s holistic
performance, a number of simulations are conducted for each design
option. The simulations use different metrics to provide detailed results on
the annual energy consumption, daylighting performance, thermal comfort,
visual comfort (glare and view), energy generation as well as life-cycle cost
and life cycle assessment. The following sections discuss the simulation
software packages used, the detailed input, outputs and metrics used and
the relations and interoperability between the simulation tools.

Energy use

Minimizing the annual energy use is a major aspect of high-performance
facades. The energy use for each design alternative was calculated hourly
throughout the entire year for the cooling, heating, lighting and equipment
loads. The Energy Use Intensity (EUI) was used to compare the efficiency of
each design. For the energy simulations, Ladybug+Honeybee plugin
(Roudsari and Pak 2013) was used as an interface to the simulation program
EnergyPlus (US Dept. of Energy 2015). EnergyPlus is a validated whole
building energy simulation engine developed by the United States
Department of Energy. The parametric model is simplified and building
materials and constructions are applied to the corresponding building

elements to create the energy model.
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User-defined inputs for the energy simulation include global inputs as well

as local inputs such as:

Global inputs Local inputs

e |ocation (weather file) e occupancy schedule
e orientation e equipment loads
e energy model e lighting power density
e HVAC cooling and heating set points

All surfaces of the tested spaces were assumed adiabatic, except the
external wall with the glazing, to focus on the energy transfer from the
studied facades. Lighting load schedules were obtained from the
daylighting simulation and the occupancy and equipment load schedules

were assumed to be daily from 8 AM to 6 PM with hour-saving time

For each design alternative, the simulation outputs include the cooling,
heating, equipment and lighting loads. These are added later and divided
by the space area to provide the annual Energy Use Intensity (EUI) in
kWh/m?/year. The simulation results also include the operative temperature,
mean radiant temperature (MRT) and the relative humidity, which are used
for thermal comfort calculation. Figure (4.3-3) shows a simplified diagram of

the simulation process, inputs, and outputs.

Energy and Thermal Comfort Simulation Figure 4.3-3
- F'_I """"""""""""""""""""""""" Simulation output A simplified diagram of
le name — i the energy and thermal
Weather file » @ Simuiation Inputs Cooling load comfort simulation
Model w/ materials @ (a Heating load process.
Orientation [ Equip. load

L] Zone Loads Simulation outputs | @——

®  Occ. schedule Operative Temp.

— Mean radiant Temp.
® | Lighting schedule

[ J
[ ]
[ J
Lighting load [ ]
[ J
L 2
. Relative humidity | ®

Thermal Comfort
Indoor thermal comfort was evaluated using the Predicted Mean Value and

Predicted Percentage of Dissatisfied model (PMV-PPD). The PMV-PPD
model is the most recognized model for thermal comfort and is based on a
number of survey researches for air-conditioned spaces. It is also used by
several standards such as ASHRAE Standard 55-2010 (Standard 55-2010),
EN 15251 (CSN EN 15251), and the ISO 7730 standard (EVS-EN ISO
7730:2005).
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Table 4.3-1

Seven points thermal
sensation scale

Table 4.3-2

Categories of thermal
environments
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The PMV index predicts the mean value of votes of a group of persons on a
7 points scale (Table 4.3-1). While the PPD index predicts the percentage of

people that will be thermally dissatisfied.

+3 Hot

+2 Warm

+1 Slightly warm
0 Neutral

-1 Slightly cool
-2 Cool

-3 Cold

Both ASHRAE and ISO standards categorize the index values into three or
four categories (Table 4.3-2). Since it’s usually difficult to achieve category
A while considering the accuracy of measurements, category B is usually

used in real-world practice and is also the one used in this research.

Thermal state of the body as a whole
Category

PPD % PMV
A <6 -0.2 < PMV< +0.2
B <10 -0.5 < PMV< +0.5
C <15 -0.7 < PMV< +0.7
D* <25 -1.0 < PMV< +1.0

*only available in ASHRAE standard

As mentioned in Chapter 2, PMV and PPD depends on several parameters
such as, operative temperature, mean radiant temperature and relative
humidity, air speed, metabolic rate and clothing level. Both ASHRAE and
ISO standards provide guidance and recommendations for each parameter.
The PMV comfort calculator from the Ladybug+Honeybee plugin was used
to calculate the PMV and PPD for each design alternative. The operative
temperature mean radiant temperature and relative humidity were obtained
from the energy simulation. Other inputs such as air speed, metabolic rate
and clothing level could be adjusted by the user and were set to default
values of 0.1m/s, 1 mat, and 1 clo respectively. Percentage of Discomfort
Hours (PDH), which is the percentage of hours that had PPD more than

10%, was aimed to be minimized.
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Daylighting
The quantity of daylighting present in a space can be quantified and

measured using several methods. Static methods such as daylight factor
and illuminance values can give a general idea of the daylighting
performance and distribution in the space, and are still being used as
general guidelines. Nonetheless, dynamic daylighting metrics such as
spatial Daylight Autonomy (sDA), Daylight Availability (Dav) and Useful
Daylight Index (UDI) provides more accurate information about the
daylighting performance as they cover every hour in the year. However, it

also requires a longer time for simulation.

In this framework, the effect of changing the variables on daylighting
performance was measured using DIVA-for-Rhino (V 4.0)?, a plugin for the
3D modeling software Rhino 3D?®. Diva-for-Rhino is used to interface
Radiance and Daysim for annual simulation and illuminance computation
(Jakubiec and Reinhart 2011). Radiance is a daylighting simulation engine
developed by Greg Ward and is known for accurate representation of
daylight behavior. Radiance utilizes a raytracing algorithm to provide a

realistic visualization of the space. (Larson and Shakespeare 2003)

Daylight performance was evaluated using the dynamic daylighting
simulation which gives the results of several metrics. Most notably the IES
spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE)
criteria which corresponds to the latest progress in daylighting simulation
metrics introduced in the llluminating Engineering Society standard IES LM-
83-12 (IESNA, 2012). sDAscoLuxvs0% Was used to evaluate the presence of
sufficient daylight by calculating the percentage of the floor area that
receives 300 lux or more for at least 50% of the annual occupied hours. In
this paper a sDA > 50% was assumed to be acceptable. The annual sun
exposure was used to describe the percentage of floor area that receives
too much direct sunlight. ASE represents the percentage of the floor area
that receives more than 1000 lux for at least 250 occupied hours per year.
Occupancy schedule was assumed to be the same as the energy

simulation. The calculations were made for a reference plane of 60

2 DIVA-for-Rhino, an optimized daylighting and energy modeling plug-in for the
Rhinoceros 3D modeling software. http://divadrhino.com/
3 Rhinoceros. https://www.rhino3d.com/
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Figure 4.3-4

A simplified diagram of
the daylighting
simulation process.

Figure 4.3-5

Diagram of the human
cone of vision. showing
the limit of the visual field
and the area of
recognition, in two
directions, horizontally
and vertically.
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measuring points in a grid of 0.6m* 0.6m, at a working-plane of 0.85 m
height. Figure (4.3-4) shows a simplified diagram of the daylighting

simulation.
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Visual Comfort
In the framework, the visual comfort was calculated by combining the view

factor and glare probability. For glare analysis Evaglare was used to
measure the discomfort using the Daylight Glare Probability (DGP) index.
The GDP was analyzed at 9:00, 12:00 and 15:00 on the solstice and equinox
dates to cover the different sun positions. In the DGP index, glare is divided
into four categories: intolerable glare (DGP > 45%), disturbing glare (45% >
DGPP 40%), perceptible glare (40% > DGPP 35%), and imperceptible glare
(DGP < 35%). For the view analysis, a view factor can be calculated using
2D or 3D isovist. Two- and three-dimensional isovists were created for the
focal area of the viewer’s field of view (Figure 4.3-5). The ratio between the
number points seen from the vantage point in each case to a maximum
number of possible points is calculated to compare between the different

shading devices.
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Energy Generation
The possibility for energy generation was calculated by assuming only solid

surfaces of the fagade are covered with Photovoltaics. The efficiency and
real area covered can be controlled manually to resemble real life
conditions. The PV simulation was made using Archsim, which is a part of
the Diva-for-Rhino plugin. The plugin takes the panel geometry, panel
efficiency and an effective area as inputs and then executes an EnergyPlus

simulation to calculate the energy generated annually.
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Figure 4.3-6

A simplified diagram of
the visual comfort
analysis process.
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Life Cycle Assessment
Life Cycle Assessment was carried out using a parametric simplified method

similar to that discussed in (Hollberg and Ruth 2016). The amount of
materials from the fagade elements is calculated from the parametric model.
Information of the environmental impact and embodied energy of each
material was compiled from the OKOBAUDAT and documented in a CSV
file. A customized user component was then developed to extract this data
and assign it to the corresponding material. Finally, the values of each

indicator were added and presented per each m2 of the facade.

Figure 4.3-7

A simplified diagram of
the energy generation
simulation process
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Figure 4.3-8

A simplified diagram
of the life-cycle
assessment analysis
process.
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4.3.3 Multi-objective optimization

Multi-objective optimization was performed using the Grasshopper’s plug-
in Octopus (Vierlinger, R., & Hofmann, A. 2013). It is based on the
Evolutionary algorithm SPEA-2 developed at ETH Zurich (Zitzler, E., et al.
2001) and applies evolutionary principles to provide Pareto-optimal
solutions. A solution is considered a Pareto-optimal if no other solution
exists that “would decrease some criterion without causing a simultaneous
increase in at least one other criterion (assuming minimization)” (Coello C.
et al. 2006). In other words, Pareto-optimal solutions are non-dominant
solutions that are considered as equal solutions. A trade-off between the
objectives is therefore essential to judge them. Annual Sunlight Exposure
was used as a Boolean objective, so that only cases that achieved ASE less
than 10% were considered in the optimization. Optimization was performed
for the previously mentioned variables and three objective functions were
used: the sDA, EUI and PDH. For each of the two studied locations, the
optimization process continued for 10 generations with a population size of
30. Mutation rate was set as 0.5, mutation probability as 0.1 and crossover
as 0.8. The optimization workflow is shown in figure (4.3-9). Results were
then exported to Excel and analyzed using the web-based application

“Pollination” to create parallel coordinates graphs (Pollination, 2015).


https://github.com/mostaphaRoudsari/Honeybee/tree/gh-pages
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Figure 4.3-9

A conceptual diagram of the
integrative performance
optimization framework
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Chapter 5: Case Studies

5.1 Introduction

The aim of this chapter is to examine the usefulness and effectivity of the
framework in helping designers in arriving at high-performance facade
designs. Two case studies were conducted following similar approaches,
but with different objectives. In the first case, the framework was used for a
design problem with opposing objectives. The aim, in this case, was to
examine the trade-off between the two objectives and look for solutions that
provide acceptable performances for both objectives. In the second case,
a more complicated case was examined with the objective of examining the
frameworks ability to act as a design explorer tool. In that case, the
framework was introduced to a multi-variant, multi-objective design

problem, and used GA optimization to reach a set of optimal solutions.

5.2 Case study 1: optimization of facade design for daylighting
and view- to-outside: A case study in Lecco, Lombardy,
ltaly. ¢

In this case study, the ability of the Integrative Performance Optimization
(IPO) framework to aid in design problems with contradicting objectives was
investigated. The case study is based on the result of an evidence-based
designed building project that was developed for the Sustainable Building
Technologies (SBT) course and studio of Architecture Design (AD) in the
Polytechnic University of Milan, Lecco campus. The design project was for
a multi-functional building located in La Piccola area, in the historical

industrial-area of Lecco city, in Lombardy, north of Italy. (Wageh et al. 2016)

4 Part of this thesis section was published in Gadelhak, M., & Wageh, M. A. (2017).
Optimization of Facade Design for Daylighting and Viewto-Outside: A case study in Lecco,
Lombardy, ltaly. In A. Fioravanti, S. Cursi, S. Elahmar, S. Gargaro, G. Loffreda, G. Novembri,
& A. Trento (Eds.), ShoCK! - Sharing Computational Knowledge! - Proceedings of the 35th
eCAADe Conference, 20-22 September 2017 (Vol. 1, pp. 229-236). Sapienza University of
Rome, Rome, Italy.
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Figure 5.2-1

Project location and
building configurations in
the site. The diagram
shows the orientation of
the fourth floor with the
sun altitude
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The building’s site is located directly in front of the new campus of the
Polytechnic University of Milan and has an unobstructed panoramic view of
the surrounding mountains due to the absence of tall buildings around it.
The proposed design consisted of three floors plus a ground floor with
various functions related to the university. The fourth floor which will be
studied in this section is dedicated to an open-plan workshop space with
150 m2 area. In order to provide a 360° panoramic view of the surrounding
mountains, the fourth floor has floor-to-ceiling windows in all four
orientations which left the space, however, vulnerable to direct sun

penetration. (Figure 5.2-1).

\ ) P\ N\ CD
Summer highest £ = Y f/‘ ki \W I\

sun altitude 67°

Winter highe%t
sun altitude 2‘1"

Because of having fully glazed facades, the biggest challenge facing the
proposed project was to provide indoor visual comfort and avoid the
occurrence of glare as much as possible while maintaining the view from
inside to outside with minimum obstruction. The four fagades, especially the
south, overlooks the best landscapes of the city of Lecco since it looks
directly on Lecco’s mountains. Hence, the importance of keeping the 360°
panoramic view unobstructed while providing enough daylight for the

workshop space.

5.2.1 Climate condition

The city of Lecco has a humid subtropical climate, with hot and humid
summer and cold winter. The highest sun altitude is 20.8° in winter and 67.4°
in summer. Annual global radiation can rise to 1600 kWh/m2 per year. The
temperature rarely goes far below zero Celsius, the winter conditions
nonetheless require non-negligible heating systems for the comfort. On the

other hand, in summer, the high humidity and temperatures (often rising
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over 25° Celsius from June to August) require an equally important cooling
load. As the air flow rate through the year is not adequate to provide natural
ventilation, special attention for cooling and heating loads is necessary.

Figures (5.2-2, 5.2-3, and 5.2-4) show the daily temperature, monthly

radiation and hours of sunshine through the year.
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5.2.2 Space description

The studied space has a rectangular shape with the longer sides having a
north-south axis with a tilted angle of 10°, and the short sides facing east
and west. While the north fagade is not affected by high sun exposure, the
south facade is subject to high exposure for most of the day, throughout the
year. East and west facades had a small impact on the daylighting
performance of the space due to their relatively small area and being
separated than the working space by the staircase and elevators cores. The

architecture plan of the studied space is shown in figure (5.2-5).
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5.2.3 Design approach

Conventional design methods of passive techniques, such as shading
devices like horizontal shades, venetian blinds and screens, were
historically used especially in south facades to reduce the sun exposure,
provide adequate daylight and to reduce the glare probability. Several
research works investigated the characteristics of shading devices on
daylighting as well as energy performance (Kirimtat et al. 2016). The
concerns in using this kind of shading device are that it doesn’t implicate
the view-to-outside factor as a driving force for the design (Gadelhak and
Wageh 2017). Therefore, a trade-off between the different measures has to
be reached in order to achieve a visual comfort and preserve the view of the
surrounding alpine landscape. In this case study, the IPO framework was
used to improve the visual comfort of the users by studying relation between
the two parameters (daylight and view) by applying daylighting and glare

analysis as well as view assessment of different shading devices.
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5.2.4 Methodology

The IPO framework was used to model and simulate the space for
daylighting, glare and view to the outside. The aim was to find design
solution that can achieve good daylighting performance without sacrificing
much of the view.

Modeling

A parametric model for the multi-functional building was created using
Grasshopper. The investigated space had the dimensions of 7.5 m x 20.0m
with 3.3m ceiling height. Different types of shading devices were
investigated for the daylighting performance, glare probability and view to
outdoors. The performance of five shading devices was examined:
horizontal shading, vertical shading, egg crate, an external diagrid structure,
and an external diagrid structure with an overhang. For each of these
shading devices, the impact of changing the vertical (or horizontal) shading
angle was studied. The impact of changing the eggcrate thickness and
spacing for the diagrid was also considered. Figure (5.2-6) shows an
illustration of the five shading devices and their design parameters. Seven
different cases for each of the horizontal and vertical shadings were studied
and 35 cases for each of the other three shading devices. Overall 119
shading designs were examined. The range of the parameters for the

shading devices that were examined are shown in table (5.2-1).
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x: Module size
a: shading angle

x: Shading thickness
a: Vertical and horizontal
shading angle

a:Horizontal shading
angle - HSA

Figure 5.2-6

The five studied
shading systems and
its design
parameters.

A. Vertical louvres.
B. Horizontal
louvres.

C. Eggcrate.

D. Diagrid louvres.
E. Diagrid with
overhang.

For each, the most
effective variables
were identified.
Which include:

- modular size

- shading angle

- shading thickness

x: Module size
a: shading angle
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Table 5.2-1

Design parameters of the
studied shading devices.
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Shading type

Parameters

Range

Horizontal shading

Vertical Shading Angle
(VSA)

20° to 50° with a step of 5°

Vertical shading

Horizontal Shading Angle
(HSA)

20° to 50° with a step of 5°

Eggcrate

Vertical Shading Angle
(VSA)

20° to 50° with a step of 5°

Thickness

2.5to0 12.5 cm with a step
of 2.5 cm

Diagrid structure

Vertical Shading Angle

20° to 50° with a step of 5°

(VSA)
Number of Modules 6,12, 18, 24 and 30
(Spacings) Modules
Diagrid structure + | Vertical Shading Angle 20° to 50° with a step of 5°
overhang (VSA)
Number of Modules 6,12, 18, 24 and 30
(Spacings) Modules

Simulation
Daylighting analysis was carried out using DIVA for Rhino. Daylight

availability was chosen as the evaluation metric, which was found more
suitable for the studied case. The measuring nodes are divided according
to three criteria, daylit for points that receives illuminance between 300-
3000 lux for 50% of the time, over lit for points that receives >3000 lux for
at least 10% of the time, and partially daylit for points that has illuminance
values<300 lux for more than 50% of the time. The aim is, therefore, to
increase the daylit area of the space. The analysis grid had a desk-level

height of 0.80 m and spacing of 0.60 m.

Glare and view analysis were conducted for a selective viewpoint that
represents a seated person (height = 1.2m), positioned at a distance of 2.0m
from the facade and facing the window. For glare analysis Evaglare was
used to measure the discomfort using the Daylight Glare Probability (DGP)
index. The DGP was analyzed at 9:00, 12:00 and 15:00 on the solstice and
equinox dates to cover the different sun positions. In the DGP index, glare
is divided into four categories: intolerable glare (DGP > 45%), disturbing
glare (45% > DGP 40%), perceptible glare (40% > DGP 35%), and
imperceptible glare (DGP < 35%)). In this study, each category was given a
score number with imperceptible glare having the highest score (3 pts) and
intolerable glare the least (0 pts). The Annual Glare Percentage (AGP) is then

calculated to compare the performance of different shading designs, where
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AGP = 0% means that only imperceptible glare occurs at all times and the
AGP = 100% indicates that an intolerable glare can be witnessed at all
times. For the view analysis, a view factor was calculated using 3D isovist
by generating a number of rays from a vantage point in the direction of the
viewing windows. The ratio between the number of rays obstructed by the
shading device to the total number of rays is used to compare between the
different shading devices. In this study, the vantage point is the same one

defined for the glare analysis.

The results from the three analysis criteria, daylighting performance (DAv),
Glare (AGP), and View Factor are compared to arrive at shading devices
with a satisfactory performance. Acceptable values for the three criteria
were assumed to be 75%, 50% and 50% for the daylight availability,
accumulated glare percentage, and view factor respectively.

Optimization

Since the number of the tested cases in this study was relatively low, a brute
force optimization method was used. Which means that all the 117 cases

were simulated for the three criteria and no selective algorithms were used.

5.2.5 Results

Base case results

The unshaded facade was assumed as the base case in this study in order
to evaluate the effect of each shading device on the daylighting, glare and
view performance. The base case had a low daylighting and glare
performance due to the vast area of unshaded glazing in all its four facades.
Because of the penetration of direct sunlight, the daylit area reached only
36%, while the overlit area occupied almost two-thirds of the space. Figure

(5.2-7) shows the daylighting availability results for the base case.

Figure 5.2-7
Daylight availability

distribution in the base
case

100 Dav
Occupied hours (%)
with 300-3000 lux
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o
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The annual glare score was found to be very low with a value of 13% as an
intolerable glare was witnessed in most of the times with the exception of
the morning hours. however, even during morning hours, a perceptible or
disturbing glare was witnessed. The base case has, however, a panoramic
view with only the internal structure as a physical obstacle. Table (5.2-2)

shows the glare analysis results for the base case.

Table 5.2-2 At 9:00 AM At 12:00 PM At 3:00 PM
Glare analysis results for
the base case

3/219:00 AM Perceptible Glare (38% DGP) 3/21 12:00 PM Intolerable Glare (59% DGP) 3/213:00 PM Intolerable Glare (100% DGP)

21/3

6/21 9:00 AM Disturbing Glare (42% DGP)
21/6

9/219:00 AM Perceptible Glare (40% DGP) 9/21 12:00 PM Intolerable Glare (60% DGP)
21/9

12/21 9:00 AM Intolerable Glare (74% DGP) 12/21 12:00 PM Intolerable Glare (100% DGP) 12/21 3:00 PM Intolerable Glare (100% DGP)

o “ : ,L'[.'A! *  A’A‘“‘!‘L‘N

";
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Horizontal and vertical shadings
The horizontal shading devices had a significant effect on the daylighting

performance, as most of the cases had better performance with over 90%
daylit area percentage, in comparison to just 36% in the base case. The
glare analysis, however, showed a high probability of glare occurrence and
only one case achieved an AGP lower than 50%. The impact on the view
was, however, better than anticipated with only between 17% to 27% of the
view obstructed. Cases with larger extrusions (higher shading angles) had a
better daylighting and glare performance while cases with smaller

extrusions had a better view factor. (Figure 5.2-8).

In contrary, vertical shadings provided a poor but mostly acceptable
daylighting performance. The daylit area percentages ranged between 49%
with a Horizontal shading angle = 20°, and 60% with HAS=50°. Glare
analysis also showed a high probability of glare occurrence all year round
with a maximum annual score percentage of 64%. Nevertheless, the view
factor was also found acceptable in all the cases with a maximum view
factor of 87% and a minimum of 64%. (Figure 5.2-9).

Eggcrate

Thirty-five cases of eggcrate shadings were analyzed. Almost all the cases
achieved over 80% daylit area and half of the cases reached 100% daylit
area. Moreover, unlike the horizontal and vertical shading, the eggcrate
reduced the chance of glare occurrence significantly. Most of the cases
had an acceptable annual glare percentage and, in few cases, the AGP
reached less than 20%. This, however, came in the expanse of the view
performance. With the eggcrate cells causing a significant obstruction to
the view, the view factor was found to be unacceptable in most of the cases.
Only cases with very small thickness (high perforation ratio) and small
extrusion achieved acceptable view factor. However, in these cases, the
glare performance was at its lowest values and was below the acceptance
threshold. Only one case achieved an acceptable performance in all the
three criteria which had a thickness of 2.5 cm and 35° shading angle. Figure
(5.2-10) show the daylighting, glare and view performance for eggcrate

shadings with 7.5 cm thickness and different shading angles.
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Figure 5.2-8 Horizontal shading
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Figure 5.2-9 Vertical shading
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Figure 5.2-10 Eggcrate shading (7.5 cm thickness)
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Diagrid structure
All the 35 cases of the external diagrid structure had a good impact on the

daylight performance with a minimum daylit area percentage of 76% and
nearly half of the cases with 100% daylit area. Similar to the eggcrate, the
diagrid structure also enhanced the visual comfort significantly as the glare
probability decreased and the AGP reached 0% in several cases. The
external view also showed satisfactory performance with a maximum of
85.54% and most of the cases with view factor higher than 50%. Nine
different cases achieved a satisfactory performance in all three areas of
analysis. Figure (5.2-11) shows the effect of changing the shading angle on

a diagrid shading with 18 modules.

Diagrid shading (Module no.= 18) Figure 5.2-11

100% The effect of changing

90% the shading angle on
80% the daylighting, glare,
70% and view performances
60% for a diagrid shading
>0% with 18 modules.
40%
30%
I Dl i
10%
0% D

20° 25° 30° 35° 40° 45° 50°

Vertical Shading Angle

£

B DAv mGlare mView

Diagrid with overhang
This unique shading solution aimed at combining the positive impact of both

horizontal and diagonal shading devices. Once more, 35 different
configurations were tested. It succeeded in achieving notable
improvements in all of the three criteria. Daylighting performance achieved
more than 90% daylit area in all cases with most cases having a 100% daylit
area percentage. Glare probability also improved as almost all of the cases
had an acceptable performance and AGP reaching 0% in several cases.
While not all the cases had a satisfactory view performance, in many cases
the view factor had an acceptable value and reached a maximum of 86%.
In many cases, the daylighting, glare and view were found to have
acceptable and significantly improved performances. One notable case was
with 45° shading angles and 6 modules of diagrid external structure, where

daylit area percentage reached 100%, AGP of 25% and view factor of 71%.
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Figure 5.2-12

The effect of changing
the shading angle on
the daylighting, glare,
and view
performances for a
diagrid with overhang
shading system with
18 modules.
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Overall 14 different configurations achieved an acceptable performance in
all the three criteria.

Diagrid with overhang (Module no.= 18)
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5.2.6 Discussion and conclusion

In this case study, the IPO framework was used as a support tool for
designing building facades that overlook exceptional scenery and views,
which requires particular care not to obstruct the view to the outdoors.
Nevertheless, poor shading design can usually result in high solar
penetration and glare probability affecting the ability of the users to enjoy
the outdoor view. In this study, 119 different configurations of five shading
systems were investigated. Overall, 25 different configurations from 4
systems of the shading devices achieved a satisfactory performance for
daylighting, view and glare. The combined shading of an external diagrid
structure and a horizontal overhang offered the best performance with 14
cases, followed by the diagrid shading and eggcrate and finally the
horizontal shadings where only one case achieved an acceptable
performance. Figure (5.2-13) shows the performance results in the three
areas, daylighting, glare and view for the three most effective systems. The
cases with acceptable performance are highlighted. The effect of the
different shading systems on glare performance is presented in table (5.2-
3).
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Figure 5.2-13

Daylighting, glare, and view performances for the

Eggcrate, Diagrid, and diagrid with overhang

shadings. The cases with satisfactory performances
100%
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Table 5.2-3

Glare performance at 12:00 on 21 June for the base
case and four different shading configurations

Shading Base Case Horizontal Eggcrate Diagrid Diagrid and
system shadings overhang
Glare
i - \l y - / s
: i j \

51% DGP 37% DGP 36% DGP 37% DGP 34% DGP
Parameters No shading VSA = 50° Shading No. of modules=  No. of modules=

system thickness = 2,5 18; VSA = 30° 6; VSA = 45°

cm; VSA = 35°
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5.3 Case Study 2: optimization of office building facade to
enhance daylighting, thermal comfort, and energy use
intensity: A case study of a reference office space in Cairo
and Munich.®

In the second case study, the framework is examined for a wider and more
integrative design problem. An office building facade was optimized for the
integrated performance of total energy consumption, daylight quality, and
thermal comfort. Given the larger number of objectives and also variables
this case study aims to investigate the practicality of using the IPO
framework as a design exploration tool, in other words, how far would the
framework be able in delivering useful design information and finding

optimal solutions from a large set of design alternatives?

5.3.1 Climate conditions

The investigated office space was studied for two climates, the hot and dry
climate of Cairo, Egypt and cooler the more humid climate of Munich,
Germany. Cairo has a hot desert climate, with the high temperature rises to
40° during summer months and ranges between 14° to 22° during the winter
season. With more than 3,400 sunshine hours/year and annual solar
radiation equivalent to 2,600 kWh/m2, Cairo has a generous global solar
radiation especially in summer with a clear sky and a very limited cloud
coverage. (Figures 5.3-1:5.3-3). Munich, on the other hand, has an all-year
humid climate with cold winter and warm summer ( Kottek et al. 2006; Rubel
et al. 2017). Average high and low temperatures change significantly during
the year. High temperature rarely goes above 30° in summer (July) while the
low temperature remains below zero degrees for most of the coolest month
(January). Solar radiation and sunshine hours are of course limited when
compares to Cairo with nearly 1,800 days of sunshine and 1200 kWh/m2

annual solar radiation. (Figures 5.3-4:5.3-6).

5 Part of this thesis section was published in Gadelhak, M., & Lang, W. (2016). Optimization
of Office Building Fagade to Enhance Daylighting, Thermal Comfort and Energy Use
Intensity. In N. Hamza & C. Underwood (Eds.), Proceedings of the 3rd IBPSA-England
Conference BSO 2016, Newcastle, 12th-14th September 2016.

|67



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

Figure 5.3-1

Daily temperature
Cairo, Egypt

Source: METEONORM:
www.meteonorm.com

Figure 5.3-2

Radiation chart

Cairo, Egypt

Source: METEONORM:
www.meteonorm.com

Figure 5.3-3

Cairo, Egypt
Source: METEONORM:
www.meteonorm.com
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40 . | | | | Figure 5.3-4
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Figure 5.3-7

A perspective view of the
studied office room

70|

5.3.2 Space description and design approach

A generic office space was chosen for this case study. The office room was
assumed to have the dimensions of 4.00m x 6.50m x 3.00m for the width,
depth, and height respectively. Five conventional passive strategies were
used in this study which are glazing area (WWR), multi-layered glazing
system, shadings, daylighting system, and insulation system. The glazing
area is divided into upper and lower parts, where the upper part acts as a
clearstory window. Both window parts were introduced to the shading
devices separately. The choice of the passive systems and its design
parameters was based and guided by an extensive literature review of

previous studies, which was discussed in Chapter 2.

5.3.3 Methodology

In this case study the IPO framework was used more extensively to optimize
the space for three objectives, namely: daylighting, energy, and thermal
comfort. A larger pool of options was also explored that has more than 20
thousand distinctive designs.

Parametric Model

A parametric model for the south facing single office space was created
using Grasshopper plugin for the Rhino 3D CAD software. Seven Window-
to-Wall Ratios were studied together with four glazing systems, four shading
systems for each of the windows, and four light-shelf settings. Additionally,
the building insulation was increased gradually with 2.5 cm steps until it

reaches a total of 25 cm. Overall nearly 20,000 design alternatives could be
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generated. The details of the parameters are described in the following

figure and table (Figure 5.3-8, Table 5.3-1).

Figure 5.3-8

visualization of the
design variables
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Table 5.3-1 Design Variable  Type Possible Values No. of options
Design variables of the WWR Continuous From 10% to 80% (10% 7
case study and their step)
corresponding ranges Insulation Continuous From 0.0 to 25.0 cm (2.5 11
and values Thickness cm step)
Glazing system Discrete - Single glazing 4

- Double Glazing
- Double Glazing with low-e

coating
- Triple glazing
Shading systems  Discrete - No shading 16 (4x4)
(for each window) - Horizontal shades

- Vertical shades
- Solar screen

Daylight systems  Discrete - No light-shelf 4
(light-shelves) - External
- Internal
- External and internal
Total number of design alternatives 19,712
Base case

A base case was defined to make it easier to evaluate and compare the
different design alternatives. It was assumed to have an uninsulated external
wall, a WWR of 20%, with double glazing, and without any shadings or light-

shelves.

