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Abstract

An energy shortage arose in Lebanon during and after the civil war (1975-1990). 62% of
the national electricity generation is consumed by building stock, of which 7% is
consumed in the commercial sector. Given the acute shortages and increased

consumption, there is a need to rationalise the use of energy in the building sector.

There 1s growing evidence that buildings which adopt passive design solutions, such as
davlighting and natural ventilation, have good energy performance and show higher
occupant satisfaction. Daylighting can be a good contributor to energy efficiency in the
buildings of Beirut. where the climate is typically Mediterranean and daylight is available

12 hours per day on average.

During the last century, the development of fagade configurations and the widespread
adoption of international design trends in Beirut, particularly in office buildings, changed
the energy consumption pattern. The lack of any building regulations that considered the
potential of daylighting led to an underestimation of the impact of fagade design on the

internal environment and building energy behaviour.

The aim of this study is to develop design guidelines for office building fagade
configuration and plan morphology that will contribute to the best use of daylighting,

with associated potential energy savings, in Beirut.

To achieve this, the study has three main parts. Firstly, the literature relating to
daylighting design principles, glazing fagades and human comfort in workspaces is
reviewed in order to identify design parameters and variables that are significant for
daylighting performance in office buildings. Thereafter, the seven historical phases of
architectural development in Beirut are identified. Examples of office buildings from each
phase are evaluated for their daylighting efficiency, in accordance to four parametric
levels describing the ‘Building Shape, ‘Window/Fagade’ and Window/Office’
relationships, and the ‘Shading Devices’ used. Finally, the lighting behaviour of 14
selected case studies is simulated using ADELINE. Electrical lighting consumption and
the possible savings due to the implementation of different lighting control strategies are
calculated. The simulation outputs are validated by empirical energy data. Finally design
guidelines for the best practice in the office buildings of Beirut are produced, by coupling

the evaluation of daylighting design variables and energy savings measures.
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1. Introduction
1.1 Overview

“Arehitecture cannot exist but wirh light. We take it too much Jor granted and forget its
true value. We abuse light with intensive and careless solutions and by substituting it too
often by too much unnecessar artificial lighting. Today further to feeling, we have both

the knowledge and tools to make an even greater and creative use of it” (Tombazis, 1998:

29).

Before ctfective artificial lighting became available, it was particularly important to get
the design of davlighting right. Organised knowledge of good daylighting practice for
buildings has a very long tradition. The Romans were the first to discuss good daylighting
in the classical writings of Vitruvius. Throughout history, architectural forms and
building technologies have responded to bioregional forces in ingenious and resourceful
ways. A bioregional approach to daylighting has involved the ways that design can grow
from, respond to, engage in and benefit from the life forces of a specific region. The track
of the sun, the conditions of the sky, the climate and the nature of the site are the
significant bioregional forces that have shaped architecture and influenced daylighting

(Guzowski, 2000).

After 1900, daylight was in competition with the various forms of artificial light. The
development and availability of cheap fluorescent electric lighting accelerated the neglect
of daylighting as a design aim. This led to architectural impoverishment of the
daylighting design tradition based on the interaction of form and daylight (Baker et al.,
1993), having as its nadir the development of “Burolandschaft” in 1960s Germany. This
design movement is commonly known as office landscaping, where buildings could be of
infinite depth allowing large expanses of open floor space and more even distribution of
light in the space. Over the last three decades, renewed interest in the utilisation of
daylight has been apparent and primarily justified by the high cost of fossil fuels and the
realization that sources of electricity have a finite life, these being quoted as most cogent
(Phillips, 2002). The energy used by artificial lighting in buildings is a major part of the
energy consumption in buildings, and it is recognized that reduction in the emissions of
carbon dioxide, as well as the reduction of greenhouse gasses will have an important

effect in reducing global warming (Hens ef al., 2001; Li et al., 2003). Greater use of



dayhight can also lead to a reduction in the use of electrical energy, and assist significantly

in the battle to solve the energy problem.

Yet. the emphasis on daylighting within the context of sustainable design still tends to
focus on a particular set of environmental issues related to energy and natural resources.
However, 1t 1s impossible to judge the need for daylight and sunlight in engineering terms alone.
Daylighting is not simply about the wise and rational use of light within a particular

bioregion, but a set of design considerations to illuminate a distinct set of human

activities (Guzowski., 2000).

Dayhighting 1s an intriguing aspect of design in which environmental, aesthetic and
human factors come together. According to Guzowski (2000: xxvi), ‘daylighting should
be explored from different perspectives and addressed by different people during the
design process. “Building scientists” study the energy and environmental impacts of
daylighting, “designers’™ explore its formal and aesthetic implications and “behaviourists”
address the human implications of daylighting’. The human factor 1s at least of equal
importance. Daylight is believed to be essential in providing a pleasant visual
environment, contributing to a feeling of wellbeing and often resulting in improved
productivity (Phillips, 2002; Baker er al, 1993 and Clements-Croome, 2000).
Accordingly. in some countries such as the Netherlands and Germany there are
regulations determining that in a work situation, the staff must not be located further than

six metres from a window (Ander, 2003).

1.2 Daylighting in Office Buildings

The interest in daylighting returned in the late 1970s, after the energy crisis. It was re-
discovered as an efficient way to reduce energy consumption in buildings with
predominantly daytime occupancy such as offices, educational buildings and factories.
This is particularly the case in areas of buildings where daylight is available (i.e. where
illuminances are roughly 2 to 5% of the simultaneous outdoor illuminance for overcast
conditions). Daylight brings enough light to meet the lighting requirements of 50 to 70%

of the occupancy period in the temperate zones of the earth, and even more around the

equator (CIE, 1970).

Energy for artificial lighting in offices can account for up to half of their primary energy

use (Burton, 2001). Since office work takes place largely during daytime, a large



proportion of this energy can be eliminated by using daylight. The theory of electric
lighting savings due to daylight is well understood, and theoretical models have been
developed to predict energy savings using different window designs (Sullivan et al.,
1992). Many studies have shown that the use of daylight can introduce energy savings in
the range 35 — 75% of lighting costs, provided that the artificial lighting is controlled in

such a way as to take the increased daylight level into account (Burton, 2001; Bodart et
al.. 2002).

Although the potential for reducing energy costs and environmental emissions is
substantial. daylighting’s most powerful impact is on the building’s occupants. Buildings
are constructed for people. One hour of salary is equivalent to the cost of 1 year of
lighting energy for that worker (Leslie, 2003; Bodart et al, 2002). Therefore, the
strongest economic argument for daylighting may be the worker’s improved productivity,
increased job satisfaction or reduced absenteeism, each of which can easily offset the
initial investment in daylight systems (Li et al., 2003; Heschong et al., 2003 and Mullins,
1998).

1.3 Daylighting Office Buildings vs. Energy State in Beirut

Following the local problems that started in Lebanon in 1975, the electricity sector has
suffered serious damage and continuous energy shortages. In 2002, the yearly reserved
power shortage reached 525GWh. In addition, since Lebanon is a non-oil producing
country and 91.3% of its power production is thermal, combustibles must be imported
from the international market in order to meet the local energy demand. In 1999 imported

energy bills represented 13% of the country’s total imports, and 5.7% of the GDP (Chedid
et al., 2004).

The building sector remains the largest consumer of energy compared with other sectors.
According to a UNDP / GEF study (2000), commercial and residential sector
consumption constitutes 70% of the national electricity generation, while in contrast only
11% is used by the industrial sector. There is therefore a vital need to rationalise energy

use in the building sector, and to improve the emerging environmental policies n
Lebanon.

Daylighting can be a good contributor to energy efficiency in the buildings of Beirut,

where the climate is typically Mediterranean and the average daylight duration varies



from 10 hours in winter to 14 hours in summer days. There are no recorded data of global
horizontal illuminance in Beirut (33° 49° North latitude and 35° 29° East longitude), but
the nearest location where daylight has been measured may be considered as a reference
point to reveal daylight availability. In the eastern Mediterranean, daylight data were
collected at the Israeli meteorological service at Bet Dagan which is located at 32° North
latitude and 34.49° East longitude. This work was part of the International Daylighting
Measurement Program. The global horizontal illuminance (in lux) was measured in the
Tel Aviv area for the typical office working hours of 8:00 to 18:00. This shows that most

of the time the illuminance level is over the value of 10 000 lux, including most of the

working hours throughout the year (Capeluto, 2003).

Whatever the availability of daylight outside the building, the penetration of daylight into
the building depends on many design parameters; among them the depth of the room from
the window wall. ceiling height, internal reflectances, window orientation, shape and size,
and the optical properties of the glazing. The development of fagade configuration and the
spread of international design trends in Beirut during the last century, predominantly in
office buildings. have changed the daylighting flow pattern of the indoor spaces. In turn,
energy consumption patterns have also changed. This is due to the lack of enforced
building regulations or codes that consider the potentials of daylighting, which in turn

may provide ideal opportunities for an appropriate, energy-conscious building design.

1.4 Aims and Objectives

The aim of this research is to assess the daylighting performance of office building fagade
configuration and plan morphology that contributes to the best use of daylighting and
associated potential lighting savings in Beirut. This study examines the ‘Lebanese Energy
Standard for Buildings’ project currently under development by the United Nations
Development Programs (UNDP) and the General Directorate of Urban Planning. This
investigation is to propose some additional recommendations emphasising the role of

daylighting, which have been marginalised by the conducted project, to improve potential
energy savings.
The main objectives of the study can be divided into three main groups. The first group

deals with the development of a preliminary design evaluation tool to assess the

daylighting performance of office buildings in Beirut. The second category of objectives



considers the historical review of office building design trends in Beirut during the last

century, with emphasis on the development of their facade design and their impact on

daylighting performance. The investigation of the impact of office building design

variables on the buildings’ energy behaviour and potential lighting savings, are the last set

of objectives. The three groups of objectives can be further explained as follows:

1.

19

Objectives related to the development of a preliminary design evaluation tool:

To identify the main facade design variables that have influence on

daylighting availability and flow pattern in internal spaces.

To investigate the relative importance of different variables that draw
relationships between the aperture properties and the related window-wall and

daylit area in the studied context.

Objectives related to the historical review of office building trends in Beirut and

daylighting performance:

To outline the historical phases of architectural development of office

buildings in Beirut.

To review the development of fagade design and plan morphology of offices

n Beirut.

To identify the daylighting variables that have been considered or neglected
by architects in the design and construction of office buildings in Beirut

throughout the last century.

To evaluate the daylighting performance of office buildings in Beirut in all

historical phases.

Objectives related to lighting consumption and potential savings

To examine the potential lighting savings in the studied context resulting from

daylight and electric light integration with automated switching controls or
dimming systems.
To identify the main variables that have influence on the potential lighting

savings.



1.5 Thesis Structure

The structure of the thesis and a brief description of chapters contents are illustrated in

Figure 1.1. The diagram explains the six different stages of the research, and the links
between the chapters. The problem identification (the ‘why’ question) is followed by the
review of literature and theories related to daylighting and fagade design in an attempt to
assess daylighting performance and related energy behaviour in office buildings in Beirut.
The methodology stage identifies the methodology of this research has been conducted.
The studied context is reviewed in the following stage. The analysis and investigation of

the case studies constitute the fifth stage of the research, followed by the concluding

remarks and recommendations.

Chapter One presents and justifies the topic of the study. The first section of the chapter
represents an overview of the importance of daylighting as a design feature in buildings.
It also highlights the renewed interest in daylighting design as a significant solution to
assist both the energy crisis and global warming. Section 1.4 states the aims and
objectives of the research. The structure of the thesis is described, and the contents of the

chapters are summarized.

Chapter Two begins by defining daylighting and its characteristics in the built
environment. This is followed by a review of the architectural design variables and
factors used to assess daylighting. These variables are classified in three different scales:
the micro scale, the meso scale and the macro scale. Section 2.3.1 goes through all the
variables of the micro scale in detail. These variables are of great importance for this
study, as they draw the relationship between the window properties and the room fagade
and area respectively. Section 2.3.2 reviews the variables of the meso scale (or the
building scale). The macro scale is briefly reviewed in Section 2.3.3, as the impact of

urban planning is not a main concern of this study.

