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Abstract

This thesis presents a conceptual framewak for the
introduction of daylighting considerations into the design of
office buildings. Design 1is an intuitive process, yet the
intuition must be educated by study and analysis. The framework
developed 1in the thesis enables the systematic study of
daylighting principles and techniques and 1is a major step
towards a grasp of daylighting design.

The thesis is divided into nine chapters. The introductory
chapter contains a brief history of daylighting in office
buildings, examines reasons for daylighting, and explains the
structure of the thesis. The following chapter analyses the
performance criteria that the luminous environment in office
interiors must fulfiil in order to provide a satisfactory
performance of visual tasks and result in user acceptance.

Each of the next five chapters examine specific techniqgues,
under five general objectives:

i. promoting daylight access

ii., promoting daylight penetration

iii. interior space planning for daylighting advantage

iv. controlling brightness extremes

\ integrating daylight with electrical light

In each chapter, these techniques are listed in order of
decreasing scale: from site planning, through building
configuration and building envelope, to building interior.

The thesis shows that daylighting can be incorporated into
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building design at various levels of commitment, ranging from a
.total commitment to daylighting, in which the building is
conceived as "a light fixture that can be engineered to a state
of optimal performance”, to a minor commitment, in which, for
example, perimeter 1lights 1in an otherwise standard office
building design are controlled in response to daylighting needs.
Furthermore, it 1s shown that daylighting techniques can be
introduced at various ‘scales--some techniques may modulate the
massing, while others deal with specific building components.

Following the study of techniques, there is a discussion on
daylighting design tools and the integration of daylighting with
other aspects of design.

The thesis concludes that daylighting offers architects the
opportunity to design office buildings so that they use less
energy and, at the same time, pgovide a better working

environment than is the case with most buildings today.
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I.

INTRODUCTION

oo

o]

We were born of light. The seasons are felt
through light. We only know the world as it 1is
evoked by light, and from this comes the thought that
material is spent light. To me natural light is the
only 1light, because it has mood--it provides a ground
of common agreement for man--it puts us in touch with
the eternal. Natural 1light is the only light that
makes architecture architecture.

Louis Kahn'

When it comes to design--the design of our
environment, cities, buildings, houses, utensils,
clothes, furniture, cars and planes--there 1is one
overriding test: 1is it done with a deep sense of
commitment to people, a commitment in the broadest
sense to man in all his complexities--his desires,
hopes, fears,and, above all, his well-being? It is a
surprisingly simple test."

Moshe Safdie?



1. NATURAL LIGHT AND ARCHITECTURE

Light gives life to form, to pattern, to wvoid and solid.
Architecture 1is the shaping, in 1light, of vessels for human
activities--made of void and solid, pattern, form.

The light of the sun--diffused through sky and clouds and
reflected from the ground--has 1inevitably been the means of
celebrating the power and majesty, the drama and play of
architecture, both on the exterior and the 1interior of
buildings.

The use of natural 1light for the 1lighting of interior

spaces, with the predominant goal of facilitating the
performance of wvisual activities, we call daylighting.
Daylighting 1is coeval with architecture. Until as recently as

sixty years ago, daylight was the pre-eminent means of 1lighting
the interior of buildings.

The need to allow daylight into building interiors has
naturally had an impact on massing, layout and detailing of
buildings. The extent of this 1impact has been greater in
building types dedicated to visually demanding activities, such
as industrial buildings, hospitals and office buildings. This
thesis explores the impact of daylighting reqguirements on the
form and detailing of the modern office building. - This

building type was chosen, because it is the predominant type in



the commercial/institutional building sector. Furthermore,
energy use for office buildings is a substantial percentage of
the total building sector wuse, and daylighting can help in
reducing these costs. Lastly, the nature of wvisual tasks 1in
offices is demanding - enough to offer scope for testing

daylighting principles and techniques.

2. HISTORY OF DAYLIGHTING IN OFFICE BUILDINGS

The history of daylighting in  office buildings may be

divided into four eras, as shown in figure 1.,

Exclusive use of daylighting

Office - buildings became a separate building type,
.physically remerd‘from industrial facilities, soon after the
onset of the Industrial Revolution in the early 1800's?3. Their
number multiplied as the increasing complexity of organizations
led to a steadily risihg demand for management and clerical
personnel.

By 1890, the telephone, the electric lamp and the electric
elevator had all been invented, and the first steel frame high-
rise building had been constructed in New York City®*. These
developments laid the groundwork for a revolution in the design
of large buildings and in the appearance of cities.

In this period, the depth (i.e. the width in plan) of
office buildings was limited by the daylight penetration. With
the prevalent ceiling heights, satisfactory daylighting could be

obtained to a depth of about 6m. Thus, with double-loaded
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corridors, the typical building depth generated was thus 12 to
15m*, |

BEarly office buildings were restricted in height to 3-5
floors by the limitations of construction materials and the lack
of elevators. By the turn of the century, the steel frame and
elevators made possible' taller office buildings. However,

their depth remained limited, - as before, by daylight

penetration. The resulting buildings were thus tall and thin,
slablike; with rectangular, 'U', 'X' shaped, or similar floor
plans( figure 1 a).

Transition from daylighting to exclusive electric lighting

In the two decades between the World Wars, technological
improvements in electrical 1lighting led to its proliferation;
After the Second World War, a system of lightiné known as
. Permanent Supplementary Artificially Lit Interiors (PSALI) was
proposed in Europe for institutional and commercial buildings.
It endeavoured to increase the depth of office space by having
the areas at a distance from windows permanently lit by electric
light®. The added benefits were the feasibility of 1lower
ceiling heights and a reduction in the luminous gradient from
windows to the back?. The depth of useful space was extended
to about 9.5m, resulting in an overall building width of 20 to
24m® ( figure 1 b.). The concept of PSALI was experimented
with in Europe for about a decade, but because of rapidly
changing technology, complexity of the design process, or

perhaps philosophical resistance, it was eventually dropped in



favour of the "North-American" system of all-electric lighting?.

Exclusive use of electric light

- After the Second World War, rapid progress in mechanical

and electrical systems made possible the creation of
artificially controlled environments. Inexpensive electricity,
utility company advertising, and  engineering zeal, all

contributed to the design of Permanently Artificially Lit (PAL)
buildings'?, Consideration of natural 1lighting was not
considered a criterion for choosing the massing, floor plan and
depth of these buildings. As a result, office spaces 40m or
greater in depth became common'' ( figure 1 c).

Light came to be understood only in terms of 1light
'fixtures;‘windows'were reduced to viewing apertures andvabstract
désign elements on facades; the wusers had to adapt to the
inconveniences of any heating or cooling problem these design
decisions created, and/or more equipment was introduced to
counter the negative effects'?, Electric lights were used day
and night, and eventually electric lighting, and the energy used
to remove the heat generated by 1lighting, became the largest

portions of the energy used in office buildings'3,'*.

Integration of daylight with electric lighting

The energy crisis of 1973-74 has brought about changes in
all industrialized economies. In the office building sector,
lighting has been clearly identified as the most important

energy conservation item. Optimum building depths for



daylighting have been rediscovefed ( figure >1 d.), but advanced
HVAC and 1lighting technology now allows flexibility in this
‘regard. | —

Energy responsive, daylit office buildings designed shortly
after the energy crisis'® were typically premised on the idea
that "the building is a light fixture that can be engineered to
a state of optimél perfofménce"‘s. More recently, issues of
both " light gquality and quantity are being addressed by many
designers. Many recent projects have demonstrated that natural

light can be a beautiful, as well as efficient, source of

light'7,

3. REASONS FOR DAYLIGHTING

There are many advantages to daylighting that more than
compensate for the extra time, patience and ingenuity needed to
integrate daylighting concepts with other requirements. These
may be addressed under the following headings:

i. Considerations of user satisfaction

ii. Economic considerations

iii., Socio-political and environmental considerations

iv. Philosophical considerations



3.1 Consideration Of User Satisfaction

Daylight influences various aspects of " our being: our
bodies react to the energies in light, our eyes perceiye it, our
minds ihterpret the information and our emotions react to these.
While these influences are highly interactive, they can
nevertheless be considered as affecting‘essentially either the
productivity, comfort, or health of building users. The
consideration of improved human satisfaction is central in the
design of daylit office buildings. These 1issues will be

discussed at some length in chapter 2.

3.2 Economic Considerations

Whatever the merit of daylighting may be in terms of
environmental benefits--both at the human and at the societal
scale--economic benefits on a project by project basis must be
demonstrated, 1in order for it to gain acceptance. Economic
benefits fall under one of the following:

i. savings in electrical energy

ii. savings in peak demand charge

iii., failure tolerance

iv. increased building value

v. legal and taxation incentives

Savings in electrical energy

Widely published 1literature by researchers, architects,



illuminating engineers and mechanical engineers indicates that
daylighting can provide substantial savings in the electrical
energy used in office buildings'®,6 '9,620 21 22 23 Lighting is
a dominant load in office buildings. Average figures for North
America indicate that electrical energy used in these buildings
attributable to 1lighting 1is between 40-50% of annual energy
consumption?¥, For mild climates like California, this figure
can be up to 60% of total on-site energy consumption??, For
cold climates, becaﬁse of the extra heating load, the percentage
figures attributable to lighting may be 1less per unit floor
area, but the absolute figures are similar?®,

When we look at energy costs, rather than energy units, the
importance of lighting becomes even more evident. Heating, the
other main component of the energy load in office buildings, is
generally provided by fossil fuelé on site, whereas lighting and
air conditioning use electricity, which is more expensive per
unit of energy and incurs peak demand charges that further add
to its cost. Thus, 1igh§igg clearly becomes the major target

for energy conservation in office buildings.

Savings due to a reduction in peak demand

Owners of office buildings pay for their electricity not
only in energy consumed but also for their _peak power demand,
called a demand charge. This demand charge reflects the cost
incurred by the utility 1in having to provide electrical
generating capacity sufficient to meet the peak demand; this

generating equipment is 1inevitably 1idle at other than peak

~



demand times?’, Demand charges?® are a significant fraction of
the total electrical bill2®,639°, Most of this demand charge is
money that can be saved by the building owner with appropriate
microprocessor controls, off-peak thermal storage, on-site power
generation and/or with daylighting?’'.

Electrical consumption in office buildings typically peaks
during summer months®*?, when cooling loads are at a maximum.
This coincides with the time of most abundant daylight: the sun
is up for more hours, outdoor illumination levels are higher and
clear skies are more prevalent. By substituting part of the
electrical 1lighting component with daylight, peak power demand
can be considerably reduced??. A secondary effect of a
reduction electrical 1lighting 1is a proportionate reduction in
the heat-of-light component of the «cooling 1load: every watt
redﬁction in' electrical lighting results in 1/2 watt ;eduction
in the cooling load?®. However, this reduction can only be
realized if  appropriate steps are taken, at the same time, to
minimize solar heat gain.

Bryan?S has indicated that in many instances, the savings
in peak demand charge through daylighting can be significantly
greater than savings in energy costs. Selkowitz36 and
Bobenhausen and Lewis3®’ have calculated that between typically
10-20% of peak power savings can be achieved by daylighting

conventionally designed buildings.

Failure tolerance of daylit buildings

Our buildings, especially the larger ones, are dependent on
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complex, centralized energy systems to meet user needs,. The
electrical grid is one of these systems. Disruptions, although
not common, have generated large scale disasters when they have
happened in recent years. Selkowitz®® writes concerning
failure tolerance of daylit buildings:
Daylighting, as well as passive solar heating and
cooling, is a design option which, at the scale of a
single building, reverses the trend toward greater
reliance on remote centralized systems. As such, it
has a flexibility and a degree of failure tolerance
that appears to be important, but which 1is difficult
to quantify. Activities in a building with
daylighting will be less subject to disruption from a
power failure or brownout than those relying entirely
on electricity for illumination.
Selkowitz has made preliminary calculations on the cost of
disruption due to a power loss on worker productivity??. With
present worker's salaries and energy costs for a typical office
situation, the savings resulting from even a single hour's
productive work during a power loss are significant. In fact,
though energy savings are not insignifiant, the savings due to

even that one hour is equivalent in dollar value to energy

savings for a whole year.

Savings in life cylcle costs

Daylighting schemes are potentially economical at present
energy costs for a large number of office buildings, if the life
cycle cost of the buildipg is wused as a «criterion. These
schemes are penalized by short term investment goals®®. For
some of the more elaborate daylighting strategies (eg. beamed

[
daylighting) economic wviability may have to take into account
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the increased value of the building due to an improved visual
environment and conseqguent increase in worker productivity.
Lam, whose consulting firm has extensive daylighting
experience, has stated that with appropriate integration of
architecture, structure and services, it is possible to realize
even first cost savingé for elaborately daylit projects®!'.
This 1is confirmed by Bryan and Bazjanac®Z?, Such success
undoubtedly depends largely on the skills of the consultants and
their co-operation. Notwithstanding Lam's comments, many
authorities 1in the field concede that elaborate daylighting
schemes will usually carry a first cost penalty®?. With less
elaborate schemes, even without optimum integration between
architecture, structure and services, net savings 1in initial
éapital cost may be realized in addition to energy savings
throughbut the life of the building. This 1is Because the extra
cost of dimmers and circuiting is more than offset by reduced
chiller sizes and smaller HVAC distribution components®®, As
daylighting design exéertise within the professions increases,
as the technology matures, as the construction industry becomes
more familiar with daylighting concepts, and as the cost of
conventional energy sources continues to escalate, the life
cycle cost of daylighting schemes will become more and more

favourable.

Increased building value

An increase in building value due to improved environmental

conditions--as would be 1in the case of a well designed daylit



building--can be tangible, but not readilyv guantifiable. An
increased building value can be demonstrated if the improved
environmental conditions <can translate, on the speculative
market, into higher ‘rental value; or in perceptible gain in
productivity, for the owner-tenant, due to increased worker
well-being.

Workers' enthusiasm for the luminous environment in some
daylit buildings has been noted in the literature®®. If this
enthusiasm can be demonstrated to result in increased well-being
and higher ©productivity, then this benefit Will certainly
increase the value of the building. Because more than 90% of
overall costs of operating a commercial enterprise goes to
salaries, with only about 8% accounting for the construction and
operation of the building, an.improvement of worker productivity

of only 6 1/2% would be cost effective even if it quadrupled the

cost of the building“®.

Daylit commercial buildings can also be shown to have an
increased value because, using 1less electrical energy, they
afford a degree of protection from inflation and escalating fuel
prices*’.

Social attitudes change, sometimes rapidly. The increased
frustration experienced by workers from many environmental
factors in present-day offices®?,%?,5° may, in a few years,
radically alter the value we give to passive environmental
technologies. Preference may shift strongly towards these

passive environmental solutions, including daylighting.
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Legal and taxation incentives

Two major legal devices may greatly increase the use of

—
daylighting:
1. incentives in the form of subsidies or tax breaks
ii. mandatory daylighting requirements in the form of
zoning by-laws and building codes
Incentives may consist of - loans, grants, 1income tax
rebates, etc. for daylighting components. Government

assistance and regulation can do a great deal in overcoming the
short term disadvantages of concepts--such as daylighting--that
clearly provide long term benefits. These would be similar to

~tax credits, etc. available for passive solar heating in many
states of U.S.A. '

It has been suggested®' that some utilities could
profitably subsidize the cost of dimmers, ballasts and circuitry
associated with daylighting schemes, as they would thus not need
to add to their peak demand capacity; the payback for the
utilities for this investment would be excellent--about 2-4
years®?,

Codification is another device that will inevitably
increase the use of daylighting. Minimum daylighting standards
for all building types, as well as for urban planning, were
codified in Great Britain in the 1940s through 60s%3,%% 55 and
resulted in widespread use of daylight in buildings. No such
standards have been adopted in Canada®°®.

The California Energy Commission has recently developed
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Energy Efficiency Sfandards for non-residential buildings. One
major method prescribed for reducing energy usage 1is by
daylighting®7, This will have the effect of creating a greater
awareness by both the design professionals and developers about
the potentials of daylighting. If energy budgets for new
commercial buildings become mandatory in more jurisdictions, and
especially 1if minimum daylighting standards will be codified,
daylighting will enter into the mainstream of design practice.
In 1982, daylighting considerations became mandated as part
of zoning regulations of Midtown New York City. The city
planning department used daylight availability inside buildings
and on the street, as a major criterion for controlling building
bulksé,h 59, The kind of regulations used for New York, only
creates the potential for, but does not gquarantee, a sensitive
urban infrastructure. Nevertheless, it can be expected that
through the process of mandating daylighting considerations, the
multifaceted benefits of daylighting will become more widely

appreciated.

3.3 Socio-political And Environmental Considerations

Passive environmental technologies--also termed "soft
energy paths"®°--of which daylighting is a particular form, do
not have the large scale negative environmental, economic and
socio-political consequences that centralized <coal, o0il, or
nuclear based energy systems--"hard energy paths"--have®',
Daylighting 1is therefore a real, if humble, contribution to the

resolution of these larger problems. Daylighting of commercial
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buildings enables:
i. reduction in additional electrical utility generation
capacity
ii. reduction of dependence on imported fossil fuel
iii. reduction of dependence on centralized . energy

distribution networks

Schumacher®?, Bockris®?®, Lovins®* and most recently, Lovins
and Lovins®5, have discussed at length the large scale

implications of energy use strategies.

3.4 Philosophical Considerations

_You get an order from the schoolboard that says,
'We have a great- idea.’ We should not put windows in
the school, because the children need wall space for
their paintings, and also windows can distract from
the teacher.’' Now, what teacher deserves that much
attention? I'd 1like to know, Because after all,
the bird outside, the person scurrying for shelter in
the rain, the leaves falling from the tree, the clouds
passing by, the sun penetrating: these are all great
things. They are lessons in themselves. '

Windows are essential to the school. You are
made from light, and therefore you must live with the
sense that light is important... Without light there
is no architecture.®®

In the above passage, Louis Kahn talks about schools, but
what he says is archetypal and holds true, in essence, about any
building within which  people spend their lives. Good
architecture exhibits a commitment to the well-being--in the
broadest sense of the word--of the people whose 1lives it

affects.
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Daylight and sunlight touch deep chords within us. The
rhythm of day and nightiis a constant reminder of an order in
the cosmos that transcends the more immediate chaos on earth.
The miracle of annual rebirth of plant life is triggered by the
sun's rays and sustained by its energies. No two days are
alike in character--a reminder of 1inevitable changes in our
lives, within a framework of orderly rhythm. Daylight is
available to all people--it can be shared and is not, as a
result, exhausted--reminding us that co-operation can transcend
competition. Finally, bringing daylight indoors can help
celebrate the beauty of the world we live in--a celebration that
can be a powerful antidote to the global turmoil. which besets

our times.

4. SCOPE OF THESIS

4.1 Goal Of Thesis

With the re-emergence of daylighting as a viable method of
interior illumination and energy conservation strategy in office
buildings, there has been a tremendous body of information
emerging on all facets of the problem. Yet, there has been to
date no published work on establishing a comprehensive
conceptual framework for daylighting techniques®’.

At the present stage of the <collective professional
experience, educating the intuition is an important part of the

process of daylighting design®®. This thesis provides a
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framework for daylighting principles and techniques which will
assist in educating the designer's intuition, as a stepping-

stone to designing with daylight.

4,2 Structure Of Thesis

The thesis examines the following:
1. principles of design for the visual environment
ii. conceptual framework for daylighting techniques

iii. integration of daylighting in design

The interior visual environment

Design with daylighting can only be accomplishéd if the
goals of daylighting are explicit. These goalé can be
expressed. in terms visual quality parameters. Chapter' 2
therefore provides an overview of the parameters which are of

primary importance in daylighting.

A conceptual framework for daylighting technigues

The essential problem of designing a daylit spaée arises

from two facts:

i. Daylight originates outside the space being lit

ii. Daylight is variable

The science and art of daylighting consists largely of
responses to these two 1issues 1in terms of design and
construction techniques whose aim 1is bringing daylight into

interiors under controlled conditions and compensating for its
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variability. These techniques can be classified as follows:

1. Techniques aimed at maximizing daylight potential:
i. prqviding access té available daylight through
massing, layout, etc.
ii, providing apertures through which daylight can enter
into the building interior
iii. planning the 1interior space to take advantage of
interior daylight.
2. Techniques aimed at control of daylight and its integration
with electrical lighting:
i. controlling brightness extremes

ii. integrating with electrical lighting

- The main body of the thesis consists of a range of these
téchniques; organized 1in a ma£rix. One dimension of this
matrix lists the objectives being aimed at, as outlined above.
The other dimension of the matrix is that of the scale being
considered. Scale thus encompasses progressively more specific
concerns: site planning (including landscaping and building
.clustering); building configuration (including massing and
plan); building component; and building interior. The "scale"
dimension of the matrix enables any technique under a particular
objective to be sorted according to its level of generality, and
hence, the stage at which it will be considered in design®9,
Table I shows the complete matrix.

In the chapters that describe the techniques, the format

used 1is that of grouping them by objective, and under each
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objective, examining techniques in turn, in order of decreasing
scale. This organization is shown schematically in figure 2
a. According to Ubbelohde et al.’®, this type of format 1is
appropriate for lectures and study: it facilitates the
understanding of, and developing relationships for, several
principles in turn.

Chapters 3, 4 and 5 examine a range of techniques that aim
at maximizing daylight potential. Technigques for promoting
daylight access, for promoting daylight penetration, and for
improving interior space organization are treated in turn, in an
order of decreasing scale. Chapters 6 consists of technigues
for controlling daylight: methods of avoiding brightness
extremes in general, and glare 1in particular, are examined.
Chapter 7 examines the co-ordination and integration of daylight
with electric 1lighting: the salient features of‘sucqessfully
integrated daylighting/electrical lighting designs are

overviewed.

Daylighting and the process of design

By contradistinction to the study situation, the désign
process unfolds from the general to the specific, and from
larger to smaller scale, with all objectives being given some
consideration at each step’!',7%, Furthermore, the design
.process 1is 1iterative, and a third dimension emerges in the
matrix: it consists of the various stages of design--conceptual,
schematic, design development?’?3, For design purposes,

therefore, the matrix would be arranged as shown in figure 2 b.
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Chapter 8 outlines how daylighting concepts may be
assimilated 1into the design process. An assessment of
daylighting design tools is first given. This is followed by
observations on the integration of daylighting into the overall
design process.

Chapter 9 summarizes the findings and places them into the

larger perspective of future office building design.
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1. INTRODUCTION

Light in buildings serves t;g basic functions:

i. It enables the occupant to accomplish visual tasks such as:
reading, writing, holding meetings, examining goods, etc.
This "task lighting" cgn be considered broadly as "light to
see by".

ii, It provides visual definition of spaces: a sense of
orientation, drama, visual focus: and satisfies
physiological and psychological needs. This T"ambient

lighting" can be broadly considered as "light to see”.

In this chapter, the requirements of lighting for task
performance and lighting for.perception of space are examined,
drawing particular emphasis to the suitability of daylight in

fulfilling these two purposes.

2. TASK LIGHTING--"LIGHT TO SEE BY"

2.1 The Task Performing System

Lighting is only one of many components, albeit an important
one, 1in the task performing system. An examination of these
components is therefore wuseful as a means of placing the

influence of lighting in context. Figure 3 ' illustrates that



31

,"’——-——~-‘\\‘
il ey B
// (HEAT, NOISE, ETC. ) \
N
/ R \
[ \
[ CharacTerd, | TOOLS \ _
1 IV )
{ ‘ WORK TO BE DONE |—> GOAL |}
|\ /]
\ .
TASK\ PERFORMER K LT ., //
MaTIVATI\D VIZ%EE%,‘W’ | . | //
ETC. /,\\ y ' /‘&_
- _- PHY5ICAL 9YSTEM BOUNDARY

Figure 3 - Components of the task performing system

coméonents in this system may affect task performance either
inairectly or directly.
Components that influencé task performance indirectly are:
i, environmental variables such as: heat, humidity,
noise, etc.--by éffecting physiological mechanisms of
the task performer
ii. the ambient lighting--by affecting the comfort and
sense of satisfaction of the the task performer with
the visual environment
iii. the task performer's social environment, motivation,

attitude, expectation, skill, etc.