Daylighting Simulation Methodology
Daylight performance was evaluated using the IES Spatial Daylight

Autonomy (sDA) and Annual Sunlight Exposure (ASE) criteria. Occupancy
hours were assumed to be daily from 8 AM to 6 PM with daylight-saving
time. The calculations were made for a reference plane of 60 measuring
points in a grid of 0.6m* 0.6m, at a working-plane of 0.85 m height.
Simulation parameters are shown in table (5.3-2), and the optical properties
of the materials used are presented in table (5.3-3). Solutions that achieve
sDA = 50% were considered acceptable, while design alternatives with

sDA>75% were preferred.

Table 5.3-2 Ambient Ambient Ambient Ambient Ambient
Radiance simulation bounces divisions sampling accuracy resolution
parameters
6/0
(sDA /ASE) 1000 20 0.1 300

Energy Simulation Methodology
Energy simulations were conducted using EnergyPlus through the

Ladybug+Honeybee plugin. The energy use for each design alternative was
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calculated hourly for the entire year for cooling, heating, lighting and
equipment loads. The end use energy per floor area unit (EUl) was used to
compare the efficiency of each design. All surfaces of the tested office
space were assumed adiabatic, except the external wall with the glazing.
The detailed thermal properties are described in table (5.3-2). Equipment
loads were assumed to be 8 W/m? and the lighting power density 11.8 W/m?2.
Lighting load schedules were obtained from the daylighting simulation and
the occupancy and equipment load schedules were identical to those used
in daylighting simulation. During occupied hours it is assumed that 4 people
are present. The office space was considered to be fully air-conditioned and

the HVAC cooling and heating setpoints were set at 24°C and 20°C

Table 5.3-3

The optical and

thermal properties
for the case study
building materials

respectively.
Building element Properties
Glazing Single glazing Tis= 0.88; SHGC= 0.82; U-Value= 5.82 W/m2K
Double Glazing clear tis= 0.80; SHGC= 0.72; U-Value= 2.71 W/m?K
Double Glazing low-e coating | tvs= 0.65; SHGC= 0.28; U-Value= 1.63 W/m?K
Triple glazing Krypton filled tis= 0.47; SHGC= 0.23; U-Value= 0.57 W/m?K
External Wall Medium colored with 35% reflectance;

0.114 W/m?K

20cm Concrete block + 2cm cement plaster each side (U-value = 3.1 W/m?K);
Thermal Insulation thickness (Ocm to 25cm); Insulated walls U-Values: 0.91 to

Internal Walls Medium colored with 50% reflectance; adiabatic

Ceiling White colored with 80% reflectance; adiabatic

Floor Carpet floor with 20% reflectance; adiabatic

External ground Dark colored with 20% reflectance

Furniture Medium colored with 50% reflectance
Horizontal Medium colored with 50% reflectance; vertical shading angle = 45°
Shadings

Vertical Shadings

Medium colored with 50% reflectance; horizontal shading angle = 45°

Solar Screen
proportion: 2:1 (H:V)

Medium colored with 50% reflectance; perforation ratio: 80%; openings

Light-shelf High-reflective surface with 90% reflectance

Thermal comfort
Thermal comfort was evaluated using the Predicted Mean Value model

(PMV). The PMV comfort calculator from the Ladybug+Honeybee plugin
was used to calculate the Percentage of People Dissatisfied (PPD) for each
hour. Operative temperature mean radiant temperature and relative

humidity were obtained from the energy simulation, while both metabolic
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Daylighting Simulation

rate and clothing level were set to 1 mat and 1 clo respectively. Percentage
of Discomfort Hours (PDH), which is the percentage of hours that had PPD

more than 10%, was aimed to be minimized.

Multi-objective optimization workflow
In this case study, as the number of results is significant, a genetic algorithm

was used for optimization to limit the number of simulated cases. Multi-
objective optimization was performed using the Grasshopper’s plug-in
Octopus which is based on the evolutionary algorithm SPEA-2 and applies
evolutionary principles to provide Pareto-optimal solutions. Annual Sunlight
Exposure was used as a Boolean objective, so that only cases that achieved
ASE less than 10% were considered in the optimization. Optimization was
performed for the previously mentioned variables and three objective
functions were used: the sDA, EUl and PDH. For each of the two studied
locations, the optimization process continued for 10 generations with a
population size of 30. The mutation rate was set as 0.5, mutation probability
as 0.1 and crossover as 0.8. The optimization workflow is shown in figure
(5.3-9). Results were then exported to Excel and analyzed using the web-
based application “Pollination” to create parallel coordinates graphs
(Pollination, 2015).

Annual Sunlight

Inputs Exposure
e e 1 | e e e s e
| Weather file E i DIW?'DaVSim' Yes
|| Occupancy schedule | || Radiance
|| llluminance thresholds | ’ 1| Climate based
| Analysis grid ! 1| simulation
1 1 TTEEEEsEsss
1 1
|| Model for daylighting |} Spatial Daylight
i 1
{| simulations 1 Autonomy Objective Functions
Parametric Model : e i '-I;I-V;x-D- === (Fitness values)
——————————————— i ? 1 -Daysim- i e
[ 1 H h 1 1
1 - [ !
E Model geometry : | T — ! : gmlaalgcbeased 1 1| sDA (%) _i_
1 1
1 — [ 1
] 9 ! Inputs T ! 1
— e ———————— N 1
1| | Model for energy ] Lighting load | ]
1| | simulations ] Energy and Thermal | schedule ! i
i ! Comfort Simulation i I Multi-obiecti
1 > ] (e —— | S | ulti-objective
i 1 1 1 Hoeubee- i EUI (KWh/m2) ! Optimization
1 1 "1 EnergyPlus - » \ PPD (2 1 [ ey 1
1 ( °) 1 1 1
i Weather file P e (R . |octopus | |
I Occupancy schedule |1 1 :
1| Equipment load i =: Runs folr 10 :
1| Lighting load ] =: generations i
1| HVAC settings ] | ——— ]
L i
Create new generation ‘V
Figure 5.3-9

Optimization process

diagram
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5.3.4 Results

Simulation and optimization results for Cairo

Base Case
The base case was found to have an acceptable daylight autonomy with

sDA= 65%. However, the overall daylighting performance was considered
unacceptable due to the high penetration of sunlight (ASE = 28%). It had a
high energy use of 193 kWh/m2/year, and a very poor thermal comfort
performance (PDH 70%). The main reason behind such poor results was
primarily the lack of proper wall insulation and shading.

Design space exploration

The optimization process resulted in a wide range of alternatives, 133 of
which had ASE<10%. These were the cases which were further studied.
The tabulated data were sorted in Excel, and together with an interactive
parallel coordinated graph (Figure 5.3.-10), were used to obtain quick
information from the entire data set. The first six vertical axes represent the
design variables, while the last three show the range of the design objectives
(sDA, PDH and EUI). From the graph it can be noted that the results had a
wide range of spatial daylight autonomy percentage that ranged from 7%
to 100%. The lowest energy use intensity was 133 kWh/m2/year while
thermal comfort ranged between 2% and 75% PDH. Design alternatives
and combinations that achieved the highest performance were obtained
using the results of the optimization (Pareto optimal solutions) as well as

filtering the data for the objectives separately and combined.

WWR Glazing Upper shading Lower shading Light-shelf Insulation (cm) sDA
0.8 Vertical shading - Vertical shading No lightshelf 25 e 1.07]
0.7 4 6
0.6 Triple Argon—Herizonta ing Externallightshe
0.5 \ Haxizontal shadin /7% = N
0 N

0.4 \D?@; Sc‘-? sereen Bot lightskelveSH— /£ LN/ i

X a7
037/ > \ ST

0.2 Single No-shad Solar sereen—1"internatlightshelf 0

Daylighting
Fifty-four cases achieved the daylighting threshold and nearly quarter of the

cases had better performance than the base case. Cases with preferred

daylighting performance tended to have a 50% to 80% WWR, with single,

Figure 5.3-10

Parallel coordinates
diagram for the full
spectrum of the
optimization results.
The range and
distribution of the
cases for each

objective are
displayed.
PDH EUI
0.7 180 -
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Figure 5.3-11

Cases with preferred

daylighting

Brushes (filters):
sDA 2 75%

Table 5.3-4

Facade designs,
variables and
daylighting

performances for cases

with the highest
daylighting
performance
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double glazing or Low-E coated double glazing. Shadings and light shelves
were present in almost every case with few exceptions where it was not
needed for the upper window. Three cases achieved the maximum sDA of
100%. This is a considerable enhancement given that these cases also had

ASE less than 10% and a slightly higher energy use than the base case.

Glazing Upper shading Lower shading Light-shelf sDA
0.8 Deuble-t £ Vertical shading 4 Vertical shading - No lightshelf - 1.0
/

0.7 /
0.6 ‘ Triple Argon Horizental shadin, & xternal lightshelf

‘ % 7 06+
0.5+ Horizontal shadil
0.4 - Double’ Solar screen oth lightshelve: 0.4+
0.3 0.2
0.2- Single Ne-shad Selar-sereen internatig 0.0

Cases with the highest daylighting performance

Facade Design

Design Variables

WWR 0.7 0.50 0.8
Glazing Single Double Double Low-E
Upper-shading No shade No shade Horizontal shadings

Lower-shading Solar screen
Light-shelf = Both light-shelves

Horizontal-shadings =~ Horizontal shadings

Both light-shelves Internal light-shelf

Daylighting

- 0,
Performance sDA = 100%

sDA = 100% sDA = 95%

Energy Use
Energy savings reached more than 30%. Thermal insulation was present in

all cases with an average of 12.5 cm thickness. It played an important role
in reducing the end use energy consumption. Cases with the lowest EUI
(133 and 136 kWh/m2/year) had maximum insulation thickness (25 cm).
Nevertheless, several cases achieved low EUl with lower insulation
thicknesses. The combined effect of high-performance glazing with shading
and light shelves facilitated the increase of the WWR without compromising
the energy use, and cases with lowest energy use tended to have larger

windows (60-80%). That is mainly because shaded glazing with low U-value
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helped in maintaining the cooling loads at almost a constant level while large

glazing area provided significant savings in lighting loads.

WWR Glazing
0.8 Deuble-t E
0.7+

0.6+ Triple Argon -
0.5+

0.4 Double
0.34

0.2 Single -

Upper shading
Vertical shading -

Horizontal shading

Solar screen

No shade -

Lower shading

Vertical shadin

izontal shadin;

B

Solar screen Inte

External lightshelf

Light-shelf
No lightshelf -

lightshelves’

EUI

Insulation (cm)
25

Cases with the highest energy savings

Facade Design

Design Variables
WWR

0.8

0.8

Glazing
Upper-shading
Lower-shading
Light-shelf

Double Low-E
Solar screen

Horizontal shading
Internal light-shelf

Double Low-E

Horizontal shading
Horizontal shading
Internal light-shelf

Insulation

Energy savings

25cm
31%

25cm

29%

0.8

Double Low-E
Horizontal shading
Solar screen

External light-shelves
12.5cm

29%

Figure 5.3-12

Case with the lowest
Energy Use Intensity
(EUI).

Brushes (filters):
EUl<146 kWh/m2/year
(25%)

Table 5.3-5

Facade designs,
variables and energy
savings for cases with
the highest energy
savings (lowest EUI)

Thermal Comfort
Thermal comfort was enhanced steadily throughout the optimization where

PDH reached a minimum of 2%. However, most of the cases under the 20%

benchmark did not achieve sufficient daylighting. The lowest possible PDH

with sufficient daylighting performance was found to be 14%, which is still

a significant enhancement compared to the base case.

WWR Glazing Upper shading Lower shading Light-shelf
0.8+ Double Low-E Vertical shading - Vertical shadin, No lightshelf -
0.74
0.6 TApJe/Argon 72 hading Ex ;nal, lightshel e
0.5 izontal shadi
04 Double { Solar screen Both lightshelve:
0.3+
0.2~ Single - No shade < Solar screen Int g

Insulation (cm) PDH

25

Figure 5.3-13

Cases with the best
thermal comfort.

Brushes (filters):
PDH < 20%
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Table 5.3-6

Cases with the best thermal comfort

Facade designs,

variables and thermal Facade Design

comfort performance for == == L5 == by
cases that achieved best s - =5
thermal comfort.
Design Variables
WWR 0.20 0.20 0.20
Glazing Triple Argon Double Low-E Triple Argon

Upper-shading
Lower-shading

Solar screen
Vertical shading

Solar screen
Solar screen

Horizontal shading
Solar screen

Light-shelf External light-shelf Both light-shelves Internal light-shelf
Insulation 22.5cm 12.5cm 7.5cm
Thermal comfort PPD = 14% PPD = 30% PPD = 30%

Table 5.3-7

Design variables and
objectives values for
Pareto-optimal
solutions in Cairo.

Pareto-optimal
Thirty-six Pareto-optimal solutions were found, from which eleven cases

achieved a satisfactory sDA of 50% or more. Most of the optimal solutions
had WWR between 60-80%, double Low-E glazing, and shadings on the
upper and lower parts of the window. Thermal insulation was also present
in all optimal cases with a thickness of 12.5 cm or larger. The acceptable
optimal solutions are presented in table (5.3-7). Table (5.3-8) shows 3D
representations and the trade-off between the three objectives. It also
presents a radar-chart comparison between each optimal case and the
average performances of all cases. Optimal case performance is
represented by the continuous orange-colored lines and the average in

blue-dashed lines.

WWR Glazing Upper-Shading  Lower- Shading  Light-shelf :zrs‘:;'atm" sDA (%) 1-PDH (%) :ra‘j:r?;s
0.80 Double Low-E  Horizontal shadings Horizontal shadings Internal 25 95%  65% (259
0.80 Double Low-E  Solar screen Horizontal shadings Internal 25
0.80 Double Low-E  Horizontal shadings Solar screen External 12.5 78% ___67% 249
0.60 Double Low-E  Horizontal shadings Vertical shadings  Both 25 67% ___74% 219
0.70 Double Low-E  Horizontal shadings Vertical shadings ~ Both 22.5 [70% ____167% 219
0.60 Double Low-E  Horizontal shadings Solar screen External 25 60% __73% 229
0.60 Double Low-E  Solar screen Solar screen External 22.5 58% ___75% 219
0.40 Double Low-E  Solar screen Vertical shadings  Internal 12.5 57% _79% (18]
0.60 Double Low-E  Solar screen Horizontal shadings Internal 12.5 65%  167% 1219
0.80 Double Low-E  Solar screen Solar screen Both 12.5 57% _ 70% 239
0.70 Single No shade Solar screen Both 25 [100% _ 38% (9]
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Table 5.3-8

Optimal facade designs
and their corresponding
design variables and
performance.

Radar-chart (Optimal

1-PDH (%)

. o . . Objectives .
3D Visualization Design Variables rj'f design compared to
pertormances average performance)
sDA (%)
WWR: 0.70 0%
Glazing: Single
Upper-shading:  No shade SDA (%)

Lower-Shading:  Solar screen Energy

:_ighltsthelf: Both savings (%)

nsulation Energy

Thickness: 25¢cm savings (%) 1-2/13}-[
(normalized) (%)

WWR: 0.80

Glazing: Double Low-E

Upper-shading: Horizontal DA (%)

Lower-Shading:  Horizontal sl-PDH %)

ILighltsthelf: Internal Energy

nsulation savings (%) Energy

Thickness: 25cm savings (%) 1-2/DH
(normalized) (%)

WWR: 0.80

Glazing: Double Low-E

Upper-shading: ~ Solar screen DA (%)

Lower-Shading:  Horizontal S %)

|Ligh|tsthelf: Internal Energy 26% |

nsulation ings (%

Thickness: 25cm e vings ) 1-POH
{normalized) %)

sDA (%)
WWR: 0.80 o
Glazing: Double Low-E
S rading:  Honi oA 0

Upper-shading: Horizontal

Lower-Shading:  Solar screen :;:::y(%)

Lightshelf: External savings (%)

Insulation Energy K

Thickness: 125 cm savings {%) ! (lz/SH
{normalized)

WWR: 0.70

Glazing: Double Low-E

Upper-shading:  Horizontal SDA (%)

Lower-Shading:  Vertical ;Z?:y(%)

Lightshelf: Both savings (%)

Insulation Energy

Thickness: 225cm savings (%) ! :,BH
{normalized)

sDA (%)

WWR: 0.60

Glazing: Double Low-E

Upper-shading:  Horizontal SDA (%)

Lower-Shading:  Vertical :;Z?:y(%)

Lightshelf: Both savings (%)

Insulation Energy

Thickness: 25cm savings (%) 1-PDH

{normalized) (%)
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Table 5.3-8 (Continued)

Radar-chart (Optimal

- o . . Objectives .
3D Visualization Design Variables ! design compared to
performances
average performance)
sDA (%)
100%
WWR: 0.60 s0%
Glazing: Double Low-E 60%
Upper-shading:  Solar screen - Aok,
Lower-Shading: ~ Horizontal i?:n(:é ()%) 2%
Lightshelf: Internal Energy P
Insulation savings (%) Energy
. . A 1-PDH
Thickness: 125cm savings (%) (%)
(normalized)
sDA (%)
WWR: 0.60 o
Glazing: Double Low-E 60%
Upper-shading: Horizontal = Aot
Lower-Shading:  Solar screen 51?:0(? ()%) 204
Lightshelf: External Energy 71
Insulation savings (%) Energy
Thickness: 25 om savings (%) e
(normalized)
sDA (%)
100%
WWR: 0.60 0%
Glazing: Double Low-E 60%
Upper-shading: ~ Solar screen . Aok
Lower-Shading: ~ Solar screen i'_):n(f ()%) 28
Lightshelf: External Energy 71
Insulation savings (%) Energy i
Thickness: 225cm savings (%) ! (F.’,/HD)H
(normalized)
sDA (%)
100%
WWR: 0.80 0%
Glazing: Double Low-E 60%
Upper-shading: ~ Solar screen . Aoty
Lower-Shading:  Solar screen f:o(f ()%) b
Lightshelf: Both Energy 4
Insulation savings (%) Energy 1-PDH
Thickness: 125 savings (%) (%)
(normalized)
sDA (%)
100%
WWR: 0.40 s0%
Glazing: Double Low-E 60%
Upper-shading: ~ Solar screen = Aok
Lower-Shading:  Vertical 51?:0(3 ()%) 9%
Lightshelf: Internal Energy &
Insulation savings (%) Energy i
Thickness: 125 savings (%) 1-PDH

(normalized)

(%)
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Simulation and optimization results for Munich

Base Case
The base case achieved an acceptable daylight autonomy (sDA= 55%),

however, the ASE reached 23%. This resulted in an EUlI of 133.85
kWh/m2/year and low thermal comfort (PDH= 62%).

Design space exploration
During the optimization process, 145 unique cases with ASE<10% were

generated. Daylight autonomy ranged from 7% to 85%. The lowest Energy
use intensity was 91 kWh/m2/year. Thermal comfort ranged from 27% to
69%. Thirty-one Pareto-optimal solutions were produced from the
optimization. However, only six cases achieved an acceptable sDA. Figure

(5.3-14) shows the full range of solutions resulted from the optimization.

WWR Glazing Upper shading Lower shading Light-shelf Insulation (cm) sDA PDH EUI
0.8+ Double Low- no-shad Solar-sereen no lightshelf N
o 7 7 7 \
v,
074"\
/
0.6 TriplgArgen Sejér-sereen botilightshelve;
/ &
0.5 ¢ ) Hoxzontgl shade
N\ /
0.4 Doubl '/ K exterqalfightshelf>
/ 5
/ N X
0.3 V4 \\; Y Z
& > %
\\ /- /
0.2- Sing Vertical shades - vertical shades internal fightshelf
. . Figure 5.3-14
Daylighting

The maximum achieved sDA was 85%. Several design alternatives with  Parallel coordinates
. . . diagram for the full
different WWR and glazing types achieved acceptable sDA, except for  gpectrum of the
optimization results.
The range and
distribution of the
cases for each

useful. On the other hand, cases with unshaded lower window, vertical S?Jelctivedare
isplayed.

cases with WWR equal to 20% and 40%. For the upper window, solar

screen, horizontal shading, and even unshaded glazing were found to be

shadings or without light-shelves had a high penetration of direct sunlight
that resulted in a high ASE and therefore were excluded during the
optimization. Light-shelves, in particular, were found to be effective, as all

successful cases had light-shelves.
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Figure 5.3-15 WWR Glazing Upper shading
Double Low-| noshade

Lower shading
Solar screen

Light-shelf sDA
no lightshelf -

Case with the accepted
daylighting performance. : |
Brushes (filters):
sDA 2 50%

Horizontal shades>

E Horizontal-Shad
0.2- Single™ Vertical shades -

Cases with the highest daylighting performance

vertical shades - internal lightshelf

Table 5.3-9

Facade designs, Facade Design

variables and
daylighting
performances for cases
with the highest
daylighting performance

Design Variables
WWR 0.80 0.60 0.80

Glazing Double Double Double

Upper-shading
Lower-shading

Horizontal shades
Horizontal shades

Solar screen
Horizontal shades

Horizontal shades
Solar screen

Light-shelf Both light-shelves ~ External light-shelf Internal light-shelf
Daylighting

Performance sDA= 85% sDA=72% sDA= 63%
Energy Use

Energy use was reduced drastically throughout the optimization from 133.8
kWh/m2/year to only 91 kWh/m?/year with also more 30% reduction. The
effects of wall insulation and highly efficient glazing are the main reason
behind this reduction. It is worth noting that the cases with the least energy
use had also much lower WWR, which had a negative effect on the
daylighting performance. Nonetheless, one case with 60% WWR achieved
sufficient daylighting with only 92.3 kWh/m2/year. Once more horizontal

shading and solar screens were found effective.

Figure 5.3-16 WWR Glazing Lower shading
0.8 Double Low-E no-shad Sotar-sereen

Upper shading Light-shelf

no lightshelf 4

Insulation (cm) EUI

Case with the lowest
Energy Use Intensity

(EUI). 06 5 ':" 9 both lightshelve:
: 0.5 izontal shad
Brushes (filters):
EUIl<101 kWh/m2/year 0.4 Doubl Horizontal Shades externatlightshe
(25%) o
0.2~ Single - Vertical shades - vertical shades internal-lightshelf

82|



Chapter 5:
Case Studies

Cases with the highest energy savings

Table 5.3-10

Facade Design

Facade designs,
variables and energy

I
== = == savings for cases with
=3 =3 the highest energy
savings (lowest EUI).
Design Variables
WWR 0.30 0.20 0.60
Glazing Double Low-E Double Low-E Triple Argon
Upper-shading No shade No shade No shade
Lower-shading Horizontal shades Horizontal shades Horizontal shades
Light-shelf Both light-shelves External light-shelf Both light-shelves
Insulation 25 cm 20 cm 22.5cm
Energy Savings 32% 32% 31%

Thermal comfort

Thermal comfort was enhanced gradually, yet enhancements were mainly

connected to the reduction in the WWR. That resulted in an inverse

proportional relation between daylighting and thermal comfort. As a result,

despite the PDH reached a minimum of 27%, cases that achieved

acceptable daylighting had a minimum of 40% PDH. Further enhancements

to the HVAC system might be needed in this case.

WWR Glazing Upper shading Lower shading Light-shelf
0.8+ Double Low-E he-shad Seotar-sef no lightshelf 4
0.7+
0.6 Trip) rgon both lightshelve,

0.5 fizontal shade;

0.4+ Doubls Horizontal Shades external lightshel
0.3+

0.2- Single - Vertical shades - vertical shades ternal-lig

Insulation (cm) PDH Figure 5.3-17
25
0.6+ Cases with the best
7AN thermal comfort.
A\, 54
AL o Brushes (filters):
' PDH < 40%
A SN
// 5 N ‘\
0.8
0
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Table 5.3-11

Facade designs,
variables and thermal
comfort performance
for cases that achieved
best thermal comfort.

Cases with the best thermal comfort

Facade Design

== ‘“ i == ‘“ i = ‘ll L
i i o

Design Variables

WWR

Glazing
Upper-shading
Lower-shading
Light-shelf
Insulation

0.20

Triple Argon

No shade
Horizontal shades
Both light-shelves
25cm

0.20

Triple Argon

No shade
Horizontal shades
Internal light-shelf
25cm

0.20

Triple Argon

No shade
Horizontal shades
Both light-shelves
22.5¢cm

Thermal comfort

PPD =27%

PPD =27%

PPD =27%

Pareto-optimal
Thirty-one Pareto-optimal solutions were produced from the optimization.

However, only six cases achieved an acceptable daylighting performance.

While several cases achieved acceptable daylighting and energy savings at
Table 5.3-12
Design variables and
objectives values for
Pareto-optimal
solutions in Munich.

the same time, thermal comfort was found to have low performance in
almost all cases. Hence, a different approach or additional design strategies

might be necessary.

Insulation sDA PDH EUI

WWR Glazing Upper-shading Lower-shading Light-shelf - (%) (%) (KWh/m2/yr)
0.80 Double Horizontal Horizontal Both 7.5 85%  I51% 1209

0.60 Double Low-E No shade Solar screen Both 2.5

0.60 Double Low-E Solar screen Horizontal External 20 60% _ 48% [28%

0.30 Single No shade Horizontal Internal 15 57% _ 51% 1209

0.60 Triple Argon  No shade Horizontal Both 22,5

0.30 Double No shade Horizontal Both 225

5.3.5 Discussion and conclusion

In this case study, the use of the Integrative Performance Optimization (IPO)
framework to arrive at high-performance fagade designs from a large pool
of design options was evaluated. A parametrically modeled office facade
was optimized for the climate conditions of Cairo and Munich. The
objectives of the optimization were enhancing the daylighting performance,
energy use and thermal comfort and several passive strategies were used

as the optimization variables.
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The results showed the capability of the process to provide several design
alternatives with enhanced performance in both case studies. Reduction in
energy use reached more than 30% in both cases, while the daylighting
performance reached adequate levels with a maximum sDA of 100% and
85% in Cairo and Munich respectively. Thermal comfort had also improved
considerably compared to the base case but remained within an
unsatisfying level in most cases. Since the cases were assumed to be fully
air-conditioned, the HVAC system might also need to be optimized for

further enhancement in thermal comfort.

General trends were found to emerge from the results which also coincide
with previous research. The effect of wall insulation was obvious in both
cases and played an essential role in reducing the energy use. Similarly,
High-performance glazing and especially the double glazing with Low-E
coating was present in most of the successful cases. The use of shading
devices was more effective in the case of Cairo and facilitated the use of
larger windows. This can be explained in the light of the excessive presence
of sunlight in Cairo where the shading devices and high glazing succeeded
in blocking the direct sunlight and reducing solar gain and therefore keeping
the cooling loads at almost a constant level. Concurrently, the large glazing
area benefited from the available diffused lighting in reducing the lighting
load and hence the overall energy consumption. On the other hand, in the
case of Munich, lower window-to-wall ratios had better performance, as
savings from the use of shadings and high-performance glazing could not
match the increase in heating load due to the high window-to-wall ratios.
Light-shelves were found to be always useful and were hardly absent in all

successful solutions in both cases.

In conclusion, it became apparent that the use of multi-objective
optimization for complicated design problems can aid in reaching
performative solutions and clarify the relation between the design variables
and objectives. The main downside of the optimization process lies in the
duration of computation time. The optimization process for each of the two
case studies consumed nearly 48 hours on a desktop computer with 1.6
GHz i7 with 6 GB of RAM. This could be a serious obstacle, especially when

considering more complex design problems and much larger number of
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design solutions. Nevertheless, with the continuous improvements in both
optimization and simulation tools, a potential for further research is apparent
in the diversity of design problems that could be defined and the endless

number of variables and objectives that could be investigated.

5.4 Conclusion

The aim of this chapter and the case studies was to assess the usability and
efficiency of the developed IPO framework in different design cases. The
framework was found useful in arriving at high-performance designs.
However, some limitation and areas of enhancements were noticed. The
performance and limitations in the areas of modeling, simulation,
optimization, and data and results analysis are discussed in the following

sections.

5.4.1 Parametric modeling

The use of parametric modeling proved efficient as it provided more
flexibility in the designs and the possibility of using hypothetical and real-life
design cases. Especially in the first case study, where the performance

assessment is for a predesigned case with specific constraints.

5.4.2 Integrative simulation

Connecting the parametric model to several simulation engines required
extra steps of model preparations according to the requirements of each
simulation software. Nevertheless, once the models are adjusted, changes
to the main geometric model are transferred seamlessly to the simulation
models. This made it easier and less time consuming to make changes as
well as ensuring the exact same inputs to the different simulation engines.
The interoperability between the different engines was also considered in
the case studies, such as using the output from daylighting assessment for
energy simulation. This ensured consistency of the results. The availability
of many third-party plugins for the Grasshopper/Rhino ecosystem made it
easier to perform diverse simulations without the need to change the
software interface. Still, an experienced user with the grasshopper software
interface is essential to deal with the framework. To overcome that, a
simpler interface could be considered which will be discussed in the next

chapter.
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5.4.3 Multi-objective optimization

In the second case study, a multi-objective optimization was applied using
the plugin Octopus which relies on the genetic algorithm (SPEA 2). The
optimizer was found useful in discovering large design spaces with
numerous design options and solutions. Several performative designs were
achieved, and enhancements could be seen during the optimization process
as the optimization tool allowed for continues improvement in the overall

performance, which highlights the significance of using optimization tools.

5.4.4 Data and results analysis and visualization

The main drawback of the framework at its current design is in the absence
of a user-friendly Graphical User Interface (GUI). Even more than just using
a simple interface for entering design inputs, getting useful information
directly from the interface to guide the design decision is of significant
importance. In both case studies, an excess amount of data from simulation
software were manually turned into useful charts that can provide valuable
information using other software such as Excel and Design Explorer. In most
cases, this process was challenging and time-consuming. A data
visualization integrated with the framework can be useful in providing
information and real design-decision support without the need for extra
work or other software packages. This limitation will be discussed in the

next chapter.
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Chapter 6: Design Decision Support Tool and
Visualization Dashboard

6.1 Introduction

As discussed in the previous chapter, analyzing the results of multi-objective
optimization and building performance simulation proves to be a very
challenging process that requires navigating between different software and
tools. There is a clear demand in design decision support tools that combine
methods for big data analysis and provide detailed information for each
design and parameter. Having a single platform that provides methods for
visualizing and analyzing a large amount of data, clarifies the relationship
between objectives and variables, and has the ability to compare and
analyze the preferred designs thoroughly, which can facilitate the process
of design decision making. In this chapter, previous attempts to develop
data visualization tools for both integrated building simulation and
optimization outputs were analyzed. Guidelines for an effective visualization
system are discussed, and a visualization tool prototype, that can be
effective in decision making and in analyzing the of results for multi-

objective optimizations, is presented.

6.2 Previous attempts for visualizing building simulation and
optimization results’

Building Performance Simulation (BPS) is an important tool to support the
move towards more energy efficient buildings and is becoming an integral
part of the current design decision-making process ( Dan Hobbs et al. 20083;
Mourshed et al. 2003; Aksamija and Mallasi 2010). BPS software and tools

are being rapidly shifted to be more user-friendly and accurate. Despite the

1 Part of this thesis section was published in Gadelhak, M., Lang, W., & Petzold, F. (2017). A
Visualization Dashboard and Decision Support Tool for Building Integrated Performance
Optimization. In A. Fioravanti, S. Cursi, S. Elahmar, S. Gargaro, G. Loffreda, G. Novembri, & A.
Trento (Eds.), ShoCK! - Sharing Computational Knowledge! - Proceedings of the 35th eCAADe
Conference, 20-22 September 2017 (Vol. 1, pp. 719-728). Sapienza University of Rome, Rome,
Italy.
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high demand for more user-friendly interfaces, visualization and analysis

tools for simulation results are not usually given the deserved attention.