Chapter Three will firstly define the building envelope. Subsequently, Section 3.3
reviews the physical and optical properties of different envelope materials that have
bearing on daylighting. As the window, or more specifically the glazing, 1s the interface
of the building with the natural environment and the main source of daylighting, advances
in the various technologies of glazing are reviewed in Section 3.4. The literature review in

Chapters Two and Three is to identify the variables necessary to assess the impact of

facade design on daylighting performance.






Chapter Four introduces the definition of environmental ergonomics, and its main
components. Section 4.3 reviews the physical characteristics of daylighting and the
anatomy of the visual system. This review is followed in Section 4.4 by an investigation
of visual comfort requirements, and the implications of daylighting on the physiological
and psychological aspects of office occupants in Section 4.5. Finally, the impact that
daylight has upon mood and productivity is discussed in the final section. This chapter

aims to highlights the human implications of a sustainable approach to daylighting in the

built environment.

Chapter Five describes the methodology used in the thesis. Section 5.1 reviews the
theories of research methods in general, and their link to the conducted study. Section 5.2
reviews the methods and approaches used in previous researches, studying the historical
development of architecture and daylighting design evolution in general and in Lebanon
in particular. Research methods used to assess daylighting performance in office
buildings are discussed in Section 5.3. Section 5.4 includes the literature review of
available daylighting simulation tools, and describes the selection criteria that helped to
select ADELINE software used to estimate the lighting performance and energy potential

savings of the case studies.

Chapter Six reviews the state of energy in Lebanon in general, and in Beirut and the
building sector in particular. It also discusses energy conservation awareness in the World
and the implemented or developed energy standards, predominantly in Lebanon. The
chapter is prefaced by some background information on the geographic and climatic

conditions in Beirut.

Chapter Seven reviews the emergence and development of office buildings in Beirut.
The alteration of facade typology and urban morphology of office buildings and their
impact on daylighting performance is emphasised. Section 7.2 reviews the first true signs
of urbanization that began to appear in Beirut during prehistory, and resulted in the
emergence of commercial and / or office use structures. The period of study and the
historical phases of architectural development are therefore identified in section 7.2.2.

Examples of office buildings from each identified phase are described and analysed in

Section 7.3, where their daylighting efficiency 1s discussed.

Chapter Eight aims to draw a more detailed and comparative view of office building

architecture in Beirut, and identify the fagade and plan design variables that have been



considered most significant for daylighting performance in the studied context. Firstly,
Section 8.2 examines the correlation of the considered design variables with daylighting
performance evaluation. The following section reviews the development of each

daylighting design variable and the daylighting performance evaluation of the design

parametric levels during the last century.

Chapter Nine aims to identify the considered variables, describing fagade configuration
and office plan layouts which have implications on the energy performance of the
building. This chapter is divided into three major sections. Section 9.2 discusses the
criteria for the selection of cases for simulation. The following section sets the boundaries
for the simulation. In Section 9.4, the simulation outputs are investigated and analysed in

accordance with daylighting design variables as discussed in Chapter 8. A summary of

the findings is given in the last section of the chapter.

Chapter Ten provides a summary of the thesis findings. Attempts are made in this
chapter to set recommendations and guidelines for the best use of daylighting in office
buildings in Beirut, and which could enhance the potential energy savings studied in the

‘Lebanese Energy Standards for Buildings’ project.






2. Daylighting Design Principles for Office Buildings
2.1 Introduction

Daylighting is important. It can permit a more flexible building facade design strategy,
and enhance more energy-efficient and greener building development (Li et al., 2002).
Many studies have indicated that there is great potential for the reduction of energy
demand in non-domestic buildings, by exploiting natural light more effectively (Knight,
1998 and Li et al, 2002). Numerous books, reports and magazine articles have been
written about daylighting designs. Some have presented the merits of daylighting, while
others have discussed various design strategies. However, it is often difficult to extract
from these publications the underlying principles used to create a good daylighting design
solution. In particular, there are not enough data about the optimum use of daylighting in
the eastern Mediterranean region. This chapter will not restate the merits of daylight, nor
provide an in-depth technical discussion of any particular issue. Instead it will focus on a
few basic principles and schemes used to assess daylighting in buildings. This is preceded
by definitions of ‘daylight” and ‘daylighting’ in general, and what daylighting can mean

to people in the built environment.

2.2 Defining Daylighting

As a noun, daylight or natural light describes all direct, diffuse and reflected light from
the sun in the daytime. This includes sunlight (direct from the solar disk), skylight
(whether clear sky, partly cloudy, cloudy or overcast sky), and sunlight and or / or
skylight reflected from other surfaces such as the ground, other buildings or bodies of
water (Ternoey, 1999 and Steffy, 2002). As a verb, daylight or daylighting is the choice,
act, art, science or practice of using daylight as the primary daytime illuminant in a room
or building. From the environmental perspective, the definition of daylighting also

includes the inherent ability to turn off electric lighting when not needed in the daytime
(Ternoey, 1999).

As noted from the reviewed literature, daylighting means different things to different
people and may be considered from different perspectives. View, health, illumination and

sustainability are criteria that are likely to drive the reasons for daylighting being

introduced into a building, and how it is handled as a design and engineering element.
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2.2.1 Daylighting and View

People like to be able to have a view out of buildings they use for any length of time, such
as their homes or work places. To have a view means that the building’s occupants are
visually connected with the outdoors, through windows or other architectural openings.
According to Rennie ef al. (1998), views in urbanised areas should be analysed in three
layers: the upper (distant) layer extended from the sky down to the skyline; the middle
layer. which includes the fields, hills or buildings; and the lower (close) layer which
overlooks the foreground (i.e. plants, paving, and people). Views which include all three
layers are the most satisfying. View offers psychological benefits to users. View also acts
as a distant focus for eye muscle relaxation, from time to time during the day (Ternoey,
1999 and Rennie er al, 1998). Referring to the British Standard (BSI, 1992): ‘all
occupants of a building should have the opportunity for the refreshment and relaxation
afforded by a change of scene and focus... Unless an activity requires the exclusion of
davlight. a view-out-of-doors should be provided irrespective of its quality’. The size of
the window needed to give an adequate view depends on how far one is from the window.
Critical minimum window sizes recommended by the British Standard daylight code

(BSI, 1992) for deep rooms with a window on only one wall are given in Figure 2.1 (BSI,
1992}:
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2.2.2  Daylighting and Healthy Environment

Davlight has significant health benefits. Capra (1982) suggests that human health is
integrally related to the environment: ... our experience of feeling healthy involves the
teeling of physical, psychological and spiritual integrity, of a sense of balance among the
various components of the organism and between the organism and its environment.’
Daylight is one of many important environmental factors. Daylight is involved in the
setting of the “biological clock™ and its associated circadian rhythms, and in the
production of vitamin D. Of particular significance to the architect, the lack of
daylighting in deep offices can negatively affects occupants of deep-plan artificially lit
buildings. Although adequate for visual tasks, artificial illumination is insufficient to
trigger the necessary physiological response. An extended study of the significance of

daylight for health will be found in Section 4.5 of Chapter Four.

2.2.3 Daylighting and Illumination

It seems almost unnecessary to explain that daylighting can be used to provide
illumination and to reduce electric lighting loads. Yet although many buildings admit
daylight to their interiors, surprisingly few actually use it for illumination. Guzowski
(2000) stated that a quick survey of the typical office buildings in any city will show how
infrequently electric lights are switched off, dimmed, or in any way correlated with the
available daylight. Hundreds of thousands of electric lamps burn needlessly as daylight
streams through the windows. Daylight can provide much of the light needed to perform
many of today’s living and working tasks. However, poor design is more often the reason
for not using daylighting for illumination. In some cases, its use may simply be a question

of the routine of turning on electric lights each day.

Thick buildings, excessively large or small windows, inadequate solar access and lack of
control can all contribute to inappropriate illuminance levels, glare, excessive heat gain or
heat loss and poor visual comfort. All the variables that assess daylighting performance

and their impact on building users are extensively studied in the following sections of this

chapter, and in Chapters Three and Four.

2.2.4 Daylighting and Sustainability

Sustainable development is ‘the ability of humanity to ensure that it meets the needs of

the present without compromising the ability of future generations to meet their own
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needs” (The World Commission on  Environment and Development, Brundtland
Commission 1987). Referring to Steffy (2002), the very essence of sustainability is to
attempt to achieve as much as possible with a little as possible, particularly with natural
and rencwable resources. Daylight offers just such a means. Success of daylighting as a
sustainable practice is very sensitive to the integration and interaction of the various
building designs, materials and systems (e.g. window dimensions, glazing systems,
lighting systems, control systems, monitors, etc.). Accordingly, despite the many human
and aesthetic benefits that derive from using daylighting for illumination, health and

view, 1it's most evident ecological benefit is to reduce peak energy demand and

subsequent environmental impacts.

In conclusion, the previous review showed that the benefits of daylighting a building are

far-reaching. These benefits are summarized in the diagram illustrated in Figure 2.2.
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2.3 Assessing Daylight in Buildings

According to Littlefair (1996), the building envelope can be thought of as a light fitting
designed to control the quantity and quality of light to achieve an effective daylighting

design. The building envelope should therefore achieve the following key aims:
" Increase daylight levels towards the rear of deep rooms,
* Improve the daylight within a space and therefore its appearance,
= Control direct sunlight so that it can be an effective working illuminant, and

* Reduce glare and discomfort for occupants.

To achieve the stated aims, a set of design variables may be examined. BRECSU (1997)
classified these design variables into three different levels underneath a simple and useful

model, the dome of the sky:

= The micro scale, which deals with architectural detail of the fenestration elements

(Figure 2.3a),

* The meso scale, where the interest is concentrated upon the significance of
openings within the external fabric of the building and the effect of building depth
on daylight penetration (Figure 2.3b),

* The macro scale, where considerations are at the level of town planning or the

urban block (Figure 2.3c¢).

This framework is adopted by this study, to review basic daylighting design principles.
The variables of each scale are revised in a separate section of this chapter. Section 2.3.1
goes through all the variables of the micro scale in detail. These variables are of great
importance in this study, and establish the indicators for the case study selection and
analysis in the following chapters. Section 2.3.2 reviews the elements of the meso scale.
The macro scale is reviewed but only briefly in Section 2.3.3, as the impact of urban
planning is not a main concern of this study. The set aim is to examine only the impact of

building envelope and window design on daylighting performance.
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a- The Micro Scale b- The Meso Scale ¢- The Macro Scale

Figure 2.3. Classification of different scales for studying daylighting in buildings (BRECSU, 1997).

2.3.1 The Micro Scale

In the micro scale, the actual design of the building’s daylit areas is based upon the
geometric relationships between the room or space being daylit and the size, shape,
location and orientation of the various daylight apertures that provide the room’s
davlighting illumination. In general, any space can be daylit using side-lighting (vertical
aperture). top-lighting (horizontal aperture) or even angled lighting (inclined aperture).
Side lighting 1s normally the main method of whatever provides natural lighting to multi-

storey buildings such as office blocks, which are the concern of this study.

Proportional relationships between daylighting concepts and the room or the space being

daylit were grouped by Robbins (1986) into three sections:

= Spatial proportions, which draw relationships between size and volume in the

room (or building),

= Aperture proportions, which illustrate the aperture characteristics as a daylight

fitting and its proportion from the external wall,

= Spatial / Aperture proportions, which interpret the relationships between aperture

and room dimensions.

The following section, ‘aperture proportions’, will describe the characteristics of sidelit
apertures. Section 2.3.1.2 reviews the spatial / aperture proportions required for optimum
daylighting performance in offices. Spatial proportions such as the width, length and
ceiling height of the room are considered. These proportions are basic to the architectural

theories of office space design. They are further reviewed as part of the building form and

volume in the meso scale (Section 2.3.2).
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2.3.1.1 Aperture Proportions

In this section, the different scenarios of aperture location, aperture shape, window height,
window orientation and window / wall proportions are reviewed. The aim of this review
is to set the variables of the aperture characteristics as part of the window wall, and their

impact on daylight propagation inside the indoor space.