The last .of these components are non-physical variables

that can only marginally be controlled by manipulation of the
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physical environment, yet they can substantially influence task
performance?.
Components that directly influence task performance do so

by affecting the ability of the task performer to extract

information from the visual environment. Such requirements for
visibility" may involve detection, recognition or
identification?®, becoming progressively more stringent as one

proceeds from detection through recognition to 1identification.
There are three components whose characteristics affects task
performance directly. These are:

i. the task

ii, response of the task performer

iii, the lighting

2.2 Characteristics Of Task

Table II , adapted from Harker®, summarizes the effects of the
physical characteristics of the task which affect task
visibility. In general office situations, the size and
contrast of the task are the most important task characteristics
affecting visibility?®,®, An increase 1in contrast and the
resulting increase in visibility has a much greater influence on
visual performance than corresponding changes in illuminance?,®.
Levy® has even shown that increasing the illuminance on a task
of low contrast may never be able to bring about the performance
level of a task of higher contrast. Berman and Clear'® have
calculated that, for light levels above as little as 100 lux 1in

a typical office situation, an improvement 1in contrast or
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N
TASK ATTRIBYTE DEFINING CHARALCTERISTICS COMMENTS
SIZE ANGULAR SEPARATION CYCLE FREQUENCY  PREDICTABLE CONSEQUENCES FOR
OF PETAIL EASE OF SEEING
CONTRAST ACHROMATIC , RELATIVE REFLECTANCES OF PREDICTABLE CONSEQUENCES WHICH
DETAIL AND BACKGROUND INTERACT WITH SIZE
CHROMATIC, BIAS IN RELATIVE REFLECTANCE KNOWN EFFECTS BUT DIFFICULT TD
AT DIFFERENT WAVELENGTHS QUANTIFY
DEPTH TWO DIMENSIONAL VERSUS THREE DIMENS-  VARIANCE IN OFFICE TASKS 15 NOT
IONAL TEXTURE AS GREAT AS IN INDUSTRIAL TASKS
SPECULARITY SELECTIVE REFLECTIONS AT BIFFERENT VIEVING ANGLES  SOURCE OF CONSIDERABLE VARIANCE
T0 THE SURFACE, WICH ARE SPECIFIE TOTH
VIEWING PosITION - .
DENSITY OF DETAIL  DETAIL EMBEDDED IN A COMPLEX ARRAY PROBLEM FOR DETECTION OF IRFREQUENTLY
L OCCURRING ITEMS
PATTERN REGULARITY.- MAY AID IN LOCATION OF DETAIL
TIME AVAILABLE FoR  DEFINITIONS OF RIGID, SEMI-RIGID PACING VERSS  VERY RIGID PACING 15 UNDESIRABLE FoR
VIEWING © THE UNPACED CONDITION THE HUMAN OPERATOR
CONSISTENCY OF SENSORY INPUT COINCIDENCE OF VISUAL AND OTHER SIGNALS NEED T0 IDENTIFY THE CRITICAL CUES

Table II - Task characteristics affecting visibility

contrast sensitivity is 3 to 10 times more cost effective than
an  increase in illuminance on task. This improvement may be
accomplished, for example, by using forms with larger print,

xerographic copies instead of carbon or mimeograph, etc.

2.3 Task Performer Response Characteristics

The response characteristics of the task performer directly
affecting task visibility are summarized in table III '',
These include visual capacity, positioh ~with respect to the
task, visual adaptation, etc.

| The ability of the human eye to adapt to a very wide range
of luminances, 1is an 1important phenomenon in the design of
interior lighting. The eye adapts to a general 1level of

luminance and can perceive a range of brightnesses above and
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PEAFORMER RESPONSE ~ DEFINING CHARACTERISTICS COMMENTS
VISUAL CAPACITY + ABILITY TO FOCUS THE EYE . - VARIES WITH INDIVIDUAL
- » CONTRAST SENSITIVITY - - DECREASES WITH AGE
VISUAL ADAPTATION - ABILITY OF EYE TO ADAPT T0 - BRIGHTNESS RATIOS ARE

PREVAILING LUMINANCE LEVELS IMPORTANT. ABSOLUTE LUM-
\ INANCE NOT IMPORTANT
. INSTANTANEOUS PERCEPTION OF
LIMITED LUMINANCE RANGE A4S
COMPARED WITH TOTAL RANGE
OF EYE SENSITIVITY.

POSITION WITH RESPECT - DEFINED BY POSTURE OF TASK - MAY GREATLY AFFECT VISIBILITY
To TASK PERFORMER, POSITION OF TASK,  BUT OPTION TO CHANGE
ANGLE OF VIEW THIS PARAMETER 15 NOT
ALWAYS AVAILABLE
CONFLICT BETNEEN - REQUIREMENT FOR CONCURRENT - MOSTLY (N INTERFACING WITH
VISUAL AND ACTNITY ~ MOTOR CONTROL AND VISUAL MACHINES — A PROBLEM IN
. REQUIREMENTS INSPECTION OF WORK, ERGONOMILS

J]

Table III - Task performer response affecting visibility

below this level'Z, Because of the phenomenon of adaptation,
absolute luminance levels are not as imporant in task
performance as the luminance ratios of the surfaces within the

field of view.

2.4 Characteristics Of Lighting

Task lighting has been defined as'?®:

a lighting installation which provides the correct
gquantity of light on the visual task, flowing from the
correct direction, with respect to the worker and the
working plane or planes involved, being. of the
appropriate spectral quality, and designed to provide
good visibility.

Table IV , adapted from Harker'®, 1lists the wvarious



35

LIGHTING ATTRIBUTE MEASURE COMMENTS

ILLUMINANCE PLANAR ON WORK SURFACE MOST FREQUENTLY USED STANDARD
EFFECTIVE IN INCREASING VISIBILITY
WHEN LEVELS ARE LOW BUT FOLLOWS
LAV OF DIMINISHING RETURNS

OIRECTIONAL LIGHTING CONTRAST RENDERING FACTOR (CRF) RELATES IMPORTANT FOR MATERIALS WITH DEPTH
T0 SPHERE ILLUMINANCE. SPECIFICTO  AND SPECULAR COMPONENTS
VIEWING ANGLE AND MATERIAL CHARAC-
TERISTICS

BALANCE OF GENERAL ILLUMINATION T0  DIFFICULT To MEASURE FOR MATERIAL
DIRECTIONAL COMPONENTS (VECTOR-  POSITION BUT MAY BE IMPORTANT
SCALAR RATIO 15 ONE MEASURE) WHERE BOTH TRANSMITTED AND
REFLECTED LIGHT ARE IMPORTANT

SPECTRAL QUALITY FREQUENCY SPECTRUM OF LIGHT S0URCES  CHOICE OF S4URCE LIMITED TO A PREDETER-
MINED RANGE OF ALTERNATIVES.

Table IV - Characterlstlcs of task lighting affecting

v151b111ty

parameters of lighting affecting visibility. These parameters
are: |

i. illuminance

1i. luminance distribution

iii. direction of light |

iv., spectral quality

v. variability in time

2.4.1 The Effect Of Illuminance Level On Visibility

The 1importance of illuminance as a parameter influencing
task visibility has been over-rated for many reasons'®,6 '€,
mostly due to the promotion of exagerated light levels during

the era of cheap fuels'’, the easy use of 1illuminance as a
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yardstick'®, and an erroneous 1identification of higher light
levels with more productivity. It is widely understood now
that above 1light le;els of 200 lux, wvisibility, and hence
| performance, becomes progressively insensitive to an increase in
luminance'?®, In fact, at light levels currently prescribed for
buildings, performance does not appreciably change with

luminance??, "This 1is shown 1in figure 4 . Increases in
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Figure 4 - Relationship between luminance level and
performance

illuminance are very expensive?', and current thinking 1is that
it must  result in improved visibility and, hence, improved
performance to be justified. |

Lighting installations delivering the same "raw"
illuminance?? can ‘result in widely differing visibility on the
task. This is because visibility is not only a function of
illuminance, but also of light source design and location; of

task  and room reflectances; and of light
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source/task/task performer geometry.  The Equivalent Sphere
Illumination (ESI) is a reference lighting condition used to
measure visibility?3, It is designed to make the important
distinction between "raw" illuminance levels and the resulting
visibility?* by quantifying the effects of the various factors
.affecting visibility?25. It is used to compare the wvisibility
produced by different 1lighting schemes. Some practitioners
have expressed reservations about the wuse of (ESI) in field
situations?®,27 but others have found it helpful in designing
effective lighting while reducing lighting energy
consumption?8, 629,

The concept of visibility as a criterion of lighting
performance is very important in interiors wusing daylight for
task performance. The IES Daylighting Committee, in their 1979
edition of the "Recommended Practice of Daylighting", have
written39;

The distinction between the illumination level and any

resulting wvisibility 1s especially important for

daylighting analysis. In many applications, daylight

is incident at the task from directions (side and

back) which produce high contrast [and high

visibility] and consequently, high ESI. Thus, it can
happen that a small amount of daylight can produce the

same task visibility as a larger amount of [ overhead]

electric lighting... The full possibility of

daylight benefits <can be difficult to demonstrate
without the use of the ESI concept.

Griffith?®' has written:

...daylight 1illumination through windows has been
shown to be 3 to 4 times as effective 1in increasing
visual performance as equal illumination from
conventional electric lighting if properly utilized...
With proper layout of workplaces [daylight from the
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side] 20 to 30 footcandles of daylight can permit
better visual performance than 70 to 100 footcandles
of classical overhead lighting.

An extensive computer simulatioﬁ study by Thrun3? for
Public Works Canada, on daylight illuminance levels available in
typical office interiors, has shown that when all pertinent
factors relating to task visibility are taken into consideration
along with illuminance, and expressed as Equivalent Sphere
Illumination, the ESI values for daylight from windows averaged
between 2 to 4 times the value of the "traditional incident
illumination”3®3 (i.e. "raw" illuminance) throughout the room.
The actual values are a function of the orientation, time of

day, etc?i*.

2.4.2 The Effect Of Luminance Distribution On Visibility

Visibility is in general governed by the total amount of
light which may be seen within the visual field. This field is
composed  of the task, the immeaiate surround and the general
surround®*®, as shown in figure 5 . The total amount of 1light
is a function of both the luminance of the visual field (which
is proportional to the illuminance and the reflectivity of the
surface), as well as its area. A change in luminance alone
will have less influence on visibility than on visual comfort.

Contrast between task and immediate surround also affects
visibility?®. An extreme instance of this is disability glare,
which substantially affects visibility, but this phenomenon is

not -very common in interior lighting situations3®7’. Hopkinson
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Figure 5 - Components of the visual field

and Collins?®®, report that optimum luminance of the surround for
task visibility is equal or somewhat less than that of the task
itself. Visibility decreases very gradually as the luminance
of .the immediate surround is reduced, but decreases.sharply as
its luminance 1is increased abéve  that of the task?®.
Viéibility also improves by about 25% with an increase of
surround area up to a subtending angie of about 6°. Examples
of this are road signs, where a qQuite small immediate surround
is sufficient to provide good visibility of the sign. Beyond
the size of immediate surround indicated, improvement in visual
performance is minimal®®.

In daylit interiors, locations remote from daylighting
apertures may require electric task lighting supplementation.
In other respects, daylight can provide luminance ratios within

the visual field that enable good task visibility.
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2.4.3 The Effect Of Light Direction On Task Visibility

The direction of light will affect task visibility*®', quite
apart from its effect on visual quality of the space.
Improvement in visibility is most marked for three dimensional
tasks: where a change 1in the direction of light will greaﬁly
influence the perception of form, depth and texture, bﬁt it will
also affect two dimensional tasks having ba degree of
specularity.

The ratio between the level of the directional lighting and
the level of the general lighting is called the Vector/Scalar
ratio. In some situations, such as those involving model-
making or the examination of objects having specular
characteristics, an increase in this ratio--brought about, for
example, by an increase in illuminaﬁce on the vertical plane--
will improve task visibility®?.

In offices, the predominant mode of daylighting is through
side lighting. This direction of light results in little or no
veiling reflections for horizontal tasks and optimum modelling
for three dimensional tasks. Griffith has demonstrated the
advantage of side lighting in reducing veiling reflections and
resultant contrast degradation, as compared with conventional

top lighting®3,
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2.4.4 The Effect Of Spectral Characteristics On Visibility

The spectral characteristics of the 1light -source will
naturally influence the colour rendering‘! of dbjects ‘seen in
its light. Thus, the ability to discriminate colour
differences in some tasks will vary greatly under different
light sources.

Beyond this effect, howéver, there 1s evidence that light
sdurces with better colour-rendering characteristics (i.e.
approaching the colour-rendering of natural 1light) provide
greater 'visual «clarity'®® than sources of poorer colour-
rendering characteristics. This means that a light source with
a high colour-rendering index®® can have lower illuminance--by
.as much as 40%%’--and still provide equivalent visfbility“s.
This phenomenon is known to tﬁe scientific community but has not
been acknowledged in lighting standards®®.

Electromagnetic radiation that makes up daylight is evenly
dist}ibuted withiﬁ the range visible to the human eye, whereas
the wvisible radiation from common light sources favours some
colours over others. Therefore, there 1is a better colour
perception under daylight, as compared with most of the commonly
used electrical 1lighting®°, and a corresponding increase in
visibility. The light is also perceived as pleasant®', with a
vibrancy and colour balance that can be simulated only with
installétions of rather expensive, "full-spectrum”, fluorescent

lamps5?,
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2.4.5 The Effect Of Illuminance Variabiligy On Visibility

A fluctuation 1in illuminance has an impact on visibility
and task performance. The degreee of impact is a function of
the rate and amplitude of fluctuation, as well as of the meaning
attached to this fluctuation. The flicker produced by
fluorescent lamps, for example, can impair the wvisibility Iof
tasks that involve rapid motion,‘as'well as reduce performance
because of the distraction it causes. Other phenomena, such as
staged switching of lights in response to fluctuating daylight
levels, will not cause a reduction 1in wvisibility, but may
nevertheless impair task performance because of their
distracting effect.

Dayligh£ is naturally variable, but its rate of variability
and the amplitude of variability within short intervals are such
that they do not impair visibility. Short term fluctuation in
daylight 1levels--such as during partly cloudy days—-—are
generally considered pleasant because of the positive
associations they evoke, and do not 1impair task performance.
In daylit buildings 1integrated with electric 1lighting, the
continuous dimming of electric light, with time delay and dead-
band characteristics®?, avoids distracting variations in

interior light levels.
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3. LIGHTING FOR USER SATISFACTION--"LIGHT TO SEE"

General lighting of interior space, or ambient 1lighting,
fulfills the following roles:

i. responds to the physiological needs of the occupants

ii. 1influences (along with task 1lighting) the visual
comfort, in psycho-physical terms, of the occupants

iii, promotes visual definition of spaces: a sense of
orientation, guidance, visual focus, etc.

iv. influences the overall impression <created by the

space: spaciousness, privacy, etc.

To the extent that ambient 1lighting fulfills the above
roles, it will indirectly, through the the satisfaction of the
occupants with the wvisual environment, also affect task

performance.

3.1 Lighting For Physiological Well-being

Light has extrasensory effects on all living organisms.
In human beings, these effects occur mostly through the eye and
the skin. Signals from 1light on the eye are interpreted by
parts of the brain not associated with vision and these regulate
normal biological rhythms5%,55, The triggering wavelengths for
some of these are in the visible portion of the spectrum, for
others, in the near or mid-ultraviolet portionSé. Light
striking the skin is well known to aid in synthesizing vitamin

D37, For this, the most active wavelengths are the mid-
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ultraviolet range®%, Both mid and near-ultraviolet rays are
known to have bacteriocidal effect on the skin's surface®?®.

Although inconcluSive, research results are making
increasingly clear that "lighting exerts important effects upon
human health and productivity, far beyond its requirements for
vision"&?, According to photobiological research, "it seems
reasonable that the 1light sources to which we expose. people
should not deviate markedly from the lighting environment wunder
which people evolved 1in nature. The fragmentary data now
available sUggests that working under such 'natural' conditions
significantly decreases visual fatigue and may also increase
productivity"®'.

There is, however, no consensus on this subject. Partly
because of inconclusive evidence, but mostly because of vested
commercial interests by the large 1lighting manufacturers, the
importance of providing daylight, or .daylight-simulating
electrical lighting, in building interiors is much
debated®2, 663,64 65 -

Light 1in the interior of buildings comes either from
electric light sources or from daylight transmitted through
daylighting apertures. These two light sources may be examined
to determine to what extent these differ from outdoor sunlight

and daylight, under which man has evolved.

Photobiological effect of electric light

Scientific opinion differs on the issue of health .effects

of artificial lighting sources: whether they are non-injurious,

~
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defficient in some aspects or positively harmful®®, 667, The
answer partly depends on the definition of these terms.
Moderate amounts of ultraviolet rays and of the shorter
_waQelength visible rays appear to be beneficial to human health.
The common fluorescent 1lighting exhibits a narrow-band light
distribution and a general defficiency in the UV wavelengths®®.
One concern 1is that people, working under these lights and
exposed to very little daylight (especially during winters),
become deprived of the catalytic energies present in the shorter
visible, and UV wavelengths. Fuli spectrum flﬁorescent lamps,
duplicating the spectral composition of daylight, are
available®®, but these are 5 to 10 times more expensive than
stanaard fluorescent lamps and there is considerable controversy
in tﬁe industry concerning the wusefulness of these lamps’o.,
Some. research even suggests that fuil—spectfum lamps have

harmful side-effects’’.

Photobiological effect of daylight

The other way of receiving biologically desirable spectral
balance 1in 1light 1is from daylight, coming through windows,
skylights, etc. Although direct sunlight is the most potent
photobiologically; overcast skies filter out only about 20% of
the ultraviolet light’2,72® and hence, cloudy days are almost as
beneficial.

The main issue, therefore, is whether or not window glass
will transmit the wavelengths necessary for health. Clear

glass transmits a large part of the near ultraviolet rays (320-
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380nm) but that transmissivity falls off sharply at the mid-
ultraviolet ~wavelengths (290-320nm) 74, Since the
photobiologically active wavelengthé are in the wvisible, near-
ultraviolet and mid-ultraviolet ranges (varying for different
physiological processes), this means that ordinary clear glass
is transparent to much, though perhaps not all, of these
wavelengths. Low iron glass, having high transmittance to the
mid and near ultraviolet rays, and higher transmittance in the
visible-portion of the spectrum than standard clear glass, is
now being manufactured, so that the full benefit of these
electromagnetic frequencies may be realized inside buildings’5.
Heat absorbing and especially heat reflecting glasses reflect
most of ultraviolet rays; these also of course reduce the
quantity of visible light transmitted’®.

The tentative conclusion one may draw from these facts is
that naturally 1lit buildings, with clear window glass, are more
able to provide their occupants with the kind of light that is
necessary for biological health of the human organism, than
totally electrically lit buildings that ignore the potential for

daylighting,.

3.2 Lighting For Visual Comfort

"Lighting for ease of seeing, or visual comfort in strictly
psychophysical terms, can be divided into the following goals:

i. control of brightness gradients
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ii. avoidance of discomfort glare

iii, provision of visual rest centres

3.2.1 Brightness Gradients

~ The perceptioﬁ of brightness is governed by the phenomenon
of lightness constancy’’. Because of lightness constancy, an
object will appear to be equally bright under a wide ‘range of
i1lluminance levels, and its perceived luminosity--or
brightness’®--will depend on the relationship to its
surroundings. The practical result of this is} that the
absolute luminance of surfaces within the field of view (and
hence, the 1illuminance on them), is of little consequence in
judging brightness levels. It is the luminance ratios among
these surfaces that is important. Table VvV 779 lists recommended
maximum luminance ratios between task and surroundings that will
provide visual comfort conditions within office interiors.
Acceptable luminance ranges may be obtained 1in daylit
interiors with careful detailing: relatively high room surface
reflectances, contrast grading around daylighting apertures,
glare control devices at daylighting apertures, etc. These

technigues are examined in later chapters.

3.2.2 Discomfort Glare

Discomfort glare is an extreme situation of brightness
contrast occuring when an object within the field of vision has

a luminance exceeding the range to which the eye is adapted at
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SURFACES BEING COMPARED MAX. BRIGHTNESS RATI09

TASK AND ADJACENT SURROUNDINGS ——— | TO I/3
TASK AND MORE REMOTE DARKER SURFACES | TO io
TASK AND MORE REMOTE LIGHTER SURFACES —— | T0 10

FENESTRATION AND ADJACENT SURFACES ————— 20 70 |
ANY TWO SURFACES WITHIN THE NORMAL FIELD OF VIEN —— 40 T0 |

Table V - Recommended luminance ratios within the visual
field

the time. Discomfort glare is a function of the 1luminance of
the offending source, the solid angle subtended by it at the
point of observation, its location within the visual field, the
reflectances of theﬁroom surfaces and the general illuminance in
the space®?. .As a result, glare control can be achieved by
reéucing the luminance of the glare source and/or reducing its.
perceived size; moving its location to the periphery of vision;
increasing the general background luminance by increasing the
ambient- illuminance and the reflectances of major surfaces in
the field of view; and in general, by decreasing the contrast‘
between the light source and its surroundings®', Figure 6 82
shows these relationships. Substantially greater luminance
values are tolerated at the periphery of vision than at the
centre of vision (by a factor of 4)%%, and therefore higher
brightness 1levels can be tolerated for luminous ceilings, for

example, than for wall areas, which are more prominent in the

field of vision.



49

T EFFECT OF INCREASING SORRODAIDING T 1 000 asb

9 FELD BRIGHTNESS |

& \(/ . ' A

SN DISCOMFORT 20NE | / Soooash
st l / A

v l /7 Ve

g { / },/?

0° Ve

c Yot 7

< 7 a0° 2 500ash

z | L7 |

£ o° NORMAL LINE OF SIGHT _%

5 — . T— —— G — —
W

w -

<

Y

&

1%

z

INCREASE N S1ZE OF SOURCE ——)

(APPROACHING WDIRECT LISHTING OR LUMINGUS CEILINGY) .

Figure 6 - Glare as a function of area and location of
source

Thé perception of glére is not a constant factor, but is an
inverse function of the adaptation reference level of the eye,
which corresponds to the average illumination level at the. task
and the immediate task surround. Therefore; the higher the
illuminance within a space and/or the higher the reflectances of
the interior surfaces, the greater luminance a source of
illumination--a window, for example--may have before it becomes
a source of glare.

For the range of lighting levels of 300 to 1 000 lux found
in present day offices, critical sky luminance is 6 000 and
20 000asb respectively®®, This coinéides with values obtained
by Hopkinson and others, shown graphically in figure 7 85,86,

*In Vancouver, the luminance of a clear sky (excluding the
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region near the sun, which is assumed to be shielded from the
interior) is between 13 000 and 20 000asb, depending largely on
angul;r altitude; the luminance of a cloudy sky is between.7 000
and 14 000asb®’. Therefore, with high 1indoor illuminance
levels and/or a partially obstructed skyvault, glare may not be
a problem. This is also the conclusion of Galbreath®® who has
stated that when direct sunlight is excluded, a clear sky is
seldom so bright as to cause discomfort. Matthews®? concurs,
saying that the problem of glare has been overemphasized in
pfesent-day design techniques.

In the worst case situations, such as those involving high
exterior luminances and 1low ‘interior luminances, the problem

involves reducing the luminance through the window by a factor
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of about 3. This observation is confirmed by Selkowitz®°, who
has observed that "glare is a problem of knocking down the
brightness by a factor of 2 or 3".

Since higher brightness is tolerated at the periphery of
vision, glare may be reduced by arranging working positions so
that unscreened windows are not. in the 1line of sight of
workers®',  This solution is not élways as feasible in preseﬁt
day office situations as it was in the past due to increased
complexity of office activities and increased densities. On
the other hand, it may be possible, especially with work
stations wutilizing the newer office furniture systems, to
arrange components to shield direct views of unscreened windows;
movable bulletin boards, acoustic screens, shelves, hanging
plants, can all be used for this purpose.

Lynes®? has cautioned that glare 1limits appropriate for
electric light sources--small or large--will be too conservative
if applied to daylighting apertures, because of two phenomena:
i. Because of the "proximity effect”, the sky, being perceived

as further away, will feel less oppressive than a luminous

source within the‘interior space, even when the luminance
and solid angle subtended by both are the same.

ii. Because of the "habituation effect", most people find the
sky, which they have known since birth,‘less objectionable
as a glare source than electric 1lighting of similar

luminous characteristics.