Decision-making and data visualization tools have a significant impact on
the final design product. In a recent survey, nearly 25% of participants
(architects and engineers) identified graphical representation as their top
priority for the user interface of BPS software (Attia et al. 2009). However,
another survey showed that most users were not satisfied with the Graphical
User Interface (GUI) provided by commercially available tools as 75% of the
users pointed out the lack of a graphic interface for post-processing of the
BPS optimization results (Attia et al. 2013). Therefore, most of the surveyed
users had to depend on their own post-processing skills or self-developed

tools to graphically represent the simulation output and to analyze the data.

The scarcity of efficient data analysis and insufficient quality of visualization
tools is even more evident in the case of an integrated (holistic) assessment
or a multi-objective optimization. In an integrated design assessment, it can
be necessary to have a dashboard giving an overview of all the relevant
performance aspects and summarizing the performance of the building
while simultaneously providing detailed information where needed. On the
other hand, analyzing a large number of simulation outputs, such as results
from a multi-objective optimization, requires more advanced tools to
examine the complete set of data and to find relations between different
objectives and variables. While there were some trials to develop data
visualization and result-analysis tools for both integrated performance
simulation and multi-objective optimization, there is no single visualization
tool that combines methods for big data analysis and design decision
support through detailed information for each of the relevant aspects. As a
result, analyzing the multi-objective optimization results becomes a very
difficult process and requires navigating between different software tools

and platforms.

6.2.1 Integrated performance dashboards

The importance of integrating graphical representations of diverse
performance analysis in a single dashboard was highlighted by many
researchers. One of the first examples was developed within the scope of

the Daylight-Europe project (DLE), where a multi-parameter dashboard to
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compare reference and as-built cases “Integrated Performance View (IPV)”
was presented (Hensen et al. 1996). This dashboard proved useful in
comparing the overall performance of design cases, as it integrated different
charts and graphs for heating load, energy consumption, visual comfort,
thermal comfort and glare index. The IPV tool was further developed to
provide more flexibility and customization as well as several enhancements
for better communication with users (Prazeres and Clarke 2005). Struck et
al. (2012) built upon this concept with a special focus on human cognition
and more innovative graphs, such as temporal maps and motion charts.
Other research works and commercial software also offer an integrated
performance dashboard. However, most of these tools lack the ability to
deal with a large amount of data, and thus cannot be efficiently used to
analyze the results of multi-objective optimizations. Other research works
on the visualization of building simulation results were considered with
single aspect of building performance such as climate data analysis and
presentation (Liedl 2016; Winn 2014); energy use (O'Donnell et al. 2013;
Ritter et al. 2014); or life-cycle analysis (Kovacic et al. 2016).

6.2.2 Analysis of optimization results

Several research works investigated the analysis of building performance
optimization results. Brownlee and Wright (2012) sought to analyze the
relationship between design objectives and variables, using a simple
ranking order and correlation coefficient. Although it is not conventional to
use correlation factors for multivariant problems as it may lead to decisive
results, it rendered useful to use a combination of scatter plots and
spreadsheets to graphically present the optimization results. Scatter plots,
accompanied by parallel coordinates graphs and graphical representations
of the design alternatives, were also used by Chaszar et al. (2016). Such
graphs provided a useful feedback, but it was noted that adding more
interactive capabilities could further enhance the workflow. To help
designers better to understand the optimization results, Wortmann (2016)
presented a novel method to represent the results graphically. His method,
called Performance Map, helps in identifying the optimization problem,
relating parameters and performance, examining promising designs, and
guiding automated design exploration. Thornton Tomasetti (2017)

developed a free online tool (Design Explorer) which also helps in
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investigating the results of multi-objective optimization. The tool, which was
used in the second case study in the previous chapter, provides parallel
coordinates graphs with interactivity and filtering options as well as the
possibility to combine it with graphical representations and scatterplot
diagrams. The tool was found useful, however it still falling short when it
comes to analyses of the details of each performance aspect. Other
effective methods were also addressed in other engineering disciplines
(Pryke et al. 2007; Witowski et al. 2009). Nevertheless, while these methods
can simplify analyzing a large number of cases, it does not provide detailed
information on each performance aspect. For instance, using scatter plots
and parallel coordinates graphs can aid in finding an optimal design for
daylighting performance, but it does not show how the daylight is
distributed within the space, or at which hours artificial lighting is needed.
Such detailed information and context are necessary for the decision-
making process. The ability to examine and compare several aspects at the

same time is equally important.

6.2.3 Interactivity and visualization techniques

Interactivity plays a major role in the visualization tools. Yi et al. (2007)
presented seven interactive techniques that can be effectively applied to the
case of building performance optimization. The first four techniques, Select,
Explore, Reconfigure and Encode, can help the user to explore the complete
set of data by switching between different graphical representations of data
and marking preferred designs. The other three techniques
Abstract/Elaborate, Filter, and Connect, can be used to provide detailed
information for selected cases. Adding two other techniques, such as
Compare (for directly comparing selected cases) and Advice (as a tool for
guiding further enhancements) allows for quick, yet thorough, comparison
between preferred cases, and supports informed decision-making. These
two additional techniques were also suggested by Haeb et al. (2014), who
highlighted the importance of spatial context and visual feedback as an

essential component in the field of building performance simulation.
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6.3 Visualization dashboard: guidelines

Building on the reviewed literature, the following guidelines, and
requirements for a new tool for visualizing the results of integrated building
performance optimizations were defined. The suggested visualization tool
can provide better ways to investigate the building optimization results by

offering three levels of data analysis:

6.3.1 Design space overview and exploration

At the first level, the full set of simulation results should be explored. Multi-
dimensional graphs, such as parallel coordinates and scatter plots are
useful in this case. Switching between plot types, filtering the results and
selecting favorite cases help in clarifying basic relations between the
objectives and variables, in addition to highlighting optimal and preferred

designs.

6.3.2 Sensitivity analysis and parameter relations

On the second level, the direct relation between any two variables or

objectives can be investigated. The use of sensitivity analysis and 2D charts

indicates the variables that drive the optimization process, the expected

enhancement in each objective, and the relative importance of the design

variables.

6.3.3 Detailed results and comparison between favorite
designs

At the final level, an integrated dashboard is presented with detailed

performance data, which provides all the needed information about each

selected design. To ensure an informed decision-making process, the

visualization tool should offer the ability to compare the detailed

performance and contextual reference (images and 3D model of the cases)

of favorite cases.

Figure (6.3-1) shows a preliminary conceptual sketch for the anticipated

visualization tool.

|93



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

6.4 Visualization dashboard: prototype

As a proof of concept, a preliminary prototype was developed according to
the above-mentioned guidelines. The prototype was built using the Visual
Language Programming tool Grasshopper and HumanUIl, a plugin for
Grasshopper that enables the creation of graphical user interfaces.
Additional customized Grasshopper user objects and code functions were
written to overcome limitations in the HumanUI Plugin. Figure (6.4-1) shows
the main tool screen. The visualization tool consists of the following panels:
Context and design parameters panel; Explore panel; Variable-objective

relation panel; Compare panel; and the Integrated dashboard.

6.4.1 Context and design parameters panel

Figure 6.4-1 The left panel shows the names of the selected design alternatives as well
A screenshot of the as a zoom-able and rotational 3D visualization and the corresponding
visualization tool. . .
A- Context and design parameters. The user can change the design parameters to change
design parameters . . . - .
panel, B- Explorer the selected design alternative according to specific design parameter
gi?}?ggﬁg?e q without the need of any experience with 3D or parametric modeling. (Figure
dashboard 6.4-1-A).
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6.4.2 Explore panel

Alternatively, the user might choose to select the design from the Explore
section. The explore section contains a parallel coordinates chart that
shows the design variables and results of the complete design set with the
selected design highlighted. It also contains a radar or bar chart for showing
the performance of the selected design as well as a data table. The parallel
coordinates chart offers an interactive tool by which the results could be
filtered for a specific range of values for any and each of the variables and
objectives. Additionally, the results in the data table could be sorted for any
of the variables and objectives. A radar chart for the objective results is also
shown for the selected design alternative. It is also possible to mark cases
which will be compared later to each other (Figure 6.4-1-B). In order to
create this panel, several customized components were created in

grasshopper and Python to create the graphs.

6.4.3 Variable-objective relations panel

In this panel, the user can choose variable(s) and objective(s) to see the
direct relation between each other, which is rendered in the shape of a 2D
scatterplot chart in case of a single variable and single objective, or as a
matrix of scatterplots in case of several variables and objectives. This panel
opens in a separate window and depends on the Mandrill plugin for the
scatterplot matrix charts. For instance, the scatter plot between the energy
savings and glazing and insulation for case study two in the previous
chapter shows how triple and double Low-E glazing have a higher potential
for energy savings compare to single and conventional double glazing. For
the insulation, it could be noted that the potential for energy savings
increase with the increase of the insulation thickness. It is important to note,
however, that due to the multivariant and multi-objective optimization
general and direct correlation should not be deduced from the chart. (Figure
6.4-2).
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Figure 6.4-2

Scatterplot matrix chart
showing the relation
between energy savings,
insulation and glazing

type.

a0 — . . cemmmemne 4 o o = 5 & o & o o & . . [2
Glazing
25 1
20 . . cEss EmEmEmTS ¢ & & & & 8 & 5 B ® & | .
5
10 - 4 L L 1 e & & + » . 8 1 »
o8
X s | ) I L
L L] - - e InSUIBtion (Cm) L] - . L] L
n - s amew | L + - - -
- . . L] L
" - - - t L L4 - o+
. - — [] . . [] »
10 . -+ o mm_ 1 L - * . L
. . " e me . L . "
L] .. . . - . - L . L
. - " ame L] . . L] L
- 1 [ b
. : H [
030 - 1 . 3 |
Energy Savings . i H | '
os I« " 0 ., .
£ { ] . 3 L] []
. 3 4
020 / ' ? . P ] l l l
L . @ [ ]
018 " .y e T ! * 4
¢ . . * L
010 o ? et 1 L ’
. L
008 .
e . * : t
o.oole L + L +
000 008 010 018 020 028 030 0 ] 0 " 20 8 0.0 08 10 ] 20 28 20

6.4.4 Compare panel

To compare the performance of the preferred designs, marked cases are
automatically added to the compare panel, where a simple bar or radar chart
comparison is created as well as a 3D representation to each design
alternative (Figure 6.4-3). All the cases are also ordered using a stacked bar
chart (Figure 6.4-4). That overall performance can be ordered by sorting the
total sum of the normalized result of each aspect, similar to the method used

in (Gratzl et al. 2013). The ranking equation is as follows:

Equation 6.4-1 n
Summation of the normalized values of the Z X;
performance aspects results (The ranking =0

equation).

Equation 6.4-2

Normalization equation for each
performance aspect result.
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Where:

Xiis the normalized value each aspect result and is defined by the

equation:

Xi = Xmin
X =T

Xmax — Xmin
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6.4.5 Integrated dashboard and performance objectives tabs. Figure 6.4-3
A comparison between
different design

integrated dashboard displays a collection of charts to provide a holistic ~ &'ternative with
similar energy savings.

overview of the performance of the selected design alternatives. For each Sta?ked b%r fcompariSOﬂ
IS alsO useaq 1or
performance objective, a separate section (tab) that includes alternative  comparing the overall
. L . . o performance of the
ways of result visualizations and an even higher detail of result analysis is  design alternatives

Similar to the IPV tool discussed earlier in section (6.2) of this chapter, the

provided. simulation outputs can also be investigated such as lighting and
occupancy schedules; heating, cooling and equipment’s load; alternative
daylighting performance metrics like the daylight autonomy, daylight
availability, ... etc.; and glare analysis for various times and dates to name a

fe

2
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Daylighting
In the daylighting tab the results of daylighting simulation are provided as

numerical data (percentage of space with adequate daylighting) as well as

Figure 6.4-4 2D and 3D visualizations of the spatial distribution of daylight in the space.
Screenshot of the The user can switch between different dynamic annual metrics as well as
daylighting tab from the . . o . o

integrated dashboard illuminance values at specific time. Both visualizations can be zoomed and
showing a representation . . . . . . . .
for botf? an ar?num rotated to make it easier for the user to investigate. Daylighting simulation

daylight metric as well as
illumination on a specific
date and time.

settings and inputs can also be controlled from a pop-up window from this

panel.

Compare Dashboard Daylighting Energy Thermal comfort Visual Comfort BIPV Life Cycle Cost
Daylighting Simulation
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Energy
The energy tab provides information on the annual energy consumption of

the selected design. That includes the total annual energy use, and the use
per square meter as well as monthly load consumption for each of the four
main loads, cooling, heating, lightning and equipment load. It also shows
the percentage of consumption per category. Similar to the daylighting tab,

the simulation settings and inputs can also be controlled from this tab.

Compare Dashboard Daylighting Energy Thermal comfort Visual Comfort BIPV Life Cycle Cost

Energy Simulation
01—,
Annual Energy Use (EUI): 4692 kWh

Annual Energy Use per m2: 195 kWh\m2\year 14—

D OPEN EMERGY SIMULATION SETTINGS

Cooling (64 %) Heating {2 %)
Maonthly Loacs 0 i

700

551.4295 550.6036

4745333

3171323
209.6749

48.08122

Jamuary February Manzh April oy Jure July August September

I Cooling {64 %) I Heating (2 %) Lighting (19 %] Equipments {15 %)

Visual comfort
The visual comfort tab shows the results from the glare simulation and view

analysis. In the summary part, it presents an interior rendering of the space
to show the general ambient and mood of daylighting inside the space as
well as the numerical results of each of the glare analysis as well as view
quality and quantity. In the glare section, the user can see the results for the
glare simulation in the form of fisheye renderings and numerical values, the
user has the control to show the results for specific date and hour of the day
when the simulation was conducted (Figure 6.4-7). In the view section, a
spatial view analysis is presented to show how each point in the space
performs regarding view-to-outdoor percentage. The eye-level can be
controlled to mimic a setting or a standing person according to preference.

A 2D and 3D isovist analysis is also provided for a specific point of interest

Lighting {19 %)

2989

Equipments (15 %)

Nowember Decambar

Figure 6.4-5

Screenshot of the
energy tab in the
integrated dashboard
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inside the space (Figure 6.4-8). The point of interest is assigned by the user
and can be chosen to resemble the position of workers. Usually, the
viewpoint is the same used for the glare analysis, but other viewpoints can
also be considered separately. The direction of view and the width of the

view field can also be changed by the user. Finally, the view quality

Figure 6.4-6

A screenshot of
the glare and
view sections
from the Visual
comfort tab.

Compare Dashboard Daylighting Energy Thermal comfort Visual Comfort BIPV Life Cycle Cost

Visual comfort analysis results
Visual Comfort Index (VCI): 8.089 %

A) View Quality: 41.66 % - Medium view quality
B) Annual Glare Probability Score: 19.44 %

C) Percentage of Viewable area: 24.10 %
Glare Analysis

Time of day: | 9:00 AM -

21 March 21 June

DGP: 32.18 % DGP: 33.01 %

Imperceptible Imperceptible

Spatial View Analysis

Analysis Type | Horizontal Radial ~

A,
Test surface (eye-level) ./ iuvvvinnniiii i

Average View: 2.133333%
Max View: 35.0%
Min View: 0.0%

window can be opened from the tab and calculated the view quality
according to the point system developed by Hellinga and Hordijk (2014),
but can only be useful when more information about the project is available

such as the context and surroundings of the building site. (Figure 6.4-9).
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VIEW QUALITY (VQ)

1. What is the Character of the view? | papyral landscape (4pt) ~

3. Which layer is visible?
a. The ground (1pt)
a. Nearby buildings or greenery (1pt)
a. Distant city or Landscape (1pt)
' a The Sky (1pt)

4. Does the view contain natural water? 5 vag @pt) ~

5. Does the view contain nearby cars/traffic? | 5 yas (-1 pt) ~

6. How diverse is the view? | 3 |ow diversity (Opt)

Total score: 7 Points
View quality: Medium view quality

Percentage: 5833 %

This assessment is based on the work of: Hellinga & Hordijik (2014) The D&V analysis method: A method for the analysis of
daylight access and view quality. Building and Environment 79. pp 101-114.

Thermal comfort
In the thermal comfort section, the numerical results of the indoor thermal

comfort calculations are presented. The PMV and PPD percentages are
highlighted as well as a heat map for every hour in the year. The heat map
helps the user in identifying the times and days of the year where it is most
probably to be uncomfortable in the space and therefore take the right
design decisions for these times. (Figure 6.4-10).

Figure 6.4-7

The view quality window
with the point system
originally developed by
(Hellinga and Hordijk
2014).

Figure 6.4-8

A screenshot of the
thermal comfort tab
from the integrated
dashboard.

Compare Dashboard Daylighting Energy Thermal comfort Visual Comfort BIPV Life Cycle Cost
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Figure 6.4-9

BIPV tab from the
integrated dashboard

102 |

Energy generation
The energy generation or Building Integrated Photovoltaics (BIPV) tab

shows the amount of energy that could be generated by covering the solid
parts of the facade with PV cells. The total amount of annual AC and DC
energy generated is displayed as well as the area that could be covered.
The percentage of energy use offset by solar and a 3D visualization are

provided.

Energy Daylighting Thermal comfort Visual Comfort BIPV Life Cycle Assessment (LCA)

BIPV output simulation:

Number of PV Panels: 12

Total area of PV Panels: 13.05 m2

DC Energy generated (Annual): 372.334 kWh
AC Energy generated (Annual): 316.484 kWh

Percentage of total energy offsetted by solar: %

Control system effeciency:

PV Module Effeciency -
Area percentage covered with PV —._ 90
3D View

Life Cycle Assessment
The life cycle assessment is presented in terms of facade design material

quantities and environmental impact using several aspects as discussed in
Chapter 4. It worth noting that as most databases don’t provide complete
world-wide data for life cycle analysis, data for each type has to be entered
by the user. The framework then calculates the area or the volume according
to the type of material and provide the summation of the environmental

impact of all the materials.
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Energy Daylighting Thermal comfort Visual Comfort BIPV Life Cycle Assessment (LCA)

Facade Materials

Aluminium Frame Profile: 0.261188m3

Insulated glazing, triple pane: 0.261188m3

Fibre cement facade panel: 0.261188m3

Mineral wool (facade insulation) (0.05 cm): 0.261188m3

Lime gypsum interior plaster (0.02 cm): 0.261188m3

Life Cycle Assessment for the Facade

Total primary energy (PET) [M)/m2] = 2247641662

Total renewable primary energy (PERT) [MJ/m2] = 563.147226

Total non-renewable primary energy (PENRT) [MJ/m2] = 1684494436

Global warming potential for a time horizon of 100 years (GWP) [kg CO2-eqv./m2] = 130.510085
Eutrophication potential (EP)[kg R11-eqv./m2] = 1.0696e-9

Acidification potential (AP) [kg SO2-eqv./m2] = 0581736

Ozone layer depletion potential (ODP)[kg PO4 -eqv/m2] = 0.50527

Photochemical ozone creation potential (POCP)[kg C2H4-eqv./m2] = 0.03518

Abiotic resource depletion potential for elements (ADPE) [kg Sb-eqv./m2] = 0.004599

6.5 Compatibility with the integrative performance optimization
framework

The aim of the visualization tool is to enable designers and architects to get
decision support information without the need to toggle between different
tools and software package. That is why integrating the visualization tool
with the main framework developed earlier in this study is essential. The
visualization tool was built within the same ecosystem of grasshopper/Rhino
software; therefore, it uses the same base as the framework. It can be used
separately without the need for any 2D or parametric modeling. However, in
this case, the user will be limited to specific pre-defined model parameters.
Alternatively, with some knowledge of parametric modeling using
grasshopper, the user can theoretically optimize any design and only use
the framework and the visualization tool for the integrative optimization and
data visualization. In both cases, the visualization tool functions seamlessly

with the framework and can be considered as a part of the framework.

Figure 6.4-10

Life Cycle Assessment

tab from the
dashboard.

integrated
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Figure 6.5-1

A conceptual diagram of the
integrative performance optimization
framework including the results
visualizations
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6.6 Conclusion and discussion

This chapter presents a prototype for a visualization tool that can help to
analyze the results of building performance multi-objective optimizations.
The visualization tool aids in investigating the whole design set, analyzing
the relation between variables and objectives, as well as comparing and
further investigating preferred designs. By achieving these different
functions, the tool can help in the design decision process by shortening
the time required to analyze the vast amount of data resulting from muilti-
objective optimization. In its current state the visualization dashboard is
considered more as a proof-of-concept tool rather than a rigorous software
program. In order for being more effective, the tool concept was presented
to academics, researchers and professionals in focus groups and
presentations in order to evaluate and further enhance the tool. The

evaluation process is documented in the following chapter.
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Chapter 7: Framework Evaluation

7.1 Introduction

The developed framework was validated during the development stage
using case studies, which were discussed in Chapter 5. The main
shortcoming was found in the need of using several tools to analyze and
visualize the optimization and simulation results. In the previous chapter
(Chapter 6), the framework was enriched by the addition of a design
decision support and visualization tool. In this stage, the framework is
further evaluated together with the visualization dashboard through two
phases. In the first phase, the framework is introduced and presented to
different-size groups of academics, researchers and professionals. The
comments and suggestions from the participants were considered for
further development in this chapter and also for future work. The framework
was also communicated to a larger audience through three different
publications (Gadelhak et al. 2017; Gadelhak and Lang 2016; Gadelhak and
Wageh 2017), all of which are available online with open-access. In the
second phase, a holistic case study is carried out to test and demonstrate

the different functions of the updated framework.

7.2 Focus groups evaluations

Several focus groups were conducted with the aim to discuss the usability
and shortcomings of the developed framework. Feedback and comments
from the targeted groups were found notably helpful and aided in the further
development of the framework and the design-decision-support tool. The
focus groups were carried out in two different settings. The first set of focus
group meetings consisted of a short presentation of fifteen minutes to
demonstrate the framework, followed by open-ended questions to allow the
participants to share their questions, comments, and suggestions. The
users were asked to reflect on the tool and the possible areas of

enhancements, that are important for a better usability and for delivering
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useful information for an informed decision-making process. The meetings
took place in different places and contexts. The first focus group consisted
of fifteen researchers and experts in the field of building simulation and
sustainable design from the chair of energy efficient and sustainable
building and design at the Technical University of Munich. The attendees
were a mixture of PhD students and researchers in the field of architecture,
civil engineering, and mechanical engineering. The second presentation was
for a larger audience group with more experience in the specialty of
Computer Aided Design, which occurred during the annual meeting and
conference of the eCAADe association (Education and research in
Computer Aided Architectural Design in Europe). The last focus group
consisted of a mixed group of nearly fifty PhD students from the department
of architecture with different academic and professional backgrounds. The
aim of selecting the mentioned venues and focus groups was to ensure a
diverse and wide spectrum of user representatives. In the second phase,
one-to-one meetings were conducted with the interested users to try the

tool and have a hands-on experience.

The most discussed suggestions for improvements and looked-for

functions can be summarized as follows:

e Providing a simpler user interface and clearer visualizations for
the simulation and optimization results.

e Provide a graphical presentation for the whole facade or building
to better evaluate the esthetic aspect of the building facade.

e Provide more flexible design templates for complex parametric
fagade designs.

e Adding Life Cycle Cost (LCC) assessment as an important

aspect when comparing design alternatives.

The focus groups suggestions were considered in the last version of the tool
developed in this thesis. That included several updates in the framework
and the parametric models as well as in the user interface and visualization

techniques.
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7.2.1 Updates to the visualization dashboard

Parametric models
The framework relies on a parametric modeling tool (Grasshopper) to ensure

maximum flexibility and free-form design for building facades. However, as
the framework also exports the model to different simulation engines, it is
very critical to ensure the model’s complexity doesn’t affect the simulation
process. In order to make it easier for inexperienced users, three modeling
templates were provided to the user. By using these templates, the user can
control all design parameters, as well as simulation and optimization
settings without the need for any modeling experience. The chosen model

templates were:

¢ A conventional fagade with a solid wall construction and an opening.
Variables in this template include the space dimensions, wall
constructions, materials, and thickness; glazing type; shading; and
daylight system types.

e A modular fagade system which the user can define its module size,
the solid and void surfaces as well as the different materials and
construction types.

e Athree-dimensional parametric facade that is based on the Schiico
Parametric facade system (Schiico International KG 2015), which

was used in the evaluation case study in this chapter.

The context and design parameters panel of the DDS tool changes
according to the selected template.

User Interface

The visualization interface was redesigned to provide an interface that is
more user-friendly. Similar to the interface described in Chapter 6, the
interface consists of a control panel and a group of tabs. In the first tab, a
graphical representation of the entire facade is shown so the user can
examine the final shape and form of their building (Figure 7.2-1). Simulation
and optimization results were grouped under different tabs in order not to
confuse the user with much information in a single window. The Dashboard
tab includes the result analysis and graphical representations for the
simulation results (Figure 7.2-2), the Explore tab presents the optimization

results (Figure 7.2-3), and he Compare tab provides a bar chart comparison
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between selected cases (Figure 7.2-4), while the variables-objectives

relations can be generated from the Sensitivity tab (Figure 7.2-5).

Project Name: Viz Dashboard Explore Compare Sensitivity About

Office_Building._ 3D View

Design Alternative ID:
OfficeBuilding_606040800110

Location EGY_Cairo.623660_IWEC.epw  ~
Orientation | south -]

() 30 ViEw
(%) GEOMETRIC PARAMETERS
) DAYLIGHTING SIMULATION PARAMETERS

() GLARE SIMULATION PARAMETERS

(%) ENERGY SIMULATION SETTINGS

Number of Horizontal units 6 Number of Vertical units 4

Figure 7.2-1

A screenshot of the
Updated visualization
tool.

Project Name: Viz Dashboard Explore Compare Sensitivity About
OfcxBuding. Energy Daylighting Thermal comfort Visual Comfort BIPV Life Cycle Assessment (LCA)
Design Alternative ID: Energy Simulation
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nnual Energy Use (EUI: FITFETEN
Location EGY_Cairo 623660 IWECepw  ~ Annual Energy Use per m2: kWhim2\year
Orientation South v Thermal Load (Heating and Cooling): kWh
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o T [ coctng () [ Hantng (31 [ uaning (39 [ eavipments (5

692.664 688.8821 624
375.6375
3212376 e 319.887
165.4829
usu.nu 7N

Dec

() DAYLIGHTING SIMULATION PARAMETERS

() GLARE SIMULATION PARAMETERS

() ENERGY SIMULATION SETTINGS

B s |w o [ swrens |;;

Figure 7.2-2

A screenshot of the Dashboard
tab in the updated visualization
tool.
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Project Name:
Office_Buikding_
Design Alternative ID:
OfficeBuilding_606040800110
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Figure 7.2-3

A screenshot of the
Explore tab in the updated
visualization tool.

INTEGRATED PERFORMANCE ASSE
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Office_Building_
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Figure 7.2-4

A screenshot of the
Compare tab in the
updated visualization tool.
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INTEGRATED PERFORMANCE ASSESSMENT DASHBOARD (IPAD) - & X

Project Name:

Office_Building_ ‘

Viz Dashboard Explore Compare Sensitivity About

: Select Variables\objectives
Design Alternative ID: WWR
OfficeBuilding_606040800110 Glazing
. 1 Upper Shading
Location | EGY_Cairo.623660_IWEC.epw  ~ : :
| Lower Shading
Orientation | south v Light-shelf
Insulation (cm)
5P
1-PPD
View
B
Off
Figure 7.2-5 Life Cycle Cost

A screenshot of the
Sensitivity tab in the
updated
visualization tool.

A cost estimator was also provided within the framework. The tool depends
on manual inputs for each element unit price. The tool then calculates the
number of units and amount of materials from the parametric model and
multiply it by the unit cost to provide the initial cost. Energy unit cost can
also be entered by the user to provide a simplified calculation for the
operational cost in order to compare the Return on Investment (ROI) of

different facade systems.

7.3 A holistic case study for a three-dimensional parametric
facade system

A comprehensive case study was carried out to examine the framework with
complex fagcade designs using an integrative performance assessment. In
the case study, the fagade of an office space, located in Munich, Germany,
was optimized for the daylighting, energy use, visual comfort, thermal
comfort, life cycle analysis as well as energy generation. The optimization
was conducted for the four main orientations north, east, south, and west.
Since the sun path is symmetrical the east and west orientations have
almost identical performance in all studied aspect apart of the energy use
and thermal comfort, therefore, only the east fagcade was studied. The east
facade was chosen as it provides the worst-case scenario in both
orientations, as the outdoor temperature can be higher at the afternoon,
west facade has a higher thermal transfer, and therefore lower heating

demand, which is dominant in the climate condition of Munich.
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7.3.1 Parametric model and design approach

The space used in this study represents a typical side-lit office room that is
6 meters deep, 5.4 meters wide, and 3 meters high. The office room has a
3D curtain-wall fagade based on the Schiico Parametric System (Schico
International KG 2015). The reason for choosing that particular system was
to test the developed framework using a real-life complex system that
represents the state-of-the-art in modern building technology. The system
is also modular and provides a high degree of flexibility, which is a good
example of parametric design. The Schiico parametric system is composed
of three-dimensional modules with maximum dimensions of 1.5m x 4.0m.
Each module consists of a highly thermally insulated aluminum frame with
linear bars and connecting nodes, and a structural glazing with double or
triple glazing. The nodes can be adjusted separately in the three-dimensions

to provide maximum flexibility in the design.

Geometric variations

Basic geometry

Figure 7.3-1

The Schlco Parametric
System.

Picture credits: Schlico
International KG

Figure 7.3-2

Rectangular module R2
system which will be
used in this study,

Picture credits: Schlico
International KG
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Figure 7.3-3

Three-dimensional
representation of the
parametric model.

Table 7.3-1

The optical and thermal
properties for the case
study building materials.
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Geometry
In this case study, more focus was put on the facade’s geometry. The

facade was divided into six modules, each module is 0.90m width and
3.00m high and consists of an aluminum frame and diagonal bars that
intersect at a central point (node). The central point can be freely positioned
in the X, Y and Z directions. The resulting geometry has four triangular
surfaces for each module which can be either filled with a solid panel or a

transparent glazing. (Figure 7.3-3).

Surface 1
|

——- Surface 2 1

-t——-— Surface 4 ‘

Materials
The system was modeled with a highly thermal insulated aluminum fagade

with U-value of 0.384 W/m?K for solid panels and frame and 1.32 W/mK for
the double pane glazing. The addition of shading blinds on the glazing parts
is possible. The following table presents the model materials and their

daylighting and thermal properties. Table (7.3-1).