2.3.1.1.1 Aperture location

Spaces can be daylit by sidelight windows unilaterally, bilaterally, multilaterally or by

complete glazing fagade(s).

In a room that is unilaterally daylit, where daylight is received through apertures placed in
a single side wall, the illumination level decreases until it reaches the opposite wall
(Figure 2.4a). Accordingly the effective depth (width) of a room in high latitude regions,
where there 1s a substantial number of overcast days, should be limited to a maximum of
two and one half times the height from the floor to the window head (Rule of Thumb).
This 1s not the case in Lebanon, where clear days are more prevalent and reliable.

According to Flynn (1992), this ratio can be increased to 3.5 in lower latitudes.

Bilateral daylighting occurs when daylight apertures are located on opposite walls of a
room. generating two primary lighting zones (Figure 2.4b). Large open plan offices and
rooms having views to the exterior and to an interior courtyard or atrium are possible

examples of bilateral rooms.

Multilateral daylighting occurs when daylight apertures are placed on more than one non-
opposing walls of a room, which generates three or more primary lighting zones (Figure

2.4c¢). Multilateral rooms are generally located on the corners of buildings.

With a complete glazing fagade, daylight apertures are placed along the whole external
facade(s) generating two primary lighting zones (Figure 2.4d).

Comparing the four room schemes illustrated in Figure 2.4, daylighting from complete
glazing produces a bigger zone of high illuminance than the other schemes. Unilateral
daylighting with a room depth of more than 2.5 — 3.5 the height of the aperture head is the

worst scenario for window location in relation to daylight propagation. Therefore, this

classification of aperture location is adopted in this study.
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Figure 2.4. Plans illustrating lighting zones (I: higher illuminance level , 2: less illuminance level
and 3: lower illuminance level) : a- unilateral; b- bilateral; c- multi-lateral; d- complete glazing

(Robbins, 1986).

2.3.1.1.2  Window shape

The next variable of the window as a daylighting component is its shape. The shape of a
window affects light distribution and the quality of the view (Figure 2.5 and Figure 2.6).
The variation of window Coefficient Shape CS (length / height) produces four window

shape categories:

* Horizontal windows: CS < 0.5. Illumination levels are parallel to the window wall,

with little difference in light distribution and with little glare.
* Intermediate windows: 0.5 < (CS<2.0.

»  Vertical windows: 2.0 <CS. Illumination is perpendicular to the window wall,

producing various luminous distributions. It offers better illumination in the zones

farthest from the window.

* Totally glazed wall.

Figure 2.5. A vertical window (b) has a better effect on daylight penetration than

a horizontal window (a) of the same area (O = daylight factor (%) on the desk;

Rennie et al., 1998)
17



Figure 2.6. Effect of window shape on illumination level (Robbins,

1986): a-vertical, b-c- intermediate, and d- horizontal.

2.53.1.1.3  Window sill height

The height of the window from the finished floor will dictate the depth of penetration.
Broadly speaking. the higher up the window is placed the greater the daylight factor will
be. This is because the light from a higher window comes from a higher and therefore
brighter part of the sky. and it reaches the working plane at a steeper angle. Window

position may be classified as follows:

* Low window (SH < 75c¢cm): when Sill Height SH is lower than the working plane,

and reaches down to the floor (Figure 2.7d and Figure 2.8a).

* [Intermediate window (75¢cm < SH < 160cm): where the sill height is just above the

working plane and below eye level. (Figure 2.7b, Figure 2.7¢ and Figure 2.8b).

= High window (SH > 160): where sill height is above eye level (Figure 2.7a and
Figure 2.8c).

»  Window wall.

ey

- ]
|

T b ¢ d
Figure 2.7. Effect of window sill height on illumination level

(Robbins, 1986): a- high, b-c- intermediate, and d- low.
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2.9

Figure 2.8. Effect of the height of the window head on the daylighting factor (O = daylight factor (%)
on the desk below; Rennie ef al., 1998).

2.3.1.1.4 Window orientation

With regards to the orientation of a window, reference must be made to geographical
orientation since the sun’s path can have great influence on natural illumination (Figure
2.9). When analysing daylight at a given location, there are three basic components to
consider: direct sunlight, which impinges intermittently on the east, south or west
exposures of the building in the northern hemisphere; skylight, which i1mpinges
simultaneously and somewhat more consistently on all exposures of a building; and
reflected light from the ground and nearby man-made structures. Each of these
components varies widely with the time of day, time of year, geographic location and

prevalent atmospheric conditions.

The south face generally affords the greatest quantities of light. This is particularly true
during winter months where sunlight is lower in the northern hemisphere (Figure 2.9).
The south-facing window produces high luminosity, variable illumination and high
energy gain.

—  Summer Solstice

——— Spring and Fall Equinox
— YWinter Solstice

Toward the
= ; HNorth Celestial
8= Local Latitude Pok B -
" -
South . A A — & — — M — = — = = — — — — HNorth

East

Figure 2.9. The sun’s path in the northern hemisphere (Larson, 2004).
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Because of the low angle of the sun during morning and afternoon hours, exposure to the
cast and west present the most difficult problem related to direct sunlight penetration and
¢lare control. From this point of view, east and west facing windows are considered as
being equivalent since the general effect produced is the same, although occurring at
different times of the day. The low solar angle in the east and west is hard to control
without covering the window completely; thus east and west facing windows will have a
low luminous level, and the illumination will vary greatly during the day. High-energy

gain will be caused in the summer, but will be lower in the winter.

In the north, skyvlight and reflected light from the ground are the dominant sources of
light. Therefore. the north-orientated window produces low Iluminosity, constant

llumination and poor energy gain.

Given these characteristics, it is possible to classify window orientation as follows:
* FEast and west facing windows
* North facing windows

= South facing windows

2.3.1.1.5 Exterior wall area to window area relationship

In this section, variables that relate window dimensions to exterior wall area are
reviewed. These variables also consider some properties of glazing such as visible light
transmittance and shading coefficient, which will be extensively studied in Chapter

Three.

2.3.1.1.5.1 Window to wall ratio
The Window to Wall Ratio (WWR) is the product of net glazing area divided by the

gross exterior wall area.

The net glazing area obstructed by glazing bars depends on the framing material and its
design. Thus it can be calculated by multiplying the area of aperture by the correction
factor for the frame, which depends on the window framing design and its percentage in

the aperture area. Table 2.1 illustrates some values for the correction factor for frames.
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Within the morphological box developed by Baker el al. (1993)and explained later in

Chapter 5. WWR has been categorized as follows:
* 0.00<WWR<0.13
= 0.15<WWR <0.30
= 0.30<WWR<1.00

In the study by Baker er al. (1993), there is no clear explanation or justification of this
categorization. For this research, the adopted WWR classification will be according to the

figures calculated in the studied context.

Type of window Typical correction factor
Metal patent glazing 0.9
Metal Frame: large pane 0.8
Wooden Frame: large pane 0.7

- Wooden Frame: small pane 0.6

Table 2.1. Correction factor for frames (BRE, 1986).

2.3.1.1.5.2 Daylighting aperture ratio

The choice of glazing affects the daylight, solar heat gains and heat loss through a
window. These are measured by the Visible Transmittance VT, the total solar
transmittance or Shading Coefficient, and the thermal transmittance or U-Value. The
‘Effective Aperture’ size EA (Ander, 2003) or Daylighting Aperture DAR (Lam ez al,
1999) is an additional ratio that affects daylight penetration and performance in the micro
scale. It is the product of the window to wall ratio WWR multiplied by the visible
transmittance of the glazing system used; DAR = WWR x VT. In other words, it is the
product of the exact glazing area divided by the gross exterior wall area. If however the
glazing has a VT of 0.50 the opening will transmit only half of the light striking, and the
‘effective aperture’ will be half the actual size of the opening. Table 2.3 gives the values

for visible transmittance of some common types of glazing.

When the daylighting aperture is around 0.18, daylight saturation may be achieved
(Ander, 1995). Additional glazing area will increase the cooling load more than the

lighting load. This circumstance led to the following room classification for ‘Effective

Aperture’ DAR (Ander, 1995):
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* 0.00 <DAR<0.16 poor lighting
* 0.16<DAR<0.20 adequate lighting
* 0.20<DAR<1.00 high illumination with high cooling load

In Ander’s study (1995), the context relevance of the revealed DAR classification and
consequent daylighting and thermal performance is not clarified. Thus the classification
of DAR adopted in this research, like WWR, will be made according to the calculated

figures 1n the studied context.

2.5.1.1.5.3 Solar aperture

In the previous sections daylight aperture was defined as a window design factor to
control the availability of indoor daylight, which in turn aims to control the electric
lighting energy and cooling requirements arising from heat gain from the artificial
lighting. On the other hand the building envelope, primarily the glazing, is a main source
of solar heat gain, and is thus a major variable in determining the peak demands and
cnergy consumption of a building. The shading coefficient of the glazing (SC) dominates
solar gains. Lam ez al. (1999) defined Solar Aperture SA (SA = WWR x SC) as a factor
that indicates the proportion of incident solar energy that enters the indoor space as heat

gain (Lam et al., 1999).

This variable is therefore an indicator of solar gains. Accordingly, solar aperture is not
considered in the daylight performance evaluation tool proposed later, which aims to

quantify daylight availability in internal spaces.

In Lebanon the building regulations do not recommend a specific exterior wall area to
window area relationship such as window to wall ratio, daylighting aperture or effective
aperture. The recommended window area 1s calculated with respect to the room area only.
Each room should have a minimum window area equal to 1/10 of the room area (i.e.
Fenestration Factor > 0.10; this variable is discussed in the following section) and open
onto an ‘extended vision field” equal to 450cm x 550cm (Figure 2.10). This regulation
does not consider the frame ratio nor the visible transmittance of the glazing material to
be used. Indeed, there are no codes that control the glazing materials to be used. On the
contrary they only establish minimum limits for opening areas, ignoring the negative

impacts of excessive daylight such as glare and heat gain.
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Aperture area A > Room area S/10
Room depth L <5H
| Extended vision field length a>450cm

¢T}j,m////Extended vision field width b >200cm
S Sy g

|
i
|
Lo /

Figure 2.10. Lebanese building regulation setting the relation between window area room area, room

depth and recommended *extended field of vision’.

2.3.1.2 Spatial / Aperture Proportions

In this section. the relation between the spatial and aperture proportions is considered. For
an optimum daylighting design in terms of light intensity and distribution, the size, height
and width of the window have to rule the room or office space dimensions, and vice

versa.

2.3.1.2.1 The limiting depth rule

In Section 2.3.1.1.1 it was mentioned that in a space that is daylit unilaterally, daylight
penetration to the opposing wall is the lowest. This depends on the depth of the room. To
obtain a room that is successfully daylit unilaterally, the British Standard Daylight Code
(1992) suggests that the depth (L) of the room should comply with the limiting depth rule

or criterion of uniformity, which is
(L w)+ (L/h) < 2/(1-Ry), where:
L = depth of the room from window to back wall.
w = width of the room measured across the window wall.

h = height of window head above floor.

R, = area-weighted average reflectance in the back half of the room (about 0.5, for
a typical office).
Figure 2.10 shows how in the Lebanese building regulations, the room depth should not
exceed five times the height of the room. This limiting depth rule depends only on the

room height, and does not consider the window height or the width of the room. In this

research, the limiting depth rule equation is used in the daylighting performance
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evaluation tool, described later in Chapter 5, in order to investigate its applicability in the

studied context.

2.3.1.2.2  Room area to_window area relationships

In this section, variables that relate window area to daylit space area are reviewed. These

variables also consider some glazing properties, such as visible light transmittance and

correction factor for frames.