In a similar vein, Lam®?® has stated that when the stimulus

is meanipgful, relevant, and expected, much higher luminances
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are acceptable. Thus a pattern of light fixtures or a luminous
ceiling may be judged as glaring or annoying, while under
~identical interior Jlight levels, a window view of greater
luminance may be perceived as sparkling and enjoyable.
According to Lam, "people perceive information and
relationships, not absolute intensity ievels of light"®*%,

Since the phenomenon of glare is an extreme situation of
brightness differences, all methods that help in balancing the
perceived brightness in a space, do also, to some extent, reduce

the glare problem.

3.2.3 Visual Rest Centres

The provision of visual rest centres within a work space is
another requirément'for visual comfort. | The eye muscles need
periodic relaxation ffom the effort of close-up work; they can
relax when the eye is focused on distant objects, termed "visual
rest centres". In practice, objects or surfaces 6m or farther
from one's location can serve the purpose.

The visual rest centre should preferably be an area of low
phototropic attraction - i.e. of equal or lower brightness than
the wvisual task, and having no conspicuous visual pattern'that
may seriously interfere with the eye's relaxation?®®, Examples
are views out of windows (some are better for this purpose than
others), long views across rdoms, areas of clear colour, etc.%°®

Windows can serve well as visual rest centres, even though
their brightness 1level 1s generally greater than that of the

task, since they offer distant objects for the eye to focus on,
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and relief from the wvisual work being done. Windows that
provide a view of soft landscaping, of sky and of simple visual
patterns, serve best as - visual rest <centres, but windows
overlooking active scenes can also be satisfactory for
relatively static wvisual tasks, such as reading or writing,
since a degree of psycholbgical stimulation 1is acceptable for

these activities.

3.3 Lighting For Visual Perception

There 1s general agreement among lighting designers that
consideration of perceptual factors 1is necessary for good
lighting design®7, This is for the following reasons:

i. The overall visual impression that occupants have of their
work environment wili influence their satisfaction with,
and acceptance of, the space, and this in turn, will affect
work performance?®®,

ii. Conscious wuse of perceptual factors 1in the design of
lighting can heighten the perception of form and space for

pragmatic as well as aesthetic ends.

Light may be wused to create perceptual impressions that
have immediate and practical purposes:  to emphasize
architectural focal points, clarify structure, draw attention to
dangerous edges, etc. Light is thus consciously utilized to
reinforce perceptual clues with a resultant increase in spatial
clarity and easier use of the building. However, the use of

light in this way can go béyond the pragmatic, and may be part
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of a larger purpose: to mould and interpret space and highlight
its beauty.

Lam®®, Jay'°°® and Boyce'®' have all discussed the role and
importance of percepfual impressions 1in lighting design.
Flynn'°? has devised research methodologies--factor analysis,
multidimensional scaling and semantic differential techniques--
that can systematically identify and scale these impressions.
The principles for manipulating 1lighting to give desired
impressions in spéces have been well formulated, and are of
great value. Ultimately, however, their application involves
synthesis and intuition. The detailed discussion of lighting
in general, to achieve desired impressions in interiors, is
beyond the scope of this thesis.

Daylighting and sunlighting in building interiors result in‘
perceptual advantages which are due either to thé mode of entry
of daylight/sunlight into 1interiors or the inherent nature of
these light sources. These are discussed under the following
headings:

i. view

ii. spaciousness

iii. modelling

iv., drama of daylight

V. sunshine
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3.3.1 View

View--or some contact with the outside world--is considered
by occupanfs one of the most highly valued benefits provided by
windows'©93, The ability to rest one's eyes on some distant
6bje¢t, to be aware of the time of day, of changes in weather
and of unfolding events'outdoors, all contribute to the value of
view.

Whereas all windowed buildings provide view to a greater or
lesser extent, daylit buildings can enhance that potential. In

daylit buildings, windows are considered assets in the total

energy picture; in conventional design, they are considered
thermal liabilities 'requiring trade-offs between human
satisfaction and energy use. The location of windows for

daylighting may not coincide with the prefered 1location for
view, but the very fact that in daylighting design windows are
considered in their wvarious functional aspects (rather than
predominantly as elements in a visual composition) and window
size is not minimized, will 1increase ﬁhe likelihood of view
being given due consideration. View and connection with the
outdoors 1is enhanced further in daylit buildings by the
increased perception of the subtle changes in the intensity of
daylight and, in some designs, by the play of sunlight on some
interior surfaces.

In many new office buildings, a large percentage of
exterior wall area may be covered with reflective glass of very

low (7-20%) transmittance. Some surveys have found that the
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reduced luminance of the outdoors created a sense of visual
gloom that the occupants found to be depressing. | Also, the
glass, bécause of its low transmittance, turned into a mirror
whenever illumination levels outdoors were relatively low in the
daytime. This was found to be distracting'®*. At certain sun
angles, reflective glass can also contribute to annoying glare
(and substantial load on the AC system) in Vadjaéent buildings.
Thus, very low transmittance glass, although providing a
solution to the problems of interior glare and solar heat gain,
has adverse effect on the perception of the outdoors. It also
éliminates the potential of daylighting in buildings where it is

used.

3.3.2 Spaciousness

The presence of windows in a room make it seem more
spacious '°%, reduces feelings of enclosure and restriction and
increases its apparent size!©?6, It adds an important
psychological dimension to a room, almost unrelated to such
factors as view or sunshine. Windows need not be too large for
this purpose but cannot be too small'®’, This may perhaps be
because the modelling effect of daylight, which is a factor in
the perceived spaciousness of a space, disappears when the
window is too small.

Spaciousness of interiors due to the presence of windows is
not limited to buildings purposely designed to take advantage of
daylighting, but daylighting will enhance this quality.

Flynn's study'®®, summarized in table VI , testifies to the
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positive effect of peripheral 1lighting in general. The
spaciousness created by windows, may be seen as an example of

this more general phenomenon.

SUBJECTIVE IMPRESSION LIGHTING CUES

" IMPRESSION OF PERCEPTUAL CLARITY - BRIGHT, UNIFORM LIGHTING.
- PERIPHERAL EMPHASIS, SUCH AS WITH HIGH REFLECTANCE
WALLS , OR WALL LIGHTING.

IMPRESSION OF SPACIOUSNESS .+ UNIFORM , PERIPHERAL (WALL)LIGHTING.
: T UBRIGHTNESS 1S A REINFORCING FACTOR,, BUT NOT A

. .- DECISIVE ONE.
IMPRESSION OF RELAXATION *NON-UNIFORM LIGHTING.
+ PERIPHERAL (WALL)EMPHASIS, RATHER THAN OVERHEAD LIGHTING.
IMPRESSION OF PRIVACY « NON-UNIFORM LIGHTING .

- TENDENCY TOWARD LOW LIGHT INTENSITIES IN TUE IMMEDIATE
LOCALE OF THE USER, WITH HIGHER BRIGHTNESSES
REMOTE FROM THE USER, PERIPHERAL (WALL)EMPHASIS
1S A REINFORCING FACTOR, BUT NOT A DECISIVE ONE.

IMPRESSION OF PLEASANTNESS — « NON-UNIFORM LIGHTING.
* PERIPHERAL (WALL) EMPHASIS .

Table VI - Reinforcement of subjective impressions by
lighting cues

3.3.3 Modelling

In offices, the predominant modelling requirement is that
of seeing peoples' faces‘during conversations. Lynes'®® has
. found that for this reguirement, there was a distinct preference
for 1lighting ‘with some directional character and close to the
horizontal--15-45° above the horizontal being the range of the

most. preferred directions. The least acceptable direction was
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found to be lighting directly overhead. It is clear from this
that daylighting apertures located in exterior walls, at or
above the work plane, provide preferred modelling

characteristics.

3.3.4 The Drama Of Daylight

Current environmental design practices aim at uniform
temperatures and unvarying light levels in our buildings, and as
such, the variability of daylight may at first thought appear to
be undesirable. However, experience and research suggest that
the changes and variability introduced into a space by daylight
are valued by the occupants and even preferred over wuniform
lighting conditions't'°o, '11 112,

Larson''? has written:

Good lighting, in terms of efficiency of work and

psychological interest must be suitably variable but

constantly adequate... For relatively static visual
tasks, constancy on the work surface and variation
within - the space are conducive to a healthy visual
situation. The worker and not the work is the final
reason for lighting a particular way: lighting should

be designed with the best physiological, psychological
and esthetic interests of the worker in mind.

The short term variatibns have been found to add a dynamic
‘quality to daylit interiors, contributing to an avoidance of the
monotony that electrical 1lighting installations sometimes
evoke''%, This characteristic variability is sometimes called
the "living quality" of daylight''s.

There 1is a marked difference in the "feel" of daylit
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spaces, as compared to those 1lit by electric lighting''é. They
have a "more pleasing and natural character"''7, Surveys made
on lighting preferences have revealed a widespread belief that
daylighting is a better light source than electric 1lighting''®,
In some innovative daylit buildings there has been "overwhelming
worker enthusiasm for daylight and the concept of natural light
as the preferable source of office lighting"''?,

In Great Britain, when the system known as the Permanent
Supplementary Artificial Lighting Installation (PSALI) was
conceived in the 1950's for commercial and institutional
buildings, it was deemed important that most of the illumination
be provided by daylight, with electric lighting supplementing
it. It was felt that "daylight 1in all 1its wvariety and
stjmulation must be provided, and must be thé dominant .feature
of the room lighting, rather than it should be shut out by
blinds or merely allowed to peep through small view windows"'2°,
Evans'?' identifies that moderate changes in illuminance promote
"comfort and agreeableness" and that the introduction of
daylight into interiors is "the simplest and most effective way
to provide these valuable [changes]...of reasonably subdued
surface-brightness variations, with some visual flexibility and
stimuli",

Variations in illuminance 1level are known to have a
relaxing effect on the eyes and to promote positive
psychological reactions'??, It has also been found to assist

concentration, as measured by the span of attention'?3,
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3.3.5 Sunshine

Daylit buildings are not the only ones that can admit
sunshine 1into their interiors; all buildings with windows or
skylights can potentially do so. However, in the design of
most commercial buildings; sunshine is treated as a problem: the
additional heat introduced places a burden on the HVAC system;
glare is a nuisance; furniture and fabrics fade. Therefore,
effort 1s made to screen out the sun. In spite of this,
experience shows that sunlight 1introduced judiciously and
sparingly--as a "wall wash" or other similar means of
highlighting surfaces of interest--can make a worthwhile
addition to the interior space.

Sunshine, as differentiated from daylight from the sky-
vauit, has been found to create a set of distinct ps&chological
reactions'?2%, The desirability of sunshine in interior spaces
has been found by researchers to vary with the type of activity:
hospital patients and housewives found sunshine extremely
important (85-91% wanted 1it); school teachers and hospital
workers less so (52-60%); office workers were 1in Dbetween (73%
wanted sunshine)'25, The nature of the visual task being
performed and the degree of freedom individuals have 1in the
space, undoubtedly affects their preference for sunshine: the
more individuals are able to control glare and overheating by
the wuse of shading, or to move around in their task, the more
likely they will appreciate sunshine'?€,

- The desire for sunshine in the interior of buildings has
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also been found to be strongest in maritime regions and northern

latitudes, where the duration of sunshine is most limited'?7.

The B.C. Lower Mainland for example, with its "dreary"
winters, is an appropriate geographical area for the
introduction of sunlight sparkle 1inside buildings. Lam has

argued that "most people view sunlit surfaces as desirable
points of interest, because of the importance of sunlight in
man's biological history"'?2®.

Although 1less experienced designers have been cautioned
against use of sunlight in task oriented interiors, because of
grave penalties associated with design errors '?%, examples of"
successful solutions are very dramatic and appealing'3©, In
conclusion, according to available research on the subject, the
guality of'illumina£ion p;ovided by both daylight and sunlight
has a "tremendous psychological impact upon people in

buildings" '3,

4. NOTES

1, Adapted from figures 1 and 2 of S. D. .P. Harker, "An
Analytical Framework for Describing the Lighting
Requirements of 1Industrial Tasks," in Developments in

Lighting--2: Industrial, edited by D. C. Pritchard
(London: Applied Science, 1982), pp. 22-23.




10.

11,

12.

14.

15.

16.

17.

18.

62

Harker, pp. 22-23; 40-44.

Gary T. Yonemura, "Criteria for Recommending Lighting
Levels," Proceedings of the Symposium_on "The Integration
of Visual Performance Criteria into the Illumination
Design Process", January 25-27, 1982. Ottawa: Public Works
Canada, 1982, p. 387. '

Harker, p. 31.

A. W. Levy, "Interior Lighting Design and Energy
Conservation," Division of Building Research, National
Research Council of Canada, Canadian Building Digest 192,

-1977, p. 1.

Yonemura, p. 387.
Levy, p. 3.

R. G. Hopkinson, Architectural Physics: Lighting (London:
Her Majesty's Stationery Office, 1963), p. 161.

Levy, p. 3.

Samuel Berman and Robert Clear, "Relating Productivity to
Visibility and Lighting,"” Proceedings of the Symposium on
"The Integration of Visual Performance Criteria into the
Illumination Design Process", January 25-27, 1982, Ottawa:
Public Works Canada, 1982, p. 185.

Summarized partly from Harker, pp. 37-42.

Derek Phillips, Lighting in Architectural Design (Toronto:
McGraw-Hill), 1964. '

J. W. Carlton, "Effective Use of Lighting," in
Developments in Lighting--2: Industrial, edited by D. C.
Pritchard (London: Applied Science, 1982), p. 70.

Harker, p. 15.

R. J. Cole and R. W. Seaton, Class handout, Architecture
431, "Light, Colour and Space", University of British
Columbia, February 27, 1978.

Richard G. Stein, Architecture and Energy (New York:
Anchor/Doubleday, 1977), pp. 124-54.

Leslie Larson, Lighting and Its Design (New York: Whitney,
1964), p. 19. .

J. A. Lynes, Principles of Natural Lighting (London:
Elsevier, 1968), p. 138.




19.
20.

21,

22.

23.

24,
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

63

Berman and Clear, p.185.

J. J. Vos, "Can the CIE of Visual Performances be Applied
to Prescribe Levels of Interior Lighting?," Proceedings of
the Symposium on "The Integration of Visual Performance

Criteria into the Illumination Design Process", January
25-27, 1982. Ottawa: Public Works Canada, 1982,
pp. 55, 56.

Berman and Clear, p. 185.

That 1is, illuminance measured by a light meter, without
considering the quality of light on the task. Also termed
"classical illuminance” or "traditional incident

luminance".

IES Daylighting Committee, "Recommended Practice of
Daylighting," Lighting Design and Applications, February
1979, p. 30. '

Ibid.
Levy, p. 2.
Vos, pp. 53-63.

Howard -Brandston, - "Lighting Design: A Practitioner's .
Problem," Proceedings of the Symposium on "The Integration
of Visual Performance Criteria into the Illumination
Design Process", January 25-27, 1982. Ottawa: Public Works
Canada, 1982, p. 42.

Levy, p. 2.

Isaac Goodbar, "The Application of the ESI System to
Office Lighting," Proceedings of the Symposium on "The
Integration of Visual Performance Criteria into the
Illumination Design Process", January 25-27, 1982, Ottawa:
Public Works Canada, 1982, pp. 123-183.

IES Daylighting Committee (1979), p. 31.

James W, Griffith, "Benefits of Daylighting: Energy and
Cost Savings," ASHRAE Journal 20, January 1978, p. 55.

Public Works Canada, Levels of Performance Related
Illumination Available from Daylight in Typical Office and
School Interiors (Ottawa: Public Works Canada, [1980]).

Ibid.

Eric Thrun and Robert Jennings, "Levels of Performance
Related Illumination Available from Daylight in Typical
Office School Interiors," Journal of IES, October 1981,




35.

36.

37.

38.

39.
40.
41.
42.
43.

44,

45,

46.

47.

48.
49.

64

pp. 7-10.

Hopkinson, p. 257.

-As measured by the ease of reading or by visual acuity

(i.e. the ability to detect details in the task). Results
by both criteria are similar. :

W. R. Stevens, Building Physics: Lighting (Oxford:
Pergamon, 1969), p. 24. ’

.R. G. Hopkinson and J. B. Collins; The Ergonomics of

Lighting (London: MacDonald, 1970), p. 59.
Ibid., p. 60.

Ibid., p. 61.

Harker, p. 33.

Ibid.

Griffith, p. 55.

"The term 'colour rendering' with reference to light
sources is a measure of the degree to which the perceived
colours ‘of objects 1illuminated by various light sources
will match the perceived colours of the same object when
illuminated by standard [reference] 1light sources, for
specific viewing conditions". The reference 1light source
most commonly wused 1is daylight. General Electric, Light
and Color (Publication no. TP'19, 1967), p. 23.

S. M. Aston and H. E. Bellchambers, "Illumination, Colour
rendering and Visual Clarity," Lighting Research and
Technology, 1(1969)259-261.

The colour rendering index compares the averaged colour
rendering of a light source at different wavelengths with
that of a blackbody radiator or, if the colour temperature
is above 5000K° (fluorescent light sources are), then with
the nearest reconstituted daylight source. Reconstituted
daylight is a physical standard, derived by mathematically
averaging the range of characteristics of daylight at
different locations, elevations, times-at a given colour
temperature. G. E., Light and Colour, p. 26.

Luke Thorington, "Light, Biology and .People, Part 2,"
Lighting Design and Applications, December 1973, p. 33.

Levy, p. 3.

Thorington, p. 33.

~



50.

51.

52.

53.

54,

55.

56.

57.
58.

59.

60.

61.

62.

63.

65

Scott Matthews and Peter Calthorpe, "Daylight as a Central
Determinant of Design," AIA Journal, September 1979,
p. 88.

Arthur H. Rosenfeld and Stephen E. Selkowitz, "Beam
Daylighting: An Alternative Illumination technique, "
Enerqgy and Buildings,1(1977):43.

Herbert - A. Anderson, "Office Design Case Study: High
Colour Rendering Light Sources Improves Manufacturing
Facility," Building Operating Management, ~June 1973,
pp. 26-28. - '

Francis Rubinstein, talk given at the Plennary Session of
Proceedings of the 1983 International Daylighting
Conference, 16-18 February 1983 1in Phoenix, Arizona.
Washington, D C.: 1983 International Daylighting

Conference, 1983.
Thorington, p. 32.

R. J. Wurtman, "Biological Implications of Artificial
Illumination,” Illuminating Engineering, 63(1968):523-29.

The visible spectrum ranges between 760nm at the red end
and 380nm at the violet end; near ultraviolet rays are
380-320nm; mid-ultraviolet  rays are 320-290nm. Far.
ultraviolet rays (below 290nm), which are harmful ‘to man
and most other living organisms, are filtered out by the
atmosphere.

Thorington, p. 34.
Sylvester K. Guth, "Some Observations on the Biological

Effects of Light," Lighting Design and Applications,
November 1973, p. 26.

Zane R. Kime, Sunlight Could Save Your Life (Penryn,
California: World Health, 1980), p. 171,

R. J. Wurtman, "Biological Considerations 1in Lighting
Environment," Progressive Architecture, September 1973,
p. 79.

Ibid., p. 81.

F. D. Hollister, Greater London Council: A Report on the
Problems of Windowless Environments (London: Hobbs the
Printers, 1968), pp. 64-66.

Belinda Lowenhaupt Collins, Windows & Human Satisfaction
in Solar Radiation Considerations in Building Planning and
Design (Washington, D. C.: National Academy of Sciences,
1976§

pp. 639-70.



64.

65.

66.

67.

68.
69.

70.

71.
72.

73.

74,

75.

76.

77.

78.

79.

80.

81.
82.

66

Thorington, supra and Thorington, "Light, Biology and
People, Part 1," Lighting Design and Applications,
November 1973, pp. 19-23.

Guth, supra.

Richard Corth and Roger A. Hoffman, "Does Artificial
Lighting Affect Man's Health? Probably Not," Lighting
Design and Applications, November 1973, pp. 30-36.

J. N. Ott, Health and Light (0l1ld Grenwich:Devon-Adair,
1973).

Duro-Test, "Vita-Lite" trade literature.

Ibid.

This is partly because one relatively small 1light bulb
company has exclusive manufacturing rights on the full
spectrum fluorescent lamps.

Corth, supra.

Kime, p. 249.

B;-J.-Brinkworth, Solar Enerqgy for Man (Salisbury, Great
Britain: The Compton Press, 1972), pp. 232-34. '

Pilkington Glass Company, Trade literature: "Pilkington
'Glass Facts'--13A"

Kime, p. 249.

Saint Gobain Glass, Trade literature; also P. P. G. Trade
literature, supra.

Lynes, pp. 1-3.

'"Brightness' is a subjective, psychophysical term,
describing the perceived luminosity of an object;
"luminance' is a photometric term, describing the amount

of light flux emitted, reflected or transmitted in a given
direction (Lynes, pp. 2, 23). .

Murdoch Galbreath, "Daylight Design," Division of Building
Research, National Research Council of Canada, Canadian
Building Digest 17, May 1961, p. 4.

Hopkinson and Collins, p. 101.

Phillips, p.43.

Figure after  John E. Flynn and Samuel M. Mills,



83.

84.

85.

86.

87.

88.
89.

90.

91.
92.

93.

94.

95.
96.

97.

98.

67

Architectural Lighting Graphics (New York: Van Nostrand
Reinhold, 1962), p. 58. Luminance values twice as high may
be acceptable if relatively high surface reflectances are
used throughout the room, thus reducing distracting
contrasts and raising adaptation levels (Flynn and Mills,
p. 58).

Ibid.

Galbreath, p. 4. This |is assuming average surface
reflectances of 50% and using the rule of thumb of 1 to 40
between any two surfaces within the normal field of view.

Hopkinson, Architectural Physics, p. 120
D. P. Turner, ed, Windows and Environment (Newton-le-

Willows: Pilkington Environmental Advisory Service, 1969),
pp. 2.38-2.39.

Measurements made by author, at noon, in spring, summer
and winter, 1983, The lower values were measured at the
winter solstice; spring and summer values are near the
high end.

Galbreath, p. 4.

Scott -Matthews, "Lighting from the Top", Talk given at
Proceedings of the 1983 International Daylighting
Conference, 16-18  February 1983 in Phoenix, Arizona.
Washington, D. C.: 1983 International Daylighting
Conference, 1983

Richard Rush, "Glassoline," Progressive Architecture,
September, 1981, p. 238.

D. C. Pritchard, Lighting (London:Longman, 1969), p. 87.
Lynes, pp. 153-54.

William M. Lam, Perception and Lighting as Formgivers for
Architecture (New York: McGraw-Hill, 1977), p. 70.

Ibid.

Phillips, p. 36 and Hopkinson, Architectural Physics,
p. 21.

Leonard Menasseh and Peter Cunliffe, Office Buildings (New
York: Reinhold, 1962), p. 33.

Yonemura, p. 384.

Ibid, p. 385.



99.
100.

101.

102.

103.
104.
105.
106.
107.
108.
1009.
110.

113.

114,

115.
116.
117.

118.

68

Lam, supra.

P. A. Jay, "Lighting and the Search for Meaning," in
Developments in Lighting--Part 1, edited by J. A. Lynes
(London: Applied Science, 1978), pp. 77-111.

P. R. Boyce, "Under the 1Influence of Lighting," 1in
Developments in Lighting--Part 1, edited by J. A. Lynes

(London: Applied Science, 1978), pp. 47-76.

John E. Flynn, "A Study of Subjective Responses to Low
Energy and Nonuniform Lighting Systems," Lighting Design
and Applications, February 1977, pp. 6-15.

Collins, p. 76.

Ibid., p. 66.

Ibid., p. 77.

Ibid., p. 75.

Ibid., p. 76.

Flynn, p. 8 and Boyce, Dp. 67.

Lynes, pp. 48-50. |

Stephen E. Selkowitz, "Daylighting and Passive Solar
Buildings," Proceedings of the 3rd National Passive Solar
Conference, January 11-13, 1979 in San Jose, Calif.,

Newark, Delaware: American Section of the International
Solar Energy Society, 1979, p. 279.

IES Daylighting Committee (1979), p.26.

Margueritte Villecco, S. Selkowitz, and J. W. Griffith ,
"Strategies of Daylight Design," AIA Journal, September
1979, p. 68. ‘

Larson, pp. 7-8.