Building element Properties

Frame Thermal insulated aluminum frame
Glazing Double glazing (Low-E) U-Value= 1.32 W/m2K
Solid panels Fiber cement facade panel + U-Value= 0.384 W/m2K

5 cm Mineral wool insulation +
2 cm Gypsum interior plaster

Ceiling White colored with 80% reflectance; adiabatic
Floor Carpet floor with 20% reflectance; adiabatic
External ground Dark colored with 20% reflectance

Furniture Medium colored with 50% reflectance
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7.3.2 Simulation

A holistic numerical analysis was carried out for the daylighting, energy use,
thermal comfort, visual comfort, as well as life cycle analysis and energy
generation.

Daylighting simulation methodology

Similar to the methodology used in the previous case studies the daylighting
performance was evaluated using spatial Daylight Autonomy (sDA) metric.
Occupancy hours were assumed to be daily from 8 AM to 6 PM. The
calculations were made for a reference plane of 90 measuring points in a
grid of 0.60 m* 0.60 m, at a working-plane of 0.85 m height. Simulation
parameters are shown in table (5.3-2). Cases with at least sDA 50% were

considered acceptable, and cases with more than sDA 75% were preferred.

Ambient
bounces

Ambient
divisions

Ambient
sampling

Ambient
accuracy

Ambient
resolution

4

1000

20

0.1

300

Energy simulation methodology
Energy simulations were conducted using EnergyPlus through the

Ladybug+Honeybee plugin. The energy use for each design alternative was
calculated hourly for the entire year for cooling, heating, lighting and
equipment loads. The Energy use per floor area unit per year (EUl) was used
to compare the efficiency of each design. All the surfaces of the tested office
space were assumed adiabatic, except the external wall with the glazing.
The detailed thermal properties are described in table (7.3-1). Equipment
loads were assumed to be 8 W/m? and the lighting power density 11.8 W/m?.
Lighting load schedules and equipment load schedules were selected to be
always on during the occupancy hours. During occupied hours, it is
assumed that five people are present. The office space was considered to
be fully air-conditioned and the HVAC cooling and heating setpoints were

set at 24°C and 20°C respectively.

Thermal comfort methodology
Thermal comfort was evaluated using the Predicted Mean Value model

(PMV). The PMV comfort calculator from the Ladybug+Honeybee plugin

was used to calculate the Percentage of People Dissatisfied (PPD) for every

Table 7.3-2

Radiance
simulation
parameters
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hour over the entire year. Operative temperature, mean radiant temperature,
and relative humidity were obtained from the energy simulation, while both
metabolic rate and clothing level were set to 1 met and 1 clo respectively.
Percentage of Discomfort Hours (PDH), which is the percentage of hours

that had PPD more than 10%, was aimed to be minimized.

Visual comfort methodology
Glare and view analysis were conducted for a selective viewpoint that

represents a seated person (height = 1.20 m), positioned at a distance of
2.00 m from the facade and facing the window. For glare analysis Evaglare
was used to measure the discomfort using the Daylight Glare Probability
(DGP) index. The DGP was analyzed at 9:00, 12:00 and 15:00 on the
solstice and equinox dates to cover the different sun positions. In the DGP
index, glare is divided into four categories: intolerable glare (DGP > 45%),
disturbing glare (45% > DGP 40%), perceptible glare (40% > DGP 35%),
and imperceptible glare (DGP < 35%). In this study, each category was
given a score number with imperceptible glare having the highest score (3
pts) and intolerable glare the least (0 pts). The Annual Glare Percentage
(AGP) is then calculated to compare the performance of the different
designs, where the AGP = 0% means that no or only imperceptible glare
occurs at all times and AGP = 100% indicates that an intolerable glare can
be witnessed at all times. Acceptable cases were assumed to have a
maximum of AGP = 50%. Cases with AGP less than 25% are preferred.
Life cycle assessment methodology

The amount of materials for each of the facade elements is calculated from
the parametric model. Information of the environmental impact and
embodied energy of each material were compiled from the OKOBAUDAT
and documented in a CSV file. Table (7.3-3) shows the materials used in this
case study and their corresponding LCA indicators values. A customized
user component was then developed to extract this data and assign it to the
corresponding material. For each LCA indicator, the amounts of each
material were multiplied by its corresponding impact value. The resulting
values were then added and divided by the total area of the facade as shown
in equation (7.3-1). Finally, the values of each indicator were added and

presented per meter square of the fagade.
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Table 7.3-3

Facade materials and
its corresponding
environmental impact.

Type Material Unit PERT PENRT GWP ODP AP EP
[MJ] [MJ] [kg CO2-€] [kg R11- [kg SO2-e] [kg PO43-€]
e]
Facade Aluminum frame profile m 239.05 62.95 176.1 13.27 1.31E-10 0.062
structure
Glazing Insulated glazing, triple m2 768.76 56.26 712.5 58.53 4.003E-11 0.241
pane
Glazing Insulated glazing, m2 477.93 33.03 444.9 37.47 2.373E-11 0.155
double pane
Glazing Window glass, single m2 133.706 7.406 126.3 10.13 5.079E-11 0.082
Sun metal blinds m2  422.43 93.13 329.3 24.31 2.028E-10 0.093
protection
Cladding Fiber cement facade m2 138.52 58.28 80.24 7199 3.236E-11 0.020
panel
Insulation Mineral wool (facade m3 946.4 127.2 819.2 71.6  9.347E-11 0.336
insulation)
Internal Lime gypsum interior m® 1989.8 231.8 1758 196.6 1.618E-10 0.171
finish plaster
M1X1 + M2X2 + -+ Man Equation 7.3-1
x = 2 Total embodied
environmental impact for
each indicator.
Where:

Ixis the total impact of indicator x per area unit of the fagade

M is the amount of the material

Xis value of indicator x per material unit of material M

A is the total fagade area

Energy generation

The maximum amount of possible energy generation was calculated by
assuming the solid surfaces of the facade are covered with photovoltaics.
Numerical simulations were made using Archsim, which is a part of the Diva-
for-Rhino plugin. The plugin takes the panel geometry, panel efficiency and
the effective area as inputs, and then executes an EnergyPlus simulation to
calculate the energy generated annually. In this case study, panel efficiency

was assumed to be 15% and the effective area as 90%. The sun position

and panel orientation angles are considered in the calculations.
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7.3.3 Optimization

Multi-objective optimization was performed using a Grasshopper’s plug-in,

Octopus, which is based on the evolutionary algorithm SPEA-2. It applies

evolutionary principles to provide Pareto-optimal

solutions.

Design

variables included the displacement of the central point of the facade

modules in the X, Y, and Z directions, the material of the facade panels either

fiber-cement fagcade panel or a double-glazing unit, and the existence or

absence of solar shading. More details on the variables and the values and

range for each variable are presented in table (7.3-4).

Table 7.3-4 Design Type Possible Values No. of options
Design variables of the Variable
optimization for this Displacement in X Continuous From 0.0 to 90.0 cm (15 6
case study. cm step)
Displacement in Y Continuous From 0.0to 100.0cm (20 6
cm step)
Displacement in Z Continuous From 0.0t0300.0cm (50 6
cm step)
Surface 1 Discrete Solid (fiber-cement panel) 2
(upper-surface) Void (double glazing)
Surface 2 Discrete Solid (fiber-cement panel) 2
(right-surface) Void (double glazing)
Surface 3 Discrete Solid (fiber-cement panel) 2
(lower-surface) Void (double glazing)
Surface 4 Discrete Solid (fiber-cement panel) 2
(left-surface) Void (double glazing)
Shading Discrete Existent 2
Non-existent
Total number of design alternatives 6,912
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Six parameters were used as the objectives (fithess values) during the

optimization process. The parameters were chosen to represent the

aforementioned performance indicators:

- Daylighting performance: spatial daylight autonomy (sDA),

- Energy performance: Energy Use Intensity (EUI),
- Thermal comfort: Predicted Mean Vote (PMV),

- Visual comfort and glare: Disturbing Glare Probability (DGP),

- Life Cycle Assessment: Global Warming Potential (GWP),

- Energy generation: potential AC powered generated (AC).

For each orientation, the optimization process continues for 10 generations

with a population size of 30. The mutation rate, mutation probability, and

crossover were set to 0.5, 0.8, and 0.1 respectively. The optimization
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workflow is shown in figure (7.3-4). Results were then exported and

analyzed using the developed framework.
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7.3.4 Optimization results

For each orientation, the optimization results were investigated in three
consecutive steps. First, the optimization results were tabulated, sorted and
filtered, then visualized with an interactive parallel coordinated graph using
the explore tab in the IPAD tool, presented earlier in this chapter (Figure 7.2-
3). The graph shows the values and range for each of the design variables
and objectives. It provides a general idea on the performance range of the
entire group of cases. In the second step, each performance aspect was
studied separately to discover the cases that achieved the higher
performance and the design variables that affected it. Finally, in the third
step, the cases were filtered for only the ones that had acceptable and
better performances in all aspects. The selected cases were compared by
normalizing the results of each aspect using the normalization equation (6.4-
2) as discussed in the previous chapter. The final selected cases are then
presented with their full integrative assessment using the Compare and
Dashboard tabs in the IPAD tool.
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Figure 7.3-5

The full spectrum of

the optimization

results for the south
facing facade. The
range and

distribution of the

cases for each
objective are
displayed.

0.90

1.00

Optimization results for south orientation

Design space exploration
The optimization for the south facade resulted in 170 unique cases. The

daylighting performance differed greatly between the cases and ranged
between 0% and 100%. Fifty-nine cases achieved acceptable daylighting
performance. The visual comfort performance of the cases also distributed
over the entire scale. The majority of cases had an acceptable visual comfort
condition, where almost half of the cases had imperceptible glare for more
than 80% of the occupied time. Energy use reached a minimum of 111
kWh/m?/year and had a maximum of 158 kWh/m?/year. Nevertheless,
thermal comfort showed a poor performance with a minimum of 45% PDH.
Cases with more solid panels and fewer windows had an overall lower
material embodied environmental impact. That is due to the fact that
windows materials including the aluminum frame had a higher embodied
environmental impact and their volume increases with the increase of the
glass area. The energy generated had a very wide range as it extended
between a minimum of 38 kWh/year and a maximum of 939 kWh/year. The

detailed results of each performance aspect are discussed in the following

sections.
DESIGN VARIABLES | OBJECTIVES
S1 S2 S3 S4

bottom Left Right Top Shading sDA Glare GWP EUI PDH AC
lazi lazi Exi 100 1 214.99 158.26 0.63 938.91

0.00 /

120 |

000 U

0.00

Solid panel! Solid panel | Solid paneli Solid paneli Non-existent®""

TN, 182.27]

Daylighting performance
Out of the 170 cases simulated, only one case reached the maximum of 100% sDA.

Nevertheless, 59 cases had an acceptable daylighting performance. The existence
of at least two glazing units, especially the top and one of the side panels, was

found to have the biggest effect on daylighting performance. The position of the



Chapter 7:
Framework Evaluation

central node had a minor effect, which resulted in more options and diversity in the
designs with acceptable performance. The existence of shadings reduced the
daylight availability drastically and only six of the acceptable cases had shadings.

Table (7.3-5) shows the cases with the highest daylighting performance.

Cases with the highest daylighting performance for the south orientation

Facade Design

Design Variables

Table 7.3-5

South facade
designs, variables
and daylighting
performances for
cases with the

Displacement in X
Displacement in Y
Displacement in Z

0.90
1.00
0.00

0.00
0.80
0.50

highest daylighting

0.15 performance

0.80
0.50

Surface 1 Double-glazing Double-glazing Double-glazing
(upper-surface)

Surface 2 Double-glazing Double-glazing Double-glazing
(right-surface)

Surface 3 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(lower-surface)

Surface 4 Double-glazing Fiber-cement panel Fiber-cement panel
(left-surface)

Shading No shading No shading No shading
Daylighting

Performance sDA= 100% sDA= 95.6% sDA=91.1%

Visual comfort
Most of the cases had an acceptable visual comfort and almost half of the cases

had a preferable performance. However, cases with very low glare probability tend
to have a lower or unacceptable daylight performance. Figure (7.3-6) shows the
relation between the glare and daylighting performance. From the graph it can be
noticed, that there is a proportional relation between the higher daylighting
performance and the glare probability. This indicates the higher daylighting
performance the case has, the less visual comfort it achieves. When considering
only the cases with acceptable daylighting performance, four cases achieved
favorable visual comfort, where no or only imperceptible glare occurs in more than
75% of the occupied times. Using an acceptance threshold of 50% of the time
increased that number to 22 cases. In most acceptable cases, the central node was
located in the middle of the fagade unit giving a symmetrical look to the fagade.
Understandably, the least amount of glazing resulted in the least amount of glare.
Nevertheless, a combination of a top and a side glazing unit was dominant in the
cases that had acceptable daylighting and visual comfort performances. Table (7.3-

6) shows the cases with the best visual comfort performance.
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Table 7.3-6

South facade
designs, variables
and annual glare
probability for
cases with the
highest visual
comfort
performance

Figure 7.3-6

The relation
between the
spatial daylight
autonomy (sDA)
and the
normalized annual
daylight glare
probability (DGP)
of the south
fagade cases.
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Cases with the highest visual comfort performance for the south orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z

0.45m
0.00 m
1.50m

0.45m
0.60 m
2.50 m

0.45m
0.20 m
1.50m

Surface 1 Double-glazing Double-glazing Double-glazing
(upper-surface)
Surface 2 Double-glazing Double-glazing Double-glazing
(right-surface)
Surface 3 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(lower-surface)
Surface 4 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(left-surface)
Shading No shading No shading No shading
o,
Annual DGP (%) 16.67% 16.67% 25%
Cases with acceptable
GI?roe_ daylighting performance
’ 1 |
I . |
I . I
] . e o |
I . L ] . l
0.8 | |
1 . 1
I . : . .. i . I
I . I
1 . 1
0.6 = — - |
Cases with acceptable d .. 1
visual comfort o e oo 1
Ii' Sl elaniosis BESSi ininia l'l A T P S SR e S L e l
I . e o0 l L . I
I . LI | . I
0.4I L .. . I .. L . I
I Ll . . e * 0 L . o0 l
i o o ] I
I . LN ] L 1 L I . .. ‘ l
I o 1 l
0.2 . 1 I
: ¢ o ® L ! lf Cases with acceptable :
14 o il swiare .« visual comfort and |
I | daylighting performances |
| N A B i S I
0.0 2 0.4 0.6 0.8 1.0 sDA

Energy performance
The energy use intensity ranged between 111 kWh/m2/year and 158

kWh/m2/year. Cases with lower energy consumption tended to have smaller

glazing surfaces, and thus only one or two glazing surfaces. The equipment
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load was constant in all cases and the lighting load had minor changes.
Nevertheless, together they represent a considerable amount of the total
energy use. Given that Munich has an overall cold climate, the heating load
was the main contributor to the change in the energy load. The minimum
heating load was 31.5 kWh/m2/year, and the highest was more than double
that value and reached 69 kWh/m2/year. Cases with the least energy use

are shown in table (7.3-7).

Cases with the highest energy performance for the south orientation

Fagade Design M\ ,""‘. "“‘\
N AN

\

Design Variables

Displacement in X  0.45 0.45 0.15
DisplacementinY 0.00 0.80 0.20
DisplacementinZ 0.00 1.00 0.50

Surf 1

(uL;)paeTsu face) Fiber-cement panel Double-glazing Fiber-cement panel
Surface 2 . ) Fiber- t I
(riL:;h?—Cseu rface) Double-glazing Fiber-cement panel foer-cement pane
Surface 3 Na Fiber-cement panel Fiber-cement panel
(lower-surface)

Surface 4 Fiber-cement panel Fiber-cement panel Double-glazin
(left-surface) P P 9 9
Shading No shading No shading No shading
Energy use

. i 111.04 kWh/m2/year 111.17 kWh/m2/year 111.64 kWh/m2/year
intensity

Thermal comfort
The percentage of people dissatisfied (PPD) exceeded the threshold (10%)

for almost half of the occupied time in all cases. Although for most of the
cases, the average of annual PPD was between 14-15% only, that is still
considered unacceptable according to the ASHRAE recommendations
(Standard 55-2010). Since most discomfort occurs due to the colder
conditions during winter months, a probable solution to that is to use an
efficient heating system or a dynamic solution

Life cycle assessment

The embodied environmental impacts of the building facade were driven by
two main parameters. The total surface area of the fagade and the number

of glazing units. As a result, designs with less extruded geometry (smaller

Table 7.3-7

South facade
designs, variables
and energy use
intensities for cases
with the least energy
consumption.
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Table 7.3-8

South fagcade
designs, variables
and global
warming potential
for cases with the
lease embodied
environmental
impact.
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Y-displacement) and middle, central position for the central node (middle X-
and Z-displacements) had in general smaller amount of materials, and
therefore smaller GWP. Moreover, since glass and aluminum had a higher
environmental impact than other materials, designs with a smaller number

and areas of glazing had less GWP.

Cases with the lowest embodied environmental impact for the south orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z
Surface 1
(upper-surface)
Surface 2
(right-surface)
Surface 3
(lower-surface)
Surface 4
(left-surface)
Shading

GWP/ facade area
[kg CO2-e/m?]

Ll

0.45m
0.00 m
1.00 m

Fiber-cement panel
Double-glazing
Fiber-cement panel

Fiber-cement panel
No shading

119.82

0.15
0.20
0.50

Fiber-cement panel
Fiber-cement panel
Fiber-cement panel

Double-glazing
No shading

119.73

0.45m
0.00m
1.00 m

Fiber-cement panel
Fiber-cement panel
Double-glazing

Fiber-cement panel
No shading

120.28

Energy generation

Similar to the environmental impact, energy generation was also driven by
the same two parameters, the surface area and the number of surfaces with
glazing units. However, while the surface area had to be minimized for a
minimum environmental impact, it had to be maximized for higher energy
generation. Nevertheless, similar to the case in LCA, lower number of
glazing surfaces meant more areas for the PV units, and therefore more
energy generation. The maximum energy generated for the period of one
year reached a 939 kWh, which represents around 23.5% of the total annual
energy consumption of the same design. In that case, only the relatively
smaller top surface had a glazing unit which acted as a clear-story window,

while all three other surfaces were solid.
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Cases with the highest potential for energy generation for the south
orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z

0.75
1.00
2.00

0.75
1.00
0.50

SN T TN

0.90
0.80
2.50

Surface 1 Double-glazing Fiber-cement panel Double-glazing
(upper-surface)
Surface 2 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(right-surface)
Surface 3 Fiber-cement panel Double-glazing Fiber-cement panel
(lower-surface)
Surface 4 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(left-surface)
Shading No shading No shading No shading
Facade area that
could be covered 26.10 m? 23.70 m? 25.6 m?
with PV units
Potential AC

938.912 kWh 914.354 kWh 902.632 kWh
energy

Optimal designs for south facing facade
It could be noticed from the previous sections how the design objectives

conflict with each other. For instance, while the daylighting performance
was enhanced by larger glazing surfaces, visual comfort and energy
performance declined. Also, as the embodied environmental impact
required smaller facade surface area, energy generation typically depended
on a larger surface area for more PV modules. In some cases, however,
some objectives may have similar tendencies in design results such as the
tendency to have fewer glazing units in all objectives with the exception of
the daylighting performance. To arrive at holistic optimal solutions and
narrow down the selection group, the cases were filtered, using the Explore
tool, to only those that were accepted in all aspects. As a result, 22 cases
were chosen and then compared to each other using the Compare tab in
the IPAD framework. The performance aspects were normalized and
arranged with a descending order for the overall performance as shown in
figure (7.3-7).

South fagcade designs
and variables for
cases with the highst
energy generation
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L
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Figure 7.3-7

A comparison
between the overall
performance of the
accepted cases for
the south fagade.
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No specific values for design variables or trends were found dominant in the
22 cases. Designs with different central node positions as well as one, two
or even three glazing units, achieved acceptable performance in all aspects.
The comparison chart, shown above, aims to simplify the selection process
by using a straightforward score-based method. While in real life situations
some aspects may be more critical than others, in this case study, all
performance aspects were given the same importance, and hence, the
same weight. Nevertheless, it’s important to always remember that each
one of these scores represents a greater detail of information about the
aspect it represents. The dashboard tab in the IPAD tool was used therefore
for a quick but deeper investigation of each performance aspect. (Figure
7.3-8).
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3D View
ok eyt e C——1
Office Building 1 el
Glaro I

Design Alternative ID: m ]
DAID 010200020100406030 EUl 2DA e

5o " '
Location DEU_Munich.108660_IWEC.epw  ~ ‘ /7 T ]
Orientation  South - ‘ | / AC I:I

PPD AC

Daylighting Performance Visual comfort
B W« o s Timeofday: 900AM  ~

Spatial Daylight Autonomy (sDA): 70.0% Annual Glare Probability: 27.77 %

Energy Simulation

[ [ 7o | | - [— Energy Use (EUI): 3863 kWh
= =

Annual Energy Use per m2: 119 kWh\m2\year

=
n P Thermal Load (Heating and Cooling): 1675 kWh
H == n m [ o | = Thermal Load per m2: 52 kWh\m2\year

LB Energy generation:

Number of PV Panels: 6
Thermal comfort
Predicted Mean Value (PMV)

Annual average of Percentage of People Dissatisfied (PPD) : 14.86 % DC Energy generated (Annual): 170.823 kWh
Percentage of hours with PPD > 10%: 47.26 % . L0243

Total area of PV Panels: m2

"| - e e AC Energy generated (Annual):  145.199 kWh
l ! |' “" 'T l 'T L il L ll | ' Il I e Life Cycle Assessment for the Facade
m . | i“' | ") ! ‘ 7 Total primary energy (PET) [MJ/m2] = 2346.27952
' | ! & ' o Total renewable primary energy (PERT) [MJ/m2] = 555.444538

' ’ Ol | "" ' I Total non-renewable primary energy (PENRT) [MJ)/m2] = 1790.8
o - .] o ! . N Global warming potential (GWP) kg CO2-eqv./m2] = 138.0994

At the top of the dashboard general information about the case as well as a Figure 7.3-8

3d representation and general performance radar and bar charts are shown. A screenshot for the
Below, visualizations for the simulation results for the daylighting, glare, fﬁ?Dmtiz Zﬁ‘;ﬁj’i,ﬂ‘g}”a;he
overview of the
integrative
performance of fagcade
with the highest

serves as a general performance report for each design, while more detailed performance in the
south orientation

energy use, thermal comfort are presented, as well as information about

energy generation and embodied environmental impacts. The dashboard

information can be investigated in the separate tabs as discussed in chapter
6. In this case study, cases with highest overall performance were selected
based on their overall score. The design variables and performance results
of the five cases with the highest overall performance are shown in table
(7.3-10). It can be noticed how diverse the optimal designs are, which

accordingly gives the designer more options to choose from.
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Table 7.3-10

Facade designs with the highest overall performance for the south orientation, and their corresponding design
variables and performance. Values for the bar- and radar-charts are normalized.

3D Visualization

Design variables

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.00 m

0.00 m
Fiber-cement panel
Double-glazing
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.20m

1.00 m
Double-glazing
Double-glazing
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.60 m

0.40m

0.50 m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.20m

1.00 m
Double-glazing
Fiber-cement panel
Double-glazing
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.20m

0.50 m
Double-glazing
Double-glazing
Fiber-cement panel
Fiber-cement panel
No shading




Chapter 7:
Framework Evaluation

Table 7.3-10 (continued)

Objectives performances

Bar-chart

Radar-chart

(Normalized values, higher values indicate better performance)

SDA  70%  [%]

AGP 28% (%]

GWP 132.40 [kg CO2-e/m2]

EUI  119.14 [KWh/m2/year]

PPD  47% (%]

AC  317.21 [kWh]

sDA  61%  [%]

AGP 25% [%] _ AC AGP
GWP 127.98 [kg CO2-e/m2] E

EUl  117.39 [kWh/m2/year]

PPD  47%  [%] PPD Gwp
AC  381.69 [kWh] EN

sDA  66%  [%] 66%

AGP 33%  [%] AC AGP
GWP 135.41 [kg CO2-e/m2]

EUl  118.74 [kWh/m2/year] R

PPD  49%  [%] PPD Gwp
AC 57557 [kWh]

sDA  56%  [%] 56% |

AGP 25%  [%] 75% | AC AGP
GWP 130.26 [kg CO2-e/m2] 86%

EUl  117.79 [kWh/m2/year] 86%

PPD  47%  [%] E PPD Gwp
AC  377.07 [kWh]

sDA  70%  [%] 70% |

AGP 28%  [%] AGP
GWP 132.40 [kg CO2-e/m2]

EUIl  119.14 [kWh/m2/year]

PPD 47%  [%] E Gwp
AC  317.21 [kWh] 3
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Figure 7.3-9

The full spectrum of
the optimization
results for the east
facing facade. The
range and
distribution of the
cases for each

objective are
displayed.
X Y z

0.90

Glazing

Optimization results for east orientations
As mentioned at the beginning of the case study, only east facade was

considered as the due to the almost identical performance to the west faced
in many aspects and having a more critical thermal comfort condition.
Design space exploration

Altogether, 212 unique cases were obtained from the optimization process.
Sixty-three cases had an acceptable daylighting performance, but just two
cases had the preferred daylighting performance (sDA>75%). The spatial
daylight autonomy reached a maximum of 77.8%. All the cases were found
to have an acceptable visual comfort, where most of the cases (184 cases)
had an imperceptible glare for more than 75% of the occupied time. Energy
use intensity ranged between a minimum of 112 kWh/m2/year and a
maximum of 151.4 kWh/m2/year. Similar to the south facade, the thermal
comfort was found to have an unacceptable performance in most cases.
Only 31 cases had a PDH less than 50% with a minimum PDH of 48%.
Embodied environmental impact, represented by the total global warming
potential of the fagcade materials, ranged between 118 and 190 Kg CO2-
e/m?. The potential of the annual energy generation ranged between 28 and
895 kWh. Figure (7.3-9) shows the full range for the design variables and

objectives of the studied designs.

DESIGN VARIABLES OBJECTIVES
S$1 82 83 54
bottom Left Right Top Shading sDA Glare GWP EUI PDH AC

130 |

Glazing _ Glazing___Glazing __ Existent__  77.8___ 044 _ 18973 15144 063 8945

olid pan.l:“‘ Solid-panell_Solid panel!No

Daylighting performance
62 cases achieved an acceptable daylighting performance of sDA 50%.

However, only two cases had a favorable performance (sDA = 75%). Since

the spatial daylight autonomy is a quantitative metric and doesn’t take in
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consideration of over-lit spaces, cases with more glazing units (two and
three) tended to have an overall better performance as these cases receive
more daylight. That, of course, is in conflict with the visual and thermal
comfort. However, unlike the south orientation, cases with high daylighting

performance had also acceptable visual comfort. Table (7.3-11) shows the

cases with the highest spatial daylight autonomy.

Cases with the highest daylighting performance for the east orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z
Surface 1
(upper-surface)
Surface 2
(right-surface)
Surface 3
(lower-surface)
Surface 4
(left-surface)
Shading

sDA (%)

0.90 m
0.20m
0.50m
Double-glazing

Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading

77.8 %

0.90 m
0.80m
0.50m
Double-glazing

Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading

75.6 %

0.15m
0.20m
0.00 m
Double-glazing

Double-glazing
Fiber-cement panel
Fiber-cement panel

No shading

74.4 %

Visual comfort
The annual glare percentage ranged between 0% and 44%, which is

relatively much better performance than that of the south-facing facades. A
considerable amount of cases had almost no glare occurrence at all, and
most cases (184 cases) had imperceptible or no glare for more than 75% of
the occupied time. The cases with the best visual comfort had, however,
very limited glazing areas which doesn’t allow sufficient daylight. Table (7.3-

12) shows the cases with the least annual glare percentage.

Table 7.3-11

East facade designs,
variables and
daylighting
performances for
cases with the
highest daylighting
performance
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Table 7.3-12

East fagcade
designs, variables
and annual glare
probability for
cases with the
highest visual
comfort
performance
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Cases with the highest visual comfort performance for the east orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z
Surface 1
(upper-surface)
Surface 2
(right-surface)
Surface 3
(lower-surface)
Surface 4
(left-surface)
Shading

Annual DGP (%)

|

NYNVNVNIN
0.15m
0.00 m
0.50 m

Fiber-cement panel
Double-glazing

Fiber-cement panel
Fiber-cement panel

No shading
0 %

0.30m
0.40m
2.50m
Fiber-cement panel

Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading
0 %

[LAAAK

0.45m
0.80m
0.00 m
Fiber-cement panel

Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading

25%

Energy performance
Energy consumption ranged between 112.6 and 151.4 kWh/m2/year.

Similar to the south fagade, energy consumption increased with the
increase in the glazing area. Less extruded, or almost two-dimensional
facades were found to have better performance, as well as the facades with
fewer and smaller windows. Nonetheless, in some cases that had larger
glazing area, shading devices were also found to improve energy
performance.

Thermal comfort

The indoor thermal comfort had an overall performance similar to that of the
south facade. The average percentage of people dissatisfied over the entire
year ranged between 15 and 21%, exceeding the threshold of 10%.
Moreover, more than 10% of the occupants had undesirable indoor thermal
comfort for almost half of the occupied time. Similar to the energy
performance, cases with smaller surface area and less glazing units had a
slightly better performance. As a result, cases with the least EUI were found
to also have the least PDH. Cases with the least energy use intensity and
PDH are presented in table (7.3-13).
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Cases with the highest energy and thermal comfort performance for the Table 7.3-13

east orientation _ East facade designs,

variables and their
corrosponding
energy use intensities
and thermal comfot
for cases with the
least energy
consumption.

Facade Design

Design Variables

Displacementin X 0.45m 0.45m 0.30m
DisplacementinY 0.00 m 0.00 m 0.00m
DisplacementinZ 0.00 m 0.50m 2.00m

(Sul;r:)aecfsl rface) Double-glazing Fiber-cement panel Fiber-cement panel
Surface 2 Fiber-cement panel Double-glazing Fiber-cement panel
(right-surface)

Surface 3 NA Fiber-cement panel Fiber-cement panel
(lower-surface)

(Sleufi zz?f:ce) Double-glazing Fiber-cement panel Double-glazing
Shading Horizontal blinds No shading No shading
Energy use

intensity 112.6 kWh/m2/year 113 kWh/m2/year 114.3 kWh/m2/year
Average annual 15% 15% 15%

PPD

Life cycle assessment
Since embodied environmental impact is not dependent on the orientation,

it’s self-explanatory that the same observations and cases with the best
performance for the south fagade also apply to all orientations.

Energy generation

The overall energy generation was found to be less than that of the southern
fagade. Similar tendencies of larger extrusion and side surfaces to capture
low sun rays were noticed. The maximum energy generation reached 894.5
kWh, which represents about 22% of the energy use of the same case.
Optimal designs for east facing facade

Overall, 63 cases were found to have an acceptable performance. However,
the overall performance was found to be inferior to that of the south facade.
The design variables and performance results of the five cases with the
highest overall performance is shown in table (7.3-14). In most cases, a top
glazing was sufficient to provide enough daylight without much sacrifice on
other aspects. In many cases, however, two and three glazing units also

exist.
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Table 7.3-14

Facade designs with the highest overall performance for the east orientation, and their corresponding design
variables and performance. Values for the bar- and radar-charts are normalized.