S

2.3.1.2.2.1 The fenestration factor

As previously mentioned, the size of the window plays an important role on the quantity
and quality of daylight penetration into building spaces. When a room is daylit through
more than one window, a relation between the sum of surfaces of all the windows and the
area of the room should be considered. ‘Fenestration Factor’ is the ratio of the total

window surface to the area of the room illuminated by the window.
Baker et al. (1993) define ‘Fenestration Factor’ FF = Ag/ Ag, where:
A = total net glazing area
Ar = total area of the room

According to Baker et al. (1993), the relationship between the ‘Fenestration Factor’ and
the mean daylight illumination in a room is approximately linear. The following

classification can be made (Baker et al., 1993):

» (0.00<FF<0.01 illumination is very low
= 0.01 <FF<0.04 illumination is low

= (0.04<FF<0.10 illumination is medium
= (0.10<FF<0.25 illumination is high

* 0.25<FF<1.00 illumination is very high

As a general rule, high or very high fenestration can cause problems of thermal control
and glare. Providing low or very low fenestration can produce excessively low

illumination levels, especially where predominately overcast skies.

The above classification of fenestration factor and the implications for illumination levels

are subject to question, because the considered ratios seem to be unreasonable (e.g. a
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20m” room with lmxIm = 1m” window has FF = 0.05; the opening is too small to
consider illumination to be medium). In addition, the fenestration factors calculated for
the considered case studies from Beirut are higher than 0.1. This does not mean that

illumination is high in all cases. Accordingly, fenestration factor classification will be

further linked to office building practice in the studied context.

........ The glazing ratio

According to Fontoynont er al. (1997), when designing the dimensions of a window with
respect to the space to be daylit, the most useful parameter is the ‘exact glazing area’, and
this needs to be adjusted for the transmittance of the glazing. Some tinted or diffusing
glazing used today may have a transmittance of less than 50%. The glazing area needs
correction to take this into account, to give more accurate figures for daylight availability

in the lit space.

Therefore the ratio of the ‘exact glazing area’ to the floor area, called Glazing Ratio (GR),
is of great interest. Typically in the range from 0.05 to 0.3, GR quickly gives some idea of
the general brightness of the space over the year, and also the sensitivity of the space to

outdoor climatic conditions (Fontoynont ef al., 1997).

Accordingly, glazing ratio will be considered in the daylighting performance evaluation
tool described in Chapter 5. The classification of glazing ratios is made according to the

calculated values in the studied context.

2.3.1.2.2.3 Uniformity ratio

The uniformity ratio represents also another variable in the micro scale. It draws the
relationship between daylighting factor and room depth. The uniformity ratio UR is the
ratio of the level of daylight at the back of the room to that at the front of the room.

UR = DFg/ DFf, where:
DFp = Daylight Factor at the back of the room

DF = Daylight Factor at the front of the room

In the BRE Digest (1986), Average Daylight Factor ADF was taken as the arithmetical
average of all the sky components (direct light components, external reflection

components and internal reflection components, Figure 2.11) for side-lit interiors as

follows:
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ADF = (W/A) (T6 / (1-R?)), where:
ADF = average daylight factor
W = net window area
A = area of all surfaces of the room, including the window

T = visible transmittance of the glass (with a subtraction to correct for dirt using
the “Dirt correction factor’, which depends on the tilt of the glazing, the
frequency of cleaning and the atmosphere (Table 2.2 and Table 2.3).

© = visible sky angle, in degrees (defined in Figure 2.12)

R =average reflectance of room surfaces (Table 2.4).

Figure 2.11. The main components of skylight

Figure 2.12. Visible sky angle 0

(Littlefair, 1996). (Littlefair, 1996).
Angle of Glazing Clean Atmosphere Urban Atmosphere Industrial Atmosphere
Vertical 0.9 0.8 0.7
Sloping 0.8 0.7 0.6
Horizontal 0.7 0.6 0.5

Table 2.2. Typical dirt correction factor adopted in daylighting calculations (Tregenza, 1998).
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Type of Glazing ¥isible . Solar Transmittance U-Value
ransmittance | « yith internal shading | (W/m’ °C)

No glazing and no shading 1.00 1.00 -

Single 0.87 0.47* 5.6

Double Clear 0.75 0.45* 2.8

Double Low E Standard float glass 0.65 0.40%* 1.8

Double Tinted 0.30 0.30* 2.8

Double with int. light shelf 0.55

Double with internal and external light shelf | 0.40

Double with prismatic film 0.55

Double with solar control mirrored louvres 0.3

Double with coated prismatic glazing 0.3

Table 2.3. Approximate visible transmittance, solar transmittance and U-value for various glazing

types (when they are clean) (Rennie, 1998).

Another formula, proposed to calculate the daylight factor DF at a reference point lit by

davlight from the side was suggested by Hopkinson et al. (1966). This formula is as

follows:

DF = ((10(W)(H)*) / (D)(D*+H?))) + (4(G)(R)) / (F- (1-R))), where:

DF = daylight factor, %

W = width of window, m

H = height of window above the workplane, m

D = distance from window wall to reference point, m

G = glass area, m?

R = wall reflectance, %

Deep narrow rooms seemed too dark at the back, even if the daylight factor is adequate.

This is because the uniformity ratio is too small. Following the study by Rennie et al.

(1998), these were proposed (Figure 2.13):

= If the uniformity ratio = 2% / 10% = 0.2, the room will have good uniformity of

1llumination.
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* If the uniformity ratio = 1% /10% = 0.1, the room will have moderate illumination.
= Ifthe uniformity ratio = 0.5/ 10% = 0.05, the room will be too dark at the back.

Daylight Factor or Average Daylight Factor is mostly used in regions where overcast
skies prevail most of the year. This is not the case in Lebanon. The average daylight

factor has meaning only if an appropriate sky model is used.

Uniformity

10% ]
ratio

4

2% % =02 good

10%
¥. 1% 0.1  borderline
10%
' \ 0.5% 0.05 too dark at the back

Figure 2.13. The uniformity ratio classification (Rennie et
al., 1998).

2.3.1.3 Reflectance of Room Surfaces

The reflectance values of room surfaces will have great impact upon the performance of a
daylit space. Reflectance is a property of the surface material, and is independent of the
amount of light that reaches the surface. By definition, the reflectance R is the fraction of
incident light that is reflected back by a surface and which varies from zero to one.
Consequently, the reflected beam depends on the surface material. A specular reflector
reflects a ray in the same plane as the incident ray. A diffuse reflector is a matt surface
that scatters light evenly in all directions (Figure 2.14). No real surface is either entirely
specular or diffusing. For lighting calculations in buildings it is usually enough to assume
that diffuse reflection is dominant, and that a single value for a particular material
describes its total reflectance. The reflectance R of coloured surfaces is given
approximately by a simple function of the Munsell value (Tregenza, 1998): R = ((value
(value-1) /100). Table 2.4 presents the typical reflectance of some room surfaces. For the
lighting simulations of case studies presented in Chapter 9, the reflectance of walls,

ceilings and floors are obtained from the ADELINE building material library.
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Lam (19806) states that in the majority of buildings, the ceilings and upper walls are likely
to be the only areas that can be depended upon to be good light-reflecting surfaces.
Therefore. the use of high reflectance ceiling materials maximises the intensity and
effectivencss of reflected daylight. The next most important surface is the back wall,

tollowed by the sidewalls and finally, the floor (Figure 2.15).

Material Reflectance Material Reflectance
Ground: Carpet (cream) 0.4
Snow 0.8 Wood (light veneers) 0.4
Sand 0.3 Wood (medium colours) 0.2
Paving 0.2 Wood (dark) 0.1
Earth (dry) 0.2 Quarry tiles 0.1
Earth (moist) 0.1 Window glass 0.1
Green vegetation 0.1 Carpet (deep colours) 0.1

Paint colours, with
Other external materials:

Munsell ref:
White glazed tile 0.7 White N9.5 0.85
Portland stone 0.6 Pale cream 5Y9/2 0.81
Medium limestone 0.4 Light grey N8.5 0.68
Concrete 0.4 Strong yellow 6.25Y8.5/13 0.64
Brickwork (buff) 0.3 Mid-grey N7 0.45
Brickwork (red) 0.2 Strong green 5G5/10 0.22
Granite 2 Strong red 7.5R4.5/16 0.18
Window glass 0.1 Strong blue 10B4/10 0.15
Tree foliage 0.1 Dark grey 5Y4/0.5 0.14

Dark brown 10Y3/6 0.10
Materials used internally: Deep red purple 7.5RP3/6 0.10
White paper 0.8 Black N1.5 0.05
Stainless steel 0.4
Cement screed 0.4

Table 2.4. Reflectance of some common diffusing materials (Tregenza, 1998).
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Figure 2.14. Light reflection: (1) specular (polished, glossy
surface), (2) semi-specular (etched, honed, brushed surface) and

(3) diffuse reflection (matte, textured surface).
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Figure 2.15. The impact of room surfaces reflectance on task

illumination (Evan, 1983).
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2.3.1.4 Shading Strategies

Shading or sunlight control strategies are mechanisms or devices capable of altering the

eftects of a window. These devices may be:
" Fixed: not operable by the user. Generally do not require significant maintenance

* Moveable: adaptable to different conditions. May be directly controlled by the

user or operated automatically.

Shading devices may also be internal or external devices, or sunlight control integrated
within glazing panels. Glazing that uses such technology is reviewed in Chapter 3.
Exterior systems are typically more effective than interior systems for blocking solar heat
gain. Exterior devices are attached to either the building skin or an extension of the skin

itself to keep out unwanted solar heat.

2.3.14.1 Control elements

Referring to Baker er al. (1993), sunlight control devices may be categorized into 5
different groups as follows: separator surfaces, flexible screens, rigid screens, solar filters
and solar obstructers. All the elements included in these five groups and their

characteristics are described in the following sections

2.3.1.4.1.1 Separator surfaces

Separator surfaces are elements of a transparent or translucent material which separate
two light environments, permitting light to pass through while not admitting air, and
sometimes obstructing the view. Such division surfaces can be conventional or simple,

optical, prismatic and active (Figure 2.16).

Simple divisions made of wooden or metal frame supporting transparent surfaces (e.g.

clear glass, laminated glass, polycarbonate, acrylic or polyester, etc.) allow view and light

to pass through (Figure 2.16a).

Optical divisions modify the characteristics of the radiation passing through it (Figure
2.16b). They diffuse and redirect natural light or control its intensity, depending on the
specific treatment of the division. Some of these treated surfaces may not be variable, in
which case they have the disadvantage that light intensity is controlled in the same way
throughout the year. In some cases views to the exterior are limited or distorted. Optical

divisions are made of a wooden or metallic frame supporting treated surfaces such as
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permanently coloured glass, mirrored glass, translucent or embossed glass, and glass with

thermochromic or holographic films.

a- conventional division b- optical division ¢- prismatic division d- active division |

J L \

Figure 2.16. Types of separator surfaces used to control sunlight.

Prismatic division redirects light because of the prismatic panel that changes the beam
direction depends on the angle of incidence (Figure 2.16¢). Its poor visual transparency
restricts 1ts use. The material used is rigid enough to be fixed without framing. It may be
made of glass. polyvcarbonate, acrylic or polyester in various shapes. The survey in the
studied context shows that this control strategy has not yet been used in the office

buildings of Beirut.

Active division is an active control element that changes the optical absorption properties
by applying an external electric field (Figure 2.16d). Daylight intensity is controlled by
active division, according to the interior conditions required. This is a complex multi-
layer structure, made of high technology materials that make the cost very high and this

discourages its use, especially in Lebanon where import costs make it even more

expensive.

2.3.1.4.1.2 Flexible screens
These elements partially or totally obstruct direct sunlight and diffuse sunlight, allowing
natural ventilation. They can be opened or closed to control views. Awnings and curtains

are flexible screens applied on the external and internal sides of the window, respectively

(Figure 2.17).

An Awning is a control element made of opaque or diffusing flexible material placed on
the exterior of an aperture to obstruct or diffuse direct solar radiation (Figure 2.17a). It
provides a decreased and less contrasting light level in the zone close to the awning, and
full or partial shade for the window as required. It may be drawn down flush with the

window-wall surface, or protruding to the exterior. It may also roll up or be drawn
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sideways. Awnings are usually made of canvas or flexible plastic materials. They are

used most in residential buildings in Beirut, seldom in office buildings.

Curtains have the same properties as awnings, but are placed on the interior of the
aperture (Figure 2.17b). They are made of cloth or flexible plastic materials, providing
full or partial shade for the window. Curtains have been used in some offices in Beirut but

plastic louvers. described later. are more popular.