G. K. Jackson and J. G. "Holmes, "Let's Keep It
Simple (II)--What we want from daylight," Light and
Lighting, March 1973, p. 80.

Lynes, p. 51.

Jackson, p. 80.

Collins, p. 55.

Ibid., p.33.



124.
125,
126.
127.

128.

129.

130.

131,

69

Matthews and Calthorpe, p.88.
Hopkinson, Architectural Physics, p. 318.

Benjamin H. Evans, Daylight in Architecture (New York:
McGraw-Hill, 1981), p. 21. :

IES Daylighting Committee (1979), p. 34.

Lynes, p. 51.

Collins, p. 58.

Ibid., pp. 59,60.

Ibid., p. 60.

Ibid., p. 61.

William M. C. Lam, "Sunlighting as Formgiver for
Architecture," Proceedings of the 1983 International
Daylighting Conference, 16-18 February 1983 in Phoenix,

Arizona. Washington, D. C.: 1983 International Daylighting
Conference, 1983, p. 78.

Harvey Bryan, presentation at the Daylighting Design Tools
Workshop, The 1983 International Daylighting Conference,
16-18 February 1983 in Phoenix, Arizona .

Lam, W. M, C. Slide presentation at the 1983 International
Daylighting Conference, February 17, Phoenix, Arizona.

Collins, p. 54.



70

ITI.

PROMOTE DAYLIGHT ACCESS

ono

(o]



71

1. INTRODUCTION

Daylight, unlike electric 1light, originates outside the
building, and as such, it must penetrate into the building
through apertures in the envelope. By increasing the exposure
of the daylighting apertures in this envelope to daylight--i.e.
improving the building's daylight access--potentially greater

amount of daylight can reach task areas within the interior.

1.1 The Three Sources Of Daylight

There are three 1light sources through which daylight
impinges on the building envelope, as shown in figure 8 .
These are:

i. = the sky

ii. the sun

iii. the ground

The sky as a light source

- Dayiight from the skyvéult, or atmospherically diffused
sunlight, is usually termed the Sky Component(SC). It 1is the
principal channel for indoor daylight in most designs. When
compared with the sun, the sky has a large visual area and

relatively 1low luminance. The luminance distribution varies
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Figure 8 - The three sources of daylight

with latitude, time of day, cloudihess, and turbidity' of the
atﬁosphere. Overcast and «clear skies have different, but
pfedictable, ’luminosity distribution across the skyvault.
Thus,'lumindsity yalueé.for any given time can be predicted with
reasonable accuracy and the SC of daylight calculated for
various orientations and outdoor illuminance’levels.

Most technigues that aim at maximizing the potential for
daylighting in a building, do so by increasing access of the
building envelope to the skyvault: manipulating massing add
layout and strategically locating daylighting apertures for

maximum interior daylighting.
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The sun as a light source

In terms of its luminous properties and geometrical
relationship to buildings, the sun may be described as a point
source of light?, of extreme luminous intensify, moving across
the skyvault in a wvarying, but predictable, path. The
illuminance produced by the sun on an exterior surface 1is a
function of the altitude angle of the sun; the angle between the
incident sunlight and the surface receiving the light; and the
turbidity of the atmosphere. Since the 1luminous efficacy of
sunlight is very high?®, the sun would be a very desirable source
of 1light, were it not for its movement in the skyvault. The
movement makes distribution of sunlight within the interior of
buildings difficult to achieve; and without the ability to
distribute this concentrated light, it becomes a glare and/er
heat gain problem. For this reason, sunlight is screened out
most of the time in larger buildings, either by opaque control
devices or by tinted glazing. However, it is possible to
introduce sunlight 1into office building interiors, using

techniques that can control and distribute it appropriately.

The ground as a light source

Daylight from the ground--here meaning adjacent buildings,
bodies of water and landscaping--is usually termed the
Externaily Reflected Component (ERC). It is a secondary source
of indoor daylight. Unlike diffuse daylight and sunlight, this
component is readily influenced by the activities of man, and

thus may be subject to short-term, as well as long-term changes
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at a given site. It may also.be seasonally variable (e.g. snow
cover)._ Although the inclusion in design of the ERC can thus
be problematic, it can nevertheles have an influence on the
~guantity of light in some interiors, and an even greater impact

on the guality of light.

Ay
Z Csunuau‘r

GROUND
REFIECTED

- LIGHT
T~

Figure 9 - Daylighting techniques using the three sources
of daylight

Figure 9 shows typical technigues that can access one or

more of these three sources of daylight.

1.2 The Three Daylight Design Conditions

A buildihg must respond to one or more of three predominant
daylight conditions:

i. overcast sky

ii. clear sky, with direct sunlight excluded from the

interior
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iii. clear sky, with direct sunlight admitted 1into the

interior

Overcast sky

This sky. condition 1is common in much of Europe and in
maritime climates generally, and thus desigﬁ methods for this
condition have been well developed.

Figure 10 a. shows that a uniformly overcast sky is
approximately 3 times as bright ‘at  the zenith as at the
horizon®. Although cloudiness 1s a variable factor, the
luminance distribution of a fully and uniformly overcast sky 1is
independent of solar position and latitude?®. Only absolute
luminance levels are thus variable for a given orientation and
therefore the overcast sky condition is relatively simple to

model.

The clear sky, with direct sunlight excluded

Figure 10 b. shows the approximate luminance distribution
of a clear sky®. The luminance distribution is the reverse of
the overcast sky situation, with the luminance near the horizon
approximately three times as high as that at the zenith. In
addition, the sky is very bright in the proximity of the sun and
a minimum luminance occurs in the quadrant of the sky opposite
the sun. Although the luminance of the clear sky at any time
of day can be predicted, the distribution pattern 1is more
complex and varies with solar altitude and azimﬁth.

Under clear sky conditions, even with direct sunlight
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Figure 10 - The luminance distribution of the overcast and
the clear sky

excluded, building orientations facing east, west and south,
will, on the average, experience higher daylight levels than
those oriented towards the north. Surfaces facing the sun thus
receive 3-5 times the illuminance received by surfaces facing
away from the sun’, varying somewhat with the time of day and
the season. The variation is mainly due to the difference in
sky brightness, but also to the higher reflected component at

sunward orientations.
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The clear sky, with direct sunlight admitted

-

Direct sunlight may be admittéd successfully into building
interiors, without thermal and glare penaities, but as this
involves accurate simulation techniques and more or less
elaborate distribution.mechanisms, the luminous design of office
interiors wusing direct sunlight requires design skill and
experience to.implement. Nevertheless, some existing solutions

create interior luminous environments of great human appeal®.

Table VII summarizes the design responses reguired under

each of the three design conditions discussed above. It may be

DAYLIGHT CONDITION | LUMINANCE DISTRIB.| RESPONSE BY ORIENTATION| SOLAR CONTROL | GLARE CONTROL
OVERCAST SKY | PREDICTABLE AND | ALL ORIENTATIONS | NOT REQUIRED | MAY OR MAY NOT BE
CONSTANT SIMILAR REQUIRED
CLEAR WITHOUT | PREDICTABLE AND | ORIENTATIONS TOSUN | SUN BLOCKED | CAN USUALLY BE AC-
SUN VARIES WITH BRIGHTER CONTROL VARIES |  COMPLISHED BY
SOLAR ALTITUDE | EAST AND NEST DIF- WITH ORENTA-|  SOLAR CONTROL
AND AZIMUTH FICIT TO CONTROL | TIoW NORTH EXPOSURE
REQUIRES SEPARATE
ATTENTION
CLEAR WITH - SPECIAL DISTRIBUTION REQUIRES SUN- | STRICT ATTENTION
SUN TECHNIQUES ON LIGHT DISTRI<|  REQUIRED
SOUTH SIDE BUTION TECH=| MAY BC RESOLVED
DIFFICULT ON EAST NIQUES IN Ao PART OF SUN =
AND WEST INTERIOR LIGHT DISTR.
TECHNIQUES

Table VII - Design responses required under different
daylighting conditions
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seen that the number of variables characterizing each condition
increase progressively, and therefore the design response
becomes progressively more complex, and requires more elaborate
analysis and prediction techniques for successful luminous and

thermal performance.

1.3 Measurement Of Indoor Daylight

Clear or overcast sky--direct sun excluded

It has been found that the ratio between the daylight level
at a given point in a building and the daylight level of the
unobstructed sky is constant over a very wide range of exterior
daylight levels. This constant has been termed the Daylight
~Factor (DF)?. The most common reference is to the horizontal
working plane between 0.7-1.0m from the floor, but vertical
reference planes may also be used'®, if the function of the
space requires the investigation of illuminance levels on these
planes.

As has been seen in the previous chapter, above illuminance
levels of 100 lux, visual comfort conditions, as well as wvisual
performance, depend more on the luminance ratio within the
visual field than on absolute illuminance levels. Because the
eyes will adapt to the prevailing luminance, the perceived
brightness ratios within a room will remain constant, regardless
of the fluctuating illuminance levels, The concept of the DF
can be used to explore these ratios.

Daylight factors have been historically given for overcast
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sky conditions (e.q. the standard CIE overcast sky).
Recently, the <concept of the DF has been extended by Bryan et
al."! to include clear sky conditions., Because the
illuminance 1impinging on an exterior surface under clear sky
conditions varies with solar altitude and azimuth, comparative
evaluation of wvarious design options can only be done for

identical orientations and specific time of day.

Clear sky--direct sunlight admitted

In 1innovative, deep daylighting techniques, admitting
direct sunlight to the interior, the concept of DF as an index
of luminous performance is no longer accurate or wuseful, since
illuminance levels will change not only with solar altitude and
azimuth, but will also véry within short 1intervals with the
specific technique wused to project sunlight/daylight into the
interior. The 1luminous environment is in this case best
predicted by measuring 1illuminance levels in physical models,
obtaining distribution at various solar altitudes and azimuths,
at more or less frequent intervals, and comparing them for

different design configurations.

2. TECHNIQUES FOR DAYLIGHT ACCESS

The techniques presented in this chapter are summarized 1in

figure 1t .,
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Figure 11 - Summary of techniqgues of daylight access
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2.1 Building Clustering

In medium to high density urban areas, adjacent buildings
will, to a greater or lesser extent, obstruct each other's
access to the sky component of daylight. For a givén density
of development (total floor area for the site), some planning
strategies will result in better daylight access fbf buildings
than others'?, |

In the 1940s, the Building Research Establishment of Great
Britain carried out a number of investigations'? on the way
clustering of discrete, repetitive buildings affected daylight
access to interiors. Density was kept constant throughout
these experiments; site layout, buildihg plan and building
height were varied. |
i, In one study, plan and height of buildings were kept

constant and only the arrangement of buildings on the site

was varied. It was found that certain arrangements were
superior to others in terms of daylighting. The Waldram
diagrams in fiqure 12 '%, 15 16 gshow that the better
daylight penetration in the case of layout no. 2, is due to
the increased sky component (SC) visible and also because
the sky 1is visible at a much lower angle. Thus, the SC
contributes to the daylight available deeper 1inside the
room and also to a balance of brightness in the room'7,

ii, Iﬁ another study, the height of the buildings were kept
cbnstant, and the plans were varied'®, The hollow square

layout, which was a common plan type in urban areas during
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the 1940s'®, was contrasted with the alternating -slab

arrangement of the

arrangement2°©,

previous

As figure 13 shows, plans

example and

no.

a

2

cruciform

and no.3

provided better daylight access for typical rooms?',22,

SECTION THRAOUGH ROOM. -

%E é =0

e =4

o e

: °§§§ %%é
gf§34;4;1 f

PENETRATION CURVES

Figure 13 - Comparison among different building layouts of .
equal height and density

iii.

In a

the height and spacing of the buildings was varied.

third study, the plan shape was kept constant, while

It

was found that for an eguivalent density, tall blocks, wide

apart, . resulted 1in

low-rise blocks.

more

the angle of obstruction decreases as spacing

favourable daylight access than

The effect is shown in figure 14 , where

increases?3,
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Figure 14 - Tall blocksvwide'apart ensure better
penetration of daylight

Therefore, 1in medium to high density situations, medium or
high-rise blocks are superior to low-rise buildings in
terms of daylighting. It is to be noted from the diagram
thaﬁ when the épacing between buildings is increased, the
first few bincrements of change are more productive thah
subsequent ‘steps?‘’. Thus, when social .and technical
conseqﬁences of high-rise bpildings are considered along
withA daylighting, medium-rise buildings are, 1in many
instances, an optimﬁm choice.

In a fourth study, both building plan and height were
varied. Figure 15 shows two layouts on identical size
lots; the height of the cruciform plan is greater than that
of the hollow équa;e plan to allow the Floor Area Ratios
(FAR's) to be the same for both. Even though the

cruciform building is taller, the daylight access for most

of the rooms in this layout is superior to the daylight

- available in the hollow square plan; also, neighbouring
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Figure 15 - Daylight availability for two building layouts

buildings enjoy a less  obstructed skyvault with the
cruciform arrangement than with the hollow square.
Therefore, for a given density . of development, and even

allowing for different heights of buildings, the plan form

is the main factor 1in determining daylight availability.

indoors??®,

It may be noted that' the above mentioned studies of
building ciustering, using discrete, repetitive forms, are an
oversimplification of most design situations. More complex
building massing, interconnected buildings, buildings with
suitably propbrtioned atria, etc. were not studied. However,
the experiments do indicate generally how the variables at this
broad scale affect daylight access.

It may also be observed that the importance of the
foregoing "open planning" principles increases with greater
densities. At densities of less than 1.0 Floor Area Ratio, the

angle of 1light entering through windows will be low enough so
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that acceptable light penetration can be obtained with any
layout and height of building. At densities above 1.25 FAR,
- the open plan forms can substantially improve the general

daylight availability in the development?€.

2.2 Exterior Surfaces

Where possible, the location and detailing of neighbouring
land forms, structures and vegetation  should minimize
obstructions and promote the best use of externally reflected

daylight. The Externally Reflected Component (ERC) within a

PORTION OF ERC ABOYE WORKING PLANE

PORTION OF ERC BELOW
VORKING PLANE

i

- ————— “ N R
STy

- e e e o e eeierd

Figure 16 - The ERC is comprised of surfaces both above and
below the working plane

daylit interior--i.e. reflected from the ground and other
exterior surfaces--represents about 15% of the total daylight
reaching the windows on sunny exposures (may be higher with

light vegetation, snow cover, etc.) and on northern elevations,
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may account for over 50% of the total daylight reaching windows
in low-rise buildings?7, In the 1lower floors of buildings
surrounded by high-rise development, the ERC will comprise an
even larger proportion of the total accessible daylight. A
high wvalue for the ERC correspondingly increases the internally
reflected component (IRC) of daylight, which in the previous
chapter has been seen to be the dominant component at‘the back
of daylit spaces?®,629 30, |

As shown in figure 16 , the ERC may be considered as being
comprised of surfaces both above and below the working plane.
The portion of ERC above will contribute to the direct component
on the working plane, whereas the portion below will enhance the
daylight on the working plane after being reflected from room
surfaces. 'Surfaces in the Aportién of ERC above the working
plane, obstruct part éf the sky (which has a much greater
luminosity) and therefore reduce dajlight access to the interior
of adjacent buildings. If the location of these obstructions
is within the control of the designer, he should attempt to
relocate them in order to improve daylight access. Very often
though, relocation of these obstructions 1is not possible for
various . reasons, and the only other option that can be
considered is to maximize, if possible, the reflectance of these
surfaces. The portion of the ERC below the working plane
cannot, by definition, be eliminated, but increasing the
reflectance of surfaces visible from daylighting apertures will
always increase the access of building interiors to daylight.

Whenever reflectances for the ERC are within the control of the
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designer, a high, but diffuse reflectance can be selected--and
maintained by cleaning and painting. These measures will also

reduce the harsh contrast between sky and exterior surfaces3'.

SURFACE REFLECTANCE (%)
0 25 50 15 100

ALFALFA DARK GREEN
ALUMINUM FOIL Y
ASPHALT —
BARE GROUND, DRY
BARE GROUND, WET ———f—-
BLACK BODY —m——————
CONCRETE -
DARK FOREST ——————i—
DESERT
DRY GRASS —
GREEN FIELDS
GRASS, HIGH FRESH —
OAK WOODLAND . —

PINE FOREST ————ef :
PLASTER , WHITE —
SAND, DRY -

SAND, WET —

SNOW, FRESH 4

\VATER,NOKHAL INUDENCE —
AT S0°INUDENCE ———

£3

Ry

AT.60° INCIDENCE ——j—
AT 90° INCIBENCE
WHITE BODY
¢ Table VIII - Reflectances of various outdoor surfaces

Table VIII 32 shows reflectances for common ground surfaces:
Figure 17 shows possibilities for wusing the ground and
external surfaces.as secondary light sources. It is shown how
non-specular reflection of southern sunlight by landscaping
features can introduce more intense and warmer light from the

south into north-facing windows.
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Figure 17 - Exterior surfaces as secondary light sources

2.3 Building Massing

Certain building forms wili provide access to more daylight
than other forms, the key determinénts being the skin to floor
area ratio and the area of sky that may be "seen" by the
external surfaces. Figure 18 3% and figure 19 3%, illustrate
that buildings whose massing provides good daylight access to
their own 1interior spaces also tend to obstruct 1less the
daylight access of their neighbours. Conversely, buildings
whose massing reduces daylight access to their own interior
spaces, will -also tend to reduce the daylight access to their

neighbours.

Buildings massing may be resolved at the detail scale 1in
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Figure 18 - Building form responses to light

various ways that reconcile daylighting needs with other
regquirements. For example, figure 20 shows that a pyramidal
mass = may be resolved into a stepped pyramid 1integrating

structural, HVAC and other functional requirements.

2.4 Building Layout

For office buildings of more than one storey, window
openings in walls are the predominant mode of daylighting.
Some building layoufs, such as those with a high 'ratio of
exterior envelope area to floor area, provide access to daylight
to a gfeater percentage of a given floor area than other
building layouts. This means that long and relatively narrow

layouts, for example, have greater poténtial for daylighting
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?igure 19 - Typical buildings whose massing responds to
: daylight

than square shaped plans (layout c. vs. layout a., 1in figure
‘21 ). Figure 22 illustrates schematically layouts of existing
buildings that respond to daylighting needs?S5,

An excellent example of the impact of daylighting
consideration on building form (both massing and floor layout)
is found in Alvar Aalto's Finnish National Pensions Institute,
Helsinki, built between 1952 and 1956, an aerial view of which
is shown in figure 23 3%, Here, Aalto built a large office

complex within a high density business district of the city.
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Figure 20 - An example of daylight-responsive massing and
its resolution in detail -

Figure 21 - The effect of building plan on daylight access
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Figure 22 - Examples of existing buildings whose layout
responds to daylighting needs

Building massing and layout respond to program reguirements,
while at the same time providing narrow. plan depths and
increaséd,perimeteré that enable good daylighting. The top
floors of the low rise m&sses are daylit through skylights; four
véry large skylight structures light up an atrium on the main

floor37,

An increase in perimeter to accommodate daylighting is not
without conseqguences:
i. The 1increase 1in perimeter may cause higher building cost
since corners and exterior walls are generally expensive.
However, while the cost of the building envelope may

increase, the total building cost in a well integrated
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Figure 23 - Aerial view of Aalto's Finnish National
Pensions Institute

design may be unchanged or even reduced38..

ii. An increase in perimeter will lead to increased heat loss
in winter and possibly, to 1increased solar gain in
summer*®, unless their major orientation 1is north and
south. However, with proper orientation, a larger
envelope area created by narrower building shape or other
manipulations of the plan to accommodate daylighting,
carries at the very least no penalties and, in a mild

“climate, offers substantial net savings 1in energy cost.
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According to Matthews and Calthorpe®?, office buildings,
being generaliy internal load dominated, are not 1in fact,
very sensitfsé to an increase in the ratio of envelope to
flqor area. This means that penalties of 1increased heat
less vin winter and increased solar gain in summer can be
more than offset by energy savings through daylighting.
Bazjanac®', wusing extensive computer studies on building
energy use, indicates  that office buildings actually
benefit from a larger skin area in warm and temperate
climates. In cold climates, there 1is only minimal
advantage in choosing a rectangular plan over a square plan
insofar as the total energy wuse of the building is
cbncerned“z, but the advantage of a rectangular plan 1in
terms of daylighting remains.

Technical considerations may in many instances not be the

predominant factors determining floor layout. The social
organization of the owners/tenants and the site
configuration may make a preferred layout from a
daylighting point of view an inappropriate response. In

this connection, Lynes, writing in the 1960s%3, has pointed
out that "the future shape of office buildings may well
depend more on ... social consequences than on the
daylight factor”. Nevertheless, the impact of building
form on daylighting considerations have to be understood,
even if these considerations may in many instances be

overridden by other requirements.
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2.5 Atria

If properly dimensioned and detailed for daylighting,
atrium designs can increase the building perimeter having access
to daylight. At the same time they avoid the heating and
cooling penalties attendant with large exterior surface area

(high perimeter) solutions.

...,..mudlﬂ"un......

D. E.

Figure 24 - Examples of existing daylit buildings with
atrium plans
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A study of the design concepts of the buildings plans shown
in fiqgure 24 **%, (as well as of other atrium buildings) reveals
that the atria play a key role in resolving constraints of site,
stfuctural requirements, circulation, general program needs, as
well as requirements for daylighting and energy saving.
Daylighting requifements are, therefore, an important, but not
sufficient reason for choosing an atrium concept.

In the late 1970's atrium plans became popular as
innovative solutions to energy related issues in office building
design--in particular, the issue of daylighting. Matthews and
Selkowitz®® have reported that generally they have not performed
as anticipated: the energy dynamics in atria are complex and
there 1is sometimes a poér match between predicted and actual
energy behaviour. The cqntributibn of atriavtd enefgy saving
is now found to be questionable®®,

In some cases, atria do not significantly contribute to
energy savings even in office lighting®’. This however does
‘hot mean that the daylight reaching offices through such atria
does not contribute to an improvement in the quality of 1light;
only that it contributes little to the horizontal illumination,
Atria, whatever their energy saving potential may be, can be
interesting and delightful spaces to be in and look into; and

many designers now agree that this should be the major criterion

for their design®®,6®?®,
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2.6 North And.South Orientation

- Optimized plan shapes from the point of view of daylighting
will have a relatively high perimeter to floor area ratio. The
high perimeter may result from crinkling of the envelope of a
basically compact layout or it may result from an elongated
layout.

For office building layouts that have the length of the
building substantially greater than the width, as well as for
atrium type designs, an orientation in which the major facades
face north and south is preferable. As Calthorpe®® argues:

When you begin to grapple with problems of daylighting

a building and shading it against heat gain at the

same time, orientation becomes very important. East

and ~west facades are extremely difficult to deal with

as light sources because’ they are, of course, so
critical from the point of view of heat gain.

Sanchez®' concurs, stating that for <cooling load dominated
buildings, such as offices, a north/south orientation results in
the least total energy used by the building.

Two buildings that demonstrate the advantage of orienting
the building facades to the north and the south are the Lougheed
Missiles no. 157 building and the TVA building in Chattanooga,
Tennesee., In both, the major axis is oriented east-west and
essentially, they are both dayiit from the north and south.
Both have atria along their length, with daylight blocked at the
east and west ends, thus avoiding the problems inherent with

daylit east and west elevations®?,%3,
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Situations may arise in which a predominant east-west axis
is not feasible. The conflict between daylighting and other
requirements may be resolved, as shown in figure 25 , at various
scales. At the building configuration scale, this may be
resolved by reconsidering the massing concept or by reorganizing
the plan; at the envelope scale, by letting in daylight separate
from view and thereby providing greater potential to control the
undesirable side effects of east and west facing apertures; or,
at the element scale, by the resolution of the conflict between
shading and daylighting requirements using accessories such as

automatic venetian blinds, architectural projections, etc.

2.7 Interior Sunlight

As shown in figure 26 , sunlight in office buildings may be
admitted into one of the following areas:

i. the work area

ii. the periphery of the work area

iii. non-task areas
The function of sunlight is different in each case.