3D Visualization

Design variables

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.00 m

0.00 m
Double-glazing
Fiber-cement panel
NA

Double-glazing

No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.15m

0.00 m

0.00 m
Double-glazing
Fiber-cement panel
NA

Double-glazing

No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.45m

0.00 m

0.50 m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.60 m

0.40m

0.50 m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right surface
Bottom surface
Left surface
Shading

0.90 m

0.60 m

0.20m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Fiber-cement panel
No shading
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Table 7.3-14 (continued)

Objectives performances

Bar-chart

Radar-chart

(Normalized values, higher values indicate better performance)

SDA  68%  [%]

AGP 33%  [%] AGP
GWP 123.26 [kg CO2-e/m2] 93%

EUl  112.90 [KWh/m2/year] E

PPD  48%  [%] E Gwp
AC  568.55 [KWh] 62% |

sDA  58%  [%] 74%

AGP  19%  [%] 56% | AGP
GWP 132.01 [kg CO2-e/m2] E

EUl  117.88 [kWh/m2/year] 86% |

PPD  50%  [%] GwP
AC  416.94 [KWh] 45% |

sDA  51%  [%]

AGP 17% (%] 62% | Ac AGP
GWP 127.50 [kg CO2-e/m2]

EUl 11873 [KWh/m2/year]

PPD  50%  [%] PPDA Gwe
AC  409.36 [KWh]

sDA  53%  [%]

AGP  17%  [%] 62% | AC AcP
GWP 13352 [kg CO2-e/m2] 78%

EUl  121.06 [kWh/m2/year] 78%

PPD  52%  [%] 72% ] PPD Gwp
AC 54029 [KWh] B

sDA  51%  [%]

AGP  17%  [%] AC AGP
GWP 144.80 [kg CO2-e/m2] 63%

EUIl 12477 [KWh/m2/year]

PPD  54%  [%] PPD Gwp
AC  744.65 [KWh] E
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Figure 7.3-10

The full spectrum of
the optimization
results for the north
facing fagade. The
range and
distribution of the
cases for each
objective are
displayed.

Glazing__

Optimization results for north orientation

Design space exploration
An overall of 196 unique designs resulted during the optimization process.

The daylighting performance ranged between sDA 0% and 70%.
Understandably as much less sunlight is available at north facade, the
overall daylighting performance was less than that at the south and east
facades. Visual comfort, however, was much better as almost all cases had
no glare. The AGP was found to be 0% for most of the cases and reached
a maximum of 16.67%. Energy consumption had a minimum of 111.6
kWh/m2/year and a maximum of 160 kWh/m2/year. Thermal comfort was
slightly worse than that of the south and east facades, with a minimum PDH
of 49% and a maximum of 61%. Embodied environmental impact ranged
between GWP 116.5 and 207 Kg CO2-e/m?. The potential of annual energy
generation was also understandably much lower than that of a south or east
facade and ranged between 485.6 kWh and a minimum of just 21 kWh.
Figure (7.3-10) shows the full range for the design variables and objectives

of the studied designs.

DESIGN VARIABLES OBJECTIVES
S$1 S2 s3 S4
bottom Left Right Top Shading sDA Glare GWP EUI PDH AC

0.90 3.00 1.00

0.00
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Glazing‘ Glazing Glazin - Existent 70 - 0.17__ 207.0 4 9 0.61__ 485.6:

1 Solid panel!_Solid panel!Non-exi

Daylighting performance
Due to the limited amount of sunlight available to north orientation, only 38

cases from the 196 cases had acceptable daylighting performance (sDA>
50%). Moreover, none of the cases reached the preferred threshold of 75%
as the maximum sDA was found to be at 70%. Cases with acceptable

daylighting performance had a tendency to have larger glazing areas. As a
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result, the acceptable design had a larger extrusion and all glazing facades

with mostly three or two glazing surfaces. table (7.3-15)

Cases with the highest daylighting performance for the north orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z
Surface 1
(upper-surface)
Surface 2
(right-surface)
Surface 3
(lower-surface)
Surface 4
(left-surface)
Shading

sDA (%)

0.15m
1.00 m
0.00 m
Double-glazing

Double-glazing
Fiber-cement panel
Double-glazing

No shading

70 %

TTTTTRVYY)

0.45m
0.60 m
1.50m
Double-glazing

Double-glazing
Fiber-cement panel
Double-glazing

No shading

66.7 %

0.75m
0.20m
1.00 m
Double-glazing

Double-glazing
Fiber-cement panel
Fiber-cement panel

No shading

65.5 %

Visual comfort
As expected in north facades, the glare occurrence is almost non-existent.

As there is no direct sunlight, annual daylight glare probability had a value
of 0% in almost all cases.

Energy performance

In order to ensure the minimum heat transfer, north facade designs with low
energy consumption had less surface area and overall less glazing area. The
fagcade design with the least EUI (116 kWh/m2/year) had a very minimal
glazing area that is almost non-existent. The heating load was much higher
than that in south and east orientation due to the lack of direct sun and
reached a maximum of 79 kWh/m2/year.

Thermal comfort

Similar to south and east facades, thermal comfort didn’t reach satisfactory
results. Cases with the least energy consumption were also found to have
the least percentage of people dissatisfied. The minimum PDH achieved
was 49% and the average annual PDH is between 15-23%. Table (7.3-16)

shows the designs with least energy use and PDH.

Table 7.3-15

North facade
designs, variables
and daylighting
performances for
cases with the
highest daylighting
performance
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Table 7.3-16

North fagade
designs, variables
and annual glare
probability for
cases with the
highest visual
comfort
performance
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Cases with the highest energy and thermal comfort performance for the

north orientation

Facade Design

Design Variables
Displacement in X
Displacement in Y
Displacement in Z

|/

4

0.15m
0.00 m
0.50 m

WY

0.15m
0.00 m
2.50 m

0.90 m
0.20 m
0.00 m

Surface 1 Fiber-cement panel Double-glazing Fiber-cement panel
(upper-surface)

Surface 2 Fiber-cement panel Fiber-cement panel Double-glazing
(right-surface)

Surface 3 Fiber-cement panel Fiber-cement panel Fiber-cement panel
(lower-surface)

Surface 4 Double-glazing Fiber-cement panel Fiber-cement panel
(left-surface)

Shading Horizontal blinds No shading Horizontal blinds
Energy use

. . 116.5 kWh/m2/year 118.6 kWh/m2/year 125.5 kWh/m2/year
intensity

Average annual

PPD

15% 15% 15%

Energy generation
Energy generation was understandably much less than both south and east

orientation. The maximum energy generation reached 485.6.5 kWh, which
can cover just 12% of the energy use of the same case.

Optimal designs for north facing facade

Overall, 38 cases were found to have an acceptable performance. The
overall performance however was found to be the least compared to other
two orientations. The design variables and performance results of the five
cases with the highest overall performance is shown in table (7.3-17). In
most cases, top and side glazing units were essential to provide enough
daylight without much sacrifice on other aspects.

Conclusion

The aim of this case study was to evaluate and test the developed
framework and design decision support tool in a real-life complex design
problem. In this case study, the south, east/west and north fagade were
optimized. The south and east facades were found to have an overall better
performance compared with the north facade. In south orientation, several

designs achieved high performance in most aspect. The highest performing
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case had a spatial daylight autonomy of 70% with a good visual comfort
with AGP of 25% and a low end use energy consumption of just 119
kWh/m2/year of which around 8% can be obtained from the BIPV. East
facing facade also performed well and even outperformed the south facade
in visual comfort. The case with overall heights performance had a sDA of
68%, AGP of 33% and energy consumption of 112 kWh/m2/year of which
15.5% can be generated with the use of BIPV. North oriented facades had
lower daylighting performance but better visual comfort. Energy use was
also relatively higher and had a lower energy generation due to the absence
of direct sunlight. The best design achieved 63% sDA without any glare
occurrence and energy consumption of 124kWh/m2/year of which only
2.5% can be substituted by renewable energy generation. In all orientations,
the total area of the facade and the glazing units affected the embodied
environmental impact. Two-dimensional facades with minimum glazing
units were found to have the lowest global warming potential (GWP). In all
orientations, several design alternatives with acceptable and high
performance were obtained. The designer can, therefore, choose a suitable

design for its aesthetics or performance in a specific aspect.

The results show how focusing on a single design objective can most likely
results in an overall low-performative design. The use of the integrative
performance assessment approach leads to a more variety of designs with
an overall high-performance. The different tools developed within the
presented framework did not only help in choosing best performing designs
but also to have a deeper look for each aspect. Therefore, enables the
designers to understand which design variables have the highest impact on
the performance of the fagade. For this particular case, the three orientation
was found to have several high-performance cases. It is understandable
that a trade-off process has to take place to arrive at the final decision as
there is no design that achieves the highest performance in all aspects. In
this case study, a pre-defined threshold was used to filter out the cases with
unacceptable performances. A straight-forward scoring method was then
used to compare the accepted cases and choose the ones with the highest
performances. No biased weights or priorities were given to an aspect over
another. However, in real life situation, the user might decide to prioritize

specific aspects to have higher performance in certain areas.
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Table 7.3-17

Facade designs with the highest overall performance for the north orientation, and their corresponding design
variables and performance. Values for the bar- and radar-charts are normalized.

3D Visualization

Design variables

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right Surface
Bottom surface
Left surface
Shading

0.75m

0.00 m

2.00 m
Double-glazing
Double-glazing
Fiber-cement panel
Double-glazing

No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right Surface
Bottom surface
Left surface
Shading

0.50m

0.40 m

2.00m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right Surface
Bottom surface
Left surface
Shading

0.15m

0.00 m

2.00m
Double-glazing
Double-glazing
Fiber-cement panel
Fiber-cement panel
No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right Surface
Bottom surface
Left surface
Shading

0.90m

0.20m

2.00 m
Double-glazing
Double-glazing
Fiber-cement panel
Double-glazing

No shading

Displacement in X
Displacement in Y
Displacement in Z
Upper surface
Right Surface
Bottom surface
Left surface
Shading

0.15m

0.40m

0.50 m
Double-glazing
Fiber-cement panel
Fiber-cement panel
Double-glazing

No shading
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Table 7.3-17 (continued)

Objectives performances

Bar-chart

Radar-chart

(Normalized values, higher values indicate better performance)

SDA  63% (%)

AGP 0% (%] ac
GWP 133.55 [kg CO2-6/m2]

EUl  123.99 [kWh/m2/year]

PPD 52%  [%] PPD
AC  102.34 [kWh]

sDA  50%  [%]

AGP 0% (%] ac
GWP 136.73 [kg CO2-e/m2]

EUl  125.01 [kWh/m2/year]

PPD 53%  [%] PPD
AC  209.21 [kWh]

DA 57% (%]

AGP 0%  [%] ac
GWP 139.37 [kg CO2-e/m2]

EUl  126.71 [kWh/m2/year]

PPD 53%  [%] PPD
AC  201.50 [kWh]

SDA  64% (%

AGP 0% [%] ac
GWP 137.18 [kg CO2-e/m2]

EUl  126.45 [kWh/m2/year]

PPD 53%  [%] PPD
AC 10759 [kKWh] 19%

DA 51% (%) I

AGP 0% (%] 0% ac
GWP 139.21 [kg CO2-6/m2] 75% |

EUl  125.55 [kWh/m2/year]

PPD 53%  [%] PPD
AC  199.07 [kWh] 38%

EUI
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7.4 Conclusion

In this chapter, the developed framework was further evaluated and
enhanced, using feedback from different focus groups and, from a
comprehensive design case study. During the focus groups, many ideas
and suggestions were discussed, most of which were later included in the
framework. The case study focused on evaluating the framework by testing
its ability to help the user to arrive at high-performance designs with a real-
life complex system. The case study demonstrated the ability of the
proposed framework at achieving the aforementioned goal while producing
valuable information about the design problem. The framework can be used
to simply arrive at the most achieving designs, but it is also possible to
present more design information by visualizing the simulation results and

using the exploring and comparing tools within the framework.
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Chapter 8: Conclusions and Outlook

8.1 Summary

The goal of this doctoral research was to develop and present a novel
design decision support framework and tool to aid designers in arriving at
high-performance building facades. The research focused on the
environmental performance of the facade and followed an integrative
approach to assess building facades for its daylighting performance, visual
comfort, energy performance, thermal comfort, embodied environmental

impacts, as well as energy generation.

Following a design research methodology, an intensive literature review was
conducted at the beginning of this dissertation (Chapter 2 and Chapter 3),
which aimed to better define the facade performance within the scope and
limits of this research as well as discussing the state-of-the-art methods
and tools for the integrative assessment and optimization of building
facades. The results and information from the literature review were then
used in developing the Integrative Performance Optimization (IPO)
framework in Chapter 4. The framework utilizes a parametric modeling tool
to create a vast number of design alternatives. The design alternatives are
then analyzed and optimized for their integrative environmental
performance using simulation and optimization tools. The framework was
tested using case studies in Chapter 5 to define the limitations and the
required enhancements. The results and findings of the case studies were
later used to enhance the framework and the development of the design
decision support tool in Chapter 6. Finally, in Chapter 7 the developed
framework was evaluated using a number of focus groups and a holistic
case study. The research work has resulted in a number of conclusions,

which are discussed in the following section.
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8.2 Conclusions
The research efforts presented in this thesis have resulted in the following

main conclusions:

The modern and future facades are expected to have more functions
and achieve higher performance. Due to the use and progress of
computational tools more options and facade design could be
obtained. However, that also complicates the problem of choosing
the right values for the different fagade design variables to achieve
better performance. The use of state-of-the-art computational

design, simulation, and optimization tools is essential.

A vast number of modeling tools are now available for designers with
different degrees of complexity and sophistication. Most of the
design decision support and simulation tools are very limited in their
modeling capabilities to building forms with rectilinear, and
orthogonal shapes, with regular horizontal rows of windows. The use
of parametric modeling, on the other hand, allows for a higher degree
of complexity and enable the designer to investigate more complex
fagade systems such as that shown in Chapter 7. The research,
therefore, highlights the advantages and promotes the integration of
parametric design tool in building performance simulation and

optimization frameworks.

The importance of using an integrative environmental simulation
approach was discussed and highlighted in several areas of this
research. In the three case studies analyzed in this research, it was
constantly noted how depending on a single performance aspect
can be deceiving and can lead to arriving at designs with lower
performance in other design aspects. The certain number of design
aspects can differ from a case to another, depending on the project
and the relative importance of the design aspects. Nevertheless, a
minimum number of design aspects that ensures the comfort of the
building users and having a low environmental impact of the design
should always be considered. In this research, an integrative

performance assessment was proposed which included the
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numerical assessment of daylighting performance, visual comfort,
energy performance, thermal comfort, embodied environmental

impacts, as well as energy generation.

Multi-objective optimization was used extensively in this research.
The use of optimization tools was found useful, especially for design
exploration and with a vast number of alternatives. While it is not
always guaranteed to arrive at a best performing or an optimum
design, the optimization results can be used in narrowing down the
design options and the variables ranges. In the three case studies,
that were analyzed in this research, the coupling of multi-objective
optimization and integrative simulation resulted in high performance
designs. Moreover, the case studies result and conclusions, which
were discussed in the corresponding chapters, showed that the use
of multi-objective optimizations can help in understanding the
relations between the design variables and objectives and produce

general interpretations and guidelines.

As discussed in the case studies, multi-objective optimizations result
in a large amount of data and simulation results. Data analysis and
visualization tools are essential to effectively extract useful
information. Many design decision support tools were developed to
help the designers and architects in making informed decisions at
the early design stages. Nevertheless, most of these tools have
critical limitations in the modeling methods, results visualizations

and types of performance assessments it can undertake.

A prototype of a design decision support tool was developed to
serve as an Integrative Performance Assessment Dashboard (IPAD).
The IPAD tool can help the designers to efficiently analyze the results
of building performance multi-objective optimizations. The
evaluation of the tool and feedback from the focus groups and case

studies highlight the potential as well as the limitations of the tool.
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8.3 Contribution to knowledge
The main contribution of this research can be seen in the development and
testing of a prototype for a design decision-support (DDS) tool. The
developed tool overcomes a few of the main limitations in current DDS tools
by:
- linking the framework with parametric modeling tools, therefore,
provide more freedom to the designer.
- using a holistic approach to provide an integrative assessment for
the different performance aspects
- providing a user-friendly visualization interface that can be more

effective in the decision-making process.

The new approach paves the way for other improvements and
enhancements and highlights the importance of design research
methodologies in the architecture and building environment domain. While
computational methods and tools are being developed at exceptional
speeds in nearly every sector, architecture, and construction domains are

catching up on a rather slower pace.

The importance of simulation and optimization results visualization as an
essential tool in interpreting the results and making design decisions was
also highlighted. Results analysis and visualization for building performance
simulation is still relatively a new area that may need further and continuous
development. The focus groups helped in clarifying this point by clarifying

the user priorities and needs.

The research also highlights the use of the iterative process within the
design research methodology. Looking at the result of this research, and
any design product at that matter, as a product of continuous development
that can always benefit from another cycle of user feedback and

improvements.
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8.4 Limitations and outlook

Several limitations were defined at the beginning of this research. Starting
with the domain of study, while this research focused exclusively on
buildings facades as a critical building element, the same methodology can
be extended and applied to other building elements or building types. The
same is also true with the focus of this research on the environmental
impacts of the building, which can be extended to other areas such as

structure performance and cost estimates.

For this particular research and the developed tool, an interesting and
important outlook could be in linking the tool with Building Information
Modeling (BIM), which provides numerous options of developments and
enhancement by using the data stored in the BIM models. That can also
facilitate the addition of other functions to the framework that was restricted
due to the lack of complete data sets such as full life cycle assessments
and life cycle cost studies. Another promising opportunity that also
addresses the restriction of incomplete data, lies in modeling and dealing
with uncertainties. Uncertainty-based design optimization is a promising
research area that can offer a lot in the development of design decision
tools. The use of other rapidly developing optimization methods such as
machine learning and deep learning techniques might as well be a topic of

future research.

| 149



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

150 |



References

References

Abbass, H. A.; Sarker, R.; Newton, C. (2001): PDE: a Pareto-frontier
differential evolution approach for multi-objective optimization
problems. 2001 Congress on Evolutionary Computation. Seoul, South
Korea, 27-30 May 2001, pp. 971-978.

Abraham, Ajith; Jain, Lakhmi; Goldberg, Robert (2005): Evolutionary
Multiobjective Optimization. London: Springer-Verlag.

Aksamija, Ajla (2013): Sustainable facades. Design methods for high-
performance building envelopes. Hoboken, New Jersey: John Wiley &
Sons.

Aksamija, Ajla; Mallasi, Zaki (2010): Building Performance Predictions.
How Simulations Can Improve Design Decisions. PERKINS+WILL
Research Journal 2 (2), pp. 7-32.

Arasteh, Dariush (1985): Advances in window technology: 1973-1993.
In Karl W. Béer, John A. Duffie (Eds.): Advances in Solar Energy. An
Annual Review of Research and Development Volume 2, vol. 9.
Boston, MA: Springer US, pp.339-382. Available online at
http://eetd.Ibl.gov/publications/advances-in-window-technology-
1973-19, checked on 6/13/2016.

Asl, Mohammad Rahmani (2015): A Building Information Model (BIM)
Based Framework for Performance Optimization. PhD Thesis. Texas
A&M University, College Station, TX.

Attia, Shady; Beltran, Liliana; Herde, Andre de; Hensen, J.L.M. (2009):
"Architect Friendly". a comparison of ten different building
performance simulation tools. Building Simulation 2009. Proceedings
of the Eleventh International IBPSA Conference Glasgow, Scotland
July 27-30.

Attia, Shady; Gratia, Elisabeth; Herde, André de; Hensen, Jan L.M.
(2012): Simulation-based decision support tool for early stages of
zero-energy building design. Energy and Buildings 49, pp. 2-15. DOI:
10.1016/j.enbuild.2012.01.028.

Attia, Shady; Hamdy, Mohamed; O’Brien, William; Carlucci, Salvatore
(2013): Assessing gaps and needs for integrating building
performance optimization tools in net zero energy buildings design.
Energy and Buildings 60, pp. 110-124. DOI:
10.1016/j.enbuild.2013.01.016.

[ 151



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

152 |

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Attia, Shady; Herde, André de (2010): Sizing Photovoltaic Systems
during Early Design A Decision Tool for Architects. Conference
proceedings of American Solar Energy Society-2010. Arizona.
Arizona.

Augenbroe, Godfried (2001): Building Simulation Trends Going Into
The New Millenium. Building Simulation 7, pp. 15-28.

Barrios, Carlos (2005): Transformations on Parametric Design Models.
Bob Martens, André Brown (Eds.): Computer aided architectural
design futures 2005, Proceedings of the 11th International CAAD
Futures Conference. The Vienna University of Technology, Vienna,
Austria. June 20-22, 2005. Dordrecht: Springer, pp. 393-400.

BBSR (2015): OKOBAUDAT. Bundesinstitut fiir Bau-, Stadt- und
Raumforschung. Available online at http://www.oekobaudat.de/,
checked on 6/2018.

Benedikt, Michael L. (1979): To take hold of space. Isovists and isovist
fields. Environment and Planning B: Planning and design 6 (1), pp. 47—
65.

Blessing, Lucienne T.M.; Chakrabarti, Amaresh (2009): DRM, a Design
Research Methodology. London: Springer.

Brown, G. Z. (1985): Sun, wind, and light. Architectural design
strategies / G.Z. Brown; illustrations V. Cartwright. New York,
Chichester: Wiley.

Brownlee, Alexander; Wright, Jonathan A. (2012): Solution Analysis in
Multi-Objective Optimization. Proceeding of BSO12 the First Building
Simulation and Optimization Conference. Loughborough, UK, 10-11
September 2012. IBPSA-England, pp. 317-324.

Caldas, L. G.; Norford, L. K. (2003): Genetic Algorithms for
Optimization of Building Envelopes and the Design and Control of
HVAC Systems. J. Sol. Energy Eng. 125 (3), p.343. DOL
10.1115/1.1591803.

Caldas, Luisa Gama; Norford, Leslie K. (2002): A design optimization
tool based on a genetic algorithm. Automation in Construction 11 (2),
pp. 173-184. DOI: 10.1016/S0926-5805(00)00096-0.

Chaszar, Andre; Buelow, Peter von; Turrin, Michela (2016):
Multivariate Interactive Visualization of Data in Generative Design.
Proceedings of the Symposium on Simulation for Architecture and
Urban Design. SimAUD 2016. London, UK. Available online at
https://www.researchgate.net/publication/303913742.

Coello, Carlos A. (1999): A Comprehensive Survey of Evolutionary-
Based Multiobjective Optimization Techniques. Knowledge and
Information Systems 1 (3), pp. 269-308. DOI: 10.1007/BF03325101.



References

22.

23.

24.

25.

26.

27.

28.

29.

30.

Crawley, Drury B.; Hand, Jon W.; Kummert, Michaél; Griffith, Brent T.
(2008): Contrasting the capabilities of building energy performance
simulation programs. Building and Environment 43 (4), pp. 661-673.
DOI: 10.1016/j.buildenv.2006.10.027.

Dan Hobbs; Christoph Morbitzer; Brian Spires; Paul Strachan; Jim
Webster (2003): Experience of Using Building Simulation Within the
Design Process of an Architectural Practice. Building Simulation 2003:
Eighth International IBPSA Conference, Eindhoven, Netherlands,
August 11-14, pp. 491-498.

EVS-EN ISO 7730:2005, 2005: Ergonomics of the thermal
environment. Analytical determination and interpretation of thermal
comfort using calculation of the PMV and PPD indices and local
thermal comfort criteria.

European Parliament, Council of the European Union (2010): Directive
2010/31/EU of the European Parliament and of the Council of 19 May
2010 on the energy performance of buildings. Official Journal of the
European Union, checked on 6/14/2016.

Fanger, P.O (1970): Thermal comfort. Analysis and applications in
environmental engineering. Copenhagen: Danish Technical Press.

G. S. Brager and R. de Dear (2001): Climate, Comfort, & Natural
Ventilation: A new adaptive comfort standard for ASHRAE Standard
55. Proceedings, Moving Thermal Comfort Standards into the 21st
Century. Available online at
http://www.escholarship.org/uc/item/2048t8nn.

Gadelhak, Mahmoud; Lang, Werner (2016): Optimization of Office
Building Fagade to Enhance Daylighting, Thermal Comfort and Energy
Use Intensity. N. Hamza, C. Underwood (Eds.): Proceedings of the 3rd
IBPSA-England Conference BSO 2016, Great North Museum,
Newcastle, 12th-14th September 2016.

Gadelhak, Mahmoud; Lang, Werner; Petzold, F. (2017): A Visualization
Dashboard and Decision Support Tool for Building Integrated
Performance Optimization. A. Fioravanti, S. Cursi, S. Elahmar, S.
Gargaro, G. Loffreda, G. Novemobri, A. Trento (Eds.): ShoCK! - Sharing
Computational Knowledge! - Proceedings of the 35th eCAADe
Conference, 20-22 September 2017, vol. 1. 2 volumes. Sapienza
University of Rome, Rome, ltaly, pp. 719-728. Available online at
http://papers.cumincad.org/cgi-
bin/works/Show?_id=ecaade2017_029.

Gadelhak, Mahmoud; Wageh, Mohamed Adel (2017): Optimization of
Facade Design for Daylighting and Viewto-Outside. A case study in
Lecco, Lombardy, Italy. A. Fioravanti, S. Cursi, S. Elahmar, S. Gargaro,
G. Loffreda, G. Novembri, A. Trento (Eds.): ShoCK! - Sharing

| 153



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

154 |

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Computational Knowledge! - Proceedings of the 35th eCAADe
Conference, 20-22 September 2017, vol. 1. 2 volumes. Sapienza
University of Rome, Rome, ltaly, pp. 229-236. Available online at
http://papers.cumincad.org/cgi-
bin/works/Show&_id=caadria2010_016/Show?ecaade2017_117.

Gagne, J. M.L.; Andersen, Marilyne (2010): Multi-objective Facade
Optimization for Daylighting Design Using Genetic Algorithm.
Proceedings of SimBuild 2010-4th National Conference of IBPSA-
USA. New York City, USA.

Gratzl, Samuel; Lex, Alexander; Gehlenborg, Nils; Pfister, Hanspeter;
Streit, Marc (2013): LineUp. Visual analysis of multi-attribute rankings.
IEEE transactions on visualization and computer graphics 19 (12),
pp. 2277-2286. DOI: 10.1109/TVCG.2013.173.

Haeb, Kathrin; Schweitzer, Stephanie; Fernandez Prieto, Diana;
Hagen, Eva; Engel, Daniel; Bottinger, Michael; Scheler, Inga (2014):
Visualization of Building Performance Simulation Results: State-of-
the-Art and Future Directions. |IEEE Pacific Visualization Symposium
(PacificVis). Yokohama, pp. 311-315.

Hausladen, Gerhard; Liedl, Petra; Saldanha, Michael de (2011):
Building to Suit the Climate. A Handbook. Basel: De Gruyter.

Hausladen, Gerhard; Saldanha, Michael de; Liedl, Petra (2008):
Climateskin. Building-skin concepts that can do more with less
energy. Basel, Boston: Birkhauser.

Heerwagen, J.; Heerwagen, D. (1986): Lighting and psychological
comfort. Lighting Design and Application 16 (4), pp. 47-51.

Heim, D.; Janicki, M.; Szczepanska, E. (2012): Thermal and visual
comfort in a office building with double skin fagade. 10th International
Conference on Healthy Buildings 2012. Brisbane, QLD; Australia, 8-
12 July 2012.

Hellinga, Hester; Hordijk, Truus (2014): The D&V analysis method. A
method for the analysis of daylight access and view quality. Building
and Environment 79, pp. 101-114. DOl:
10.1016/j.buildenv.2014.04.032.

Hellinga, Hester IJbeltje (2013): Daylight and View: The influence of
windows on the visual quality of indoor spaces. PhD Thesis. TU Delft,
Delft, The Netherlands.

Hensen, J.L.M.; Clarke, J. A.; Hand, J. W.; Johnson, K.; Wittchen, K.;
Madsen, C. (1996): Integrated Performance Appraisal of Daylight-
Europe Case Study Buildings. Proceedings of the 4th European
Conference of Solar Energy in Architecture and Urban Planning,
Berlin, March, pp. 1-6.



References

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Herzog, Thomas; Krippner, Roland; Lang, Werner (2004): Facade
construction manual. Basel, Great Britain: Birkhduser.

Heschong Mahone Group, Inc. (2003): Windows and Offices. A Study
of Office Worker Performance and the Indoor Environment. A
Technical Report for California Energy Commission.

Hindrichs, Dirk U.; Daniels, Klaus (Eds.) (2007): Plusminus 20°/40°
Latitude: Sustainable building design in tropical and subtropical
regions. Stuttgart, London: Edition Axel Menges.

Hollberg, A.; Kliber, N.; Schneider, S.; Ruth, J.; Donath, D. (2016): A
Method for Evaluating the Environmental Life Cycle Potential of
Building Geometry. Guillaume Habert, Arno Schliter (Eds.): Expanding
Boundaries. Systems Thinking in the Built Environment : Sustainable
Built Environment (SBE) Regional Conference Zurich 2016. Zirich:
ETH Zirich.

Hollberg, Alexander; Ruth, Jirgen (2016): LCA in architectural
design—a parametric approach. Int J Life Cycle Assess 21 (7),
pp. 943-960. DOI: 10.1007/s11367-016-1065-1.

Hoévels, J. M. (2007): Open modular facade concept. master thesis.
Delft University of Technology, Delft, The Netherlands. Available online
at  http://repository.tudelft.nl/islandora/object/uuid:e08cc238-f4b6-
4c4d-bbd1-bc7d0e8210257collection=education, checked on
6/14/2016.

ICE (1995): Discomfort glare in interior lighting. Vienna: International
Commission on lllumination (Technical report, 117).

IESNA (2012): IES LM-83-12. IES spatial daylight autonomy (sDA)and
annual sunlight exposure (ASE). New York, New York: Illuminating
Engineering Society of North America.

CSN EN 15251, 2007: Indoor environmental input parameters for
design and assessment of energy performance of buildings-
addressing indoor air quality, thermal environment, lighting and
acoustics.

Jakubiec, John Alstan; Reinhart, Christoph (2011): DIVA 2.0:
integrating daylight and thermal simulations using Rhinoceros 3D,
DAYSIM and EnergyPlus. Proceedings of Building Simulation 2011:
12th Conference of International Building Performance Simulation
Association, Sydney, 14-16 November.

Kim, Jeong Tai; Kim, Gon (2010): Advanced External Shading Device
to Maximize Visual and View Performance. Indoor and Built
Environment 19 (1), pp. 65-72. DOI: 10.1177/1420326X09358001.

Kirimtat, Ayca; Koyunbaba, Basak Kundakci; Chatzikonstantinou,
loannis; Sariyildiz, Sevil (2016): Review of simulation modeling for

| 155



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

156 |

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

shading devices in buildings. Renewable and Sustainable Energy
Reviews 53, pp. 23-49. DOI: 10.1016/j.rser.2015.08.020.

Klein, Tillmann (2013): Integral Facade Construction. PhD. TU Delft,
Faculty of Architecture and the Built Environment, [A+BE] Graduate
School, Delft, The Netherlands.

Kleindienst, Sian; Andersen, Marilyne (2009): The Adaptation of
Daylight Glare Probability to Dynamic Metrics in a Computational
Setting. Proceedings of Lux Europa 2009 — 11th European Lighting
Conference.