/,\" l

a- awning " b- flexible screens
e —_ e

Figure 2.17. Type of flexible screens used to control sunlight.

2.3.1.4.1.3 Rigid screens

Rigid and opaque elements redirect and / or obstruct direct solar radiation falling upon a
glazing opening, and are normally fixed structures which cannot be regulated (Figure
2.18). Overhang, lightshelf, sill, fin and baffle are the most common shading devices or

rigid screens in general use, and in particular in the office buildings of Beirut.

An overhang is part of the building itself, protruding horizontally from the facade above
the opening (Figure 2.18a). It protects the zones close to the openings of the building.
Horizontal overhangs are effective in the south facade and somewhat useful on the east
and west facades, but have no function on the north. When used in the east or west
orientation, an overhang does not provide shading in early morning and late afternoon

because of the sun’s path. Overhangs can be constructed from a variety of materials such

as concrete, metal, wood, etc.

A lightshelf is usually placed horizontally above eye level in a vertical opening, dividing
it into an upper and a lower section (Figure 2.18b). Solar radiation falling on the upper
surface of the lightshelf is redirected to the interior ceiling. It thus provides shade in
summer and makes the interior light distribution uniform. Lightshelves are made of

different materials, the upper surface having a reflective finish such as mirror glass,

aluminium or some other highly polished material.
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a- overhang b- lightshelve c-sill [ d- fin e- brafﬂe

Figure 2.18. Types of rigid screens used to control sunlight.

A sill is defined as an element placed horizontally at the bottom of a window opening. It
can reflect and redirect daylight that strikes it, in order to increase the light level in the
interior space (Figure 2.18c). Like lightshelves, the upper surface of a sill may be of any
high reflection material such as mirror, aluminium, other highly polished surface or even

glossy paint.

Fins are external control elements placed vertically on the sides of the opening (Figure
2.18d). Daylight falling laterally on the fin is reflected and redirected to the inside.
Depending on its location, direct solar radiation may be avoided and possible interior
discomfort reduced. It provides a lower and possibly more homogeneous internal daylight
flow pattern, by reducing light at the opening. It is particularly appropriate for shading
oblique low angle sun falling at the sides facing east and west. Fins can be made from a

variety of materials such as concrete, metal, wood etc.

A baffle is a fixed, single opaque or translucent element which protects the aperture from
direct solar radiation at certain angles, and may reflect daylight to the interior (Figure
2.18e). It may provide a lower and possibly more homogeneous internal daylight flow
pattern, avoiding the entry of direct solar radiation in the zone close to the opening or

increasing lighting in the interior zones.

2.3.1.4.1.4 Solar filters
Solar filters cover the entire surface of an opening, protecting the interior spaces against
direct solar radiation whilst allowing ventilation (Figure 2.19). They can be fixed or

adjustable. Jalousie, louvers and brise-soleil are common types of solar filters.

A jalousie is an exterior or interior element composed of slatted screens placed over the
whole window (Figure 2.19a). It permits the control of direct solar radiation, and
regulates the entry of daylight. The slats may be fixed or movable. When movable they

may be adjusted according to the sun’s angle and shading requirements. This device can
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be moved along the opening. drawn to the side, or rolled up to the top. The slats are
usually made of wood. plastic. aluminium, stainless steel etc. Fixed jalousies were used in
the multi-use buildings during the early decades of the 20™ century in Beirut, and
adjustable jalousies that could be rolled up to the top were common in 1950s and 1960s

otfice buildings. Nowadays they are rarely used in office buildings in Beirut.

Louvers are a series of exterior or interior slats (also called Venetian blinds) which may
be fixed or adjustable. They usually cover the whole opening (Figure 2.19b). Depending
on the orientation of the slates. direct solar radiation which falls upon the louvers may be
obstructed and / or reflected, or redirected to the interior zone. Horizontal louvers are
usually located on southern fagades. and vertical louvers on eastern and western fagades.
Slats can be made of painted or galvanized steel, anodised aluminium, PVC, wood, fabric,
etc. PVC and fabric internal louvers are the mostly common shading device used in

contemporary office buildings.

A brise-soleil or egg-crate is defined as an exterior, fixed structure covering the opening
or a larger area (Figure 2.19¢). The open structure permits the passage of daylight and air.
Depending on the geometric design, the structure will obstruct direct solar radiation at
certain sun angles. A brise-soleil may be made of wood, metal, concrete and other
construction materials. This shading was mostly used in 1950s and 1960s office buildings

in Beirut.

a- jalousic b- louvre | ¢c- brise-soleil

— 1L - -

Figure 2.19. Types of solar filters.

2.3.1.4.1.5 Solar obstructers

Elements composed of opaque, adjustable surfaces which cover the whole of an opening

are called solar obstructers.

Shutters are the most common type of solar obstructers. They may be fixed on the interior
or exterior of the opening (Figure 2.20). They provide a continuous opaque surface that

can be made of wood, aluminium, PVC etc. Shutters can be folded or drawn towards the
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side of the openings. When closed, the interior is visually and in part thermally isolated

from the exterior. Shutters are not common in the office buildings of Beirut.

a- shutter

Figure 2.20. Types of solar obstructers

2.3.1.4.2 Mleasuring external shading devices

External shading devices in fagades of office buildings in Beirut include overhang and
side-fin projections around windows. In the reviewed literature, the characteristics of a
shading device are described mostly by their projection ratio or projection factor.
Overhang ratio and relative solar heat are two other factors that describe the performance
of external shading devices, in accordance to their orientation and the solar heat gain
coefficient of the window respectively. These three factors are adopted in this study. The

following section will define these factors.

2.3.1.4.2.1 Projection ratio

The characteristics of a shading device are described by the overhang projection ratio
(OPR), or the side-fin projection factor (SPR), depending on the type of shading device
concerned (Wan et al., 2004). The projection factor depends upon the ratio of the
overhang length or fin depth, and its height from the windowsill or distance from the

opposite-side jamb, respectively. The projection ratios of overhang and side fin are

defined in Figure 2.21.

2.3.1.4.2.2 Overhang ratio

In the ‘The non-residential manual for compliance with the 2001 energy efficiency
standards’ produced by the California Energy Commission (2001), overhang factor i1s
required to describe the shading devices used in non-residential buildings. This factor 18

more precise than the projection ratio described in the previous section, as it takes into
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consideration the orientation of the considered opening and associated shading devices.

Overhang ratio (OVR) is defined by the following formula:

OVR = | + a*PR + b*PR"

Where PR = projection ratio
a=-0.41 for north fagade, -1.22 for south fagade and -0.92 for east/west facade
b = 0.2 for north fagade, 0.66 for south facade and 0.35 for east/west fagade

a and b are orientation correction factors which can be also adopted in the studied context,

as the geographical centres of California and Beirut are approximately on the same

latitude (36° 37.9'N and 33° 49'N, respectively).

- - Overhang
Horizontal
Length (wyy)

Overhang
Vertical S —
Height (hsq) Fin | o -
Horizontal |
Depth (Wsa) ¢

|
T T T
Horizontal ‘

Distance
between Fins (wsq)

Overhang Projection Ratio Fin Projection Ratio
OPR = wy/ hyy FPR = w/ hyg

Figure 2.21. Definition of projection ratio of overhangs and fins.

2.3.1.4.2.3 Relative solar heat gain

Relative solar heat gain (RSHG) is another factor considered in the non-residential energy
standards of California (California Energy Commission, 2001) to describe the
performance of fenestration. This factor is essentially the same as the solar heat gain
coefficient (SHGCyin) of the opening, except for the external shading correction. It is

calculated by multiplying the SHGC of the fenestration by the overhang ratio (OVR):
RSHG = OVR * SHGCin,
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2.3.2 The Meso Scale

Besides the variables of the micro scale studied in the previous section, the extent of this
reduction depends upon a number of variables in the meso scale. Building form, building
size, building orientation and the size and location of light openings in the building
envelope are the essential variables of a daylit building. Hence it is reasonable to

anticipate that the design to make use of daylight in a building will affect some of the

building’s overall spatial relationships.

2.3.2.1 Building Form

In the early design stages, the building shape has primary impact on daylighting
performance. As a general rule, daylighting is a function of the exposure of interior
spaces to the sky dome. Therefore, in a multi-storey building the exposure to the sky
dome becomes a function of the narrowness of the plan. The integration of air-
conditioning systems solved the problem of ventilation in deep plan office buildings, and
led to an increased use of artificial lighting due to the increased average distances to the
exterior walls. To utilise daylighting effectively in multi-storey buildings, “finger” plans
may be used as a solution where conditions make a straight, narrow plan undesirable.
Consequently the envelope area increases, and with a well studied space between
“fingers” or wings there is better daylight penetration (Figure 2.22). The courtyard plan is
the most compact variation of the finger plan, and creates the most self-obstruction of the
skydome. The advantage of the geometry of the courtyard is that while the opposite wall
obstructs the skydome, it also obstructs low-angle direct sunlight; reducing the problem
of glare and the need for the addition of overhangs. Moore (1991) indicated that the
lighting performance of an atrium is very similar to that of a courtyard of similar
dimensions, because the same skydome obstructions are present. However, they do have
major thermal differences. In temperate climates, the atrium remains habitable in the

winter at the expense of the considerable heat gain that occurs in summer time.

deep plan courtyard nphn
Figure 2.22. Articulated building forms showing increased daylighting perimeters and
hence daylighted zones.
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Figure 2.23 illustrates the primary energy consumption of the four different forms
mentioned previously, which have the same floor area and assuming 40% of their external
walls are glazed. In their case studies analysis, Rennie er al. (1998) investigated the
relationship between building depth and energy consumption. The authors’ key
conclusion was to avoid deep-plan buildings, as air conditioning and electric lighting may
double energy consumption. Narrow buildings use less energy, as potential savings in
electric lighting and ventilation are higher. Courtyard buildings perform rather less well
than narrow buildings, because they have less daylight. Atrium buildings perform

similarly to courtyard buildings, but daylight is poorer due to losses at the roof.

.// a P energy |
- , consumphon consumptnon consumptlon consumption
: - I

a- narrow building b- courtyard building c- atnum building d- deep building

Figure 2.23. Building forms and energy consumption (Rennie ef al., 1998).

The literature reviewed earlier showed that building shape could be an indicator of the
energy consumption in it. The two morphological features that affect energy consumption
are the building’s compactness and its porosity ratio, which indicates the existence of any
form of void such as a courtyard or atrium. Compactness 1s a scale-invariant measure of a
perfectly symmetrical object of the same area (i.e. a circle, for which compactness equals
1; Barr er al, 2001). As an object’s shape deviates from perfect symmetry, its
compactness ratio increases (i.e. it becomes less compact; Figure 2.24). Barr ef al. (2001)

defined compactness ratio (CR) by the following equation:
PR=P*/4n* A
Where P = perimeter of the building layout
A = building floor area

The porosity ratio (PoR) is the void-volume to building-volume ratio (Barthakur e al.,

1999).
PoR=Vv/V
Where Vv = volume of void (courtyard, atrium)

V = total building inner volume
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Figure 2.24. Compactness ratio as an indicator of building forms having same area

2.3.2.2 Building Size

In the meso scale, Robbins (1986) described two basic spatial relationships that can be
used to assess the impact of building size upon daylight availability in internal spaces.
Shape coefficient and envelope to floor area ratio draw the relationship between the three

dimensions of the building’s volume, total envelope area and total floor area.

2.3.2.2.1 Shape coefficient (C¢)

Cf =V/ Se
Where, V = total building inner volume, excluding the ground and lowest floors
. = total envelope area, excluding the ground and lowest floors

Shape coefficient is smaller for daylit buildings than for non-daylit buildings.

2.3.2.22 Envelope area to floor area ratio (i)

0= Se / AT
Where S, = total envelope area (not including the ground and lowest floors)
At = total building floors area

Envelope to floor area ratio is typically larger in daylit buildings.

Shape coefficient and envelope to floor area ratio will be considered to assess building
size in the case studies. In the daylighting performance evaluation tool described in

Chapter 5, these two variables are classified according to the calculated values in the

studied context.