Sunlighting the work area

While -'sunlight 1indoors 1is in general found to be a
desirable amenity, there appear to be differing opinions whether
direct sunshine should be allowed within the office workspace.
This is because sunlight, 1if uncontrolled, can 1lead to

substantial overheating and/or glare problems®®; the former
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Figure 26 - Techniques for admitting sunlight into
interiors '

resulting 1in costly air conditioning, and the latter in worker
discomfort and an attendant reduced performance. However,

sunlight is an illuminant of high luminous efficacy: 100-120

lumens/watt?®5 as compared wi;h :_11¥22 lumens/watt for
incandescent lamps, and 40-80 luméhs/watt for fluorescent
lamps®€, If distributed uniformly, the lumens contained in 1m?

of sunlight could provide SOO lux of illumination over an area
of 195m? 57, The problem ié, therefore, one of distribution
and control.

Sunlight is admitted into task areas primarily to raise the
horizontal task 1illuminance within the space. Traditional
daylighting techniques are generally unable to distribute and

control the great intensity of sunlight near the fenestration
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and therefore direct sunlight is generally screened out in order
to provide an acceptable luminous environment in the interior.
There are exceptions to this. At certain times of the
day--early winter mornings for example--sunshine may be allowed
inside an office building to assist in heating up the building58
and providing a lively play of light for an hour or so as the
workday begins. An example of this is the CIGNA building in
Bloomfield, Connecticut®?. | Ordinarily, however, only
innovative sunlight "beaming" systems can effectively project
and distribute sunlight deep into spaces, and can also deal with
the problem of.heat gain and glare inherent in the manipulation

of direct sunlight.

Sunlighting the periphery of the work area

Sunlight is introduced into the periphery of the working
area to provide ambient light for circulation, create points of
interest and balance the level of brightness at locations away
from daylighting apertures. Sunlight for these purposes need
not have as stringent distribution and control since the
illuminance levels are not critical. The use of daylight in
this way takes advantage of the fact that "most people view
sunlit surfaces as desirable points of interest because of the
importance of sun light in man's biological history"®°, The
strong positive aésociations that people in cold climates have
for sunlight, as well as the variability and dynamic quality of
sunshine, can thus be an asset. The Johnson Control offices in

Utah (by Donald Watson Architects)®' is an example of sunlight
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used -as wall washer, creating a 1luminous plane providing
supplementary illumination and a visual focus, as well as aiding

orientation within the building.

Sunlighting in non-task areas

Sunlight 1is admitted 1in non-task areas--such as lounges,
cafeterias, stairwells, entrance foyers, etc.--to celebrate the
drama of sunshine, to create a strong biological connection with
the outdoors and to contrast the exhuberance of these areas with
the contfolled visual environment in task areas. Sunlight
introduced in these areas needs little or no control and may be
distributed by simple techniques, such as the wuse of high
reflectance surfaces to bounce light around. Because visual
performance . is not critical 1in these " areas, the émount of
sunlight and the means of bringing it into Ssuch spaces is
determined by the limits for overheating and envelope heat loss
that are considered acceptable. It is in these secondary and
transitional areas that the lighting can be contrasted with the
daylighting schemes within work areas requiring a more
-disciplined design approach. Fine examples of these‘kind of
spaces are the AAL building cafeteria in Appleton,
Wisconsin®?,63 and the entrance lobby of the Ventura Coastal

Corporation building in Ventura, California®®,
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2.8 Daylighting Separate From View

View windows are the most common method of daylighting
offices, because the combination of daylighting and view to
outdoors is obvious and low in cost, and because offices, being
generally multi-storey and monolithic, provide opportunities for
daylighting mostly through the walls. However, daylighting
through view apertures can encounter some of the following
difficulties:

i. I1f windows are of optimum size for daylighting (and even if
below the optimum), there may be a problem of glare that
requires special accessories and/or detailing to control.

ii., Windows sized optimally as daylighting apertures can be a
solar "heat gain and/or an envelope heat loss liability.

iii. The location and shape of windows fér‘view is generally not
the optimum location and shape for daylighting apertures:
apertures higher, closer to the ceiling, and responsive to
obstructions due to the building shape and other
surrounding buildings, will optimize daylighting, thus
often conflicting with requirements for view.

iv. Restricting daylighting apertures to view windows means
that a large percentage of the building envelope having
access to daylight is not being used for this purpose; this

represents a lost opportunity.

Figure 27 shows buildings utilizing daylighting apertures

separate from view windows.
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Figure 27 .- Buildings utilizing daylighting apértures
separate from view

2.9 Daylighting From The Top

Small office buildings of two storeys are the median size
for North America®®, and single storey commercial buildings make
up 58% of USA non-residential building stock®®, Although side
lighting is of necessity predominant in most office buildings®’?,
top lighting can easily provide a substantial - portion of the
lighting for the top floors of office buildings during working

hours and can save energy as well®f8, 69, The opportunities for
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top 1lighting are thus substantial,_and mostly unrealized, at
present. |

Top lighting can deliver large quantities of daylight with
minimum sized openings, because the illumination falling on the
horizontal plane of the roof is generally many times that which
falls on the vertical plane of typical windows’?, While more
appropriate in lighting top floors of buildings, top 1lighting
through 1lightwells can bring light to lower floors as well, as
shown schematically in figure 28 7',72,

Top lighting may be roughly divided into two categories:
skylights and roof monitors. Skylight may be defined as
daylighting apertures parallel to the roof plane, whereas roof
monitors are daylighting apertures in the vertical plane.

Typical skylight solutions are shown in figure 29 73, In
a., the skylight well is splayed to‘increase spread of daylight
for a given skylight area. In b., a typical skylight is shown
fitted with an adjustable reflector/shade to increase the
daylight/sunlight penetration. In c. , the devipe is adjusted
to provide shading, and reduce solar heat gain. In the above
examples, a distinctly separate mechanism for controlling glare
and increasing daylight penetration is installed on a standard
skylight. The examples shown in figure 30 7% are roof monitors
that have the glére, solar heat gain and heat loss controls
integrated with the daylighting aperture. The control devices
are an extensiop of the building envelope and surfaces: an
ovérhang controls unwanted solar heat gain and high reflectance

surfaces distribute the light.
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The choice between roof.monitors and skylights is usually
| made not only én the basis of the quantity of light and thermal
tradeoffs involved with each type, but also on the impact of
each type on the building form and the modulation of the
resulting interior 1light. Thus, skylights provide more light
per glazed area than roof monitors and result in less expensive
roof construction and simpler.roof shapes. However, skylights
on flat roofs, because they are oriented to the zenith, require
special attention to glare and solar heat control. Because
skylighfs are incorporated in the roof plane and do not
generallf involve additional projecting planes, they can be

economically be laid out in patterns that result in an even
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Figure 29 - Daylighting and sunllghtlng with standard
skylights

Figure 30 - Integrated toplighting examples
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déYlight distribution on the horizontal work plane. Roof
monitors can be used"és la;ge,. dramatic, semi-indirect
daylighting apertures (two examples are shown in fiéufe 30 ).
They can be oriented to any direction, .and can thereby avoid
solar heat gain, if this is undesirable. Lam’® has used "sun
catcher baffles" to reflect éunlight into roof monitors facing
north, thereby taking advantage of the sun;s light without the
attendant heat gain. South-facing monitors can similarly
incorporate solar controls, either as baffles or as overhangs.
For reasons of economy, roof monitors will generally be 1large
architectural elements. As such, they will deliver-large pools
of light into the interior, but this light will not be as evenly
distributed as 1is possible with skylights. Depending on the

end use intended, this may, or may not be a problem.

- - O0O000O000O

- ) " OO0 0000000

— = SNCHONONONOINONONG

T A

| i

AAL Oﬁ(_'iu.s/ Afpid'an, Visconsin Finnish National FPensions )nsﬁﬁ'@, Helsinkes
(\Vqrnf,ckg and ASSDC.) (Alvm’ Aalfo\)

Figure 31 - Typical toplighting layouts

Daylighting a substantial portion of a floor with skylights
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may involve the wuse of either linear skylights or compaét
circular, square or rectangular ones on a grid pattern as shown
in figure 31 7%, The choice is generally determined by
concerns of aesthetics, structure, and integration with other
environmental concerns. Both 1layouts shown can potentially

provide good daylight penetration.

2.10 Obstructions

Obstructions to daylight access may occur either at the
bottom of the daylighting aperture (generally due to the
presence of nearby buildings or landscape elements) or at the
top (generally due to elements of the building itself). This
is shown in figure 32 . Further, obstructions to daylight
access above daylighfing apertures méy occur eithef ‘at the
massing or component scale, as shown in figure 33 .
Obstruction at the massing scale has been discussed in a
previous section; the focus in this section is on obstruction to
daylight “access at the component scale. Consideration of
overhead obstructions 1is especially important when window
openings are already obstructed by other buildings or landscape

features?’7,

Types of obstruction _

Obstructions above a daylighting aperture are of three

types:



UNOBSTRUCTED SKY

0BSTRUCTION AT THETOP
N OF THE DAYLIGHTING APERTURE

.L' '

~ OBSTRUCTION AT THE BOTTOM
OF THE DAYLIGHTING APERTURE

ii.

Figure 32 - Obstructions at the bottom or the top of a

daylighting aperture

The first type of obstructions are those created by
external shading devices. Partial obstruction of the
skyvault by exterior horizontal sun control devices is, in
practice, unavoidable, since in screening out the sun, they
invariably mask a portion of the sky. However, sun
control devices which are equally effective in screening
out the sun, can vary widely 1in luminous performance.
Therefore, it 1is possible to select sun control devices
that perform their primary function with a minimum
obstruction of daylight.

The second type of obstructions are due to geometry of the

facade. Once this geometry is chosen, obstruction of the
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Flgure 33 - Obstructions at the massing scale (a.) and the

component scale (b.)

skyvault .above'déylighting apertures due to this choice is
unavoidable._ Figure 34 shows three typical cases. In
a. a bay window 1is shown. This type of daylighting
.aperture provides a pool of lighg.near the aperture, with
little daylight pénetrétioh’“. Its luminous performance
is eguivalent to that of a daylighting aperture in the
plane of the facade with a trapezoidal shading device
overhead?%,80°, Therefore, bay windows are not effective
daylighting elements and should Se chosen only if theyrare
found to be desirable in modulating elevations and floor
areas.

figure 34 b. shows a corner window. The luminous

- performance of this design is eguivalent to that of a
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daylighting aperture across the opening, with abpointed
hood (shading device) overhead®'.

Figure 34 c¢. shows a aaylighting aperture with sloped
glass. In this case, as shown 1in the drawing, the
luminous performance of this daylighting aperture is
equivalent to that of an aperture with vertical glazing at
the same location as the base of the ‘original daylighting
aperture and a shading device overhead. The slope of the
glass will reduce glare from the skyvault, but by itself
has a small effect on daylight penetration®2, However,
the effect of the "overhang" is to reduce daylight access.
The third type of obstructions above daylighting apertures
are those created by floor areas projecting beyond the line
of the daylighting aperture (eg. cantilevered‘floors,

balconies, etc.).

Effect of obstruction parameters

Four obstruction parameters may be identified as affecting

daylight access:

il

Obstruction depth has a major effect on daylight access
from the interior. It may be seen in figure 35 87, that a
shallow obstruction affects points near the daylighting
aperture but not further away, whereas deeper obstructions
reduce daylight levels progressively further in the
interior. This is because the deeper obstructions reduce
the sky visible and hence also the interior reflected

component 84,85,
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Figure 36 - Obstructions at different heights
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Height of obstruction above the daylighting

second parameter affecting daylight access.

shows two obstructions, of different depths

above a
daylight

aperture is a
Figure 36

and different

"heights above the daylighting aperture. They block access



to daylight from the skyvault equally: the location in the
room of the "no-sky 1line"®® is the same in both instances.

iii. The reflectance of the underside of obstruction is a third
parameter affecting daylight access. It is possible to
compensate to some extent for a reduced daylight access due
to an ‘obstruction above the daylighting aperture by
increasing the reflectance of 1its wunderside surface.
Experiments by Aschehoug et al.®’ show that with a low
reflectance foreground, an increase from 30% reflectance
(grey concrete) to 75% reflectance, (near white paint)
increases the DF by one tenth in the front of the room and
reduces it by one tenth at the back.

iv. Ground reflectance 1is the fourth parameter affecting
daylight acccess with a daylighting aperture obstructed
overhead. Reflectance of the ground is very important, as
it can mitigate to a large extent the inherent daylighting
disadvantages of overhead obstructions. It can be seen in
figure 37 8%, that with an obstruction over the daylighting __
aperture, an incéease in ground reflectance from 5%
(blacktop) to 85% (light paint, fresh snow) can
approximately triple the DF at the back of a room and
generally reduce the DF gradient. An increase in the
reflectance of the underside of the obstruction can add a
further 10% to the DF all across the room®®, with even
greater increase near the window.

It is important tobnote, that when a daylighting scheme

relies on high reflectance for the ground surface, this

“
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reflectance value will need to be maintained in

ensure the success of the scheme.

values are, however, difficult to maintain for

the building, unless the "ground" 1is a

Ground

roof

practice to
reflectance
the life of

or similar

surface, covered with high reflectance material which can

reasonably be expected to maintain this property with time.
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1. INTRODUCTION

Once the potential for accessing daylight has been
maximized, it is necessary to provide means that will, in turn,
promote daylight penetration into building interiors. The term
"daylight penetration"” 1is a widely used metaphor denoting the
phenomenon whereby daylight is refracted and/or reflected by
various means into interiors of buildings. Daylight
penetration can be provided by:

i. traditional daylighting techniques

ii. 1innovative daylighting techniques

2. TRADITIONAL DAYLIGHTING TECHNIQUES

Traditional daylighting techniques for lighting task areas
in offices may be identified by two characteristics:

i. They wutilize only diffuse daylight from overcast or clear
sky; direct sun is excluded from the interior. This 1is
because the introduction of sunlight into task areas of
office buildings requires methods of distribution and
control that are outside the scope of traditional
>daylighting techniques.

ii., Components whose sole purposé is to promote daylight

penetration are not used. Daylighting aperture geometry,



126

SCALE

SITC PLANNING

BUILDING CONFIGURATION

BUILDING COMPONENT

BUILDING INTERIOR

CONRIGURATION AND LOCATION OF
DAYLIGHTIN® APERTURE

GLAZING MATERIAL SELECTION

Q@

MAINTENANCE FACTOR

7

NET GLAZING AREA

L

THICK WALLS

omp &l

ROOM GEOMETRY

INTERIR REFLECTANCES

Figure 38 - Summary of traditional techniques promoting
daylight penetration
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room geometry, and detailing of surfaces are the only means
utilized to increase daylight penetration.
A summary of traditional daylighting techniques included in

this chapter is shown in figure 38 .

2.1 Configuration And Location Of Daylighting Aperture

An important means of promoting daylight penetration is by
the appropriate sizing and location of the daylighting aperture.
In an unobstructed situation, definite relationships can be
established between the size or placement of the daylighting
aperture and daylight penetration. These relationships are
modified, to a greater or  lesser degree, by external

obstructions.

Unobstructed situation

The following are results of parametric studies done by
Aschehoug' and Evans?,. In this series, summarized in figure 39
, the configuration and/or 1location of the window on the
exterior wall was varied, while the geometry of the room
remained constant. |
i. The size of the daylighfing aperture has an obvious effect

on daylight penetration,. The increase in the DF with an

increase in area is not, however, linear since this depends
on surface reflectances, the location of the window with
respect to the work plane, etc. Treating the window
component below the work plane separately from the

component above the work plane, will enable easier
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optimization of window size from the point of view of
daylight penetration, because it 1is the component above
that contributes most of the light that reaches the work
plane.

ii. Location of the window also affects daylight penetration.
As measured by the Daylight Factor, daylight penetration
increases as the height of window is increased ( figure 39
b.). This is due to the increased sky component as well
as to the fact that more illuminance is available on the
horizontal plane. ' The amount of increase is dependent on
the sky conditions, on reflectances of external surfaces,
and on internal surface reflectances.

iii. A third pafameter affecting daylight penetration is
configuration of the window. Tall wihdqws provide more
light penetration than lower, wider windows of equivalent
area.

iv. Windows below the work plane are useful in balancing the
light within a room, especially if floor reflectances are
in the higher ranges, but-do not contribute substantially

to the light on the work plane?.

Obstructed situation

Under obstructed conditions, the effect of different
daylighting aperture configurations must be re-examined.
Obstructions may be classified as either primarily horizontal or
vertical. Further, as indicated 1in the previous chapter,

obstructions may occur either at the bottom of the daylighting
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aperture (generally due to the presence of nearby buildings or

landscape elements) or at the top of the daylighting aperture

(generally due to elements of the building itself).

1., Horizontal obstructions at the bottom of the daylighting
aperture have a horizontal sky-line, resulting, for
example, from a continuous row of buildings opposite . the
daylighting aperture. The maximum penetration of daylight
directly from the skyvault will be determined by a line
drawn through the top of the obstruction and the head of
the aperture. Where this line cuts the working plane, a
line can be drawn, beyond which no sky can be seen. This
is <called the no-sky line. For a parallel and horizontal
obstruction, the no-sky 1line will be parallel to the
daylightiné ~aperture, - as shown in figure 40 a.' A
horizontal.and parallel obstrucﬁion will afféct dayiiéht
penetration more than the lateral spread of light. Figure
40 b. shows how the penetration of light is affected by
the incréasingly higher obstruction, but the side spread is
reduced to a lesser extent?®. Because of these phenomena,
vertical daylighting apertures will provide better daylight
penetration and lower peak intensities near the aperture,
than a horizontal daylighting aperture with equal glazing
area®. This is indicated in figure 40 c.

ii. Horizontal obstructions above the daylighting aperture are
created by elements of the building itself (eg. balconies,
overhanging floors). In these instances, horizontal

apertures will deliver more light than vertical apertures
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Figure 40 - Daylight pénetration with horizontal
obstruction
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of eqﬁivalent area, because the upper portion of the sky is
blocked by the obstruction. This is the reverse of the
previous situation.

iii, Vertical obstructions have a vertical sky-line, such as
‘might be produced,‘for example, by external return walls,
large scale vertical shading devices, or a vertical gap
between tall buildings opposite the daylighting aperture.
The effect of a vertical obstruction is the opposite of a
horizontal obstruction occuring at fhe bottom of the
aperture, in that the spread of daylight is reduced, but
the daylight penetration is not much affected. Figure 41
a.’ shbws the effect on daylight penetration of an
external return wall, while in figure 41 b. the effect of
a vertical gap between two buildings opposite the
daylighting aperture may be seen. The broken daylight
contours represent the theoretically unobstructed
condition; the solid contour, the actual obstructed
condition®,

Figure 41 <c¢. shows the effect on daylight penetration of
different window shapes with daylight blocked by a vertical
obstruction. In this instance, the vertical daylighting
apertures create strong beams of 1light across a room,
whereas the horizontal daylighting aperture provides more

uniform illuminance?.

These general observations should be supplemented in every
project by model studies or mathematical explorations that

accurately simulate the 1location of the obstructions. Only
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thus can more specific information be obtained on the effect of

obstructions on daylight penetration.

p—_

2.2 Glazing Material Selection

The thermal and luminous performance of a daylighting
assembly may be described by three coefficients, which once
known, enable an evaluation of the total energy performance of
that assembly in a building, as well as a compafison with other
daylighting assemblies.

i. Light transmittance (T) is the ratio of the amount of light
transmitted through a material, or an assembly of
materials, to the amount of 1light striking it, This
characteristic of the glazing assembly in a daylighting
scheme, therefore dictates the ‘amount of 1light that
penetrates 1into the interior. Table IX '° lists light
transmittance values of the more common, as well as of some
new, glazing materials and assemblies.

1i., The shading coefficient (SC) for a glazing assembly is the
ratio of the total solar heat gain through it to the total
solar heat gain through a standard sheet of clear glass
under exactly the same conditions'', Table IX indicates
SC values for various glazing assemblies.

It is generally understood that the SC varies approximately

in 1inverse ratio to the light transmittance (T)'2.

However, some daylighting assemblies exhibit a relatively

- low SC and high T when compared with other assemblies.

For example, some new products, such as the "heat mirror"
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GLAZING ASSEMBLY R VISIBLE ~ ZTOTAL S0LAR  SHADING  WINTER 'U' VALUE
o TRANSMISSIN TRANSMISSION COEFFICIENT METRIC(IMPZRIAL)
SINGLE GLAZING ,
3mm WATER- WHITE CRYSTAL 9.6 91.6 .05~ 6.46 (L13)
3am LOW-1RON SHEET a1 89.1 .03 u "
3mn CLEAR FLOAT ’ 1, 85 1. 00 . "
6mm CLEAR FLOAT 89 80 0.95 " .
6 mm BLUE -GREEN FLOAT © 74 48 0.70 now
6mm BRONZE FLOAT 50 .48 0.68 " “
6wa GRAY FLOAT ‘ 43 46 0.66 " "
6~n PYROLYTIC BRONZE . 2) 26 0.45 noow
émn CHROME 8% CLEAR 2 1o 0.26 5.4 (030
émn CHROME 8% BRONZE 2 9 0.34 5.54 (0.97)
DOUBLE GLAZING - 13mm AIR SPACE
Snm CLEAR+ 3mm CLEAR - ‘82 Tl 0.88 2.79 (0.49)
bmm v+ bmm ’ 18 [40) 0.80 n "
6 mm BRONZE+ 6wmm CLEAR a4 36 0.54 nom
6mm GRAY + = v 37 34 " 0.53 " “
6~ PYRO, BRONZE+ «  w 19 20 0,34 vooon
6 we CLEARSYCHROME + 6mm CLEAR . 7] 8 0.18 233 (0.41)
Emm o BLGOD + » » 8 . 3 001. L11 (0.3)
6mm BLUEGREEN + 6mm CLEAR 61 40 0.60 270 (0.48)
6mmCLEAR + LOWE. CLEAR™* 14 52 0.1 1.80 (0.32)
&mm BRONZE + o " 43 32 0.49 n n
6mm GRAY + » & 38 31 0.46 " v
6mm GREEN + L €4 32 0.41 . w
TRIPLE GLAZING - I3mm AIR SPACES ’
Smm CLEAR + 3mwm CLEAR +3am CLEAR 14 60 018 2.10 (0.3©)
Gum % 4+ 3um %t bmn 13 53 013 l.so (0.23)
6em » +tHMSsS ¥ n o 48 25 039 1.26 (0.22)
W +HMTIT ¢+~ = 66 40 os8 1.3) (0.23)
n % +HM.B% + » =« 68 a5 0.65 “ u
6mmBLUE-GREEN+ HM.55 + w w40 16 0.26 .26 (0.22)
" . GHMTT ¢+ = o 5§ 26 0.4| L31 (0.2%)
. ~ +HM8B + n . 58" 29 0.46 n v o
6nn BRONZE+ HM.55 4 » = 27 14 0.21 .26 (0.22)
0 LHMTT e o« 37 23 0.38% L3 (0.23)
» ® +HM88 + u = 29 26 0,42 0 n
6mm GRAY +HM.55 + » =« 40 16 0.28 126 (0.22)
« " AHMIT + » v 5% ‘ 26 0.41 .31 (0.23)
t v tHMB88 + » « 53 29 0.4¢ n "
% % OV £.= LOW EMISSIVITY COATING ONGUSS % M. M. = HEAT MIRROR' FILM

Table IX - Table of performance data for glazing assemblies
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materials, either deposited on film'?® or on glass'®, have
selective transmittance characteristics and when used in
glazing assemblies, exhibit a very low SC, while
maintaining a relatively high transmittance. From a life-
cycle point of view, these glazing assemblies can be very
cost effective'S.,

In standard double-glazed assemblies as well, different
light transmittances may be obtained for a given SC. For
example, a double-glazed blue-green glass assembly will
have about 46% higher light transmittance for the same SC
as a similar bronze glass assembly'®.

The 'U'-value (U) is the rate at which heat is transferred
through a unit area of window when there is a difference of
one degree between the air temperature outside and the air
temperature inside a building"ﬁ

As a very general trend, it may be observed that the 'U'-
value of glazing assemblies varies directly with their
transmittance; 1i.e. ')ggg lower the heat loss of an
assembly, the lower its light transmittance. In fact, the
relationship between these two coefficients will wvary
widely with the glazing materials used, their assembly,
their orientation, and to some extent with the time of
year. The 'U'-value itself is a function of the number
and width of air spaces in a glazing assembly, as well as
of the 1light transmittance/reflectance of the glazing
materials used.