Komerska, Anna; Kwiatkowski, Jerzy; Ruciniska, Joanna (2015):
Integrated Evaluation of Co2eq Emission and Thermal Dynamic
Simulation for Different Fagade Solutions for a Typical Office Building.
Energy Procedia 78, pp. 3216-3221. DOI:
10.1016/j.egypro.2015.11.783.

Konis, Kyle; Gamas, Alejandro; Kensek, Karen (2016): Passive
performance and building form. An optimization framework for early-
stage design support. Solar Energy 125, pp.161-179. DOI:
10.1016/j.solener.2015.12.020.

Konstantzos, lason; Chan, Ying-Chieh; Seibold, Julia C.; Tzempelikos,
Athanasios; Proctor, Robert W.; Protzman, J. Brent (2015): View clarity
index. A new metric to evaluate clarity of view through window shades.
Building and Environment 90, pp. 206-214. DOI:
10.1016/j.buildenv.2015.04.005.

Kottek, Markus; Grieser, Jirgen; Beck, Christoph; Rudolf, Bruno;
Rubel, Franz (2006): World Map of the Kdppen-Geiger climate
classification updated. metz 15 (3), pp. 259-263. DOI: 10.1127/0941-
2948/2006/0130.

Kovacic, lva; Waltenbereger, Linus; Gourlis, Georgios (2016): Tool for
life cycle analysis of facade-systems for industrial buildings. Journal
of Cleaner Production 130, pp. 260-272. DOI:
10.1016/j.jclepro.2015.10.063.

Lang, Werner (2006): Is it all “just” a facade? The functional, energetic
and structural aspects of the building skin. Christian Schittich (Ed.):
Building Skins, New Enlarged Edition. Minchen: Birkh&user (In detail),
pp. 29-45.

Larson, Greg Ward; Shakespeare, Rob (2003): Rendering with
Radiance. The art and science of lighting visualization. Rev. ed. Davis,
Calif.: Space & Light.

Leather, Phil; Pyrgas, Mike; Di Beale; Lawrence, Claire (1998):
Windows in the Workplace. Sunlight, View, and Occupational Stress.
Environment and Behavior 30 (6).



References

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Liedl, Petra (2016): Climate Tool Handbook Version 5. www.climate-
tool.com. Available online at http://www.climate-
tool.com/fileadmin/upload/climate/download/CWTool.pdf, checked
on December, 2016.

Lin, Shih-Hsin; Gerber, David Jason (2014): Evolutionary energy
performance feedback for design. Multidisciplinary design
optimization and performance boundaries for design decision
support. Energy and Buildings 84, pp.426-441. DOI:
10.1016/j.enbuild.2014.08.034.

Lin, Shih-Hsin Eve (2014): Designing-In Performance: Energy
Simulation Feedback For Early Stage Design Decision Making. PhD
Thesis. University of Southern California (USC), Los Angeles, CA.

Lin, Shih-Hsin Eve; Gerber, David Jason (2013): Designing-In
Performance. A case study of a net zero energy school design. Werner
Lang (Ed.): PLEA 2013 Munich: Sustainable Architecture for a
Renewable Future. Munich, Germany: Fraunhofer IRB Verlag.

LupiSek, Antonin; Bure$, Michal; Volf, Martin; Hodkova, Julie;
Novacek, Jifi; Hejtmanek, Petr; Tywoniak, Jan (2015): Development
and Testing of Environmentally Friendly Envelope for Energy Efficient
Buildings in the Czech Republic. Energy Procedia 78, pp. 285-290.
DOI: 10.1016/j.egypro.2015.11.639.

Martinez-Rocamora, A.; Solis-Guzman, J.; Marrero, M. (2016): LCA
databases focused on construction materials. A review. Renewable
and Sustainable Energy Reviews 58, pp.565-573. DOI:
10.1016/j.rser.2015.12.243.

Matterson, Maria Leandra Gonzalez; Salom, Joana; Ferra, Jaume
Ortiz; Portilla, J. H. (2013): Dynamic daylight simulation and visual
comfort survey in Mediterranean climate. Case study in office building.
Building Simulation Conf. IBPSA 2013.

McCartney, K. J.; Humphreys, M. A. (2002): Thermal comfort and
productivity. Proceeding of Indoor Air, pp. 822-827.

Mirrahimi, Seyedehzahra; Mohamed, Mohd Farid; Haw, Lim Chin;
Ibrahim, Nik Lukman Nik; Yusoff, Wardah Fatimah Mohammad; Aflaki,
Ardalan (2016): The effect of building envelope on the thermal comfort
and energy saving for high-rise buildings in hot-humid climate.
Renewable and Sustainable Energy Reviews 53, pp. 1508-1519. DOI:
10.1016/j.rser.2015.09.055.

Mourshed, Monjur M.; Kelliher, Denis; Keane, Marcus (2003):
Integrating Building Energy Simulation in the design process. IBPSA
News 13 (1), pp. 21-26.

| 157



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

158 |

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Musall, Eike; Weiss, Tobias; Voss, Karsten; Lenoir, Aurélie; Donn,
Michael; Cory, Shaan; Garde, Francois (2010): Net Zero Energy Solar
Buildings. An Overview and Analysis on Worldwide Building Projects.
Dorota Chwieduk, Wolfgang Streicher, Werner Weiss (Eds.):
Conference proceedings. 28 September - 1 October 2010, Graz,
Austria. EuroSun 2010. Graz, Austria. EuroSun; International
Conference on Solar Heating, Cooling and Buildings. Graz:
International Solar Energy Society, pp. 1-9.

Nabil, Azza; Mardaljevic, John (2006): Useful daylight illuminances. A
replacement for daylight factors. Energy and Buildings 38 (7), pp. 905-
913. DOI: 10.1016/j.enbuild.2006.03.013.

Nicol, J. F.; Humphreys, M. A. (2002): Adaptive thermal comfort and
sustainable thermal standards for buildings. Energy and Buildings 34
(6), pp. 563-572. DOI: 10.1016/S0378-7788(02)00006-3.

O'Conner, Jennifer; Lee, Eleanor S.; Rubinstein, Francis M.; Selkowitz,
Stephen E. (1997): Tips for Daylighting with Windows: The Integrated
Approach. E.O. Lawrence Berkeley National Laboratory (LBNL-
39945).

O'Donnell, James; Maile, Tobias; Settlemyer, K.; Haves, Philip (2013):
A Visualization Environment for Analysis of Measured and Simulated
Building Performance Data. Etienne Wurtz (Ed.): Proceesings of BS
2013. 13th International Conference of the International Building
Performance Simulation Association. Chambery, France, 25 - 28
August. Chambery, France.

Olgyay, Aladar; Olgyay, Victor (1957): Solar control and shading
devices. Princeton University Press.

Olgyay, V. (1963): Design with climate-bioclimatic approach to
architectural regionalism Princeton university press.

Papalambros, Panos Y.; Wilde, Douglass J. (2000): Principles of
optimal design. Modeling and computation / Panos Y. Papalambros,
Douglass J. Wilde. 2nd ed. Cambridge: Cambridge University Press.

Peffers, Ken; Tuunanen, Tuure; Rothenberger, Marcus A.; Chatterjee,
Samir (2007): A Design Science Research Methodology for
Information Systems Research. Journal of Management Information
Systems 24 (3), pp. 45-77. DOI: 10.2753/MIS0742-1222240302.

Pérez-Lombard, Luis; Ortiz, José; Pout, Christine (2008): A review on
buildings energy consumption information. Energy and Buildings 40
(), pp. 394-398. DOI: 10.1016/j.enbuild.2007.03.007.

Peters, Troy; Aksamija, Ajla (2016): Passive Solar Facades, Thermal
Comfort and Climate Change. Predictive simulation with near and
distant weather patterns. Pablo La Roche (Ed.): PLEA 2016: 32nd



References

84.

85.

86.

87.

88.

89.

90.

91.

92.

International Conference on Passive and Low Energy Architecture.
Volume 1. PLEA 2016: Cities, Buildings People: Toward Regenerative
Environments. Los Angeles, CA, USA, 11-13 July. Passive and Low
Energy Architecture (PLEA). 3 volumes. Los Angeles, CA, USA.

Petersen, Steffen (2011): Simulation-based support for integrated
design of new low-energy office buildings. PhD Thesis. Technical
University of Denmark. Department of Civil Engineering.

Poirazis, Harris (2005): Single Skin Glazed Office Buildings. Energy
Use and Indoor Climate Simulations. Division of Energy and Building
Design, Department of Architecture and Built Environment, Lund
University. Lund (Report EBD-T--05/4).

Prazeres, Luis; Clarke, J. A. (2005): Qualitative Analysis on The
Usefulness of Perceptualization Techniques in Communicating
Building Simulation Outputs. Building Simulation 2005, the Ninth
International IBPSA Conference Montréal, Canada August 15-18,
2005.

Pryke, Andy; Mostaghim, Sanaz; Nazemi, Alireza (2007): Heatmap
Visualization of Population Based Multi Objective Algorithms. Shigeru
Obayashi, Kalyanmoy Deb, Carlo Poloni, Tomoyuki Hiroyasu,
Tadahiko Murata (Eds.): Evolutionary Multi-Criterion Optimization, vol.
4403. Berlin, Heidelberg: Springer Berlin Heidelberg (Lecture Notes in
Computer Science), pp. 361-375.

Rahmani Asl, Mohammad; Stoupine, Alexander; Zarrinmehr, Saied
(2015): Optimo: A BIM-based Multi-Objective Optimization Tool
Utilizing Visual Programming for High Performance Building Design.
Proceedings of the 33rd Annual Conference of Education and
Research in Computer Aided Architectural Design in Europe
(eCAADe). Vienna, Austria, pp. 673-682.

Raji, Babak (2014): Design strategies for energy efficiency in high-rise
buildings. TU Delft.

Raji, Babak; Tenpierik, Martin J.; van den Dobbelsteen, Andy (2014):
A Comparative Study of Design Strategies for Energy Efficiency in 6
High-Rise Buildings in Two Different Climates. Rajan Rawal, Sanyogita
Manu, Nirmala Khadpekar (Eds.): 30th International PLEA Conference.
Sustainable Habitat for Developing Societies Choosing the Way
Forward. Ahmedabad, India: CEPT University Press.

Reinhart, Christoph F.; Mardaljevic, John; Rogers, Zack (2006):
Dynamic Daylight Performance Metrics for Sustainable Building
Design. LEUKOS 3 (1), pp. 7-31.

Reinhart, Christoph F.; Walkenhorst, Oliver (2001): Validation of
dynamic RADIANCE-based daylight simulations for a test office with

| 159



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

160 |

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

external blinds. Energy and Buildings 33 (7), pp.683-697. DOI:
10.1016/S0378-7788(01)00058-5.

Richard de Dear and G. S. Brager (1998): Developing an adaptive
model of thermal comfort and preference. ASHRAE Transactions 104,
pp. 145-167, checked on 6/14/2016.

Ritter, F.; Schubert, G.; Geyer, P.; Borrmann, A.; Petzold, F. (2014):
Design Decision Support—Real-Time Energy Simulation in the Early
Design Stages. Raymond Issa, lan Flood (Eds.): 2014 International
Conference on Computing in Civil and Building Engineering. Orlando,
Florida, United States, June 23-25, 2014, pp. 2023-2031.

Ritter, Fabian; Philipp Geyer; and André Borrmann (2015): Simulation-
based Decision-making in Early Design Stages. Proceedings of the
32rd international CIB W78 conference. Eindhoven, Netherlands.

Rodriguez-Ubinas, Edwin; Montero, Claudio; Porteros, Maria; Vega,
Sergio; Navarro, Ifaki; Castillo-Cagigal, Manuel et al. (2014): Passive
design strategies and performance of Net Energy Plus Houses. Energy
and Buildings 83, pp. 10-22. DOI: 10.1016/j.enbuild.2014.03.074.

Roudsari, Mostapha Sadeghipour; Pak, Michelle (2013): LADYBUG: A
Parametric Environmental Plugin for Grasshopper to Help Designers
Create an Environmentally-Conscious Design. Etienne Wurtz (Ed.):
Proceesings of BS 2013. 13th International Conference of the
International  Building Performance Simulation  Association.
Chambery, France, 25 - 28 August. Chambery, France.

Rubel, Franz; Brugger, Katharina; Haslinger, Klaus; Auer, Ingeborg
(2017): The climate of the European Alps. Shift of very high resolution
Kdppen-Geiger climate zones 1800-2100. metz 26 (2), pp. 115-125.
DOI: 10.1127/metz/2016/0816.

Ruck, N.; @. Aschehoug; S. Aydinli; J. Christoffersen; G. Courret; I.
Edmonds et al. (2000): Daylight in Buildings. a source book on
daylighting systems and components. Edited by @yvind Aschehoug,
Jens Christoffersen, Roman Jakobiak, Kjeld Johnsen, Eleanor Lee,
Nancy Ruck, and Stephen Selkowitz. International Energy Agency.

Schittich, Christian; Lang, Werner; Krippner, Roland (2006): Building
skins. New enlarged edition. Mlnchen: Edition Detail, Institut fur
internationale Architektur-Dokumentation; Birkhduser (In detail).

Schiico International KG (2015): Schiico Parametric System. Available
online at: https://www.schueco.com/web2/parametric_en

Schumacher, Patrik (2008): Parametricism as Style - Parametricist
Manifesto, 2008. Available online at
http://www.patrikschumacher.com/Texts/Parametricism%20as %20
Style.html, checked on June 2016.



References

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Selkowitz, S.; Hitchcock, R.; Mitchell, R.; McClintock, M.; Settlemyer,
K. (2014): COMFEN - Early Design Tool for Commercial Facades and
Fenestration Systems. Available online at
http://eetd.lbl.gov/publications/comfen-early-design-tool-for-
commerci.

Shao, Yunming; Geyer, Philipp; Lang, Werner (2014): Integrating
requirement analysis and multi-objective optimization for office
building energy retrofit strategies. Energy and Buildings 82, pp. 356—
368. DOI: 10.1016/j.enbuild.2014.07.030.

Sherif, Ahmed; Sabry, Hanan; Wagdy, Ayman; Mashaly, Islam; Arafa,
Rasha (2016): Shaping the slats of hospital patient room window
blinds for daylighting and external view under desert clear skies. Solar
Energy 133, pp. 1-13. DOI: 10.1016/j.solener.2016.03.053.

Sherif, Ahmed H.; Sabry, Hanan M.; Gadelhak, Mahmoud I. (2012):
The impact of changing solar screen rotation angle and its opening
aspect ratios on Daylight Availability in residential desert buildings.
Solar Energy 86 (11), pp. 3353-3363. DOI:
10.1016/j.solener.2012.09.006.

Shuttleworth, Ken (2008): Form and Sk Antidotes to Transparency in
High Rise Buildings. Proceedings of CTBUH 8th World Congress,
checked on 2008.

Stazi, Francesca; Mastrucci, Alessio; Munafd, Placido (2012): Life
cycle assessment approach for the optimization of sustainable
building envelopes. An application on solar wall systems. Building and
Environment 58, pp. 278-288. DOI: 10.1016/j.buildenv.2012.08.003.

Stocker, Thomas F.; Dahe Qin; Gian-Kasper Plattner; Melinda MB
Tignor; Simon K. Allen; Judith Boschung et al. (Eds.) (2014): Climate
change 2013: the physical science basis: Working Group |
contribution to the Fifth assessment report of the Intergovernmental
Panel on Climate Change: Cambridge University Press.

Struck, Christian; Bossart, Robert; Menti, Urs-Peter; Steimer, Marc
(2012): User-Centric and Contextualised Communication of Integrated
System Performance Data. BauSIM 2012 - Fourth German-Austrian
IBPSA Conference ; IBPSA Berlin University of the Arts.

BS EN-15978:2011, 2011: Sustainability of construction works.
Assessment of environmental performance of buildings. Calculation
method.

Szalay, A. Z6ld-Zs. (2007): What is missing from the concept of the
new European Building Directive? In Building and Environment 42 (4),
pp. 1761-1769. DOI: 10.1016/j.buildenv.2005.12.003.

| 161



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

162 |

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Takano, Atsushi; Winter, Stefan; Hughes, Mark; Linkosalmi, Lauri
(2014): Comparison of life cycle assessment databases. A case study
on building assessment. In Building and Environment 79, pp. 20-30.
DOI: 10.1016/j.buildenv.2014.04.025.

Thalfeldt, Martin; Pikas, Ergo; Kurnitski, Jarek; Voll, Hendrik (2013):
Facade design principles for nearly zero energy buildings in a cold
climate. Energy and Buildings 67, pp.309-321. DOI:
10.1016/j.enbuild.2013.08.027.

Standard 55-2010, 2010: Thermal Environmental Conditions for
Human Occupancy.

Thomson, Ken (2011): Let There Be Light — Daylight, Glare And
Thermal Performance of Facades — Case Studies. Proceedings of
Building Simulation 2011: 12th Conference of International Building
Performance Simulation Association, Sydney, 14-16 November,
pp. 1615-1622.

Thornton Tomasetti (2017): Design Explorer. Version 2.0: CORE
studio. Available online at https://tt-acm.github.io/DesignExplorer/,
checked on 6/24/2018.

Turrin, Michela (2014): Performance Assessment Strategies: A
computational framework for conceptual design of large roofs. Ph.D.
Thesis. Delft University of Technology, The Netherlands. Available
online at http://journals.library.tudelft.nl/index.php/faculty-
architecture/article/view/turrin.

Tzempelikos, Athanassios (2008): The impact of venetian blind
geometry and tilt angle on view, direct light transmission and interior
iluminance. Solar Energy 82 (12), pp.1172-1191. DOI:
10.1016/j.solener.2008.05.014.

UNEP Sustainable Buildings & Construction Initiative (2009): Buildings
and Climate Change - Summary for Decision-Makers. Paris.

UNFCCC (2015): Adoption of The Paris Agreement. Proposal by the
President.

US Dept. of Energy: BEST Directory: Building Energy Software Tools.
With  assistance of IBPSA-USA. Available online at
http://www.buildingenergysoftwaretools.com/, checked on
6/15/2016.

US Dept. of Energy (2015): EnergyPlus V 8.1. Version 8.1: US
Department of Energy, Building Technologies Program. Available
online at http://apps1.eere.energy.gov/buildings/EnergyPlus/.

van Bommel, Wout J M (2006): Non-visual biological effect of lighting
and the practical meaning for lighting for work. Applied ergonomics
37 (4), pp. 461-466. DOI: 10.1016/j.apergo.2006.04.009.



References

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Vierlinger, Robert; Hofmann, Arne (2013): A Framework for Flexible
Search and Optimization in Parametric Design. Proceedings of Design
Modelling Symposium 2013. Berlin.

Wagdy, Ayman; Fathy, Fatma (2015): A parametric approach for
achieving optimum daylighting performance through solar screens in
desert climates. Journal of Building Engineering 3, pp. 155-170. DOI:
10.1016/j.jobe.2015.07.007.

Wageh, Mohamed; Biondi, Leonardo; Hossam, Noha; Jaukar, Sara;
Maffeo, Alessio; Parpinel, Giorgio; Trombini, Arianna (2016).

Wang, Wiemen (2005): A simulation Based Optimization System for
Green Building Design. Ph.D. Thesis. Concordia University, Montreal,
Canada.

Webb, Ann R. (2006): Considerations for lighting in the built
environment. Non-visual effects of light. Energy and Buildings 38 (7),
pp. 721-727. DOI: 10.1016/j.enbuild.2006.03.004.

Wienold, Jan (2009): Dynamic Daylight Glare Evaluation. Building
Simulation 2009. Proceedings of the Eleventh International IBPSA
Conference Glasgow, Scotland July 27-30.

Wienold, Jan; Christoffersen, Jens (2006): Evaluation methods and
development of a new glare prediction model for daylight
environments with the use of CCD cameras. Energy and Buildings 38
(7), pp. 743-757. DOI: 10.1016/j.enbuild.2006.03.017.

Winn, Kelly Raymond (2014): Inter-scalar Multivariable Decision
Making Framework for the Architectural Envelope. PhD Thesis.
Rensselaer Polytechnic Institute, Troy, NY.

Witowski, Katharina; Liebscher, Martin; Goel, Tushar (2009): Desicion
Making in Multi-Objective Optimization for Industrial Applications -
Data Mining and Visualization of Pareto Data. 7th European LS-DYNA
Conference.

Woodbury, Robert (2010): Elements of parametric design. London:
Routledge.

Wortmann, Thomas (2016): Surveying Design Spaces with
Performance Maps. A Multivariate Visualization Method for Parametric
Design and Architectural Design Optimization. Aulikki Herneoja, Toni
Osterlund, Piia Markkanen (Eds.): Complexity & Simplicity -
Proceedings of the 34th International Conference on Education and
Research in Computer Aided Architectural Design in Europe, Volume
2, pp. 239-248.

Wright, Jonathan A.; Brownlee, Alexander; Mourshed, Monjur M.;
Wang, Mengchao (2013): Multi-objective optimization of cellular
fenestration by an evolutionary algorithm. Journal of Building

| 163



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

164 |

137.

138.

139.

140.

141.

142.

Performance Simulation 7 M, pp. 33-51. DOl:
10.1080/19401493.2012.762808.

Yi, Ji Soo; Kang, Youn Ah; Stasko, John; Jacko, Julie (2007): Toward
a deeper understanding of the role of interaction in information
visualization. IEEE transactions on visualization and computer
graphics 13 (6), pp. 1224-1231. DOI: 10.1109/TVCG.2007.70515.

Yi, Yun Kyu; Malkawi, Ali M. (2009): Optimizing building form for
energy performance based on hierarchical geometry relation.
Automation in  Construction 18 (6), pp.825-833. DOI:
10.1016/j.autcon.2009.03.006.

Zelenay, K. (2011): Impact of Fixed Exterior Shading on Daylighting: A
Case Study of the David Brower Center. MS Thesis. University of
California, Berkeley.

Zelenay, K.; Perepelitza, M.; Lehrer, D. (2011): High-Performance
Facades. Design Strategies and Applications in North America and
Northern Europe. California Energy Commission (Envelope Systems,
CEC-500-99-013).

Zhang, Ji; Heng, Chye Kiang; Malone-Lee, Lai Choo; Huang, Yi Chun;
Janssen, Patrick; Hii, Daniel Jun Chung; Nazim, lbrahim (2012):
Preliminary Evaluation of a Daylight Performance Indicator for Urban
Analysis: Facade Vertical Daylight Factor Per Unit Floor Area.
Proceedings of SimBuild 2012. Fifth National Conference of IBPSA-
USA. Madison, Wisconsin. Madison, Wisconsin, pp. 638-646.

Zitzler, E.; Laumanns, M.; Thiele, L. (2001): SPEA2: Improving the
Strength Pareto Evolutionary Algorithm. Computer Engineering and.
Zurich, Switzerland (TIK-Report No. 103).



References

| 165



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

166 |



Glossary

Glossary

Annual glare probability: a visual comfort indicator and simplified method in
which the daylight glare probability is measured for different times and dates
throughout the year (such as first and mid-days of each month or the
equinoxes and solstices) to represent an annual glare performance.

Annual sunlight exposure (ASE): represents the percentage of the floor area
that receives more than 1000 lux for at least 250 occupied hours per year.

Base case model: a reference model or design that is used in evaluating the
performance of other designs.

Building integrated photovoltaics (BIPV): photovoltaic materials integrated
into whole building design and construction

Building performance optimization: the use of optimization tools and
algorithms to enhance the performance of the building. Optimizations can be
carried out for a single objective or for more than one objective (Multi-
objective optimization).

Building simulation: a replica or reproduction of the physical behavior of
buildings and building (sub)systems, based on physical modeling of the
system, development of mathematical equations that describe the behavior,
solution of these mathematical equations, and presentation and visualization
of the resulting output. The most relevant behavioral aspects studied in
building simulation are heat transfer, (day)lighting, acoustics, and air flow.

Continuous daylight autonomy (DAcon): a dynamic daylighting
performance indicator and is a modified version of the daylight autonomy
metric. Continuous daylight autonomy gives a partial count to times when the
daylight illuminance at a given point lies below the task/ambient lighting
threshold. This method becomes useful for showing the potential energy
savings if the electric lights have dimming or multi-level switching capabilities.

Data visualization: presenting data and summary information using
graphics, animation, and 3-dimensional displays. Tools for visually displaying
information and relationships often using dynamic and interactive graphics.

Daylight autonomy (DA): a dynamic daylighting performance indicator,
which is defined as is the percentage of the occupied hours of the year when
a minimum illuminance threshold is met by daylight alone.

Daylight factor (DF): a daylighting performance indicator and is defined as
the ratio of the internal illuminance at a work-plane point in a building to the
un-shaded, external horizontal illuminance under an overcast sky.

Daylight glare index (DGI): a visual comfort indicator that was the first metric
to consider large glare sources such as sky viewed through the window.
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Daylight glare probability (DGP): a visual comfort indicator that represents
the probability that a person is disturbed by glare and is derived from a
subjective user evaluation. Annual DGP calculates the DGP for each occupied
hour for the entire year.

Daylighting performance: the availability of sufficient daylight for the
building users that enables them to achieve the function, which the space
was built for without the need for additional artificial lighting.

Design decision support tool (framework): in the context of this thesis, a
computer-based model that consists of a software or a group of software
packages to provide design decision support.

Design decision support: the use of a model, tool or technique, usually
computer-based, to help identify and solve problems, make decisions and in
general assist and support decision making.

Dynamic daylight performance metrics (DDPM) or climate-based
daylight metrics (CBDM): a group of daylighting performance indicators,
that quantifies the amount of daylight available in a building space, based on
annual illuminance or luminance profiles. These values are usually generated
from a weather file and are utilized through hours of occupancy.

Energy efficiency: Energy efficiency refers to the use of less energy to
provide a satisfactory level of comfort. The energy use intensity in kilowatt-
hours per square meter is generally used to compare the levels of energy
efficiency between different buildings.

Energy use intensity (EUI): a performance indicator widely used to
determine the energy performance of buildings and other facilities and is
measured in kilowatt-hours per square meter (kWh/m?).

Evolutionary algorithm: an iterative process, typically computationally
driven, that seeks to improve a condition where each new iteration is an
improvement compared to the previous one until an optimized condition is
reached. Each iteration is measured according to a fitness function, and only
the iterations with the highest performance are reintroduced to subsequent
iterations.

Fitness function: a quantifiable process that measures a condition against a
set of rules for an ideal or desired condition.

Genetic algorithm: a computational search method that mimics the process
of natural selection.

Glare: a phenomenon that involves a difficulty of seeing in the presence of
bright light. Because of this, some cars include mirrors with automatic anti-
glare functions. Glare is caused by a significant ratio of luminance between
the task (that which is being looked at) and the glare source.

Isovist: a view indicator which is defined as the volume of space visible from
a given point in space, together with a specification of the location of that
point.


https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Luminance

Glossary

Life cycle analysis: is a technique to assess environmental impacts
associated with all the stages of a product's life from raw material extraction
through materials processing, manufacture, distribution, use, repair and
maintenance, and disposal or recycling.

Maximum to minimum illuminance ratios: a visual comfort indicator that
helps in detecting glare and unbalanced illuminance on the work plane. A
work plane calculation must be performed to find the point illuminance at the
desired time of year, or the averages based on an annual calculation.
Computer simulation is then carried out to find the work plane extremes so
the maximum to minimum illuminance ratio can be calculated.

Parametric modeling: a form of computational modeling in which the object
is defined using mathematical equations and can be manipulated by changing
the equation parameters.

Pareto-optimal: an outcome that cannot be further improved without making
particular aspects of it worse. For a given problem there may be multiple
Pareto-optimal solutions, each one a little bit worse in specific aspects and a
little bit better in others than the other Pareto-optimal solutions.

Passive design: Passive design concept uses natural resources instead of
electricity or fuel to provide the best indoor comfort for building users. These
strategies include daylighting, natural ventilation, and solar energy.

Percentage of discomfort hours (PDH): the percentage of the occupied
hours of the year at which the indoor climate conditions are not satisfying for
10% or more of the space users.

Performance aspect: field of action for which the building is to perform a
required function (e.g. energy efficiency, thermal comfort, etc.).

Performance-based design (Performative design): The use of building
performance and metrics as guiding principles in architectural design.

Performance indicator: a value or set of values that quantify the
performance of a system for a given performance aspect if subject to a given
experiment.

Performance metrics: a performance metric is a measure of the overall
performance of a building; it can be a measurable quantity (e.g. minimum lux
on the desktop) or a qualitative measure (number of hours per year the
minimum lux is provided by daylight, without exceeding some defined glare
criterion) or a combination of both.

Predicted mean vote (PMV): a thermal comfort indicator that was
adopted as an ISO standard. It predicts the average vote of a large group of
people on a seven-point thermal sensation scale.

Predicted percentage of dissatisfied (PPD): a thermal comfort indicator
that predicts the percentage of thermally dissatisfied people who feel too cool
or too warm, and is calculated from the predicted mean vote (PMV)
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Sensitivity analysis: the study of how sensitive an outcome is to changes in
parameters. This is typically analyzed by slightly varying the parameters to an
equation and measuring the difference in the outcome. Often used in energy
analysis to determine what component or parameter is having the most effect
on energy consumption.

Single point in time (SPT): a daylighting performance indicator, in which
illuminance calculation is measured at a specific surface for a single time of
the year. The time can be selected to represent an average daylight condition,
such as sunny equinox at noon or an extreme scenario, such as cloudy winter
solstice.

Spatial daylight autonomy (sDA) a recent method and dynamic daylighting
performance indicator. sDAsooLuxs0% iS used to evaluate the presence of
sufficient daylight by calculating the percentage of the floor area that receives
300 lux or more for at least 50% of the annual occupied hours, while

Thermal comfort: thermal comfort is defined as "that condition of mind
which expresses satisfaction with the thermal environment and is assessed
by subjective evaluation."'. It depends on the air temperature, humidity,
radiant temperature, air velocity, metabolic rates, and clothing levels.

Useful daylight illuminance (UDI): a dynamic daylighting performance
indicator, that calculates the total number of occupied hours that “useful”
daylight enters a space at a select point. Useful daylight is defined as
providing ambient light at the work plane at illuminance levels between 100
Ix to 2,000 Ix.

U-value: the term U-Value, or thermal transmittance, is the rate of heat
transferred through a building structure, divided by the difference in
temperature across that structure. U-values are measured in Watts per
square meter per degree Kelvin (W/m2K). The lower the U-value of a building
component, the better it insulates.

Visual comfort: a subjective perception of the suitability of lighting taking into
account uniform illumination, optimal light levels, glare, contrast, correct
colors, and the absence of stroboscopic effect or intermittent light.

Visual programming language (VPL): a programming language that uses
graphic elements to create a program. Examples of these used in conjunction
with architecture design software include Grasshopper and Dynamo.

T ASHRAE (2005). ASHRAE Handbook Fundamentals. S| Edition, p 8.1-8.29.



Glossary

[171



A Computational Framework for the Optimization of the Environmental
Performance of Facades in Early Design Stages

172 |



Appendices

Appendices

Publications

The following publication were published in the course of this PhD research:

Gadelhak, M., & Lang, W. (2016). Optimization of Office Building
Fagade to Enhance Daylighting, Thermal Comfort and Energy Use
Intensity. In N. Hamza & C. Underwood (Eds.), Proceedings of the
3rd IBPSA-England Conference BSO 2016, Newcastle, 12th-14th
September 2016.