40



2.3.2.3 Wall to Aperture Ratio, WAR

The following variable of daylighting design, to be considered in the meso scale, is the

Wall to Aperture Ratio WAR of a building fagade. Wall to aperture of a fagade is defined
as follows (Baker et al., 1993): WAR =8,/ S;

Where S. = total apertures' surface area
St = total fagade surface area

The analysis by Rennie er al. (1998) showed that increasing glazing areas from zero to
around 20% saves an enormous amount of primary energy in office buildings in the south
of the UK, as daylight replaces electric lighting. However, increasing glazing area beyond
30% saves little extra energy, as heat losses from the glazing increase (Figure 2.25). The
optimum glazing area for saving energy is around 30 to 50% (varying with orientation
and type of glazing), but overheating is a risk with areas greater than 50% other than in

north-facing rooms.
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energy (MWh/m®)

heating and lighting
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Figure 2.25. Effect of wall to aperture ratio on primary energy consumption (the graph is for a south-

facing double-glazed office in the south of the U.K., with single glazing) (Rennie ef al., 1998).

According to the previous study by Rennie ef al. (1998) and to Baker et al. (1993), when
considering calculated values in the studied context window to wall aperture ratios may

be categorised as follows:
* From 0.00 to 0.25
* From 0.25 to 0.40
* From 0.40 to 0.55

* From 0.55t0 1.00
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2.3.3 The Macro Scale

When a new building is erected on a site, it should allow adequate skylight and sunlight
to reach existing or possible future adjacent buildings. Furthermore, it should be ensured
that the new building itself has adequate skylight and sunlight. For this reason, the
building should be considered both in relation to the site in terms of the impact of the
building and its relationship with other buildings. Aspects such as aesthetics, over-
shading, self-shading. climatic variations, vegetation, man-made and natural obstructions
should be examined to avoid negative effects on existing and new buildings. In other
words the site should be considered holistically, and not the building in isolation.
Accordingly, a number of matters should be taken into consideration at the macro level.
Nevertheless. this study aims to compare office building designs in Beirut irrespective of
their location, in order to examine the impact of their fagade configuration and plan
morphology on daylighting performance. Therefore, an overview of the macro scale

variables 1s given in the following sections.

2.3.3.1 Urban Space Layout

Spacing and grouping of building and landscape features in a layout will affect the
availability of sunshine, as well as wind conditions on site. They can also have important
implications for thermal comfort and energy use indoors. The mix of buildings and site
densities, the layout of access roads and the shape and size of plots all have a bearing on

daylighting and energy performance inside any building.

Baker et al. (1993) related the layout of urban blocks to building orientation, and
classified urban space layouts into seven categories as illustrated in Figure 2.26. Besides
building orientation, larger gaps between buildings allow greater penetration of sunlight
and skylight. In this categorization of urban space layout, small urban blocks (Figure
2.26a) provide the least penetration of daylight to internal spaces, compared with the
detached towers layout (Figure 2.26g). In detached towers, the buildings’ fagades are free
on all four sides, and the distance between the towers is large enough for daylight to reach
even the lower floors. The satellite picture in Figure 2.27 shows that the urban space of
Beirut is made up of small urban blocks. In addition, buildings constructed in Beirut since
the 1950s (office buildings and residential buildings) are at least 7 storeys. It can be
concluded that buildings in Beirut may have little access to sunlight and skylight, and

more consideration should be given to improve daylight penetration to the internal spaces.
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Figure 2.26. Urban blocks layout classification (Baker ef al., 1993).

Figure 2.27. Satellite picture of Beirut taken in March, 2002 (Saliba, 2004).

2.3.3.2 Overshadowing

Overshadowing occurs when the sun’s rays directed towards a surface are obstructed by
adjacent buildings or landscape elements. These results in total loss of the direct
component of solar radiation during the period when the sun is hidden from view, and a
reduction in the amount of solar radiation reaching the building surfaces affected. Both

site slope and geographic latitude have considerable influence on overshadowing.
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Minimising  overshadowing, both on building surfaces and on the ground around

buildings. is an important design objective during site and layout planning.

Yannas (1994) explained that “For any point on a surface, its view of the sun becomes
obstructed when the altitude angle of the obstruction object — the obstruction angle 0 —

exceeds the solar altitude angle’. He defined the obstruction angle 6 by the following

equation:

tan®=H /X — X =H/tan 0. where:
O = obstruction angle in °.
H = obstruction height, in m.

X = distance between the obstruction central axis and the affected surface, in m

(Figure 2.28).

Robins (1986) concluded that generally, an obstacle that blocks no more than 10% of the
field of view does not have a major impact on daylighting. Obstructions that cover more
than 10% of the field of view necessitate moving the aperture, removing the obstruction,
or adjusting the design or design requirements to take the aperture’s reduced performance

1nto account.
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Figure 2.28. The obstruction angle compared with

altitude angle.
Complete freedom from overshadowing is rarely possible in high density, urban areas.
The spacing required to avoid overshadowing may be larger than feasible for the size and

existing or planned density of the site, or the site may be subjected to some unavoidable
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overshadowing (as is the case in most built-up areas). Baker e al. (1993) classified the

obstruction angle (or profile angle) values as follows (Figure 2.29):
= Profile angle less than 30°: almost complete obstruction
* Profile angle between 30° and 60°: medium obstruction
= Profile angle between 60° and 90°: no obstruction.

Figure 2.50 shows that the building envelope regulation recommended by the Lebanese
building regulation for buildings constructed in urban areas may lead to completely
obstructed facades. as the profile angle can be lower than 30°. The overshadowing of

building surfaces is more than possible in the buildings of Beirut.
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Figure 2.29. Obstruction or profile angle classification.
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Figure 2.30. The building envelope regulation applied to
street facades (Order of Engineers et Architects, 1995: 25).

2.3.3.3 Fagade Reflectance

Off-site obstructions such as adjacent buildings often block a significant portion of the
field of view. ‘Any obstruction, on or off-site, that blocks more than 50% of the field of
view should be considered as a possible reflecting light source. Large obstructions that

cover less than 50% of the field of view can also reflect daylight into a building.’
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(Robbins, 1986). Facade reflectance of adjacent buildings has a considerable effect on
dayvlighting performance. If a surface is very reflective (over 60%), it may be a major
source of glare. Extremely bright surfaces (reflectivity over 85%) should be avoided

when planning and designing a daylighting system. Baker et al. (1993) classified fagade

reflectance into three groups:

* High reflectance, where reflectance is more than 85%
*  Mean reflectance, between 60% and 85%
» Low reflectance, less than 60%.

In the lack of any regulation that control fagade reflectance in Lebanon, and with the
trend for excessive use of glazing in office buildings, highly reflective facades may be

problematic in Beirut where the sky is clear throughout most of the year.

2.4 Conclusion

Many studies have demonstrated that the proper use of daylighting has a great impact on
energy load. To achieve good daylighting, a number of building design variables must be
studied. This chapter has reviewed some daylighting principles, and concluded that any
study of daylighting performance in building should be made in accordance with three
scales: the micro, meso and macro scales. The micro scale reviews the effect of aperture
variables upon the internal space. The micro scale variables are divided into two principal
kinds of relationship; the relationship between the window and the window-wall (or
external wall), and the relationship between the window and the internal space. The meso
scale evaluates the impact of the building facade and volume on the internal daylit spaces.
The macro scale assesses the relationship of the building with its built environment. The
macro scale will not be considered in the later analysis, as building designs will be
compared irrespective of their built environment. Nevertheless it has been noted that the

urban morphology of Beirut and the Lebanese building regulations do not give

cognisance to the access of daylight to interior spaces.

Finally, following the review conducted in this chapter, the design variables to be

considered and adopted in this study for the assessment of daylight in buildings are listed

1n Table 2.5.
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z B Office Average . 1= typical office depth
e M s pw A A=l%w
S = Area (A() w= Typical office deth
> =
2 = Fenestration . _ A = net glazing area
= - NN S EW Av FF= A/A, .
=7 Factor (FF) A, = typical office total area
z = A, = net glazing area
- . .
g = Glaz(nz;gRl)lano Ox s Ew av GR=A*VT /A, VT = glazing visible light transmittance
2 § A, = typical office total area
- wy = width of the overhang or depth of the vertical fin.
g Projec(t:::) Ratio Py sew ay PR = wy/hy hsd = height from window sill to the bottom of overhang or distance between
s 7 side fins.
v <L
z = PR = overhang projection ratio
< 2 ) .
?L f O\er(l:)a:i?atlo Qs EW, Av OVR = 1 + a*PR + b*PR* |a=-0.41 for north fagade, -1.22 for south fagade and -0.92 for east/west fagade
'é ; b = 0.2 for north fagade, 0.66 for south fagade and 0.35 for east/west fagade
i f‘: OVR = Overhang ratio
% Relative Solar Heat R s iw Av RSHG = OVRxSHGC,;, [SHGC,,;, = solar heat gain coefficient of the window
=
=

Table 2.5 . List of variables that should be considered to assess daylighting in buildings
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3. Building Skin Materials and Glass Facades

3.1 Introduction

Three decades ago, when office work was based on what seemed to be the everlasting
technology of the telephone and the typewriter, the architect’s tasks were relatively easier
than the situation that exists nowadays. As a consequence of developing technology,
building occupants are making new demands for their well-being which influence
workspace design, and consequently the fagade design and its performance. In the past
few vears. significant strides have been made in the design and engineering of
"Intelligent” workplaces, buildings that not only accommodate major advances in office
technologyv but also provide a better physical and environmental setting for the occupants.
In particular, now that computer workstations and video display terminals have become
common in the office environment, the proper lighting of these environments has become
of increasing concern. As an early indication of the problem, Button er al. (1993: 13)
referred to a statement by Peter Roger in 1979, in which he revealed the important role of

the building skin as a dynamic and effective information medium:

It is no good having a sophisticated mechanical services system for a building
and a poor skin performance. It is only even partially effective to have a
sophisticated mechanical services installation and high quality fixed
performance skin. A time responsive, variable quality skin system is the only
logical answer to this problem. A building becomes a chameleon, which
adapts. A properly equipped and responsively closed building would monitor
all internal and external variables, temperature, hygrometry and light levels,
solar radiation etc... to determine the best energy equation given these
conditions and modify the building and its internal systems accordingly. It is
not too much to ask of a building to incorporate, in its fabric and its nervous

system, the very basic vestiges of an adaptive capability.

In addition to the advances in office technology, the energy crisis of the 1970s together
with recognition of the damage human beings are causing to the biosphere are factors
encouraging a return to natural lighting and ventilation in buildings, following the use of
sophisticated mechanical service systems. In respect of daylight, it is therefore useful to

think of the building envelope in general as a ‘light fitting’ (Guzowski, 2000), and the
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window as “luminaire’ (Mills, 1996) that must be properly designed to control the
quantity and quality of the light it filters. As part of the building envelope, windows are
sources of light and have distinct optical characteristics and implications for visual
comfort. Of course, they are also sources of natural ventilation, heat gains and losses.
Although the field of daylighting is as old as architecture itself, recent advances in

window technology have opened up new opportunities for controlling lighting

requirements in buildings.

The aim of this chapter is to investigate the evolving configuration of building envelope
and glass fagade in the architecture of daylit office buildings. Providing a clear definition
of building envelope and fagade is an essential prerequisite to the discussion carried out in
this chapter. The physical and optical properties of different envelope materials that have
bearing on daylighting are discussed. As the window, or more specifically the glazing, is
the interface of the building with the natural environment and the main source of
daylighting, the many types and advanced technologies of glazing are reviewed in Section
3.4. Finally. the chapter will set the boundaries for the variables to be included in the case

studies analysis in Chapters 7 and 8.

3.2 The Building Envelope and Technology

‘Building envelope’, ‘building skin’ and ‘building fagcade’ are the terms most often used
in the literature to describe the enclosure of indoor spaces of a building. The following
section illustrates the various definitions of these terms. Sections 3.2.2 and 3.2.3 review
the development of facade design, from being traditional to the concept of an ‘intelligent’

or ‘smart’ skin able to interact automatically with outdoor environmental changes.