Traditional methods of lowering 'U'-values involve the use

~
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of multiple glazing and of exterior or interior accessories
parallel to the glazing, such as roller blinds, fabric
shades, venetian blinds, , etc. The advantage of such
operable accessories in general, and especially of the
exterior mounted types, is their ability to optimize
transmission, and the control of solar heat gain, glare,
and heat loss at different times of the day in response to

changing thermal and luminous conditions outdoors.

Ideally, considering light penetration alone, the glazing
assembly should have the highest transmittance. However, in
order to improve the thermal performance requirementé, the
transmittance must be compromised to some extent. The amount
will depend on the particular daylighting scheme, as well as on
the building -energy 1load, the location and orientation of the
building, its thermal mass, the cost of money, the utility rate
structure, etc. In a daylit building therefore, the aim is to
optimize light transmittance, solar heat gain, conductive heat
loss and maintenance, from the point of view of life-cycle cost
and occupant comfort. Interior and exterior appearance and
ease of operation are other, less tangible, factors to be
considered.

The many types of glasses and control devices on the
market'®,'®  are the components of conventional daylighting/sun
control schemes. | There are also some new products, which will
soon be, or have just begun to be, marketed, which may have a
profound influence on daylighting design, since they do not

exhibit the traditional trade-offs between transmittancé and
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heat transfer (T and U) or between transmittance and solar heat

gain resistance (T and SC). Examples are:

i. A material called "aerogel" exhibits higher transmission
characteristics than clear glass double glazing, when used
in 6" thickness--at which its 'U'-value 1is that of an
opaque insulated wall of same width?°,

ii, An air-entrained acrylic plastic glazing material
attenuates infrared wavelengths while maintaining visibie
transmittance, thus reducing the SC, and resulting in
reduced solar heat gain?'.

iii. Development is complete on "optical shutter" materials that
change phase, with a change in outdoor temperature, and in
the process vary their transmission to solar radiation?2,
Matthews??® " has stated that, 1in his opinion, these phase

change materials will "revolutionize daylighting".

According to Selkowitz?*%, there are as yet no simple
methods of choosing glazing options that will be most effective
for large office buildings, because the ihterrelationship of
variableé is. complex. However, guidelines for glazing
selection may be given. The general principle is that for each
facade orientation of a building, a different glass type |is
required to obtain a minimum heating, <cooling and lighting
load??®, |
i. For north-facing daylighting apertures, select glazing with

high light transmittance. Shading coefficient need not be

as low as for other orientations. Window assemblies

having matching colours when viewed from outside, but
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PERFORMANCE REQUIREMENTS l EXAMPLES OF GLAZING A95EMBLIES
ommm:}n squmc,) SUN CONT-| 6LARE c.mrﬁ LOW  |VISIBLE ENERGY AS J CHOICES OF 2 VISIBLE | Z ToTAL .
coermic | vt nzoﬁ ROL REQD |'U’ VALUE (X OF TOTAL ENER GAY ASSEMBLIES TRANSMIS. |0 TRaR 5.C. | ran®)
. ' : ) 1. BLOC-GREEN + HM.55+ CLEAR 40 16 0.2%1 600D
MAXIMUM | E, W5 [Low YES |POSSIBLY |INPORTANY HIGH }T10% (2. * = 4 LOWE. CLEAR é4 32 |0.47|600p
COOLING Ya- | 3.CLEAR + H.M55+CLEAR 49 25 10.39)600D
nequmeo o5 4,BRONZE +CLEAR 45 36 |0.54|FAIR
Z (sHADING 5. PYROLYTIC BRNZE +CLEAR | 21 | 26 |o.45|roor
Z,  MPORTANT) 6. DOUBLE - CLEAR 18 | 60 |o.80|roor
T
5
N N lwen | N0 |wssey [ner med may ez ow |+ SNELE CLEAR 83 | 8o 0351600
" 501 Y54l <60% 2.DOUBLE CLEAR 18 €0 |o.8o|FaIR
> /7 e 3. SINGLE BRONZE 50 48 |o.68|FaIR
Q)
~N ' ). BLUE-GREEN + CLEAR €1 40 |o0.60{600D
3
= ?::3\’:{6:0 E,N,° ';?'g’.‘ YES [LIKELY mmmm# :ﬁ"_’,’:? 2.CLEAR + H.M.T7 + CLEAR 66 | 40 |o0.58|600D
A AND '0,, ® |2.BRONZE + CLEAR 44 36 |0.54|FAIR
A2} DAVLIGHTING 4. PYROLYTIC BRONZE + CLEAR | 21 26 |o45|PooR
Z 1. DOUBLE CLEAR 18 60 |0.80|600D
> N HIGH No mwaIMmmm12§255um 2. CLEAR + H.M.11 + CLEAR 66 40 |058(600D
;CD ° 3. BLUE- GREEN + CLEAR 67 40 loéolFAIR
5 : 4, BRONZE + CLEAR 44 36 10.54|P00R
L\J .
MAXIMUM EV. s | uen | ves |EM VERY | HIGH I. CLEAR + LON E. CLEAR 14 52 |OT1|600D
; HEATING | /7?7 UKELY |IMPORDWT  »70% |2, CLEAR 4 H.M.88+CLEAR | 69 45 10.65\600D
<t REQUIRED (1 wrwpoy 3. TRIPLE CLEAR 13 53 |a73|FAR
= (SN LARGE) 4. BROMZE +CLEAR 44 36 |o60|roor
<  PENETRATON
) M. 45 |o.¢s 600D
S ACEFIABE| N wiGh | N0 [very [very [ Mav e ow [\ CEEAR ¥ H.M.884CLEAR | 65 | 45 065
o W g L 60% 2. TRIPLE CLEAR 13 53 0.73 |soop
CONTROL) 0':‘7‘"# ¢ 3. DOUBLE CLEAR 78 €0 [|0.80[FAIR
4. BRONZE + CLEAR 44 | 36 |0.54|PooR
NOTES: 1. MAY BE ACHIEVED BY GLAZING ASSEMBLY ALONE OR IN COMBINATION WITH ACCESSORIES.

2. OPTIMOM CONFIGURATION OF SUN CONTROL MECHANISM VARIES WITH ORIENTATION, LATITUDE & SEASON,

3. RANK INDICATES COMBINED DAYLIGHTING, HEAT LOSS & SOLAR HEAT GAIN PERFORMANCE WITHOUT ADDITIONAL GLARE/SOLAR CONTROLS.

4. '0'VALUE NOT IMPORTANT IF COOLING LOAD INTERNALLY GENERATED. S. THIS SITUATION VILL ONLY OCCUR IN HOT CUMATES.

Tabiévx:—.Chdice of glazing for daYlit office bﬁildings
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different transmittance, have been used on some large
buildings?®,

ii. On  the east, sbuth and west sides, the glazing assembly
must achieve low SC while maintaining high -transmittance.
That 1is, the percentage of visible solar to total solar
energy must be higher than on the north side. This means
using assemblies of clear or blue-green glass with shading
devices, or heat mirror assemblies without shading devices.
It must be re-emphasized that very 1low transmittance
glazing assemblies are not an appropriate solution to
daylighting: low shading coefficients are achieved only at

the sacrifice of light transmittance.

Table X summarizes the criteria for glazing choice in
daylit buildings, at the various orientations. The table has
some limitations?7, and the solutions proposed must be

understood as first approximations only.

2.3 Maintenance Factor

The accumulation of dirt on glazing produces scattering of
the 1light impinging on it, with a loss in transmittance for
heavily soiled glazing. In view windows of prestige office
buildings, the soiling becomes objectionable aesthetically long
before much drop in light transmittance can be detected?®?®,6?%,
On the other hand, daylighting apertures not normally in view,
suéh as clerestoreys, skylights and roof monitors, can, with

poor maintenance schedules, accumulate considerable dirt,
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leading to a substantial 'drob in the amount of light
transmitted. Table ZXI 3° indicates suitable maintenance

factors for daylighting apertures, for various atmospheric

conditions and degrees of exposure.

s

LOCATION OF BUILDING INCLINATION OF GLAZING MAINT. FACTOR

NON-INDUSTRIAL OR CLEAN  VERTICAL 0.9
INDUSTRIAL AREA SLOPING 0.%

' HORIZONTAL 0.1

DIRTY INDUSTRIAL AREA VERTICAL 0.8
SLOPING 0.1

HORIZONTAL 0.6

Table XI - Maintenance factors for windows and rooflights
< in offices

In sizing daylighting apertures, a maintenance (or light
depreciation) factor is used to ‘compensate for this 1loss in
transmittance. This. factor (a fraction less than unity), is
multiplied by the transmittance of clean glazing, to arrive at
the approximate transmittance of sciled glazing in actual
installations.

The maintenance factor may be used in one of two ways:

i, The area of glazing may be increased proportionally to the
loss in transmittance indicated by the maintenance factor.
ii. The area of glazing is not increased, but allowance is made

in calculating energy savings for a correspondingly larger
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proportion of 1light to be. supplied by the electrical

lighting.
In this context, Hopkinson3' sounds a note of caution
concerning the use of the maintenance factor. He suggests that

even in situafions when the expected dirt accumulation may
reduce 1light penetration levels to less than 80% of the initial
values, the maintenance factor allowed for should be no léss
than 0.9--and the glazed area increased only to that extent--
with the deficit made up by electric lighting. Otherwise very
large windows may result, with attendant increase in glare, heat

loss and cost.

2.4 Net Glazing Area

~Daylight penetration is obviously a function of the net
transparent area, and allowance has to be made for the area
taken up by the frame. The frame area for metal windows is
around 15-25% of the gross window area®?,3?; while the frame
area for wood windows can be 30-50% or moge, of the gross window
areald*, 33,
Another, related point is that nominal sizes of windows may
be considerably larger than the actual frame size. -~ Figure 42
shows the various terms wused in trade 1literature. For
daylighting purposes, the 'glazed area' is the important figure;
however, for windows whose frame and glazing bars have
substantial depth, these will act as louvers to obscure part of

the daylight at off-centre locations and appropriate correction
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Figure 42 - Terms used in window trade literature

factors will have to be used with the ‘'glazed area' when
deciding on the actual area of the exterior visible from a

particular location.

"Z2.5 Depth And Detailing Of Wall Around Daylighting Aperture

The wall thickness and detailing around the daylighting
aperture can have a considerable effect on the daylight
penetration into the interior. Deep walls, due to massive
construction or thick insulation; or both, will reduce daylight
penetration through an opening, if the edge detailing 1is kept
the same as it would be for thin walls. In model tests done by
Aschehoug?®®, increasing wall thickness from 20 to 1000mm reduced

daylight penetration at  the back of rooms tested by 50%3%7.
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STRIP WINDOWS

'PUNCHED' OPENINGS

Figure 43 - Effect of wall thickness on daylight

penetration and examples of thick walls
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Figure 44 - Plan views of splayed jamb configurations

Figure 43 a. shows graphically the effect of increasing the
thickness of the exterior wall. Figure 43 b. shows examples of
thick exterior walls resulting from the use of precast or cast-
in-place concrete.

1f openihgs in a thick wall have splayed jambs' with
surfaces of high reflectance, the daylight penetraéion is
‘essentially the same as that for the same size opening in a thin
wall3®, with the additional advantage of contrast grading

provided by the splayed jamb of the thick wall?3?®, Figure 44
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shows‘typical jamb configurations. In all cases, daylight
penetration is greater for splayed jambs than for right angled
ones.; inward sloping jambs (b.) give the best spread of 1light
sideways (i. e. the widest effective window area) in a typicél
room, but daylight penetration for configuration (c.) and (d.)
may be greater by about 15%%° if jamb reflectances are high

(approximately 60%).

2.6 Room Geometry

The following are results of parametric studies done by

Aschehoug’' and Evans‘Z?, In this series, summarized in figure

45 , the configuration and location of the daylighting aperture

on the exterior wall were kept constant, while the geometry of

the room was changed.-

i. .An increése in room width (and-an accompanying increase in
window width), produces no significant change in light
penetration®?,

ii, With an increase in room depth, the DF is obviously lower
at the back of the room. However, the deeper rooms have
considerably lower daylight levels throughout their
depth®*,%5, - This is summarized graphically in figure 45
a. The difference in daylight levels is due mostly to the
reflected light from the back wall, which in the shallow
room contributes a greater portion to the interior daylight
than the back wall in the deeper room.

iii. An increase in ceiling height with window height remaining

constant, reduced the light available at the back of the
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rooms tested by about 15%%¢. The exact amount of

o\

reduction will depend on room geometry as well as on the
reflectances of indoor and outdoor surfaces. The
reduction in daylight levels is due to smaller amount of
reflected 1light at the work plane in the room with the
higher ceiling. If, however, advantage is taken of the
- greater ceiling height and the daylighting aperture is
moved higher up, considerable improvement in daylight
penetration may be obtained®’, as seen in a previous
section. Figure 45 b. 1indicates how added ceiling height
may be obtained, without adding to the floor to floor
height.
iv. A wvariation in ceiling slope has, according to Evans®®, no

effect on interior daylight levels.

2.6.1 Interior Reflectances

One of the more important parameters determining daylight
pénetration--and especially daylight quality--in a room is the
reflectances of its various surfaces. This influence 1is most
pronounced for unilaterally side-lit spaces, since the light
reflectance from interior surfaces is the major contributor to
illuminance levels at the back of the room, as shown in figure
46 49,

A direct result of increased daylight penetration with
interior surfaces of high reflectance is the considerable saving
in energy. It has been estimated by Tamblyn®°, that a change

from dark interior colours to 1light ones c¢an result in a
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Figure 46 - The contribution of the IRC.to the 1llum1nance
within a room

reduction of power of 10 wétt per m?, or between 20 and 40% of,

typical 1lighting 1load. Millet has reported even greater

savings in energy whenAdark walls were'feplaced by light ones®'.

Figure 47 52 shows the relative contribution of each of the room

surfaces to the daylight 1levels in tests conducted by Evans.

From these tests, and others done by Aschehoug®®, the following

may be observed:

i. In the simple daylighting schemes tested, the ceiling was
found to contribute more than all other room surfaces to
the daylight illuminance levels in the room. Ceiling
reflectance is found to be even more 1important in actual"’
interiors (that include furnishings) than these tests

indicate, since it is generally the least cluttered surface
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S1DE WALL B -
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FLOOR BLACK
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ii.

Figure 47 - The influence of room surface reflectances on
daylight levels

in an office space, is usually of high reflectance,

therefore, can be relied upon to reflect daylight from the

other surfaces onto the workplane.

High reflectance for the floor is not as important as

the ceiling in achieving daylight penetration. The reason
for this 1is that the floor, being below the reference
(work) plane, contributes to the DF only by multiple

reflections off walls d and ceiling. In actual

"installations, the floor is . also cluttered
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furnishings, and because of maintenance requirements, it
generally has lower reflectance than other room .surfaces.
Its potential as a contributor to the DF is thus further
decreased.

High reflectance for side walls 1is considerably more
important than high reflectance for back wall as far as the
DF 1is concerned®®, Highvreflectance for the back wall is
important in establishing higher surface luminance at the
back, and hence befter balance of brightness in the room.
High reflectance for the window wall is helpful in glare
reduction, but assists 1little 1in daylight penetration,
since it does not receive direct light from beyond the
daylighting aperture.

A comparative analysis of parametric .studies shows that the
relative importance of the wvarious interior surfaces 1in
promoting daylight penetration 1is a function of the
proportions and dimensions of the space. Therefore, 1in
order to assess accurately daylight penetration for
specific room configurations, computer simulations or model
studies will be required.

There is a qualitative difference between some schemes--a
difference in the modelling gquality of the lighting--that
is not apparent from the DF plots. For example, schemes
with very similar values of DF (horizontal illuminance),
will, depending on the relative reflectances of adjacent
surfaces, provide mére or less light on the sides or the

underside of three dimensional objects. These light
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guality differences may be modelled analytically55,55, but

must be studied with models to be fully appreciated.

3. INNOVATIVE DAYLIGHTING TECHNIQUES

Innovative daylighting technigques--sometimes termed beamed
or deep daylighting techniques--involve the projection of
daylight, and in some instances, of sunlight as well, deep into
interior spaces. The 1idea of using refracting materials and
reflecting surfaces to increase daylight penetration through
view windows is not new. The use of high reflectance surfaces
outside as well as inside, near the window, and the 1like, are
methods that have long been used to bounce daylight deeper into
interior spaces. However, innovative daylighting techniqgues
incorporate components-that'are shaped and located--and indéed,
whose main purpose is--to increase daylight penetration.

When properly designed, beamed daylighting techniques can
perform substantially better for a given area of daylighting
aperture than traditional systems. This improved performance
has two aspects:

i. Innovative daylighting techniques provide increased
daylight penetration over traditional daylighting
techniques. With the latter, it is possible to daylight a
room adequately, and with brightness ratios that are within
comfortable levels, to a depth equivalent to 2 1/2 times
the height of the daylighting aperture®7?,%8,5°9, Assuming
that the head of the daylightihg ‘aperture 1is at the

ceiling, and the ceiling height is in the range of 2.5-3.0m
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found in contemporary offices, the maximum  daylight
penetration that can be achieved by traditional means is

6.0-7.5m.
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Figure 48 - Comparison of daylight penetration achieved by

ii.

traditional and innovative technlques

Figure 48 shows comparative daylight penetration
achievéd by a typical traditional and an innovative
technique. A survey by Eacret®® has indicated that deep
daylighting systems can provide at a room depth of 6ém, for
example, between 50% and 300% more daylight than a standard
daylighting aperture of the same area and at the same
location.

Innovative daylighting techniques achieve better balance of
brightness in interiors than traditional daylighting
techniques. Figure 48 also shows that the deep
daylighting scheme provides more even illuminance levels

throughout the depth of the space (meeting both ambient and
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task lighting needs), whereas in the traditional system,
there 1is a high maximum light level near the aperture, and
a sharp drop towards the back of the room. If the room
surfaces have high reflectance, then the DF curve is a good
indicator of the general 1level of brightness across the
room. By projecting a large part of the available light
toWards the back, surface luminances are increased at the
back, and result in a balance of brightness throughout the
room, less perceived glare (since the eye adaptation level
ié higher), and softer modelling characteristics (since the
light from the window side 1is no longer as dominant).
Hence, both quantitative and qualitative aspects of the

daylighting scheme show improvement.

A summary of innovative daylighting techniques included in

this chapter is shown in figure 49 ,

3

.1 Deep Daylighting Through View Windows

Where view windows are used for beamed daylighting, three

types of solutions may be identified:

i.

In the first type, the daylighting mechanism is
incorporated in the window head and sill, or in the window
sill alone. Figure 50 shows these responses. The first
design response utilizes a reflecting sill and head, as

exemplified by the IBM regional office building in

" Southfield, Michigan®'(a.), and by a design called "vision

window" by Ashley et al.®?(b.) Another design response
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SCALE

SITE PLANNING

BUILDING CONFIGURATION

BUILDING COMPONENT

BUILDING INTERIOR

&

DEEP DAYLIGHTING THROUGH
VIEW WINDOW

DEEP DAYLIGHTING THROUGH
APERTURES ABOVE EYE LEVEL

=

DEEP DAYLIGHTING THROUGH
ROOF APERTURES

.

Figure 49 - Summary of innovative technigues promoting
daylight penetration
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Figure 50 - Daylight beaming mechanisms integrated into the
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utilizes an enlarged, reflective sill to bounce daylight
onto the ceiling, as exemplified by the EG&G Willow Creek
office building in 1Idaho Falls®?® ( figure 50 c.) In this
building, lighting from the windows provides all ambient
lighting for the perimeter 9m. A follow-up study has also
indicated that on a clear day, daylight reduces the energy
used for mechanical services and electrical 1lighting by
20%, compared to a building with same-sized windows and no
advantage taken of daylighting potential®®. The double
reflection at the window achieved in the first design types
enables daylight to be reflected deeper  into the interior
than with the single reflection achieved 1in the previous
scheme. However, the single reflective sill (with no
reflective head) is a simpler concept, and 1is therefore
more economical. in first cost. In all these designs,
glare control is achieved by sloping the glazing downward.
In the second type of solution, the daylighting mechanism
is an exterior accessory. This may consist of pivoting
and retractable 1louvres, pivoting but non-retractable
louvres, or small stationary 1lightshelves, as shown in
figure 51 55; Operable louvres, when automatic, have the
advantage of providing solar control as well as enhanced
daylighting. The fixed louvres, on the other hand, cannot
respond to changing sun angles and provide solar control at
some sacrifice to daylight access.

In the third type of solution, the daylighting mechanism is

located between the glazing or on the interior. These
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mechanisms consist of horizontal blinas of wvarious
profiles.  Standard (1-1/2") or thin (1") venetian blinds,
silvered on the convex side, are used, as shown in figure
52 (right). Some designs use blinds with the concave side
up, as for example the Reflective Insulating Blinds (RIB)
developed by the Oak Ridge National Laboratory, as shown in
figure 52 (left)®S, The original proposal by Selkowitz
and Rubinstein®?, as well as the "Modulator" blinds used at
the MIT solar building®®, also had concave reflective
surfaces. The major disadvantage of the <concave type
blind seems to be the appearance of "hot spots" of light on
the ceiling due to the slight focusing nature of the

" system,
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In summary, the use of beamed daylighting techniques with

view windows has the following advantages:

i. The use of the window for both view and daylighting™

eliminates the <cost of extfa, separate daylighting
apertures. _

ii. When compared to deep daylighting technigques through
clerestoreys, the elevation is relativglf simple, with no
extra daylighting apertures to integrate into the elvation
rhythm, |

iii, For an equivalent daylight penetration,.smaller daylighting
apertures are feasible with the beamed daylighting
mechanisms than would be without them. The mechanisms may
be 1integrated into the building envelope, may be a part of
the -gla;ing system, or may be external ' or internal
accessories-~-and their main function is to pfoject daylight

deeper into the interior.

3.2 Deep Daylighting--Through Wall Apertures Above Eye Level

3.2.1 Classification

When the function of daylighting 1is separated from the
other functions of windows, it then becomes possible to 1locate
and detail apertures so as to maximize daylight penetration.
Deep daylighting schemes of the split function type may be
classified by their height above floor 1level, with three

locations distinguisheable:
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The daylighting aperture may be located below the 2m height
above the floor level. A typical scheme, originating from
Austria, is shown in figure 53 a®?. It utilizes prismatic
glass, and the daylighting apertures alternate with view
windows. This location for daylighting apertures of the
split function type is not common. Advantages are: the
possibility of lower floor to ceiling height; feasibility
of retrofit installation and the avoidance of a tiered

- window look on elevation. Disadvantages are: view windows
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are replaced by the daylighting mechanism, with a resuitanf
loss of view; some systems may have a problem of glare
(being more in the 1line of sight) and protruding
daylighting mechanisms may create window washing.problems
for tall buildings.

The daylighting aperture may also be located above the 2m_
height, and below the ceiling, as shown in figure 53 b.
This is the most common location for split function beamed
daylighting concepts. Advantages of this technique are:
glare control is simpler than for openings that double as
view apertures; little interference with the wuse of
exterior wall below the daylighting aperture and potential

for good daylight penetration increased due to height of

. opening above floor. Disadvantages are: more complex

elevation, requiring careful proportioning andAdetailing
and possible cleaning problem for the daylighting mechanism
(for louvre and lightshelf systems).

Beamed daylighting systems may also be ;gggped above the
céiling and below the slab of the floor above, as shown in
figure 53 c. These systems are called plenum
daylighting’®, The design shown is based on a scheme for
the Princeton Forrestal Center, a speculative office
complex, in Plainsboro, N. J.7!' advantages with this type
of scheme are: since glare is not a problem, the
daylighting aperture can be designed to maximize daylight

penetration; the plenum space which 1is seldom fully

utilized, can be put to use,saving in floor to floor height

~
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"by a potential reduction of the floor to ceiling height.
Disadvantages are: the ceiling needs to be able to transmit
the daylight either through holes or by being. transparent--
and no readily available systems are on the market;
surfaces in the plenum need to be spray-painted a light
colour; piping and ducts have to be routed more carefully,

so as not to block the daylight near the exterior walls.

Daylighting systems of the split function type can also be
classed according to the type of daylighting mechanism, as
follows:

i, lightshelf systems, consisting of a single large
element or several smaller stationary louvre-like
elements

ii., ‘prismatic systems, consisting of refractive glass
blocks, refractive glass or thin-film prismatics

ii1i. louvre systems, consisting of adjustable elments on

the exterior, between window panes or on the interior

3.2.2 Lightshelves

Description

As Phillips’? and Hopkinson’?® have documented, lightshelves
have been wused in hospitals and schools as early as the 1950s,
and the concept has been known possibly 50 .years earlier?’%.
Phillips <calls them "horizontal reflecting baffles"’%--a
descriptive term.