Gadelhak, M., Lang, W., & Petzold, F. (2017). A Visualization
Dashboard and Decision Support Tool for Building Integrated
Performance Optimization. In A. Fioravanti, S. Cursi, S. Elahmar, S.
Gargaro, G. Loffreda, G. Novembri, & A. Trento (Eds.), ShoCK! -
Sharing Computational Knowledge! - Proceedings of the 35th
eCAADe Conference, 20-22 September 2017 (Vol. 1, pp. 719-728).
Sapienza University of Rome, Rome, Italy.

Gadelhak, M., & Wageh, M. A. (2017). Optimization of Facade Design
for Daylighting and Viewto-Outside: A case study in Lecco,
Lombardy, Italy. In A. Fioravanti, S. Cursi, S. Elahmar, S. Gargaro, G.
Loffreda, G. Novembri, & A. Trento (Eds.), ShoCK! - Sharing
Computational Knowledge! - Proceedings of the 35th eCAADe
Conference, 20-22 September 2017 (Vol. 1, pp. 229-236). Sapienza
University of Rome, Rome, Italy.

1173



OPTIMIZATION OF OFFICE BUILDING FACADE TO ENHANCE
DAYLIGHTING, THERMAL COMFORT AND ENERGY USE INTENSITY
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ABSTRACT

The aim of this paper is to examine a framework in
which an office building fagade was optimized for the
integrated performance of total energy consumption,
daylight quality and thermal comfort. A south facing
fagade of an office space was modelled parametrically
for two case studies in Cairo and Munich. The effect
of changing the window dimensions, glazing system,
insulation thickness, as well as different shading and
daylighting systems was analysed using Radiance and
EnergyPlus simulation tools. A multi-objective
optimization was performed to reach an optimal range
of solutions. The results from each case study and the
relations between the design variables and objectives
for each case were studied. Moreover, the practicality
of wusing a simulation-based multi-objective
optimization in generating high-performance design
alternatives was examined. The results show that the
use of multi-objective optimization for complicated
design problems can aid in reaching performative
solution and clarify the relations between the design
variables and objectives.

INTRODUCTION

Building facades have great impact on the whole
building performance. It must fulfil a number of vital
functions while maintaining the energy consumption
of the building as low as possible. A good fagade
design should help in saving energy while protecting
the building occupants from external climate
conditions and provide them with comfort. Due to the
numerous variables that affect the overall building
performance and the multi-objective characteristic of
the building performance, architects and designers
usually use a trade-off approach to design building
facades with better performance.

Passive design strategies are typically used to enhance
the performance of facades. Some of the most used
strategies include reducing the glazing area, using
high performance glazing system, and the use of
daylight and shading systems. Reducing the Window-
to-Wall Ratio (WWR) is one of the main principles of
low-energy buildings design. Most guidelines and
standards aim at limiting the glazing area to
WWR<30% but mainly focuses on the energy savings
from the HVAC systems without considering the
trade-off between lighting loads and HVAC (Lee et
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al., 2009). Minimizing glazing area can have a
negative impact on daylighting availability and
distribution, hence increasing the energy load and
resulting in poorly daylit working spaces. Moreover,
the presence of shading devices can change the
optimum WWR (Mangkuto et al. 2016).

Shading and daylighting systems play a significant
role specially in side-lit office spaces. The effect of
using shading devices with different WWRs on both
daylighting and energy use was investigated by
several previous studies. A recent review by Krimitat
et al. (2016) shows a noticeable increase in number of
research papers that examine the performance of
shading devices. In a recent research paper by
Reinhart et al. (2013) it was found that larger but well
shaded glazing areas can provide an overall better
performance as it provides better daylighting with
insignificant effects on energy use. Optimum WWR
also depends on glazing type. Using high-performance
glazing systems of several panels and low-e coatings
can aid in maintaining reasonable window sizes and
good daylighting without compromising energy
savings. Hee et al. (2015) reviewed research work on
a large number of glazing systems. It concluded that
achieving the balance between daylighting and energy
remains a crucial and complicated measure that
depends on several factors of which the climate
background was found to be the most important.
Another vital strategy is the reduction of heat transfer
from the building envelope by using suitable wall
insulation. According to a recent review by
Papadopoulos (2005) thermal insulation remains the
most cost effective approach in reducing energy
consumption in both new constructions and retrofitted
buildings. The thickness of insulation needed and
overall wall U-value differs according to geographic
locations and climate. Local codes and guidelines
usually define the minimum insulation needed to
insure a suitable performance of the building
envelope. Standards and guidelines for passive
strategies are most helpful when dealing with limited
objectives and variables. However, when dealing with
several variables and objectives it becomes more
complicated specially when some of these objectives
are conflicting. In such cases, the use of simulation-
based optimization methods was found to be an
effective approach. Multi-objective optimizations in
particular is found to be promising due to the complex



and multi-objective nature of design problems. In
contrary to single objective optimization, multi-
objective optimization doesn’t result in a single
optimum solution but rather a whole set of possible
solutions of equivalent quality (Abraham et. al., 2005).
Therefore, decisions could be taken by considering the
trade-offs between conflicting objects. Some of the
early work on using GA optimization in buildings
design was presented by Caldas & Nordford (2002).
Several recent research works used this technique in
architecture, engineering and construction (Wright, et
al. 2013; Asl. et al. 2014; Ashour, & Kolarevic, 2015).
Recent publications investigated the trends of the use
of optimization tools in research related to building
performance. Evins (2013), presented a review for
most of the significant work that utilized optimization
tools in sustainable building design. The review
showed a major increase in the use of optimization
tools. It also highlighted the opportunity for future
development as nearly half of the research work
focused on single objective problems that can be
extended by adding more objectives. In another
review by Attia et al. (2013), recent publications were
classified according to the objectives and design
variables. In both reviews some limitations were
drawn including the computation time, ease of use,
and uncertainty. This paper aims to investigate the
practicality of using multi-objective optimization in
providing high-performance facade designs. That is
made by examining a framework in which building
facade is optimized for the integrated performance of
total energy consumption, daylight quality and
thermal comfort. The optimization variables are the
glazing area, glazing system, insulation thickness, and
a variety of shading and daylighting systems with
different variables.

METHODOLOGY

Parametric model

A parametric model of a south facing single office
space was created using Grasshopper plugin for the
Rhino 3D CAD software. The office room was
assumed to have the dimensions of 4.00m x 6.50m x
3.00m for the width, depth and height respectively.

Daylighting performance, energy use and thermal
comfort were analysed. Simulations were performed
for two cities: Cairo, Egypt (30°3'N 31°14'E) with hot
arid climate and Munich, Germany (48°8'N 11°34'E)
that has a temperate humid climate according to
Koppen-Geiger climate classification (Kottek et al.
2006). Different settings for the glazing area, glazing
system, shading, daylighting system and insulation
system were modelled parametrically. The glazing
area is divided into upper and lower parts, where the
upper part acted as a clearstory window. Both window
parts were introduced to the shading devices
separately. Seven WWRs were studied together with
four glazing systems, four shading systems for each of
the windows, and four light-shelf settings.
Additionally, the building insulation was increased
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gradually with 2.5 cm steps until it reaches a total of
25 cm. Overall nearly 20,000 design alternatives could
be generated. The details of the parameters are
described in the following table (Figure 1, Table 1).
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Figure 1 Different WWRs investigated
Table 1 Design variables
Design Type Possible Values No. of
Variable options
WWR Continues  From 10% to 80% 7
(10% step)
Insulation  Continues  From 0.0 to 25.0 11
Thickness cm (2.5 cm step)
Glazing Discrete - Single glazing 4
system - Double Glazing
- Double Glazing
with low-e coating
- Triple glazing
Shading Discrete - No shading 16
systems - Horizontal shades (4x4)
(for each - Vertical shades
window) - Solar screen
Daylight Discrete - No light-shelf 4
systems - External
(light- - Internal
shelves) - External and
internal
Total number of design alternatives 19,712
Table 2 Radiance simulation parameters
Ambient Ambient Ambient Ambient Ambient
bounces  divisions sampling accuracy resolution
sDA /ASE
6/0 1000 20 0.1 300




Base case

The research approach in this paper was based on a
cross comparison of simulation results. A base case
was defined in order to make it easier to evaluate and
judge these results. It was assumed to have an un-
insulated external wall, WWR of 20%, with double
glazing, and without any shadings or light-shelves.

Daylighting simulation methodology

The effect of changing the variables on daylighting
performance was measured using DIV A-for-Rhino (V
3.0), a Rhino 3D plugin that is used to interface
Radiance and Daysim for annual simulation and
illuminance computation (Jakubiec, & Reinhart,
2011). Daylight performance was evaluated using the
IES Spatial Daylight Autonomy (sDA) and Annual
Sunlight Exposure (ASE) criteria which corresponds
to the latest progress in daylighting simulation metrics
introduced in the Illuminating Engineering Society
standard IES LM- 83-12 (IESNA, 2012). sDA300Lux/50%
was used to evaluate the presence of sufficient
daylight by calculating the percentage of the floor area
that receives 300 lux or more for at least 50% of the
annual occupied hours. Solutions that achieve sDA >
50% are accepted while SDA>75% is_preferred. The
annual sunlight exposure was used to describe the
percentage of floor area that receives too much direct
sunlight and is used as an indication for visual
discomfort (glare) and excessive heat gain. ASE
represents the percentage of the floor area that
receives more than 1000 lux for at least 250 occupied
hours per year. Occupancy hours were assumed to be
daily from 8 AM to 6PM with hour-saving time. The
calculations were made for a reference plane of 60
measuring points in a grid of 0.6m* 0.6m, at a
working-plane of 0.85 m height. Simulation
parameters are shown in Table 2, and the optical
properties of the materials used are presented in Table
3.

Energy simulation methodology

For energy simulations, the Ladybug+Honeybee
plugin (Roudsari, M. S. & Pak, M., 2013) was used to
interface the EnergyPlus simulation program (US-
DOE 2015). The energy use for each design
alternative was calculated hourly throughout the
whole year for cooling, heating, lighting and
equipment loads. The annual energy use per floor area
(EUI) was used to compare the efficiency of each
design. All surfaces of the tested office space were
assumed adiabatic, except the external wall with the
glazing. The detailed thermal properties are described
in Table 3. Equipment loads were assumed to be 8
W/m? and the lighting power density 11.8 W/m?2.
Lighting load schedules were obtained from the
daylighting simulation and the occupancy and
equipment load schedules were identical to those used
in daylighting simulation. During occupied hours it is
assumed that 4 people are present. The space was
considered to be fully air conditioned and the HVAC
cooling and heating set points were set at 24°C and
20°C respectively.

Thermal comfort

Thermal comfort was evaluated using the Predicted
Mean Value model (PMV). The PMV comfort
calculator from the Ladybug+Honeybee plugin was
used to calculate the Percentage of People Dissatisfied
(PPD) for each hour. Operative temperature, mean
radiant temperature and relative humidity were
obtained from the energy simulation, while both
metabolic rate and clothing level were set to 1 mat and
1 clo respectively. Since the HVAC set point,
metabolic rate and clothing level are set to constant
values, changes in thermal comfort is due to change in
the mean radiant heat derived by the change in the
fagade construction, glazing type and area. Percentage
of Discomfort Hours (PDH) which is the percentage
of hours that had PPD more than 10% was aimed to be
minimized.

Table 3 optical and thermal properties for building materials

Building element Properties

Glazing Single glazing

Double glazing clear

Double glazing low-e coating
Triple glazing Krypton filled

External wall

Tvis= 0.88; SHGC= 0.82; U-Value= 5.82 W/m?K
Tvis= 0.80; SHGC= 0.72; U-Value=2.71 W/m?K
Tvis= 0.65; SHGC= 0.28; U-Value= 1.63 W/m?K
Tvis= 0.47; SHGC= 0.23; U-Value= 0.57 W/m?K

Medium colored with 35% reflectance;

20cm Concrete block + 2cm cement plaster each side (U-value = 3.1 W/m?K);
Thermal insulation thickness (0 to 25 ¢cm); Insulated walls U-Values: 0.91 to 0.114 W/m?K

Internal walls
Ceiling

Floor

External ground
Furniture
Horizontal shadings
Vertical shadings
Solar screen
Light-shelf

Medium colored with 50% reflectance; adiabatic
White colored with 80% reflectance; adiabatic
Carpet floor with 20% reflectance; adiabatic
Dark colored with 20% reflectance
Medium colored with 50% reflectance

Medium colored with 50% reflectance; vertical shading angle = 45°

Medium colored with 50% reflectance; horizontal shading angle = 45°

Medium colored with 50% reflectance; perforation ratio: 80%; openings proportion: 2:1 (H:V)
High-reflective surface with 90% reflectance
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The multi-objective optimization workflow

The multi-objective optimization was performed
using the Grasshopper’s plug-in Octopus (Vierlinger,
& Hofmann, 2013). It is based on the evolutionary
algorithm SPEA-2 developed at ETH Zurich (Zitzler,
et al. 2001) and applies evolutionary principles to
provide Pareto-optimal solutions. A solution is
considered a Pareto-optimal if no other solution exists
that “would decrease some criterion without causing a
simultaneous increase in at least one other criterion
(assuming minimization)” (Coello et al. 2006). In
other words, Pareto-optimal solutions are non-
dominant solutions that are considered as equal
solutions. A trade-off between the objectives is
therefore essential to judge them. Annual Sunlight
Exposure was used as a Boolean objective, so that
only cases that achieved ASE less than 10% were
considered in the optimization. The optimization was
performed for the previously mentioned variables and
three objective functions were used: the sDA, EUI and
PDH. For each of the two studied locations, the
optimization process continued for 10 generations
with a population size of 30. Mutation rate was set as
0.5, mutation probability as 0.1 and crossover as 0.8.
The optimization workflow is shown in Figure (2).
Results were then exported and analysed using Excel
and parallel coordinates graphs created by a web-
based application “Pollination” (Pollination, 2015).

RESULTS

Simulation and optimization results for Cairo

The base case was found to have an acceptable
daylight autonomy with sDA= 65%, however, the
overall daylighting performance was considered
unacceptable due to the high penetration of sunlight
(ASE = 28%). It had a high energy use of 193
kWh/m?/yr, and a very poor thermal comfort
performance (PDH 70%). The main reason behind
such poor results was primarily the lack of proper wall
insulation and shading. During the optimization 133
unique designs were analysed. Daylight autonomy
ranged from 7% to 100%, the lowest energy use
intensity was 133 kWh/m?/yr while thermal comfort
ranged between PDH = 2% and 75%. The effect of
the design variables on each optimization objective is
discussed in the following sections and presented in
Figure (3).

Daylighting

Forty-three cases achieved the daylighting threshold
and nearly quarter of the cases had better performance
than the base case. Cases with preferred daylighting
performance tended to have a 50% to 80% WWR,
with single, double glazing or low-e coated double
glazing. Shadings and light shelves were present in
almost every case with few exceptions where it was
not needed for the upper window. Three cases
achieved the maximum sDA of 100% which is a
considerable enhancement given that these cases also
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had ASE less than 10% and a slightly higher energy
use than the base case.
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Figure 2 Optimization process diagram

Energy use

Energy savings reached more than 30%. Thermal
insulation presented in all cases with an average of
12.5 cm thickness. It played an evident role in
reducing the energy consumption and cases with the
lowest EUI (133 and 136 kWh/m?/yr) had maximum
insulation thickness (25 cm). Nevertheless, several
cases achieved low EUI with lower insulation
thicknesses. The combined effect of high performance
glazing with shading and light shelves facilitated the
increase of the WWR without compromising the
energy use, and cases with lowest energy use tended
to have larger windows (60-80%). That is mainly
because shaded glazing with low U-value helped in
maintaining the cooling loads at almost a constant
level while large glazing area provided significant
savings in lighting loads.

Thermal comfort

Thermal comfort was enhanced steadily throughout
the optimization where PDH reached a minimum of
2%. The most effective measure on thermal comfort
was the WWR, and most efficient cases had the



smallest possible windows (20% WWR), however it
didn’t achieve sufficient daylighting. The lowest PDH
with sufficient daylighting performance was found to
be 14% with 30% WWR.

Pareto-optimal

Thirty-six Pareto-optimal solutions were found, from

which eleven cases achieved a satisfactory sDA of
50% or more. The majority of the optimal solutions
had WWR between 60-80%, double low-e glazing and
shadings on both parts of the window. Thermal
insulation was also present in all optimal cases with
thickness of 12.5 cm or larger. The acceptable optimal

solutions are presented in Table (4).
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Figure 3 Parallel coordinates plots for the simulated and most performative cases for each objective in Cairo.

Full spectrum of the optimization
results. The range and distribution of
the cases for each objective is
deplayed.

Cases with prefered daylighting
performance. The case with heighst
daylighting performance is highlighted.

Brushes (filters): sDA 2 75%

Variables Range:

WWR: 50% to 80%

Glazing: Double or Double Low-e
Upper-Shadings: NS, HS, SS
Lower Shading: HS, SS
Daylight system: IL, EL or BL

Cases with the lowest Energy Use
Intensity (EUI). The case with the
lowest energy use is highlighted.

Brushes (filters): EUI < 146 kWh/m2
(25% Savings)

Variables Range:

WWR: 60% to 80%

Glazing: Double Low-e

Upper-Shadings: HS, SS

Lower Shading: HS, SS

Daylight system: IL, EL or BL

Insulation: 2.5-25 cm (Avg. 15 cm)

Cases with best thermal comfort
performance. Best case that also
achieves  acceptable  daylighting
performance is highlighted.

Brushes (filters): PDH = 20%

Variables Range:
WWR: 20% to 40%

- Glazing: Double Low-e or Triple

Upper-Shadings: HS, SS

Lower Shading: HS, SS

Daylight system: IL, EL or BL
Insulation: 2.5-25 cm (Avg. 12.5 cm)

Table 4 Design variables and objectives values for Pareto-optimal solutions in Cairo.

WWR  Glazing Upper-Shading Lower- Shading Light-shelf Insulation (cm) sDA (%) PDH (%) EUI(kWh/m2/yr)
0.70 Single No shade Solarscreen Both 2.5 100% 62% 164.88
0.80 Double Low-E Horizontal Horizontal Internal 25 95% 35% 136.18
0.80 Double Low-E Solarscreen Horizontal Internal 25 87% 35% 133.42
0.80 Double Low-E Horizontal Solarscreen External 12.5 73% 33% 137.14
0.70 Double Low-E Horizontal Vertical Both 22.5 70% 33% 143.17
0.60 Double Low-E Horizontal Vertical Both 25 67% 26% 142.54
0.60 Double Low-E Solarscreen Horizontal Internal 12.5 65% 33% 142.39
0.60 Double Low-E Horizontal Solarscreen External 25 60% 27% 141.48
0.60 Double Low-E Solarscreen Solarscreen External 22.5 58% 25% 142.63
0.80 Double Low-E Solarscreen Solarscreen Both 12.5 57% 30% 139.69
0.40 Double Low-E Solarscreen  Vertical Internal 12.5 57% 21% 148.11
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Simulation and optimization results for Munich

The base case achieved accepted sDA of 55%,
however the ASE reached 23%. This resulted in an
EUI of 133.85 kWh/m?/yr and Thermal comfort of
PDH= 62%. During the optimization process 145
unique cases were generated. Daylight autonomy
ranged from 7% to 85%. The lowest energy use
intensity was 91 kWh/m?/yr. Thermal comfort ranged
from 27% to 69%. (Figure 4)

Daylighting

Only one case achieved a preferred performance were
the sDA reached 85%. Several design alternatives
with most WWR and glazing types achieved
acceptable sDA, with the exception of cases with
WWR equal to 20% and 40%. For the upper window
solar screen, horizontal shading and even unshaded
glazing was found to be useful. On the other hand,

cases with unshaded lower window, vertical shading
or without light-shelves had a high penetration of
direct sunlight that resulted in a high ASE and
therefore were excluded during the optimization.
Light-shelves in particular were found to be effective,
as all successful cases had light-shelves.

Energy use

The energy use was reduced drastically throughout the
optimization from 133 to only 91 kWh/m?/yr, with
nearly 30% reduction. The effect of wall insulation
and high efficient glazing are the main reason behind
this reduction. It is worth noting that the cases with the
least energy use had also much lower WWR, which
affected the daylight performance. Nonetheless, a
Pareto-optimal case achieved sufficient daylighting
with only 92.3 kWh/m?/yr. Once more horizontal
shading and solar screens were found effective.
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daylighting performance is highlighted.

Brushes (filters): sDA = 55%

Variables Range:

WWR: 30% to 80%

Glazing: Single, Double, Double Low-e
Upper-Shadings: NS, HS, SS

Lower Shading: HS, SS

Daylight system: IL, EL or BL

0.0 0.0 90
Insulation (cm) sDA PDH EUI Cases with the lowest Energy Use
Intensity (EUI). The case with the

0.62 135

Insulation (cm)

0.0

lowest energy use is highlighted.

Brushes (filters): EUI < 101 kWh/m2
(25% Savings)

Variables Range:

WWR: 20% to 80%

Glazing: Triple, Double, Double Low-e

Upper-Shadings: HS, SS, NS

 Lower Shading: HS, SS, VS

Daylight system: IL, EL or BL
Insulation: 2.5-25 cm (Avg. 20 cm)

Cases with best thermal comfort
performance. Best case that also
achieves  acceptable  daylighting
performance is highlighted.

Brushes (filters): PDH < 40%

Variables Range:

WWR: 20% to 40%

Glazing: Double Low-e or Triple
Upper-Shadings: HS, SS

Lower Shading: HS, SS

Daylight system: IL, EL or BL
Insulation: 2.5-25 cm (Avg. 12.5 cm)

Figure 4 Parallel coordinates plots for the simulated and most performative cases for each objective in Munich
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Table 5 Design variables and objectives values for Pareto-optimal solutions in Munich.

WWR  Glazing Upper-Shading Lower- Shading Light-shelf Insulation (cm) sDA (%) PDH (%) EUI(kWh/m2/yr)
0.60 Triple Argon  No shade Horizontal Both 22.5 52% 40% 92.33
0.30 Double No shade Horizontal Both 22.5 52% 39% 95.29
0.60 Double Low-E  Solar screen Horizontal External 20 60% 48% 95.77
0.60 Double Low-E No shade Solar screen Both 2.5 62% 52% 102.44
0.80 Double Horizontal Horizontal Both 7.5 85% 51% 106.88
0.30 Single No shade Horizontal Internal 15 57% 51% 107.09

Thermal comfort

Thermal comfort was enhanced gradually, yet
enhancements were mainly connected to the reduction
in the WWR. That resulted in an inverse proportion
relation between daylighting and thermal comfort. As
a result, despite the PDH reached a minimum of 27%,
cases that achieved acceptable daylighting had a
minimum of 40% PDH. Further enhancements for the
HVAC system might be needed in this case.

Pareto-optimal

Thirty-one Pareto-optimal solutions were produced
from the optimization. However, only six cases
achieved an acceptable sDA with variety of design
variables. Table (5).

DISCUSSION AND CONCLUSION

This paper investigated the use of a multi-objective
optimization framework to arrive at high-performance
fagade designs. A parametrically modelled office
facade was optimized for the climate conditions of
Cairo and Munich. The objectives of the optimization
were enhancing the daylighting performance, energy
use and thermal comfort. Several passive strategies
were used as the optimization variables.

The results showed the capability of the process to
provide diverse design alternatives with enhanced
performance in both case studies. Reduction in energy
use reached more than 30% in both cases, while the
daylighting performance reached adequate levels with
a maximum sDA of 100% and 85% in Cairo and
Munich respectively. Thermal comfort was also
improved considerably compared to the base case, but
remained within unsatisfying level in most cases.
Since the cases were assumed to be fully air
conditioned, the HVAC system might also need to be
optimized for further enhancement in thermal comfort.

General trends were found to emerge from the results
which also coincide with previous research. The effect
of wall insulation was obvious in both cases and
played an essential role in reducing the energy use.
Similarly, high performance glazing and in particular
the double glazing with low-e coating was present in
most of the successful cases. The use of shading
devices was more effective in the case of Cairo and
facilitated the use of windows with considerably
higher window-to-wall ratios. This can be explained
in the light of the excessive presence of sunlight in

473

Cairo where the shading devices and high glazing
succeeded in blocking the direct sunlight and reducing
solar gain and therefore keeping the cooling loads at
almost constant level. Concurrently the large glazing
area benefited from the available diffused lighting in
reducing the lighting load and hence the overall
energy consumption. On the other hand, in the case of
Munich, lower window-to-wall ratios had better
energy performance, as savings from the use shadings
and high-performance glazing could not match the
increase in heating load due to the high window-to-
wall ratios. Light-shelves were found to be always
useful and were hardly absent in all successful
solutions in both cases.

In conclusion, it became apparent that the use of multi-
objective optimization for complicated design
problems can aid at reaching performative solution
and clarify the relation between the design variables
and objectives. The effect of the different variables on
each objective can be separately and thoroughly
analysed, while trade-offs and overall performance
can also be investigated. The main downside of the
optimization process lies in the duration of
computation time. The optimization process for each
of the two case studies consumed nearly 48 hours on a
desktop computer with 1.6 GHz i7 processor and 6
GBs of RAM. The coupling of the optimization tool
with different simulation engines and software limited
the use of parallel implementation and didn’t utilize
the full computing power. This can be a serious
obstacle specially when considering more complex
design problems and much larger number of design
solutions. Using surrogate models or parallel
implementation can enhance the framework. The
continuous improvements in both optimization and
simulation tools, potential for further research is
apparent in the diversity of design problems that could
be defined and the endless number of variables and
objectives that could investigated.
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Analyzing the results of multi-objective optimization and building performance
simulation can be a very tedious process that requires navigating between
different software and tools. There is a clear scarcity in visualization tools that
combine methods for big data analysis and design decision support tools that
integrate detailed information for each design and parameter. Having a single
visualization tool that provides methods to both visualize and analyze a large
amount of data, understand the relation between objectives and variables, and
having the ability to compare and analyze the preferred designs thoroughly can
support the process of design decision making. In this paper, previous attempts to
develop better data visualization tools for both integrated building simulation
and optimization outputs were analyzed, then guidelines and a visualization tool
prototype that can be effective in decision making and analyzing multi-objective
optimizations results was presented.

Keywords: Multi-objective optimization, Building Performance Simulation,

Simulation, Visualization tools

BACKGROUND

Due to global climate change and the related risks
and challenges, the need to reduce carbon emissions
is more obvious than ever. Planners, architects, and
engineers are the key players to create a more en-
vironmentally friendly and sustainable built environ-
ment. Building Performance Simulation (BPS) is an
important tool to support the move towards more
energy efficient buildings and is becoming an inte-
gral part of the current design decision-making pro-
cess. BPS software and tools are being rapidly devel-
oped to be more user-friendly and accurate. Despite
the high demand for more user-friendly interfaces,

simulation results’ visualization and analysis tools are
not usually given the deserved attention.
Decision-making and data visualization tools
have a great impact on the final design product. In
arecent survey, nearly 25% of participants (architects
and engineers) identified graphical representation as
their top priority for the user interface of BPS software
(Attia et al.,, 2009). However, another survey showed
that most users were not satisfied with the Graphi-
cal User Interface (GUI) offered by commercially avail-
able tools. In the survey, 75% of the users pointed out
the lack of a graphic interface for post-processing of
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the BPS optimization results (Attia et al., 2013). As
a result, most of the surveyed users had to depend
on their own post processing skills or self-developed
tools to graphically present the simulation output,
and analyze the data.

The scarcity of efficient data analysis and insuf-
ficient quality of visualization tools is even more ev-
ident in the case of an integrated (holistic) assess-
ment or a multi-objective optimization. In an in-
tegrated design assessment, it can be necessary to
have a dashboard that gives an overview of all the
relevant performance aspects, and summarizing the
performance of the building while simultaneously
provides detailed information where needed. On the
other hand, analyzing a large number of simulation
outputs, such as results from a multi-objective op-
timization, requires more advanced tools to exam-
ine the whole set of data and to find relations be-
tween different objectives and variables. For multi-
objective optimization of integrated building perfor-
mance, there is no single visualization tool that com-
bines methods for big data analysis and design deci-
sion support through detailed information for each
of the relevant aspects. As a result, analyzing the
multi-objective optimization results becomes a very
tedious process and requires navigating between dif-
ferent software and tools. A single tool, that provides
methods for analyzing and visualizing alarge amount
of data, clarifying the relations between objectives
and variables, and having the ability to compare and
analyze the preferred designs thoroughly, can sup-
port the decision-making process.

This paper presents guidelines and a preliminary
prototype of a visualization tool that can effectively
support the decision-making in multi-objective op-
timization. In a first step, existing attempts to de-
velop better data visualization tools for both inte-
grated building simulation and optimization outputs
were reviewed and discussed. In a second step, effec-
tive techniques for the creation of a data visualization
tool that can aid in the decision-making process were
presented. And finally, a prototype of a visualization
tool was brought forward as a proof of concept.
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PREVIOUS WORK

Analysis of optimization results

Several research works investigated the analysis of
building performance optimization results. Brown-
lee and Wright (2012) sought to analyze the rela-
tionships between design objectives and variables,
using a simple ranking order and correlation coef-
ficient. They used a combination of scatter plots
and spreadsheets to graphically present the opti-
mization results. Scatter plots accompanied by par-
allel coordinates graphs and graphic images were
also used by Chaszar et al., (2016). Such graphs pro-
vided useful feedback, but it was noted that adding
more interactive capabilities could further enhance
the workflow. To help designers better understand
the optimization results, Wortmann (2016) presented
a novel method to represent the results graphically.
His method, called Performance Map, helps in iden-
tifying the optimization problem, relating parame-
ters and performance, examining promising designs,
and guiding automated design exploration. Other ef-
fective methods were also addressed in other engi-
neering disciplines (Pryke et al., 2007; Witowski et al.,
2009). Nevertheless, while these methods can sim-
plify analyzing a large number of cases, it does not
provide detailed information on each performance
aspect. For instance, while using scatterplots and
parallel coordinates graphs can aid in finding an op-
timal design for daylighting performance, it does
not show how the daylight is distributed within the
space, or at which hours artificial lighting is needed.
Such detailed information and context are necessary
for the decision-making process. The ability to exam-
ine and compare several aspects at the same time is
also equally important.

Integrated performance dashboards

The importance of integrating graphical representa-
tions of diverse performance analysis in a single dash-
board was highlighted by many researchers. The
Daylight-Europe project (DLE) presented the “Inte-
grated Performance View (IPV)’, a multi-parameter
dashboard to compare reference and as-built cases



Figure 1

A screenshot of the
visualization tool.
A- Context and
design parameters
panel, B- Explorer
panel, and
C-Integrated
dashboard

(Hensen etal., 1996). This dashboard proved useful in
comparing the overall performance of design cases,
as it integrated different charts and graphs for heat-
ing load, energy consumption, visual comfort, ther-
mal comfort and glare index.

The IPV tool was further developed to provide
more flexibility and customization as well as sev-
eral enhancements for better communication with
users (Prazeres & Clarke, 2005). Struck et al., (2012)
built upon this concept with a special focus on hu-
man cognition and more innovative graphs, such as
temporal maps and motion charts. Other research
works and commercial software also offer an inte-
grated performance dashboard. However, most of
these tools lack the ability to deal with alarge amount
of data, and thus cannot be efficiently used to analyze
the results of multi-objective optimizations.