3.2.1 Definition

‘Building envelope’ and ‘building skin” which include walls, windows, doors, roofs and
floor surfaces, aim to compare the building fagade to an envelope or human skin that

protects the ‘inside’ from external conditions.

The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE, 1985) defined the building envelope with more emphasis on its thermal

function, as being the ‘group of elements that enclose conditioned spaces through which
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thermal energy may be transferred to or from the exterior, or to or from unconditioned

spaces’.

Stein ¢z al. (2000) extended the restricted description of the building envelope as being a
set of two-dimensional exterior surfaces. They described it as a transitional space, ‘a
theatre where the interaction between outdoor forces and indoor conditions can be
experienced’. This transition space is a place where people indoors experience something
of what the outdoors is like at that moment, as well as where people outside get a glimpse
of the functions within. The more suited the outdoors to comfort, the more easily indoor
activity can move into this transition space. The authors added that building envelope has
a fourth dimension, which changes with time. Seasonal changes have a marked effect on

the transition space. and consequently have an effect on the environmental aspects of the

indoor spaces.

Powler er al. (1990) compared the envelope of a building with the skin of the human
body, the “building skin’, which is called upon to perform a multitude of simultaneous
functions in a relatively thin dimension. These functions can be energy related (e.g. to
control heat loss from the interior of the building) or non-energy related (e.g., to present
an aesthetic position). Powler ef al. (1990) stated that the building envelope always plays
the role of building facade to ‘communicate important cultural and social information
such as sense of grandeur and permanence’. Harris et al. (1998) and Wigginton et al.
(2002) wrote that while applying the biological metaphor of the human skin to achieve
human comfort it seems appropriate to describe this enveloping membrane as an
‘intelligent skin’, emphasising its close relationship to the epidermis. Architecture has
been described by Ted Kruger (1994) as ‘our collective epidermises’. He describes a

building as our ‘our second skin’.

Alternatively, Tombazis (1996) revealed that ‘the more the design of buildings becomes
bioclimatically conscious, the more the behaviour of these buildings tends to become skin
dominated’. The author continues by comparing the multi-layered building skin to the
different layers of the skin of animals or human beings, that can serve more than one

purpose at the same time such as shading, movement of air, filtering of light, regulating

the inner temperature, etc.

The previous review of building envelope, skin and facade definitions shows that there is

no clear distinction in the use of these terms. Building envelope has the same role as the
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skin that covers the human body (Powler et al., 1990), and those of animals and plants
(Tombazis. 1996). The use of ‘building skin’, however, has become more prevalent in
bio-climatically conscious architecture. In energy studies, the term ‘facade’ is used
specifically when referring to the exterior surfaces of a building envelope (Guam Energy
Department, 1995). In this thesis the three terms are used with no distinction to describe

the outer parts of a building, which consist of opaque walls and glazed openings.

3.2.2 Traditional Facade

Traditional fagades have well-defined regional characteristics, which make the building
environmentally responsive. Climate sensitivity, culture and local construction materials
are the major factors that influence regional differences in facade design (Lechner, 1991).
Stein et al. (2000) identified two opposing concepts for designing traditional building
envelopes. These are the open frame, and the closed shell. The latter concept, also named
‘barrier- dominated’ (Stein ez al., 2000), is mainly used in harsh environments, where
environmental conditions are undesirable. In this case the building envelope acts as a
barrier, and windows are no more than carefully selected punch holes to limit contact
with the outdoor environment. On the other hand, in the open frame concept the building
envelope acts as a connector with the external environment. This is usually applied when
external conditions are very close to the desired internal environment. In contrast to the
‘barrier-dominated’ approach, where no or only limited contrast between the external and
the internal is required, the ‘connector-dominated’ concept allows direct contact between
the two environments (Stein et al., 2000). The ‘closed shell’ concept has been widely
applied in hot arid and cold climates. The ‘open frame’ concept has been used in both hot,

humid, and temperate climates.

Since the building envelope is thought of as ‘a barrier between the internal, controlled
environment, and external, perhaps undesirable conditions’ (Koenigsberger, 1980), the
selection of envelope materials and the fagade design should be considered as the
selective pathway for a building to work with the climate, responding to daylighting,

heating, cooling and natural ventilation needs.

The climatic conditions and space usage affect the rate at which a building gains or loses
heat, and the availability of daylight to provide adequate lighting levels for the activities

conducted in it. Hot/dry, hot/moist, temperate or cold climates thus suggest different
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design strategies. Specific designs and materials should take advantage of, or provide

solutions for the given climate.

Referring to the DOE (2003), buildings in hot/dry climates with significant diurnal
temperature swings should have thick walls constructed from envelope materials with
high thermal mass, such as adobe and masonry. Openings on the north and west facades
should be limited, and southern openings should be large enough to exclude direct sun in
the summer and admit it in winter. In hot/moist climates, where night-time temperatures
do not drop greatly below daytime highs, lightweight materials with little thermal
capacity are preferred. In some hot/moist climates materials such as masonry, which
functions as a desiccant, are preferred. Large openings protected from the summer sun
should be located primarily on the north and south sides of the envelope to catch breezes
or encourage stack ventilation. As for temperate climates, as is the case in Lebanon, the
thermal capacity of materials for buildings is based upon the specific location and the
heating’cooling strategy employed. Walls should be well insulated. Openings in the skin
should be shaded during hot times of the year, and unshaded during cool months. In a
cold climate, the floor plan should be as compact as possible to minimize the area of
building skin, which should not be constructed with high thermal mass materials because

they will lengthen the time required to reheat the space to a comfortable temperature.

3.2.3 Intelligent Envelope

The world ‘intelligent’ relates to the procession of intellectual faculties which provide a
capacity for understanding. It was first used to describe buildings at the beginning of the
1980s. The American term ‘smart' is also used, to imply the same kind of abilities in
materials, structures and buildings. The word ‘intelligent” has been also associated with
building facade, and indicates the dynamic, almost living capability of a fagade to adapt
to changing daily or seasonal conditions in order to achieve a reduction m the building’s
consumption of primary energy. According to Compagno (1999), the ‘intelligent’
expression with respect to fagade indicates an ability to respond to changing
environmental conditions according to the time of day or year, in such a way as to reduce

primary energy needs for heating, cooling and lighting and thus make a contribution to

environmental conservation.

Wigginton et al. (2002: 44) defined the intelligent skin as ‘an active manipulator of the

external elements and responsive to internal conditions, with the ability to adjust itself
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automatically to provide optimum comfort by self-regulated amendments to the building
fabric. It is assumed that this is achieved with the minimum use of energy, and minimal
reliance upon imports. The intelligent building fabric becomes a flexible, adaptive and
dynamic membrane, rather than a statically inert envelope. Information is gathered

through different sensors, and behaviour is modified in response’.

Skelly (2000) 1dentified the many variables to which intelligent fagade should respond.

He divides these variables into three categories:

= weather: There are no two identical days. In fact, temperatures and solar radiation

levels can vary significantly from hour to hour and from minute to minute.

= context: No two sites are the same, and even on the same site the microclimate
and obstructions imposed on one fagade can be dramatically different from those

imposed on another.

" occupants: No two individuals are alike; each has different preferences, depending

on experience and various other psychological factors.

Wigginton (1996) indicated that to achieve a ‘smart’, ‘intelligent’, or ‘thinking’ envelope,

the following components should be integrated during the building envelope design:
* computer systems and control systems that predict, analyse and respond,
* neural systems which feel and communicate, and also think themselves;

» proliferating variable multi-state materials which can perform in accordance with

the needs both of the building as a whole, and of localized parts of it.

In a later survey which covered twenty two case studies, Wigginton et al. (2002)
identified twelve different features that make a building intelligent. These features are:
building management systems, learning ability, environmental data, responsive artificial
lighting, daylight controllers, sun controllers, occupant control, electricity generators,

ventilation controllers, heating and ventilation controllers, cooling devices and double
skin.

Compagno (1999) considered that an appropriate fagade design for a building is reached

using a combination of many criteria. The first main criterion is the number of glazed
skins incorporated in the design; here the terms used are single-skin fagades and multiple-

skin fagcades. The second criterion is the positioning of the solar control devices.
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Consequently, a building fagade is described to be, for example, a single-skin facade with

exterior or interior shading, or with integrated shading devices incorporated in the cavity

between the panes.

To conclude, in both traditional fagade and intelligent envelope schemes the role of the
building envelope is to provide a comfortable indoor environment for the building’s
occupants. The difference between them is that the intelligent envelope is no longer
percenved as a three dimensional exterior surface only, but it has a fourth dimension
which 1s “time’. The term “intelligent’ indicates the dynamic, almost living capability of
the facade to adapt to the external environmental conditions at each time of the day or
season (Compagno, 1999), rather than a statically inert envelope. In both facade schemes,
the control of daylight and solar radiation control constitute a major component of the

fagade design, which is the concern of this study.

3.3 The Window as Part of the Building Envelope

The skin, independent of the building shell, is made up of three main groups of elements:
the opaque elements, the transparent elements, and the translucent elements (The

European Commission: DGXVII, 1999).

The opaque elements are the solid elements of the building envelope, walls, foundation,
floor, ceiling and roof. They perform both heating and cooling functions through the use
of thermal mass insulation and protection of the internal environment from air infiltration.

Conversely, opaque materials have no impact on daylighting transmission

Translucent materials allow the transmittance of light, but the light 1s scattered or diffused
and objects cannot be seen through these materials. Translucent insulation materials
sandwiched between sheets of glass in a conventional frame can replace traditional

windows where light but not vision is required. Thermal insulation values are very much

better than for those of glass.

The transparent or glazing elements are often the most interesting and complex factor in
sustainable buildings. They are more dynamic in responding to short and long-term
changes in interior and exterior conditions. They have more complex functions such as
daylighting, as well as providing views and communication with the outside; heating
through the controlled use of solar gain, and cooling by shading and ventilation. External

shading, daylight enhancing devices and solar control blinds can play a significant role in
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filtering heat and light at a building's skin. particularly when used in combination with

glazing selection and ventilated fagade strategies that integrate natural processes.

Since daylighting in buildings is the main goal of this study, the properties of transparent
clements are reviewed extensively and a brief interest is taken in translucent materials.
Sunlight falling on a window is made up of visible light, near infrared energy (heat) and
ultraviolet light. Solar radiation that strikes the aperture glazing surface are either

absorbed by the glass. reflected back to the outside, or transmitted into the building

(Figure 3.1).

17% absorbed

reflected

Figure 3.1. Sunlight striking a window can

be transmitted, reflected or absorbed.

Today. new technologies help to resolve the historic problem of the trade-off between
windows that reflect unwanted solar gains in summer and those that admit the maximum
amount of useful light (Figure 3.2). Alternatively, for buildings that need heating, glazing
technologies should minimise heat loss through the window (Figure 3.3). The wide range
of high performance glazing products may respectively be capable of providing improved
solutions for the use of daylight, transforming the window into a net source of useful
light, and regulating solar heat loss and gain. This is done by altering the properties and
specifications of the glazing to respond to the environmental conditions. Accordingly in
the following section it has been considered important to go through the glazing
parameters, before reviewing all types of glazing products and the new glazing

technologies.
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3.3.1 Window and Glazing Optical and Thermal Performance Parameters

New glazing technologies have been developed to harness solar energy and natural forces,
and to diminish the thermal and energy consequences of windows. Thus the three main
areas of interest are the determination of the heat transfer through the window, the solar
gain through the window and the light distribution behind the window. These quantitative
and physical parameters that describe and evaluate the properties of glazing relatively to
the incident solar radiation are usually listed in product literature. Considering them all
leads to a good selection for maximum comfort and energy efficiency, while preserving
view and other design intentions for the fenestration. These parameters are defined as

follows:

3.3.1.1 Light Transmittance

The nature of light, and the variation in transmission and absorption experienced by
different materials has resulted in different types of glass that vary in performance and
uses. The performance of glass as a transmitter is a result of its selective transmittance
across ultraviolet, visible light and near infrared wave bands, which is specified by the

following factors: ultraviolet transmittance, visible light transmittance and infrared

transmittance.
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3.3.1.1.1  Visible light transmittance

Visible Light Transmittance factor (VLT) is the amount of the visible portion of incident
radiation that penetrates a window, expressed as a percentage (Button et al., 1993). A

typical clear glass has a visible light transmittance of 60% to 80%, between about 400 and

2500nm.