Figure 54 shows the components of a 1lightshelf system.
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Figure 54 - The components of a lightshelf system

The major component is the exterior 1lightshelf (1). Its
primary function is that.of a large reflector, bouncing skylight
and sunlight from the exterior onto the ceiling; it also acts as
a shadiﬁg‘ device fof any view wiﬁdow directly beneath.
Horizontal projection of exterior lightshelves Qill vary with
the geometry of the daylighting aperture above and the view
window below, as well as with the orientation of the facade, the
geographic 1latitude of the building, structural reguirements,
etc. |

The reflectance of the upper surface 1is an important
parameter, since it determines the amount of daylight the shelf
will be able to "bounce" into the interior. This surface may

be specular, semi-specular, or matte. Specular surfaces, such
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as aluminized mylar or polished stainless steel, have  the
highest reflectance (>80°). Their disadvantage 1is that
directional reflectance may create "hot spots"” of light on the
ceiling and also suffer reduction in reflectance with time, even
with good maintenance’®. Semispecular reflecting surfaces
(such as anodized baluminum, high glosé paint, etc.) have
somewhat lower reflectances'~(peak‘ at 70 to 80°) but their
maintenance is easier. Nonspecular reflecting surfaces (such
as matte paint, prefinished enamelled or porcelain panels) can
have reflectances of up to 80°. Material and finish of the
exterior lightshelf must be evaluated not only on the basis of
daylighting pérformance, but also in terms of initial cost,
maintenance, -aesthetics, etc.

The  tilt of the reflecting (top) surface will vary from
design to design, depending'on various parameters that determine
its optical performance as well as requirements for good
weathering, rain shedding, etc. Optimized solutions generally
have a slight 5-10% upward tilt’7, (e.g. éigure 55 a.’®) but
designs have been built having a tilt of 0° from horizontal
(e.g. figure 55 b.7?) to about 40° from horizontal (e.g.
figure 55 c.%%) It appears therefore that optimum tilt varies
with the degree of specularity of the top surface, geographic
latitude, structural solution and spatial characteristics of the
interior.

The primary function of the interior lightshelf (2. on the
diagfam) is to reduce the brightness gradient between areas near

the daylighting aperture and those further removed. It also



166 -

Figure 55 - Typical lightshelf cohfigurations

increases daylight penetration somewhat, and acts as a baffle to

reduce direct glare.

Aesthetics, performance and integration

Lightshelves are strong elevation design elements.
Generally, they will 1impart a strong horizontality to the
elevation. However, it 1is possible to reduce(the horizontal
emphasis of lightshelves by using the window surround as a frame

for them. Lightshelves can be integrated into elevations of
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concrete buildings with relative ease, since concrete lends
itself to massive, three-dimensional elevational treatment?®',
Some elevation solutions are shown in figure 56 82,

Lightshelves (interior and exterior) can be massive
structurally and, because of their area, exterior lightshelves
can be exposed to substantial wind loads. = They can pose
ﬁaintenaﬁce problems and may - interfere with window washing.
These and other secondary effects need to be considered in their

design and in assessing their cost effectiveness.

3.2.3 Prismatic Systems

Description

' Prismatic  systems for beaming daylight and sunlight were
used in North American schools and offices in the 1950s83 and
many patents for beamed daylighting utilizing the principles of
refraction have been traced back to the 1890s®%,

Figure 57 shows the components of a prismatic beamed
daylighting system. The main component is the transparent or
transluscent prismatic material (1) that "bends" the light rays
and redirects them upward onto the highly reflective
ceiling (2), whence the light is diffused in the interior. The
refracting element may consist of prismatic glass blocks,
prismatic sheet glass, 1linear fresnel lenses (similar to
prismatic glass, but having focusing characteristics), or linear
thin film prismatics. An enlargement of the prismatic element

is also shown. Usually two parallel prismatic elements are
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Figure 56 - Elevational treatments of lightshelves
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Figure 57 - The components of a-prismatic beamed
daylighting system

used, both to bend the light further than quld be possible with —
a single element, as well as to ease maintehance by providing
two flat -outer surfaces. In an:TObstructed situatioh, the
varying refracting pfoperties of_diffe:eﬁtly shaped prisms may
be used to advantage, by iécating prisms with the appropriate
refraction characteristics on different floors of a building.
Thus, as shown in figure 58 %%, prisms of highest refractance
(no. 3 in the diagram) can be utilized on 1lower floors, while
prisms of 1lower refractance can ge used on intermediate and
upper floors. The daylight'penetrationfon each of these floors
will be comparable, even though the ‘léwer floors are

substantially more obstructed.
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Figure 58 - Use of prismatic daylighting system in an
obstructed situation

Aesthetics, performance and integration

Phillips®®, Bartenbach®’ and Eacret®® have all published
performance daté on prismatic systems. Typical examples
exhibit considerable improvement in daylight penetration over
non-beamed daylighting solutions. This is true especially at
the back of the daylit spaces. The relatively wuniform
distribution of light will also result in balanced brightness in
the room.

Because prismatics redirect most of the light wupward onto
the ceiliﬁg, there is 1little 1light transmitted below the
horizontal, and the glass surfaces appear of much lower

brightness than the unobstructed sky would appear when viewed
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from task positions in the space®?. Bartenbach®® reports that
the luminance of the prismatic glass is within the range of the
luminance of surrounding surfaces, when seen from the interior.
Thus the prismatic type of system can, by its inherent working
characteristics, eliminate glare at the daylighting aperture.

The integration of prismatic systems in elevatiéns is a
simpler design exercise, than that involving lightshelf systems.
Because 1in most instances thevprisms will not protrude from the
plane of the facade, they can be treated visually as clerestorey
windows. Two possible elevational resolutions are shown in
figure 59 91",

The recent availability of thin-film prismatics eliminates
the weight and bulk associated with prismatic glass. These new
films may be glued to the interior face$s of double glazing, thus
eliminating maintenance and enébling standard glazing frames to
be wutilized. Most refracting systems have no diurnal or
seasonal adjustment, but this may be provided 1if they are
incorporated 1into operable windows or jalousie type elements?®?,
in which case seasonal adjustment or diurnal tracking can direct
the refracted 1light accurately, for the best daylighting
advantage.

In spite of their relative simplicity, inherent freedom
from glare problems, low maintenance, and in some instances, of
low first cost?®?, prismatic beamed daylighting systems have not
been extensively used in recent daylit buildings. There are

several reasons for this:
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Figure 59 - Elevational treatments of prismatic systems
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i. Architects are not familiar with the field of optics and
the laws of refraction. Therefore, they are not able to
custoﬁ design prismatic beamed daylighting systems for each
project. What .is needed is some step by step graphic
method of designing with refracting materials. . Because
these design tools are unavailable to architects in a form
they can readily use, there is a scarcity of recent
examples wusing these methods, in spite of their great
potential and simplicity.

ii. Prismatic glass block and sheet glass, though available in
Europe and Japan, appear to have been discontinued by North
American manufacturers, and literature describing their
use®’ is no longer available. Recently, however, imported
refractive glass blocks have become available?®?.

iii. Linear thin film prismatics are available®® but prototypes
and technical literature describing their use is lacking®’.
These systems, however, have great potential in daylighting
which will be realized when 1information describing and

detailing their use will be available.

3.2.4 Louvre Systems

Description

Louvre systems utilize small scale, adjustable devices to
reflect daylight deeper into the interior, The louvres pivot
and, in many instances, retract as well. Louvres such as

venetian blinds, have been used for decades to control glare and
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excessive solar heat gain,.

daylighting is recent. Louvre

provide an integrated

two of thermal transfer--control
and

of conductive heat lossesy

penetration and control of glare.

The various techniques

highlighted in the previous

daylighting systems through view

Aesthetics, performance and

However, their purposeful use for

devices for beaming daylight

solution to four interrelated problems:

of unwanted solar heat gain and

two of daylighting--daylight

and products available were

section describing beamed

apertures.

integration

Exterior louvres provide the best thermal performance--both

in blocking unwanted solar

They also provide security when closed.

elevation 1is

interior. Because of the

retracted, and because of the

most models, daylighting
louvres
length) ratio close to unity, as

Louvres may also be located
interior
1" or less.
shading coefficient, is in this
initial cost and maintenance 1is

louvres. Louvres on

the three possible locations.

housing

apertures

Their thermal performance,

As

heat gain and reducing heat loss.

Their effe;t on the

more pronounced than the effect of louvres on the

required when they are

side tracks needed to stabilize
exterior

designed with

usually have articulated shapes, with aspect (height to

shown in figure 60 °8,

between the exterior and the

glazing of double-glazed windows, and having widths of

as indicated by the

case somewhat poorer, but their

less than that of exterior

the interior are the least expensive of

described in the previous
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section, many systems are available. Louvres on the interior
or between the glazing have little influence on the elevational
treatment since they they can adapt to the rhythm set up by the

glazing mullions.

3.3vDeep Daylighting--through Roof Apertures

Daylight penetration through apertures on roofs may be
increased by mechanisms similar to those avaiiable for wall
apertures. The primary aims of beaming mechanisms are to
increase 1illuminance levels in the areas away from daylighting
apertures and to smooth out the brightness gradient in the
interior. Usually, the secondary aim of glare reduction is
simultaneously achieved. Figure 61 shows the technique_
eﬁployed in beaming light from the atrium into work spaces, in
the TVA building, Chattanooga, Tennessee?®?, At a smaller
scale, figure 62 shows a standard skylight, fitted with
seasonally adjustable reflector/shade on the exterior, as well
as a fabric reflector/diffuser on the interior'°°, This is an
elegant solution, using mass-produced, and readily available
components. Figure 63 shows two highly optimized, beamed
daylighting systems developed by Ashley et al.'®' These wutilize
direct sunlight as well as diffuse daylight and, according to
the designers, have uniform light distribution characteristics.
The area of the glazing is reduced to a minimum, to cut down on
heat loss and solar heat gain. These designs necessitate
specially fabricated reflectors and light wells., Their cost

effectiveness is not known,
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BEAMED DAYLIGHTING FOR ATRIUM OF TVA Building

Figure 61 - Large-scale beamed daylighting from the top

The above examplés ~utilize the principle of light
reflection to increase daylight penetration and spread.
However, the principle of refraction may élso be used to‘échieve
the same ends. Lemons'®? has made model studies with
commercially available thin-film prismatics and fresnel lenses
to achieve  increased 1light penetration for skylights. He
reports that linear lenses, both of the concave and the convex
type, produce diffuse, large pools of light with overcast sky;
and diffuse strips of . light with a‘clear‘sky. Single and
double linear prisms bend the 1light at predictable angles.
Obvious applications appear to be corridor spaces, as well as
wall washers, etc.'®?® The use of light refraction principles,

and . especially of thin-film prismatics, to increase daylight
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Figure 62 - Example of beaming mechanism added to standard
skylight

penetration has much potentiai in beamed daylighting.
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INTERIOR SPACE PLANNING IN DAYLIT BUILDINGS
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1. INTRODUCTION

The techniques included in this chapter comprise the third
part in the overall objective of maximizing the potential for
daylighting within a building: interior space planning.

The tenant of a daylit office building has to be sensitive
to the daylighting implications of various office layouts and
the lighting needs of various office activities, and must also
work in harmony with the pattern of luminous zones naturally
occuring 1in daylit buildihgs. Otherwise, the daylight
benefration achieved Vin the design of the building may be
impaired. This chapter outlines a range of techniques that can
assist in achieving the main goal of daylighting: 1locating
people and activities in such a way that advantage is taken of

available interior daylight.

2. TECHNIQUES FOR SPACE PLANNING

The techniques included in this chapter are summarized in

figure 64

PPN
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Figure 64 - Summary of techniques for interior space
planning
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2.1 Location Of Activities

In-_ order . to take advantage of available daylight,
activities within a daylit building should be located according
to their visual performance réqui;ements. |

In a typical sidelit office space, three zones of varying

daylight penetration, shown in figure 65 , may be identified:

-
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Figure 65 - The three zones of daylight penetration

i. Zone A, the perimeter zone, extends to about 3.5-4.5m from
the daylighting aperture in traditional daylighting systems
and to about 6-8m using deep daylighting systems. The
actual distances will be greatly dependent on sky
conditions, orientatioﬁv of the daylighting aperture, and
the extent of obstructions, as well as on the interior
detailing'. = This zone is characterized by the

availability of view outdoors,. an exposure to fluctuating
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climatic conditioné and excellent daylighting potential.
ﬁaylighting in this zone has low veiling reflection for
m?st positions?, provides good illuminance dnbthe vertical
surfaces®, well balanced spectral composition, good
modelling characteristics® and generally, ESI wvalues
substantially.higher than raw illumination measurements®.

Zone C,.the core zone, is typically beyond 7m from the
daylighting apertures in traditional daylighting systems
and beyond 12m in desighs utilizing deep daylighting
techniques. This zone cannot benefit from daylight and is
largely 1independent of the external climate. In offices,
this zone is permanently lit by artificial 1lighting and

requires cooling for much of the year®. Any daylighting

' that reaches this zone is more of psychological help than

iii.

with

zone

an aid to visual task performance’.

The intermediate area, Zone B, 1s characterized by
daylighting adequate for ambient 1lighting, with task
lighting supplementation. Its thermal behaviour, as its
luminous characteristics, is somewhere between that of the
core and the perimeter zone. This intermediate zone is
found at 3.5-12m from the daylighting aperture. The
actual location and extent of this zone will vary with the

design.

Table XII shows a comprehensive list of office activities,
their approximate visibility requirements and preferred

location. It 1is possible to capitalize on the

characteristics of the luminous environment available in each of
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ACTIVITY . COLOUR  ILLUMNANCE ILLUMNANCE SCALAR ZONE
| ON HORZ SR ON VERT.URE. ILLUMIN.  LOCATION

WRITING ~ HANDWRITING PEN o ! (0] o  AB
n PENCIL O 2 o o A
TYPEWRITING 0 2 2 0 A,B
WORD PROCESSING 0 2 ! o A, B C*
DRAFTING ~ LARGE SCALEWORK O 2 2 ] AB
; MEDIUM = » 0 2 | | A
FINE » o« o ! i 1 A
READING - TYPEWRITTEN MTL.GOOD O ] (o] 0 A ¥
n » POOR © 2 | ) A
HANDWRITTEN MTL.GOOD O - o 0 AB ¥
» - % POOR O 2 I o A
SORT/FILE - SORTING (HORIZ) © 2 | i A B
FILING (VERT.) O I 2 ! B
STORAGE ACTIVE | | l | B
» . DEAD -0 | l 0 c
INSPECTION — COLOUR MATCHING 2 ] | | A
TEXTURE MATCHING | l | 2 A
- INSPECT 3D MATL. 1-2 | ! 2 A
PHOTOCOPYING O 2 | 0 ABC *
DISCUSSION — TELEPHONE 0 0 o | B,C
INTERVIEW | ! 0 2 AB
CONFERENCE SMALL | | o 2 A B
* - LARGE 2 | I 2 A
A/V PRESENTATION — GRAPHICS i 0 | o AB
SLIDES x X x X (04
TV x X x x c
V.OT.  x l x x ABLC?*
SECONDARY ACTIVITES — LUNCH \ ! | -2 A,B
BREAK | | ! l 8
WASHROOM | | | | c
BUILETIN B . O 0 2 0 B,C "
LEGEND: % ADDITIONAL TASK 2~ VERY IMPORTANT O —NOT IMPORTANT
LIGHTING MAY BE | - IMPORTANT X = NOT APPLICABLE
NEEDED '
Table XII - Illumination requirements and preferred zone

location of various office activities
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these three =zones, by giving consideration to locating the
various activities in the appropriate zone, according to their
visual performance requirements. ‘Thus, activities such‘as
texture and colour matching, drafting, and ofher similar,
visually demanding activities, will benefit from being located
in Zone A. Activities such as graphic presentations to a
group, interviews énd conferences,vertical filing and other work
‘requiring good modelling and vertical illumination, will benefit
from being located in Zones A or B.

Circulation, storage and_ other low use and visually non-
critical spaces, as well as equipment rooms, washrooms and
similar spaces that require compartmentation, access to
mechanical services, or special 1lighting needs, are best
located, from the. pbint of view of daylighting, in the core
zone, Locating these secondafy spaces 1in the core zone
liberates floor area near the perimeter zone for primary office
activities and increases the chances that daylighting will be
used for these primary activities. In low rise office
buildings, skylights or 1lightwells can effectively bring
daylight 1into some secondary spaces--such as corridors or
washrooms--to provide a sense of focus, and assist in
orientation.

In many deep space office buildings, it will not be
possible to locate activities in their preferred 1locations on
the perimeter, due to insufficient space in these =zones.
Furthermore, there are other criteria, overlaid on daylighting

considerations, that may override the above guidelines.



194

Nevertheless, 1t 1is 1important to wunderstand the daylight
requirements of different tasks and attempt to locate these in
the appropriate 1luminous environment: this 1is an important

aspect of efficient resource allocation.

2.2 Open Plan Interior

Where the type of office work and the management style
permits, the use of an open plan interior will facilitate
daylight penetration. It is now technically and economically
feasible to provide workspace definition, environmental comfort
conditions and acoustical privacy for the requirements of most
office activities, in open plan, "landscaped offices"?®.

.When opaque, full-height partitions are wused to define
shalloﬁ depth offices along the perimeter, resultiﬁg in open
areas on the interior, view and daylight are totally blocked and
the open area must rely entirely on electric 1lighting for its
illumination. Without such partitions, daylight in the
interior zones might otherwise be sufficient to save electric
energy, but in any case would provide improved modelling and a
feeling of increased spaciousness. Evans® has argued that
ideally "the whole structure of the interior must allow for and
complement ... [the] horizontal flow of daylight from windows

for best effect".
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2.3 Location Of Celluiar Offices

In current North American practice, cellular offices, when

required, are located at the perimeter. AvSuch space allocation

pr———r

Figure 66 - A recent example of office floor plan having
cellular offices on the interior

decisions are the result not of functional requirements, but a
reflection of the social value system held by the organization

and the larger social structure. This fact can be appreciated
when it is realized that cellular officeé in Eur&pean pra&tice
of today, and even in North American practice of three decades
ago, have not necessarily been located along the perimeter of

the - building. For example, 1in the 1950's the concept of
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"executive core plan" was popular in the USA'°, In this
layout, executives were located in the centre of the space, in

individual offices, with staff along the periméter of the

building, in an open plan arrangement. From a functional point
of view, this is still considered superior'’, A recent daylit
building in the U. S. A., has defied social convention and

provides cellular offices for management personnel at the
interior, leaving, as shown in figure 66 '2, perimeter areas
open.

To give interior cellular offices amenities and prestige,
glazed or partly glazed partitions with curtains may be used;
greater amount of plant material <c¢an also be introduced.
Interior offices on lower floors may be daylit through 1light
wells and, on the upper floor, through skylights‘f.

If the 1interior placement of cellular offices within a
larger open plan is not acceptable, intermittent breaks in the
line of cellular offices at the perimeter may be considered, so
that the open areas have views to the exterior and some access
to daylight. This is shown in figure 67 . Intermittent
breaks in a line of cellular offices are of added importance 1in
deep 'plans, because the subjective sense of enclosure in deep
layouts greatly increases if more than two exterior walls are
blocked by cellular offices'®. If cellular offices are located
along three exterior walls of a.deep space office floor, as many
as 90% of the people working on the floor will be in open areas
behind these cellular offices and most of them will have

negligible daylight illuminance at their workstations'®,
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'spiLL' TO AREAS BEYOND

/ GAPD IN ROWS
— o~ OF CELLULAR OFFICES
- ALLOWS DAYLIGHT TO

Figure 67 - Layout of cellular offices at building
perimeter to enable some daylight penetration

There are functionally and technically workable
alternatives to cellular offices. The "landscaped office"
concept 1is one alternative, but there are other feasible
concepts; such as the ;flexible, semi-private office
compartmentation, based oh work group units, proposed by

Alexander et al,'®

2.4 Detailing Of Cellular Offices

Full height, opaque partitions, enclosing cellular offices
~at the perimeter of a deep office space, block all access to
view and daylight for the open plan areas beyond. Alternate

detailing of these partitions will enable daylight penetration:
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Figure. 68 - Detailing of glazed partitioﬁs for cellular
offices at building perimeter

Use fully glazed partitions. Patterned glass or clear
glass with curtains may be used below door head height;
above this height clear glass may-be used (see for example
the Connecticut General Life Insurance Company building, in
Bloomfield, Connecticut, by SOM Architects'’).
Alternately, clear glass may be used in some cases without
a curtain. An elegantly detailed examplé is shown 1in
figure 68 , which is a recently (1983) completed building

"for the same clients as the previously mentioned building
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(re-named CIGNA  Corp. , Architects  Collaborative
Architects'®). The owners were pleased with the
spaciousness of the earlier building and requested to have
the daylighting concept retained--or improved--in their
newer building'®.

Attention to detailing and <close co-ordination between
architect, lighting consultant and acoustical consultant
especially are necessary for this type of work to
succeed??®,

Use partitions with opaque lower portion and glazed upper
portion to allow reflected light to spill into the interior
zones, beyond the cellular offices at the perimeter, and

thus provide ambient daylighting?',?2, Besides their

function in "borrowing" light—-boﬁh electric and daylight--

there 1s an increase in the sense of spaciousness??3,. In
offices, this glazed portion is usually above the door head
height. Examples of this type of partitions are
commonplace?*. While the quantity and quality of daylight
on the 1interior 1is inferior with this lesser amount of
glazing, the acoustical performance of the partition (in
both absorbtion and - transmission) is improved and
flexibility in location of furniture and filing/sforage is
greater.

Even with fully opaque partitions for perimeter cellular
offices, it may be possible to bring 1in daylight to
interiors beyond. This may be done by bringing daylight

through iight wells, skylights or through the ceiling,
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where plenum lighting is used, as in figure 69 .

/
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DAYLIGHTING !
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Figure 69 - A technique for indirectly daylighting interior
areas obstructed from daylighting apertures by solid partitions

2.5 Dajlighting And Acoustics

Both acoustical and daylightiné solutions involve choices
regarding interior building surfaces, interior geometry and
compartmentation. As such, solutions to one can influence the
effectiveness of the other. This section outlines how
daylighting details may affect acoustics and vice versa and
figure 70 provides a summary of typical detailé which integrate

requirements of acoustics and daylighting.

Davlighting solutions affecting acoustics

The requirement for relatively 1large exterior glazing

areas, for either daylighting or wview, can adversely affect
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HIGH REFLECTANCE , POROUS SURFACE
l ( SLOPED OR, STEPPED CEILING
- PENDANT TYPE
o - © ACOUSTICAL BAFFLES
- o LUMINAIRES HUNG FROM CEILING
: AT RIGHT ANGLES TO

VERTICAL, / EXTERIOR WALL
SOUND-ABSORB . : > v
BAFFLES 5 ‘

Figure 70 - Details that integrate acoustical and
daylighting requirements

acoustical pefformance of office interiors.  The glass acts as
a sound-reflecting surface, whi;h is undesirable 1in open plan
offices. This may be resolved by tilting the glazing to
deflect sound onto either the floor or the ceiling?5%, or by the
use of light-coloured, veftical sound-absorbent baffles, at
right angles to the windows, to absorb some of the sound before
it strikes the glass?®,. A fortuitous effect of both these
solutioﬁs is a reduction in perceived glare from the window.
Another acoustical problem may arise when fully glazed
partitions are wused to enable daylight to penetrate beyond
compartmented areas at the building perimeter. To reduce

unwanted sound reflectance, semi-glazed partitions, or a

combination of fully glazed and semi-glazed, acoustically
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absofbent‘partition527, may be used instead.

Daylighting solutions may also affect acoustics
advantaéeously. Pendant type ceiling | lamps?®, indirect
lighting, and furniture mounted task lighting, leave the ceiling
free. of luminaires, thus eliminating the sound-reflective
surfaces created by the lenses of recessed fluorescent fixtures,
and improving acoustics in open plan offices. The stepped?® or
sloped ceilings3° in some daylit buildings are also advantageous
to acoustics, as they reduce multiple reflections of sound

between the floor and ceiling.