INTEGRATED PERFORMANCE ASSESSMENT DASHBOARD (IPAD)
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INTERACTIVITY AND VISUALIZATION
TECHNIQUES

Information visualization can be defined as “the use
of interactive visual representations of abstract data
to amplify cognition” (Ware, 2012). Scientific re-
search on information visualization has resulted in
several best practices and guidelines for visualiza-
tion design (Cleveland, 1985; Few, 2006; Tufte, 2001;
Ware, 2012). Interactivity plays a major role in the vi-
sualization tools. Yi et al., (2007) presented seven in-
teractive techniques that can be effectively applied
to the case of building performance optimization.
The first four techniques, Select, Explore, Reconfigure
and Encode, can help the user explore the whole set
of data by switching between different graphical rep-
resentations of data and marking preferred designs.
The other three techniques, Abstract/Elaborate, Fil-
ter, and Connect, can be used to provide detailed in-
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formation for selected cases. Adding two other tech-
nigues, such as Compare (for directly comparing se-
lected cases) and Advice (as a tool for guiding further
enhancements) allows for quick, yet thorough, com-
parison between preferred cases and supports in-
formed decision-making. These two additional tech-
niques were also suggested by Haeb et al. (2014),
who highlighted the importance of spatial context
and visual feedback as an essential componentin the
field of building performance simulation.

VISUALIZATION DASHBOARD: GUIDE-
LINES

Building on the reviewed literature, the following
guidelines, and requirements for a new tool for vi-
sualizing the results of integrated building perfor-
mance optimizations were defined. The suggested
visualization tool can provide better ways to inves-
tigate the building optimization results by offering
three levels of data analysis:

1- Design space overview and exploration
At the first level, the full set of simulation results
should be explored. Multi-dimensional graphs, such
as parallel coordinates and scatter plots, are useful in
this case. Switching between plot types, filtering the
results and selecting favorite cases help in clarifying
basic relations between the objectives and variables,
in addition to highlighting optimal and preferred de-
signs.

2- Sensitivity analysis and parameter rela-
tions

On the second level, the direct relation between any
two variables or objectives can be investigated. The
use of sensitivity analysis and 2D charts can indicate
the variables that drive the optimization process, the
expected enhancement in each objective, and the
relative importance of the design variables.
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3- Detailed results and comparison be-
tween favorite designs

At the final level, an integrated dashboard is pre-
sented with detailed performance data, which pro-
vides all the needed information about each selected
design. To ensure an informed decision-making pro-
cess, the visualization tool should offer the ability to
compare the detailed performance and contextual
reference (images and 3D model of the cases) of fa-
vorite cases.

VISUALIZATION DASHBOARD: PROTO-
TYPE

As a proof of concept, a preliminary prototype
was developed according to the above-mentioned
guidelines. The prototype was built using the vi-
sual language programming tool Grasshopper and
HumanUl, a plugin for Grasshopper that enables
the creation of graphical user interfaces. Additional
Grasshopper user objects and code functions were
written to overcome limitations in the HumanUl Plu-
gin. The visualization tool consists of the following
panels.

Context and design parameters. The left panel
shows the names of the selected design alternatives
as well as a zoomable and rotational 3D visualization
and the corresponding design parameters. The user
can change the design parameters to specify they de-
sign alternative (Figure 1-A).

Explore. Alternatively, the user might choose
to select the design from the Explore section. The
Explore section contains a parallel coordinates chart
that shows the design variables and results of the
complete design set with the selected design high-
lighted. Additionally, it also contains a radar or bar
chart for showing the performance of the selected
design as well as a data table. The user can filter
the design alternatives by limiting the values of any
of the variables or the objectives. It is also possible
to mark cases in order to be compared later to each
other (Figure 1-B).

Variable-objective relations. In this panel, the
user can choose a variable(s) and objective(s) to see



Figure 2

The workflow of the
optimization
process and the
corresponding
visualizations
panels in the
visualization tool.

Multi-objective optimization workflow

Parametric " Model Geometry ;
Model : v
Design Variables: ‘
WWR, Glazing Type, Shading system, Daylight <
system, Insulation System ‘
I
Daylighting ; v 'y ;
and Energy / Separate models for |/ Weather file /
Simulation | daylighting and [/ Occupanay schedule
/| energy simulations / / llluminance /
Inputs / / Thresholds )/
/ Analysis Grid /
/ ; Equl}?ment Load /
/ & Lighting Load ~ /
/ HVAC sleninqs /
|
Pe.rformi.mce Annual Sunlight Exposure
Simulations v

(step 1) ! DIvA-Daysim-

Visualization dashboard

Context and design

DView

parameters

3D visualization
Design parameters

Integrated Dashboard

M
Performance
objectives tabs
| |

Spatial maps

| 1 Glare Visualization
W‘W M Temporal maps
Lk il L}

2 / No
Radiance >/ ASE (%)~
Climate based o i
simulation
Yes
Performance Spatial Daylight Energy and Thermal View and PV
Simulations  Autonomy Comfort simulation calculations
step 2 @
( P ) DIVA-Daysim- Honeybee — 3D isoVist
Radiance EnergyPlus — —Archsim
Climate based PMV Calculator
simulation
Objective ppTR— i
- EUI (Kwh/m2); PDH (%)~ i
Functions Y i

P V=¥ Eeimmsp
Multi-objective Octopus, SPEA-2 Optimization

o il Neglect
Optlmlzatlon sDA (Max.), EUI (Min.), PPD (Min.) Solution
View(max), PVImax)

3D visualizations
Interactive dashboard

Bar charts

Explore

Parallel coordinates
Radar chart

Variable/objective
analysis

10 No Create X
? > new Scatterplot Matrix
Genome
Compare
|Yes Bar charts
Results ! L - . = !
i __—Pareto-optimal solutions ——P1
L

the direct relation between them, which is rendered
in the shape of a 2D scatterplot chart in the case of a
single variable and single objective, or as a matrix of
scatterplots in the case of several variables and ob-
jectives.

Compare. The compare panel offers a bar chart
to compare the marked design alternatives as well as
simple visualization of each performance objective.

Integrated Dashboard. Similar to the IPV tool

discussed earlier in the literature, the integrated
dashboard houses more details for all the perfor-
mance objectives for the selected design alternative.

Performance objectives tabs. For each perfor-
mance objective, a separate section that includes al-
ternative ways of result visualizations an even greater
detail of result analysis is provided.

To make it easier for the user to explore and
choose preferred designs, the ability to show or hide
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panels was provided. This enables the user to focus
on a specific panel or several ones, e.g., the Explore
& Integrated Dashboard or the Explore & Compare.
Figure 1 shows a screenshot of the visualization tool
prototype with three active panels: Context and de-
sign parameters, Explore and Integrated Dashboard.

CASE STUDY

The visualization tool prototype was used to visualize
the results of a building performance optimization,
in which a parametric model was optimized for the
integrated performance of the following parameters:
Energy consumption, Daylighting, Thermal Comfort,
View and Glare and Renewable Energy. The paramet-
ric model was built using Grasshopper. EnergyPlus
[1] and Radiance simulation engines, used through
the HoneyBee (Roudsari, M. S. & Pak, M., 2013) and
Diva (Jakubiec, J. A, & Reinhart, C. F. 2011) plugins,
were utilized for the energy and daylighting assess-
ments. A multi-objective optimization was carried
out using the optimization tool Octopus (Vierlinger,
R., & Hofmann, A. 2013).
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Parametric model

The optimization was carried out for the south facade
of a single office space in Munich, Germany (48°8'N
11°34’E). The office room was assumed had the di-
mensions of 4.00m x 6.50m x 3.00m for the width,
depth, and height, respectively. The parametric
model of the south facade provided different set-
tings for the glazing area, glazing system, shading,
daylighting system, and insulation system. The glaz-
ing area was divided into upper and lower parts,
where the upper part acted as a clerestory window.
Both window parts were introduced to the shad-
ing devices separately. Seven Window-to-Wall Ratios
were studied together with four glazing systems, four
shading systems, and four light-shelf settings. Addi-
tionally, the building insulation was increased gradu-
ally with 2.5 cm steps to a maximum of 25 cm. Over-
all, nearly 20,000 design alternatives can be gener-
ated.

Multi-objective optimization Workflow

A multi-objective optimization was performed with
the evolutionary algorithm SPEA2 using Octopus. A
random generation was created at first, which con-
tained different cases (genomes). Then for each

Figure 3
Different design
alternative with
similar energy
savings.
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genome, daylighting, energy and thermal comfort  grated photovoltaics was calculated. The results from
analysis were carried out using DIVA and Honeybee.  the analysis phase were used as the fitness values for
At the same time, the openness of the facade to the  the optimization, namely the spatial daylight auton-
view outdoors and the possible area for buildinginte- ~ omy, energy savings compared to an unshaded base
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case, the percentage of comfort hours, view and PV
percentages. The optimization process continued for
10 generations with a population size of 30. The mu-
tation rate was set to 0.5, the mutation probability to
0.1 and the crossover to 0.8. Cases with very high so-
lar exposure were neglected.

During the analysis, the results from the simula-
tions were post-processed into different types of vi-
sualizations according to the results type. After the
optimization ends, the optimization results are also
visualized using parallel coordinates and scatter plot
charts. Figure 2 shows the workflow of the optimiza-
tion process and the corresponding data visualiza-
tion in the prototype.
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Optimization results analysis

The optimization resulted in 150 design alternatives.
The results were analyzed in several ways using the
visualization tool prototype. First, the results and
parameters of all the 150 cases were analyzed us-
ing the Explore section. The parallel coordinates
chart offers an interactive tool by which the results
could be filtered for a specific range of values for any
and each of the variables and objectives. Addition-
ally, the results in the data table could be sorted for
any of the variables and objectives. A radar chart
for the objective results is also shown for the se-
lected design alternative. In this case study, the de-
sign alternatives were sorted for highest energy sav-
ings. It was found out that several design alterna-

Figure 5

Examples of the
contents of the
performance tabs.
A- Energy use
analysis.
B-Daylighting
performance
analysis. C- Thermal
comfort. D- Visual
comfort (Glare and
View). E- The
compare tab
showing a simple
comparison of three
selected cases.



tives achieved energy savings between 30-32%. Al-
though these cases achieve a similar energy perfor-
mance, their design parameters and other objective
performances differed greatly. Only one alternative,
forinstance, achieved an acceptable daylighting per-
formance value (sDA more than 50%). This enables
the designer to choose his design wisely by taking all
the objectives and also the design features in mind.
A trade-off between the different objectives is of
course necessary. Figure 3 shows the four design al-
ternatives with the highest energy savings and a min-
imum daylighting performance of sDA= 50%. Their
corresponding performance for the other objectives
is illustrated using the radar chart.

In a second step, the relation between variables
and objectives can be studied using scatter plots ma-
trix in a separate window. For instance, the scatter
plot between the energy savings and glazing and in-
sulation shows how triple glazing and double low-
E glazing have a higher potential for energy savings
compare to single and conventional double glazings.
For the insulation, it could be noted that the poten-
tial for energy savings increase with the increase of
the thickness of the insulation. Nevertheless, most of
the cases with 10 cm insulation were able to achieve
energy savings between 25% and 30% (Figure 4).

To compare the performance of the preferred de-
signs, marked cases are automatically added to the
compare panel, where a simple bar chart comparison
is created. Finally, the integrative dashboard and per-
formance tabs show detailed and alternative visual-
izations for each of the optimized objectives. Other
simulation outputs can also be investigated such as
lighting and occupancy schedules; heating, cooling
and equipment’s load; alternative daylighting perfor-
mance metrics like the daylight autonomy, daylight
availability, ... etc; glare analysis for various times and
dates; ... etc., Figure 4 shows part of the different tabs
for a single design alternative and the compare tab
with a comparison between the cases with the high-
est daylighting, energy and BIPV area (Figure 5).

CONCLUSION AND DISCUSSION

Energy efficient and sustainable buildings are slowly,
but surely, becoming the standard in architecture
and building practices. As building performance
simulation software and optimization tools become
more common in the building design process, it is
vital to have an integrated result analysis and visual-
ization tool to support the design decisions. This pa-
per presents a prototype for a visualization tool that
can help analyze the results of building performance
multi-objective optimizations. The visualization tool
aids in investigating the whole design set, analyzing
the relation between variables and objectives, as well
as comparing and further investigating preferred de-
signs. As a result, the user can define areas with po-
tential enhancements, find the most effective design
variables and compare the integrated performance
between different designs in a visually-informative
way. By achieving these different functions, the tool
can help in the design decision process by shortening
the time required to analyze the vast amount of data
resulting from multi-objective optimization. In future
works, other enhancements could be investigated,
such as building the tool with a more sophisticated
programming language like Python or Java, support-
ing dashboard customization, and validating the tool
by focus groups. Implementing a guiding system can
also be avaluable addition to the prototype to ensure
that an optimal performance is reached by showing
possible areas of enhancement.
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Minimizing the impact of shading devices on the view to the surrounding view is
essential for indoor spaces that overlook exceptional scenery and views. Building
Jfacades that overlook such views require a special care not to obstruct the view to
the outdoors. At the same time, poorly designed shading devices can result in
high solar penetration and glare probability affecting the ability of the users to
enjoy the outdoor view. In this paper, we analyze the effect of adding different
shading devices and configurations to a south facade for a workshop space in
Lecco, Italy. A parametric model of five types of shading devices was analyzed
for the daylighting, glare and view performance. The trade-off between the
objectives and the cases that achieved satisfactory performance in all three

criteria were presented.

Keywords: Computational design, Daylighting, Optimization, View to outside

INTRODUCTION
This paper presents the result of an evidence base
design project, for the Sustainable Building Tech-
nologies (SBT) course and studio of Architecture De-
sign (AD), a mandatory course in architecture and
building engineering master degree in Politecnico
di Milano, Lecco campus. The multi-disciplinary de-
sign project aims to understand the integration be-
tween architecture, energy efficiency and construc-
tion technology, to apply innovative construction
technologies and critic it per architecture design re-
quirements.

The project’s goal was to design a multi-
functional building located in La Piccola area, in the

historical industrial area of Lecco city, in Lombardy,
north of Italy. The building’s site is in front of the
new campus of Politecnico di Milano. Site reconfigu-
ration and the absence of residential complexes left
the site with an unobstructed panoramic view of the
surrounding mountains. The proposed design con-
sists of three floors plus a ground floor with various
functions related to the Politecnico di Milano, such
as: sports center, library, study areas for students, au-
ditorium, food court connected to the Lecco Market,
and space for workshops with 150 m2 area. The work-
shop space covers most of the fourth floor. In order
to provide a 360° panoramic view of the surround-
ing mountains, the fourth floor has floor-to-ceiling

GENERATIVE DESIGN 2 - Volume 2 - eCAADe 35 | 229



Summer higILest
sun altitude 67°

Winter highest |
sun altitude 21°

windows in all four orientations. This left the space,
however, vulnerable to direct sun penetration. (see
Figures 1 and 2)

Therefore, the biggest challenge facing the proposed
project was to keep the view from inside to outside
with minimum obstruction in all the directions while
providing sufficient daylighting and minimal glare.
The studied floor had a rectangular shape with the
long sides having a North-South axis with a tilted an-
gle of 10° and the short sides facing East and East.
While the North, facades don’t receive high sun expo-
sure for most of the day, the South fagade is subject
to high exposure for most of the day, throughout the
year. East and West facades had a smallimpacton the
daylighting performance of the space due to their rel-
atively small area and being separated than the work-
ing space by the staircase and elevators cores.The
four fagades, especially the south, overlooks the best
landscapes of Lecco since it looks directly on histori-
cal Lecco’s mountains, Resegone, San Martino, Monte
Moregallo, Grigna Settentrionale e Meridionale and
Monte Barro. Hence, the importance of creating a
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360° panoramic view while providing enough day-
light for the workshop space. (see Figure 3)

The city of Lecco has a humid subtropical cli-
mate, with hot and humid summer and cold winter.
The highest sun altitude in winter is of 20.8°, while
in summer 67.4°. Moreover, the solar radiation can
rise to 1600 kWh/m2 per year. The temperature rarely
goes far below zero Celsius, the winter conditions
nonetheless require non-negligible heating systems
for the comfort. On the other hand, in summer, the
high humidity and temperatures (often rising over
25° Celsius from June to August) require an equally
important cooling load. As the air flow rate through
the year is not adequate to provide natural ventila-
tion, special attention for cooling and heating loads
is necessary. Conventional design methods of pas-
sive techniques such as shading devices like horizon-
tal shades, Venetian blinds and screens were histor-
ically used especially in south facades to reduce the
sun exposure, provide adequate daylight and to re-
duce the glare probability. The concerns in using this
kind of shading device are that it doesn’t implicate
the view factor to outside as a driving force for the
design. Therefore, a trade-off between the different
measures has to be reached in order to achieve a vi-
sual comfort and preserve the view of the surround-
ing alpine landscape. This paper discusses the rela-
tion between the two parameters (daylight and view)
by applying daylighting and glare analysis as well as
view assessment of different shading devices.

Figure 1

Project Location
and Building
configurations in
the site. the
diagram shows the
orientation of the
third floor with the
sun altitude

Figure 2
Panoramic view
from the project
site. Image (A),
toward the south
direction. (B, C)
toward south west
and east



Figure 3
Visualisation for the
case study.

showing the usage
of the interior space
beside the southern
facade.

Figure 4
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examination.
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PREVIOUS WORKS

Shading devices were historically used to reduce the
negative effects of direct sunlight and solar radiation
inside buildings during cooling period and to permit
heat gains during heating (Platzer, WJ.,2001). The im-
pact of using traditional shading devices such as hor-
izontal louvers and solar screens on daylighting, en-
ergy use and thermal comfort was studied by several
researchers in different locations and climates. Yoo
S, et al,, (2011) investigated the usage of fixed shad-
ing devices on decreasing the thermal loads in ad-
dition to increasing the visual comfort and decreas-
ing the glare, and, it was found inevitable to use it
on the south facades, especially in Mediterranean cli-
mates. In a similar approach, Datta G. (2001) studied
the thermal performance of a building with external
fixed horizontal louver with variable slat lengths and
tilts. LIGHTSCAPE software and PHOENICS Computa-
tional CFD package for natural ventilation were used
by Hien and Istiadji (2003) to study the effects of 6 dif-

ferent shading device types on thermal comfort in a
residential building in Singapore. Hammad and Abu-
hijleh (2010) analyzed the energy consumption of ex-
ternal dynamic louvers integrated to office building’s
facade in Abu Dhabi. The impact of using different
shapes of solar screens on daylighting and energy
performance in hot arid climate was investigated by
Sherif et al. (2012). Parametric and generative design
tools allowed the creation of shading devices with
a higher degree of geometrical complexity. El Ah-
mar et al., (2015) used a double skin facades inspired
from nature to design a porous and folded facade
for reducing cooling loads while maintaining day-
light needs of office buildings in hot climatic regions.
The possibilities of different arrangements of folded
modules had been also examined to create environ-
mental efficient kinetic morphed skins, to achieve dif-
ferentKinetic origami-based shading screens catego-
rized parametrically to provide suitable daylighting
(El Ghazi et al. 2014).Kirimtat et.al, (2016) conducted
a review of previous research work that utilized sim-
ulation modeling to analyze the impact of shading
devices. More than a hundred paper were analyzed
and organized by simulation type. Different types of
simulation analyses were studied including the over-
all energy performance, daylighting, natural ventila-
tion, indoor thermal and visual comfort among many
others. However, it can be noted that only a few stud-
ies considered the view as one of the main objectives
of shading devices design (Tzempelikos A.(2008), Kim
& Kim (2010), Sherif et al. (2016)).

View to the outside is more than often left out during
design, despite the undoubted importance of view
and effects on users (Leather et al., 1998; Heschong
Mahone Group, 2003), Hellinga and Hordijk (2014) at-
tributes this to the reasons that research on daylight-
ing and view quality belongs to different research
discipline and secondly, there is usually very lim-
ited time and budget for architects and engineers to
work on daylighting and view. Hellinga and Hordijk
also found that users prefer distant and nature views
and views that contain water. In design cases were
view is an essential concern, such as spaces overlook-
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Shading type

Parameters

Range

Horizontal shading

Vertical Shading Angel (VSA)

20° to 50° with a step of 5°

Vertical shading

Horizontal Shading Angel (HSA)

20° to 50° with a step of 5°

Eggcrate

Vertical Shading Angel (VSA)
Thickness

20° to 50° with a step of 5°
2.5t0 12.5 cm with a step of 2.5 cm

Diagrid structure

Vertical Shading Angel (VSA)
Number of Modules (Spacings)

20° to 50° with a step of 5°
6,12, 18, 24 and 30 Modules
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Vertical Shading Angel (VSA)
Number of Modules (Spacings)

20° to 50° with a step of 5°
6,12, 18, 24 and 30 Modules

Sy 1 =7
I

NOILLD3S

L\
”% a

NOILYAI T3

NV1d
(E5)

a: Vertical shading
angle - VSA

a:Horizontal shading
angle - HSA

%I% [ UL

x: Shading thickness
a: Vertical and horizontal

X X

x: Module size
a: shading angle

x: Module size
a: shading angle

shading angle

ing important landmarks or natural features, such as
the case presented in this paper, view to the out-
side cannot be neglected.This paper, therefore, tries
to answer the question of How to design a shading
system that ensures excellent daylight performance
with minimum sacrifice of the view? In the design,
utilizing computational and parametric tools to eval-
uate and optimize the shading systems for daylight
and view quality.

METHODOLOGY

PARAMETRIC MODELLING

A parametric model for the multi-functional building
was created using the Building Information Modeling
software Revit. In order to have a greater control on

232 | eCAADe 35 - GENERATIVE DESIGN 2 - Volume 2

the design parameters, the model was then exported
to, and modified by, a visual programming language
for parametric design Grasshopper. The investigated
space, which is located on the top floor of the build-
ing, had the dimensions of 7.5 m x 20.0m with 3.3m
ceiling height. Different types of shading devices
were investigated for the daylighting performance,
glare probability and view to outdoors. The perfor-
mances of five shading devices were examined: hor-
izontal shadings, vertical shadings, egg crate, an ex-
ternal diagrid structure, and an external diagrid struc-
ture with an overhang. For each of these shading de-
vices, theimpact of changing the vertical (or horizon-
tal) shading angle was studied. The impact of chang-
ing the eggcrate thickness and spacing for the dia-

Table 1

The studied
shading devices
and its parameters

Figure 5

Main designed
shading system
selected. A.Vertical
louvres.
B.Horizontal
louvres. C.Eggcrate.
D.Diagird louvres.
E.Diagrid with
horizontal louvres.
For each, the most
effective variables
were identified.
represented in
“modular size",
“shading angle” and
“shading thickness”



Figure 6

Diagram of the
human cone of
vision. showing the
limit of the visual
field and the area of
recognition, in two
directions,
horizontally and
vertically.

grid was also considered. Figure 1 shows an illustra-
tion of the five shading devices and their design pa-
rameters. 7 different cases for each of the horizontal
and vertical shadings were studied and 35 cases for
each of the other three shading devices. Overall 119
shading designs were examined. The ranges of the
shading devices parameters that were examined are
shown in Table 1. (see Figure 4)

SIMULATION METHODOLOGY

Daylighting analysis was carried out using DIVA for
Rhino, which is used as an interface to Radiance and
Daysim simulation engines. The criteria used for eval-
uating the daylighting performance was the daylight
availability which was found more suitable to the
studied case. The DAv divides the measuring nodes
according to three criteria daylit for points that re-
ceives illuminance between 300-3000 lux for 50% of
the time, over lit for points that receives >3000 lux
for at least 10% of the time and partially daylit for
points that has illuminance values<300 lux for more
than 50% of the time. The aim is, therefore, is to in-
crease the daylit area of the space. The analysis grid
had a desk-level height of 0.80 m and spacing of 0.60
m. (see Figure 5)

Glare and view analysis were conducted for a
selective viewpoint that represents a seated person
(height = 1.2m), 2.0 m from the facade and facing the
window. For Glare analysis Evaglare was used to mea-
sure the discomfort using the Daylight Glare Prob-
ability (DGP) index. the GDP was analyzed at 9:00,
12:00 and 15:00 on the solstice and equinox dates to
cover the different sun positions. In the DGP index,
glareis divided into four categories: intolerable glare
(DGP > 45%), disturbing glare (45% > DGPP 40%),
perceptible glare (40% > DGPP 35%), and impercep-
tible glare (DGP < 35%). In this study, each category
was given a score number with imperceptible glare
having the highest score (3 pts) and intolerable glare
the least (0 pts). the Accumulative Glare Percentage
(AGP) is then calculated to compare the performance
of different shading designs, where the highest possi-
ble value (100%) means that only imperceptible glare

occurs at all times and the least (0%) indicates thatan
intolerable glare can be witnessed at all times.

%
<
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For the view analysis, a view factor was calculated us-
ing 3Disovist. Anisovist field is defined as “.. the set of
all points visible from a given vantage point in space
and with respect to an environment”” (Benedikt, M.
L.1979) . In this study, the vantage point is the same
one defined for the glare analysis. A 3D isovist was
created for the focal area of the viewer’s field of view
(see Figure 6). The ratio between the number points
seen from the vantage pointin each case to that with-
out a shading device is calculated to compare be-
tween the different shading devices.

The results from the three analysis criteria, day-
lighting performance (DAv), Glare (AGP), and View
Factor are compared to arrive at shading devices with
a satisfactory performance. Acceptable values for the
three criteria were assumed to be 75%, 50% and 50%
for the daylight availability, accumulated glare per-
centage, and view factor respectively.

RESULTS

BASECASE

The unshaded facade was assumed as the basecase
in this study in order to evaluate the effect of each
shading device on the daylighting, glare and view
performance. The basecase had a significantly low
daylighting and glare performance due to the vast
area of unshaded glazing in all its four facades. Due
to the penetration of direct sunlight the daylit area
reached only 36%, while the overlit area occupied al-
most two-thirds of the space. The accumulative glare
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score was found to be very low with a value of 13%
as an intolerable glare was witnessed in most of the
cases with the exception of the morning hours. how-
ever, even at this times, a perceptible or disturbing
glare was witnessed. Although the basecase has a
panoramic view with only the internal structure as a
physical obstacle, such a high probability of glare oc-
currence and sun penetration would surely affect the
possibility of enjoying the view.

00"

‘ ‘ ‘ mDAV

0 ‘ ‘ u View

20% ‘ ‘ ‘ Glare
20° 25 30° 35 40 45° 50

Vertical Shading Angle

®

| u DAV
View
Glare
, u . -

Horizontal Shading Angle

HORIZONTAL AND VERTICAL SHADINGS
The horizontal shading devices enhanced the day-
lighting performance greatly were most of the cases
had over 90% daylit area percentage, in comparison
to just 36% in the basecase. The glare analysis, how-
ever, showed a high probability of glare occurrence
and only one case achieved an AGP higher than 50%.
The impact on the view was, however, better than
anticipated with only between 17% to 27% of the
view obstructed. Cases with larger extrusions (higher
shading angles) had a better daylighting and glare
performance while cases with smaller extrusions had
a better view factor.

In contrary, vertical shadings provided a poor
but mostly acceptable daylighting performance. The
daylit area percentages ranged between 49% with a
Horizontal shading angle = 20°, and 60% with HAS=
50°. Glare analysis also showed a high probability of
glare occurrence all year round with a maximum ac-
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cumulative score percentage of 36%. Nevertheless,
the view factor was also found acceptable in all the
cases with a maximum view factor of 87% and a min-
imum of 64%. Figures 7 and 8 show the daylighting,
glare and view performances of the horizontal and
vertical shadings.

EGGCRATE

Thirty-five cases of eggcrate shadings were analyzed.
Almost all the cases achieved over 80% daylit area
and half of the cases reached 100% daylit area. Nev-
ertheless, unlike the horizontal and vertical shading,
the eggcrate reduced the chance of glare occurrence
significantly. Most of the cases had an acceptable
accumulative glare percentage and in few cases the
AGP reached more than 80%. This, however, came
in the expanse of the view performance. With the
eggcrate cells causing a significant obstruction to the
view, the view factor was found to be unacceptable
in most of the cases. Only cases with very small
thickness (high perforation ratio) and small extrusion
achieved acceptable view factor. However, in these
cases, the glare performance was at its lowest values
and was below the acceptance threshold. Only one
case achieved an acceptable performance in all the
three criteria which had a thickness of 2.5 cm and 35°
shading angle.

DIAGRID STRUCTURE

All the 35 cases of the external diagrid structure had
a good impact on the daylight performance with a
minimum daylit area percentage of 76% and nearly
half of the cases with 100% daylit area. Similar to
the egg crate, the diagrid structure also enhanced
the visual comfort significantly as the glare proba-
bility decreased and the AGP reached 100% in sev-
eral cases. The external view also showed satisfactory
performance with a maximum of 85.54% and most of
the cases with view factor higher than 50%. Nine dif-
ferent cases achieved a satisfactory performance in
all three areas of analysis. Figure 10 shows the per-
formance of the diagrid cases. Cases with accept-
able performance in all of the three criteria are high-
lighted)

Figure 7
Daylighting, glare,
and view
performances for
the horizontal
shadings

Figure 8
Daylighting, glare,
and view
performances for
the vertical
shadings



Figure 9
Daylighting, glare,
and view
performances for
the Eggcrate,
Diagrid, and diagrid
with overhang
shadings. The cases
with satisfactory
performances are
highlighted.

Figure 10

Glare performance
at 12:00 on 21 June
for the base case
and four different
shading
configurations

DIAGRID WITH OVERHANG

This unique shading solution aimed at combining
the positive impact of both horizontal and diagonal
shading devices. Once more, 35 different configura-
tions were tested. It succeeded in achieving notable
improvements in all of the three criteria. Daylighting
performance achieved more than 90% daylit area in
all cases with most cases having a 100% daylit area
percentage. Glare probability also improved as al-
most all of the cases had an acceptable performance

and AGP reaching 100% in few cases. While not all
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the cases had a satisfactory view performance, in
many cases the view factor had an acceptable value
and reached a maximum of 86%. In many cases the
daylighting, glare and view were found to have ac-
ceptable and significantly improved performances.
One notable case was with 45° shading angles and
6 modules of diagrid external structure, where daylit
area percentage reached 100%, AGP of 75% and view
factor of 71%. Overall 14 different configurations
achieved an acceptable performance in all the three
criteria.
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Figure 9 shows the daylighting, glare and view
performances for the eggcrate, diagrid and diagrid
with overhang. The cases that achieved an ac-
ceptable performance in the three criteria are high-
lighted. Figure 10 shows the impact of the different
shading devices in comparison to the basecase on
the glare performance.

DISCUSSION AND CONCLUSION

This paper presented and discussed a design ap-
proach for designing building facades that overlook
exceptional scenery and views, which requires spe-
cial care not to obstruct the view to the outdoors.
Nevertheless, poor shading design can usually re-
sult in high solar penetration and glare probability
affecting the ability of the users to enjoy the out-
door view. In this study, 119 different configurations
of five shading types were investigated. Overall, 25
different configurations from 4 types of the shading
devices achieved a satisfactory performance for day-
lighting, view and glare. The combined shading of an
external diagrid structure and a horizontal overhang
offered the best performance with 14 cases, followed
by the diagrid shading and eggcrate and horizontal
shadings. For future work, and depending on the
case study other aspects such as energy consump-
tion, Life Cycle Analysis, and Life Cycle Cost could be
included in the framework.
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