Glazing with a high visible transmittance provides a good sense of connection with the
exterior, while admitting useful daylight. Daylight can offset the need for electric

lighting. and save a significant amount of energy while creating a pleasant indoor

environment.

High visible transmittance glazing can sometimes introduce a glare problem. When the
window and the area immediately adjacent are far brighter than surrounding areas, the
contrast is difficult for our eyes to handle. Low transmittance glazing, while reducing

glare, creates 'gloomy' interiors, diminished view, and little daylight.

The PG&E Energy Centre (2000) recommended in one of its fact sheets that while using
high transmittance glazing, visual comfort could be achieved through careful sizing and

placement of windows, light coloured interior surfaces, movable window coverings, and

light-diffusing deep sills and baffles.

3.3.1.1.2 Ultraviolet transmittance

Ultraviolet Transmittance (UVT) 1s another parameter of glazing that indicates the
percentage of incident ultraviolet radiation that passes through the glazing (Energy
Source Builder, 1994). Ultraviolet radiation (UV) is responsible for sunburn (of people
and plants) and contributes to fabric fading and artwork damage. Most manufacturers
provide the percentage of UV transmittance for their glazing. When interior finishes or

artworks need protection, low ultraviolet transmittance glazing is preferred.

3.3.1.1.3 Infrared transmittance

Infrared Transmittance (IRT) measures the percentage of incident infrared radiation for
wavelengths of 750nm and upwards (Wigginton, 1996). The range of selectivity of
transmission between light and heat is limited by the fact that 53% of the energy in solar
radiation is in the visible spectrum (3% ultraviolet and 44% near infrared). For energy-
saving and suitable solar filtering, the window material transmittance should have the

lowest value in the infrared spectrum and the highest value in the visible sector of the
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solar spectrum (Correa ef al., 2004). According to Wigginton’s studies in 1996, it proved

impossible to decrease the total radiation transmittance without reducing light
transmittance (Figure 3.4). Most recently, a study by Correa et al. (2004) showed that the
peak transmittance values for Cu,O selective coatings glazing lie within the visible
spectrum, producing a window of high luminous transmittance. Figure 3.5 shows that
with copper-based coatings it is possible to block 40-50% of the infrared radiation, while

only 25—40% of the visible radiation is blocked (75-60% transmittance).

Figure 3.5. Spectral transmittance of three different
kinds of copper-based glazing (Correa et al., 2004).




3.3.1.2 Thermal Transmittance

The thermal transmittance or U-value of a material is ‘the overall coefficient of heat
transfer from air to air. It is the time rate of heat flow per unit area under steady
conditions from the fluid on the warm side of the barrier to the fluid on the cold side, per
unit temperature difference between the two fluids’ (ASHRAE, 1989). The SI unit of U-
value is W/m™.°C. Manufacturers usually present the energy efficiency of windows in

terms of their U-value for the entire window unit, including the frame.

Heat loss can be also quantified in terms of thermal resistance, abbreviated to R-value.

This is the reciprocal of U-value: R-value = 1 / U-value m*.°C/W.

Just as windows are sources of light and have distinct optical characteristics and
implications for visual comfort, they are also sources of heat gains and losses. The U-
value of glazing therefore has great impact on the heat and cooling demands of buildings,
which are dependent on climate and vary seasonally. According to Hutchins (1997), in
any climate where the average outdoor temperature is consistently above or below the
human ‘comfort band’, a low U-value is an advantage. The selection of glazing material
to minimize unwanted solar gains in summer as well as heat losses in winter should not

simultaneously squander valuable daylight.

According to Givoni (1998), any window system depends on four independent factors

which change its thermal transmittance and resistance. These factors are:
» The existence and number of air spaces between glazing types
» The properties and / or treatments of the glazing material and surfaces
» The gas which fills the air spaces
» The materials and detailing of the window’s frame.

Based on Mills’ study (1996), Figure 3.6 traces the relation between the visible
transmittance and the U-value of multiple glazing materials. In this comparative study,
Mills (1996) illustrates that visible transmittances may vary from roughly 0.2 to 0.8 over
the entire range of insulating values. There is therefore no identified relationship between
U-values and visible transmittance. Figure 3.6 supports the notion of Givoni that the
thermal transmittance of glazing is improved by the number of air spaces; i.e. quadruple

glazing has lower U-values than triple, double and single glazing assemblies. On the other
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hand, low-¢ coatings give better thermal performance to glazing than tinted glazing. The

impact of tints and coatings on glazing is examined in detail, in Section 3.4.1

Visible Transmittance
10— - # Single Glazings (clear)
09 O Single Glazings
gl \\\? S o o 'y i.D (tinted or reflective)
ecelle Ti4 A O o Single Glazings
0.7 - & :0{ " : p AA A O (low-e coatings)
06 © A A DD ¢ Double Glazings (clear)
_ e o AA A O Double Glazi
05+ “ A A Double Glazings
| ’A‘ ® p O (tinted or reflective)
0.4 = . “ AA A - A Double Glazings
3= AA A - 1
03 i ® A i O = (lo.w € coatings)
02— * o A 2 ® Triple Glazings
01 ® .' Al azl (low-e and regular)
' 1 1 *‘AA | 1 EID l @ Quadruple Glazings
| 0 1 2 3 4 5 6 7 O Electrochromic Glazings
| U-Value (W/m’ °C)

Figure 3.6. Over a range of thermal transmittance, U-Value, windows vary considerably in their

visible transmittance (Mills, 1996).

3.3.1.3 Shading Coefficient

The American Society of Heating and Refrigerating and Air-Conditioning Engineers
(ASHRAE, 1986) defined the Shading Coefficient (SC) as ‘the ratio of solar heat gain
through fenestration, with or without integral shading devices, to that occurring through
unshaded 1/8 inch (3mm) thick clear double strength glass.” To minimize heat gain and
air conditioning load, glazing with low shading coefficients are thus preferred. SC values
range from 1.0 for clear glass to 0.08 for heavily reflective glass. A standard insulated
glass unit (IGU) has a SC value of about 0.87. Figure 3.7 illustrates the variation in
visible transmittance and shading coefficients for various glazing products. This diagram
shows a clear linear relationship between the two glazing properties. The shading
coefficient correlates positively with visible transmittance; 1.e. the integration of shading
devices decreases the amount of light transmitted through glazing; and accordingly

visible light transmittance decreases.
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Visible Transmuttance
12 S = Single Glazings (clear)
O Single Glazings
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Shading Coefficient

Figure 3.7. Over a range of shading coefficient, windows vary considerably in their visible

transmittance (Mills, 1996).

In 1986 Sweitzer er al. from Laurence Berkley Laboratory suggested the Ke factor
(Givoni, 1998) which has also been termed the coolness index (Button ef al., 1993) or

efficacy factor (ESR, 2000). Ke is the ratio of visible transmittance to shading coefficient:
Ke = VLT / SC, where:

Ke = Ke factor or coolness index or efficacy factor

VLT = visible light transmittance

SC = shading coefficient

This factor is one of the criteria that evaluate the window’s performance. It is helpful in
selecting glazing products for different climates, in terms of those that transmit more heat
than light and those that transmit more light than heat. The higher the number, the better
the glass filters heat from the sun’s daylight (Givoni, 1998 and ESR, 2000).

Based on Mills’ work (1996), Figure 3.8. illustrates the relationship between coolness
index and U-value. The relationship of shading coefficient to visible transmittance ratio
with U-value is quite similar to the one between visible transmittance and U-value. This
is due to the fact that visible transmittance and shading coefficient correlate positively.
On the other hand, there is a clear distinction between the 4 groups of glazing in Figure
3.8. categorized according to their U-value. Group I includes electrochromic glazing,
quadruple glazing, low-e triple glazing, and low-e double glazing. The thermal

transmittance values range from 1 to 2, and the average coolness factor is approximately
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1.1. The glazing types of this group have very well managed solar heat gain and good
visible transmittance. The U-values of clear, tinted or reflective double glazing can vary
between 2 and 3, and their coolness index can range between 0.2 and 1.2 (Group II).
Clear, tinted or reflective single glazing types (Group IV) have the same range of
coolness index but their thermal transmittance is the highest, approximately 6 m*.°C/W.
Tinted glazing can have lower coolness index and U-value depending on the tint colour.

(Group I1I).

Coolness Index
1.6 e ® Single Glazings (clear)
O Single Glazings
1.4 (tinted or reflective)
12 - “\ Group IV & Single Glazings
: % : e e (low-e coatings)
1.0 o A L ¥ < Double Glazings (clear)
0 8 VL spsssssnsEEnsERDEES A DOUble Glazmgs
. i . (tinted or reflective)
0.6 Ay & A A Double Glazings

(low-e coatings)

| . % ..
0.4 ? Group 111 @ Triple Glazings

02} (low-e and regular)

: : i | | ; @ Quadruple Glazings
0 1 2 3 4 5 & 4 O Electrochromic Glazings|

U-value (W/m> C)

Figure 3.8. Over a range of U-value, windows vary considerably in their coolness index.

Solar Heat Gain Coefficient (SHGC) is now gradually replacing ‘Shading Coefficient’ SC
in product literature as the key solar parameter. The solar heat gain coefficient also
indicates how much solar heat is blocked by the window, but it is slightly different from
the shading coefficient. It expresses the amount of solar heat that penetrates the window
compared with the amount that strikes the outside. The relationship between SGHC and
SC 1s as follows: SHGC = SC*0.87 (ASHRAE, 1985).

The SHGC is a ratio between 0 and 1. SHGC = 0 means none of the incident solar gain is

transmitted through the window as heat, and SHGC = 1 means all of the incident solar

energy is transmitted through the window as heat.

Typically windows with low SHGC values are desirable in buildings with high air

conditioning loads, while windows with high SHGC values are desirable in buildings

where passive solar heating is needed.
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Thus the SHGC is a significant factor in improving the thermal comfort of occupants in

building nteriors, especially in the east, west and south facades where solar heat gain is

considerable.

The Advanced Building Technologies and Practice Organization (2000) recommends
Light-to-Solar Ratio (LSR) as a common measure of the performance of glazing units.

This is the ratio of visible light transmission (VLT) divided by the solar heat gain
coefficient (SHGC) for the glazing system.

LSR = VLT /SHGC. where:
LSR = light-to-solar ratio
VLT = visible light transmittance
SC = solar heat gain coefficient

LSR is a similar measure to coolness factor, and is approximately equal to 1.15%Ke since
SHGC=0.87*SC. High values of LSR are recommended in buildings where daylighting is
desirable with a minimal solar heat gain. The highest possible ratio is approximately 2.0.
Clear glazing units have a value close to 1.0, while a good spectrally selective glazing

svstem would have a value greater than 1.7.

3.3.1.4 Visible Light Reflectance

The visible light reflectance indicates, as defined by PG&E Energy Centre (1997), ‘to
what degree the glazing appears mirror-like, both inside and out; measures the percentage
of light striking the glazing that is reflected’. The numbers are listed for inside, outside or
both. While all smooth clear glass is naturally somewhat reflective, visible reflectance can
be increased by glazing treatments such as metallic coatings. A higher visible reflectance
represents a more mirror-like appearance, a darkened view and reduced daylight
transmittance. To avoid the "mirrored" look outside reflectance should be lower than 10

to 15%.

Glass internal light reflectance and glass external light reflectance are parameters to be
considered in addition to light transmittance, where view in and view out are imperative
(Button et al., 1993). Standard clear insulating glass has an exterior daylight reflectance

of 16% and an exterior solar reflectance of 14%.
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Multiple types of glazing are obtained by altering the optical and thermal performance
parameters mentioned in 3.3.1. The following section will review the most common types

of glass and glazing technologies.

3.4 Window Glazing Systems

Choosing the right glazing material is critical to successful daylighting. Until recently,
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