Acoustical solutions affecting daylighting

A detail which may adversely affect daylighting is the use
of a grid of vertical,_soundfabsorbent baffles, hung from the
ceiling, to increase sound absorption 1in open plan offices.
One solution which may not compromise daylighting involves the
use of Dbaffles having high light reflectance, arranged only in
one direction, perpendicular to the exterior wall.

Some acoustical details may enhance daylighting. Soft,
porous ceiling surfaces, for example, are ideal for acoustical
absorption and these same surfaces, if of high light

reflectance, are helpful in reducing glare?'.
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VI.

CONTROL OF BRIGHTNESS EXTREMES
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1. INTRODUCTION

The control of brightness extremes in a building interior
may be accomplished by two means:
i. increasing the brightness level of surfaces away from
daylighting apertures
ii. decrease the perceived brightness of the daylighting

aperture,

The methods used to accomplish these are different for
traditional 'daylighting_r techniques and  for innovative
daylighting techniques.

i. In traditional techniques, the two brightness control
strategies--increasing brightness of surfaces away from the
daylighting apertures and decreasing perceived brightness
of daylighting apertures--are conceived in 1isolation, and
are designed to achieve either the one goal, or the other.
Because of this, a reduction in glare at the daylighting
aperture, achieved with traditional techniques, always
entalls a proportionate reduction in daylight penetration.

ii, By contrast, innovative daylighting ‘techniques may
accomplish simultaneously several goals: increasing
daylight penetration, reducing perceived brightness of the

daylighting aperture, increasing the brightness of surfaces
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remote from daylighting apertures.

Figure 71 illustrates examples of these two approaches.

Z,
v
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Figure 71 - Reducing brightness extremes using traditional
: and innovative daylighting techniques

Fiéure 71 a. shows a traditional response to control of
brightness extremes. The sun/glare control device reduces the
perceivgd brightness of the daylighting aperture, but inevitably
also reduces daylight penetration to some extent, the amount
depending on the configuration of the shading device. High
reflectance values for interior surfaces tends somewhat to
offset this loss by increasing the IRC. - Design trade-offs are
involved between these competing requirements. The 1innovative
daylighting technique in figure 71 b. shows: the perceived
brightness of the daylighting aperture is reduced by tilting of
the glass to reduce the transmittance of light from higher

angles; reflective surfaces away from view are used to bounce

~
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Figure 72 - Summary of techniques for controlling
brightness extremes
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' sun/sky—light’ deeper into the 1interior, thereby -enabling a
smaller daylighting aperture for a given daylight penetration;
the use of high reflectance ceiling to increase luminance of
surfaces away from the daylighting aperture. Thé same
characteristics of innovative daylighting techniques that enable
them to distribute, rather - than reject, excess sun/daylight,

also provide the means of controlling brightness extremes.

2. TECHNIQUES FOR BRIGHTNESS CONTROL

Figure 72 gives a summary of the technigues examined in

this chapter.

2.1 Landscaping For Glare Control

Landscaping--planting in particular--may be designed with a
view to its architectural and engineering uses'; saving energy
in buildings?,?; providing a generally more comfortable thermal
environment®; and with the aim of promoting daylight penetration
and control of glareS®. However, beyond the strictly
functional, the use of plants 1in and around our buildings
satisfies symbolic, aesthetic and emotional needs®,’. This
means that, more than any other aspect in the built environment,
the use of plants cannot be considered solely from a narrowly
functional viewpoint: the 1less tangible benefits must also be
considered.

Part of the purpose of a daylit building is to establish a

sensitive relationship between itself and 1its surroundings.
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Plants, when used as elements of the daylighting scheme,
naturally tend to strengthen that relationship, aé well as the
awareness of that relationship.

The control of glare from daylight and sunlight by the use
of land forms, structures, or vegetation may'be accomplished

either by filtering or by reducing reflection.

Glare control by filtering

WINTER - | SUMMER

Figure 73 - Glare reduction by filtering during summer and
winter

Trees may be used in low-rise office buildings, or on the
lower floors of high-rise buildings, to control glare by
filtering of sun/daylight. A problem arises with deciduous
trees that, if they filter sufficient amount of light in the
summer, then they will allow too much glare in the winter, when

they are leafless. One solution is shown in figure 73 : the
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lower, winter sun is blocked by low conifers and the higher,
summer sun by higher deciduous trees. The use of trees and
shrubs on fhe west/east sides for heat and glare control 1is
especially advantageous because the low anglé sun can be blocked
relatively easily by younger, or lower mature trees and by trees
at varying distances from a bgilding. By contrast, filtering
of sunligﬁt on south facades cannot be accomplished beyond the
second or third floor, unless mature trees are already present
on the site or other glare control devices are used for many
years until newly planted trees mature. On the north side, the
task 1is that of reducing sky glare and, since there is little
problem with sun shading, the requirements are not as stringent
as on the south side.

Trellises of climbing plénts are appropriate for west
walls, where they can be quite dense. One such solution is
shown in figure 74 . On the south side trellises must be
horizontal in order to keep the sun out; and therefore, both the
trellis structure and the trimming of the plants may require
additional maintenance on this facade. Plants «climbing
directly on building faces create a softened, "old country"
appeal®, but in office buildings--especially daylit ones,
requiring constant view and unobstructed windows--they may
present maintenance problems,

As material for glare control, plants of open, loose
foliage_are most useful; they filter the light, whereas denser
plants obstruct it?. Table XIII '° indicates light intensities

found under mature stands of various trees.
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Figure 74 - Glare control at west or east walls with
' trellises

TYPE OF TREE (OLD STAND) NO FOLIAGE  FOLIAGE
DECIDUOUS  RED BEECH 23- 66 2-40
0AK 43 -9 3-35

ASH 29 - 80 8 -60

BIRCH 20- 30

EVERGREEN  SILVER FIR , 2- 20
 SPRUCE , ‘ 4-40

PINE 22-40

Table XIII - Light intensities (% of that outside) under
mature stands of various trees

Glare control by reflection

As 1is the case with other light sources, the ground as a

secondary light source may require  brightness control'!,

Potential glare problems may be reduced by studying the angular
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relationship between the occupant, the window and the reflective
surfaces (specular and non-specular), and 1in locating these

surfaces out of direct 1line of sight as much as possible.

LNt gttt pe

TR T CC R T

Figure 75 - Optimum positioning of planting and of the -
exterior reflecting surface

Figure 75 shows that generally, for locations at or near the
ground floor, reflective sources closer to the fenesﬁration
(i.e. seen from workstations at a steeper angle below the
horizontal) are less 1likely to cause glare than sources far
away. There is a range of angles from the horizontal (between
15° and 45°) that .causes least glare and still assists with
daylight penetration. The use of specularly reflective
surfaces must be studied carefully since these may cause glare
and/or solar heat gain at certain sun angles'?, Surfaces which
are non-specular reflectors are preferrable, since they make
luminous and thermal control easier. It can also be seen in

figure 75 that it is better, from the point of view of summer
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heat géin; to 1locate asphalt driveways, or concrete surfaces
some distance away from the building. - Instead, 1low growing
plants and shrubs should be used immediately adjacent to it,
since they do not heat up as high density, man-made materials -
do.

The . feduction, of ground-reflected glare can also be
accomplished by trees. To this end, dark plants with a smaller

leaf surface, are most effective in reducing reflection'?,

2.2 Daylight From More Than One Direction

e o e S e ity

<

R /..
// - .
| —=ii=ti=s
e T ALy T e |
>——:;—-—2o.o—m.o‘§ :
ONE SIDE DAYLIT : ' TWo SIDES DAYLIT

PLAN VIEW OF 6m x6m ROOM

Figure 76 - Daylighting apertures on more than one side
reduces brightness gradients

The provision of daylighting apertures on more than one
side of a space reduces brightness eXtremes, improves modelling
and raises illuminance. Whenever the configuration of the

building allows, it 1is therefore advantageous to provide
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daylight from more than one direction. In practice, however,
unilateral lighting will ©prevail for office buildings due to
economic and organizational -forces that. require deep office
space. In the latter type of spaces, any techniques used to
increase illuminance levels by secondary daylighting apertures
(such as atria, 1lightwells, skylights, etc.) will serve to
balance the interior brightness.

Even relatively small daylight apertures in walls adjacent
to the main source of daylight can provide a softening of the
harsh modelling of unidirectional 1ight’“, and by reflecting
light back onto the interior surface of the window wall, can
lessen the contrast between the window and 1its surrounds'S.
Windows from two opposite sides will also reduce glare, but the
lighting quality is somewhat poorer because of cross shadihg16

( figure 76 ).

2.3 Glare And Solar Heat Control -- East And West

There are three design responses to the conflict between
sun-shading and daylighting on the east and west orientations:

i. a reduction in the size of windows, or their total
elimination on these elevations

ii. the incorporation, in plan, of zig-zag east and west
exterior walls, with the openings in these facing
éouth and/or north

iii. provision of shading ‘and glare control devices for

east and west facing daylighting apertures



217

In situations in which considerations  other than

daylighting require windows facing east or west, the following

responses for glare/shading control are appropriate for daylit

buildings:

i.

Use reflective or heat absorbing glass in specific
locations to reduce glare and solar heat gain without
undermining daylighting. The prevalent way of using these
glasses wuniformly in all windows of a building, impairs
daylight penetration since these glazings substantially
reduce the amount of light transmitted to the interior for
a given window area'’.

Reflective or heat absorbing glass may, however, be
utilized without penalty in  terms of daylighting in two
instances. First, in designs which wutilize separate
apertures for daylighting and view, the view window can
have tinted glass for glare and solar heat control. Many
daylit buildings employ this solution'®. A second type of
glare/shading control wutilizes heat absorbing glass as a
sun shade, as shown in figure 77 . The heat ‘absorbing
glass is held in a frame above and in front of clear glass
windows, allowing a free circulation of air between it and
the window, dissipating the heat gain. Depending on the
relative location of the shade with respect to the window,
this concept may be used on the east/west or
southeast/southwest facades. In fiqure 77 (left)'®, this
accessory is used together with slatted horizontal, opaque

shading slats (a configquration that will serve south,



218
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ii.

Figure 77 - Heat absorbing glass as a sunshade

southeast and southwest. orientations). Figure 77
(right)?° shows a shade designed for east and west
orientations. Here, the glass shade is utilized alone,
without the slats.

Use opagque, fixed, vertical projections suitably
proportioned to screen the sun out at the low angles
encountered on east and west facades. According to
Walsh?' and Millet et al.??, different configurations of
shading devices havihg the same thermal performance (i.e.
derived from the same shading mask?32, and therefore eqgually
effective in blocking out the sun), do not necessarily have

the same luminous efficacy. Millet et al. have studied

the luminous effectiveness of the wvertical sun control



219

devices shown in figure 78 2%, All four devices shown are
of equivalent thermal effectiveness. Figure 78 shows the
results of experiments on both sunny and overcast™ days.
Under both conditions, the multiple solid vertical louvres
offered the highest luminous performance.

For isolated windows on the east or west facades, as shown
in figure 79 *°®, a return Qall some distance from the
window can provide screening from unwanted suniight,

without seriously affecting daylighting.

iii, Vertical, operable 1louvres avoid some of the drawbacks of

fixed sun control devices, since their orientation may be
adjusted to maximize solar shading at some hours of the
day, while at other times they may be set to maximize
daylighting. Figure 80 26 shows. such an installation.
Like all shading devices, operable louvres are most
effective therhally when they are located on the building
exterior. However, interior vertical blinds may also be
used: they are less effective in blocking solar heat, but
serve well 1in reducing glare from sun and sky. They
require less mechanical maintenance, have much lower
initial <cost and, since they are available in a wide range
of colours and textures, they can also contribute to the
interior decoration concept. Vertical 1interior blinds
retract as well as pivot, thus providing a clear view. By
contradistinction, exterior louvres of the vertical type
can usually only pivot, Qithout retracting.

A combination of fixed architectural projections for sun
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Figure 79 - Return walls on east or west facades can
provide sunscreening while allowing daylight in

L ADJUSTABLE VERTICAL
EXTERIOR LOUVRES

Figure 80 - Example of vertical adjustable louvres on west
facade

shading and interior vertical blinds--vertical
horizontal--for additional glare control may be

economically appropriate response.

or

an
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Where building facades orient towards southeast and
southwest, neither vertical, nor horizontal shading devices
alone can provide sufficient solar shading. Eggcrate type
louvres (a combination of vertical and horizontal shading
elements) are appropriate in these cases. Evans has given
an example of this solution, used in a speculative high
rise office building in Southwestern U.S.A. As shown in
figure 81 27, eggcrate-type 1louvres between the glazing
screen out direct sun, but reflect daylight into the space,
simultaneously blocking the view of a bright sky. The
lower, view window, utilizes reflective glazing to reduce
the brightness of the exterior..

Horizontal bliﬁds or louvres may also be used on east and
west facing windows. They can be manually--and preferably
automatically--closed to block direct sun when this can
penetrate into the work space. The Hooker Chemical
Building in Niagara Falls, N.Y., 1is an example of this
response: all four elevations have horizontal louvres that
are controlled by sensors independently on each facade?®.
While these louvres do not retract, they do respond to the
different luminous and thermal conditions at each facade.
Venetian-type blihds, that retract as well as pivot, are
other examples of horizontal glare/sun control devices.
These may be on the exterior or interior and be either of
the manual or the automatic type. The use of fabric

shades--the Gregory  Bateson building 1in Sacramento,

California, is an example of this--is also an appropriate
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CLEAR GLASS WITH
EGG-CRATE LOWRES

TINTED ALASS

Figure 81 - Eggcrate louvres being used on southeast facing
windows .

response for various orientations, including the east and
west??,

One advantage of automatic horizontal devices 1is their
ability to <close over the daylighting aperture, thereby
reducing heat 1loss when daylight 1is unavailable. A
disadvantage 1in their use on east or west facing apertures
is that, since they must cover most or all of the aperture
when the sun is in offending position, they will restrict,
and in some cases eliminate, the availability of daylight

at these times.
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2.4 Glare And Solar Heat Control -- South

Solar shading of south facing daylighting apertures is a
relatively simple matter, when compared to the intricacies of
simultaneous solar shading and daylighting on east and west
facing apertﬁres. Although the configurations for
shading/glare control devices on south‘ facing apertures are
different from those facing east/west, the categories of
responses are the same as outlined in the previous section:

i. Use heat absorbing or reflective glass 1in specific
locations to reduce glare and solar heat gain without
impairing daylighting. These  glasses are only
appropriate--as mentioned 1in the previous section--when
used in Qiﬁdows which serve only for view (in designs where
daylighting is' provided by other apertures) and when they
are used as sunshades in front of daylighting apertures.

ii. Use opaque, fixed, horizontal projections configured to
block wunwanted solar penet;ation through the daylighting
aperture. As noted previously, solar shading devices
having identical thermal performance but different
configuration, will differ in their 1luminous performance.
Millet et al.?° have studied the effect of the horizontal
sun control devices shown in figure 82 . The three
devices tested are of equivalent thermal effectiveness but
of very 'different 1luminous performance. The multiple
solid vertical louvres offered the best luminous

erformance?!. Walsh3? also suggests  this "tiered
p g9
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sunbreak” as a solution to the sun shading/daylighting
conflict--especially for tall winaows, for which a single,
large~3Vérhang, high above the opening is not feasible.

Of two shading devices having identical thermal
performance, the one higher above the window head has
greater luminous effectiveness (i.e. allows in more
daylight). Its projection from the building must,
however, be correspondingly greater and thus a trade-off is
involved between the cost due to the extra depth of the
shading device and savings due to daylighting3?3,

Horizontal operable louvres, blinds and shades avoid some
of the drawbacks of fixed sun control devices, since they
can, if properly controlled, maximize solar shading when
needed and maximize  daylighting at other times.
Horizontal louvres on south facades can potentially provide
glare/solar heat gain control at all sun angles and
simultaneously provide daylighting. If the operating
mechanism is automatic, then such devices <can predictably
provide energy savings.

Automatic, sensor activated fabric shades—--on the exterior
or interior--are another solution to the glare/solar heat
gain problem encountered at south facihg daylighting
apertures. Fabrics come in many colours, providing an
opportunity for colour highlights on elevations3®,
Fabrics also come in several densities, providing a choice
of shading coefficient most appropriate for the particular

building and orientation. Even when drawn, fabric shades,
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especially the less dense weaves, can -provide some view

outside and limited daylight pehetration35.

2.5 Glare Control -- North

Glare control on north elevations can be more easily
accomplished than for other orientations because solar control
is not necessary. Thus the luminous conditions on the north
side are relatively static, with luminance distribution of both
the clear and the overcast sky relatively constant, only
absolute luminance being changeable. Because of this, the
amount of potential glare can be readily predicted and simple
design responses, that reduce sky luminance to acceptable
levels, can be developed. Light curtains, loose weave interior
fabric shades (of approprfate'light tranSmittancé) or interior
venetian blinds, can be utilized as simple soiutions to the

glare problem at this orientation.

2.6 Glazing Tilt

Requirements for sun shading and glare control on the south
elevations, and to a lesser extent on the east and west as well,
may be resolved by increasing the angle of incidence3®® of the
sunlight on the glazing at a given time, i.e. by tilting the
glass downward. A downward tilt for the glazing reduces solar
heat gain without obstructing view out and automatically reduces
glare by allowing less daylight 1in, primarily because of

increased reflection at greater angles of incidence. Figure 83
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Figure 83 - Reflectance values through glass at various
angles of incidence '

37  shows the relatioship between reflectance and angle of

a.
incidence. It can be seen that reflectance values rise sharply
above  incident angles of 57 degrees?®. |
Solar heat gain and glare are further reduced, because the
outward projection of the tilt reduces the area of glass exposed
to the sun. The geometry 1is -eguivalent to a comparable
vertical overhang shading vertical glass39. Figure 84 shows a
typical solution to solar shading involving tilted fenestration.
The energy falling on this Qindow is the same as if the window
were vertical and had a 1'-4" projecting shade along the
lintel®©°, The energy transmitted is, ﬁowever, less than for

the comparable vertical window with overhang, because of the

glass tilt which reduces transmission by a further 22%%'.
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Since the trajectory of the sun in winter is lower, the
angle of incidence of sunlight is lower and the effectiveness of
tilt as a shadiﬁg device in winter is muéh reduced. In the
morning and late afternoon the resulting solar heat gain may be
acceptable in office workspaces, but at other times of the day,
additional shading mechanisms, such as architectural projections
or adjustablé dévices, will need to be used. Figure 85 “?

- shows a solution using a combination of tilted glass and

overhang.

STRUCTURAL WALL
OPAQUE PANEL .'f 0-5° FLOOR SLAB_ ’
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FOR THE TILTED | WiNoow
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Figure 84 - Tilted glazing as means of glare and solar heat
gain control

The effectiveness of a given tilt also diminishes with
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Figure 85 - A building facade with sloped glass and
overhang

increasing latitude and thus moré tilt will need to be provided
at say, Vancouver, B.C. than in San Francisco, California, for
a given percentage of solar heat reflection at the same tihe of
year and day.

In a similar manner, lower sun angles on east and west
facades means that window tilt at the east and west
orientations, as a primary shading mechanism at Canadian
latitudes is not feasible because of the excessive tilt required
to exclude the sun duriﬁg overheated periods. As can be seen
in figure 86 , window tilt can be incorporated either at the
massing scale--whereby the whole of the envelopéj tilts inward,
or at the element scale--in which the window tilts in an

essentially vertical wall.
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GLAZING TILT AT THE : GLAZING TILT AT THE
MASSING SCALE : COMPONENT SCALE
Figure 86 - Incorporating window tilt at massing or

component scale

Window tilt.adversely affects daylight ©penetration. In
some innovative‘daylighting solutions,'this has been recognized
and refiecfive'window,sillg (and in some instances, window heads
as well), have been incorporated to reflect diﬁfuse daylight
\through tilted windows“3.- However, in traditional daylighting
schemes, the trade-off between control of glare and daylight
penetration must be recognized, and ana the appropriate balance
between them analytically and/or experimentally established.

A fortuitous advantage of tilted fenestration 1is that it
helps the acoustics within open space interiors, by deflecting
sound odto sound-absorbent ceilings“®, Where windows use

tinted glass and are for view only, such as the lower glazing in
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the Lockheed Building no.f57——the glass 1is, in fact, tilted
primarily for acoustical reasons®?®, |

Like othér shading/glare reduction devices, tilted glazing
has aesthetic and functional advantages and disadvantages®® that

must be studied on a project by project basis.

2.7 Interior Lightshelves

The primary function of interior 1lightshelves (with or
without exterior 1lightshelves) 1is to modulate brightness
gradients and improve 1illuminance levels within a room.
Secondarily, they can also act as an integrating element for
~environmental services, alter the spatial characteristics of the
area below them and assist in the visual organi;ation of the
window wall.

The effect of interior lightshelves on 1illuminance levels
varies with sky condition. Selkowitz et al.*’, have shown that
under <clear sky conditions without direct sunlight, and under
overcast conditions, their-use results in illuminance levels
lower than levels obtaihed through the bare window. The
reductions are, however, greater near the window"®, When
diréct sunlight 1is present, they perform as a shading device.
In this case they will provide improved performance over the
base opening*9,6%°9,

The main benefit of interior lightshelves, is a reduction
in perceived glare and in the brightness gradient  across. the
room, Figure 87 shows the mechanism of glare reduction. The

interior lightshelf reduces the area of sky visible to occupants
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Figure 87 - The mechanism of glare reduction by an interior
U lightshelf

nearer to the daylighting aperture and this 1leads to a
substantial reduction in direct glare. The loss in illuminance
levels‘ is not significant near the daylighting aperture. At
points further away, the lightshelf screens out much less of the
sky component and.hence the reduction 1in 1illuminance 1is not
pronounced® ', However, the perceived brightness gradient
across the space is reduced and as a result, the perception of
glare is lessened even at the locations further removed from the
daylighting aperture®2, Whereas exterior 1lightshelves have
been used primarily on southern exposures to "scoop" reflected
sunligﬁt into a space, interior 1lightshelves have been used
alone on other elevations as well, primarily on north
elevations, The Lockheed Missiles building shown in figure 88
, has exterior and interior lightshelves on the south side, as
well as smaller ligﬁtshelves along the perimeter of the
atrium®?, The north side has interior lightshelves alone.

"Interior lightshelves can serve the secondary roles of
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INTERIOR
LIGHTSHELF

INTERIOR EXTERIOR

LIGHTSHELF LIGHTSHELF

" NORTH ELEVATION SOUTH ELEVATION

Figure 88 - Interior lightshelves in the Lockheed Missiles
, " no. 157 building :

containing. eqguipment for other environmental needs. In the
Lockheed building, for example, the scale of the'buildiné ana of
the lightshelf enables it to house electric lighting,‘ HVAC
ducts, sprinklers, photocells and sound masking speakers®?*,

Interior lightshelves will alter the characteristics of the
space under them and Lam considers their ability to impart an
intimate scale to the perimeter area, an asset which. can be
readily utilized®Ss, Activities such as small conferences,
reading areas, etc. can be advantageously be located in this
area, to benefit from the improved modelling and colour
rendering available near the daylighting.aperture, as well as
from the scale of the space. |

- Interior lightshelves also assist in the  visual
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organization of the window wall: they allow the establishment of
a dominant horizontal line and facilitate different treatment
for the upper and lower fenestration, a need arising from their

different functions and location®€¢,

2.8 Contrast Grading

Contrast grading is the detailing of surfaces immediately
surrounding daylighting apertures to reduce the brightness
contrast between the two. The geometry and surface reflectance
of the immediate surround are manipulated so that some of the
luminous flux entering through the daylighting aperture strikes
and is reflected from these surfaces, greatly increasing their
luminosity.

This gradation in luminosity from the daylighting aperture,
through the immediate surround, to the general surround, reduces
the perception of glare. This is partly because of a reduction
in harsh contrasts, but also because the adaptation level of the
eye 1is raised. While the effect of the immediate surround on
the perception of discomfort glare is complex®’, the following
points have been established experimentally:

i. The larger the area of the immediate surround, the greater
is its influence 1in the ©perception of glare. For
daylighting apertures, the immediate surround may be aeep,
splayed jambs, about 300mm wide; with an optimum angle from

the window plane of 50°-60° 58,659,
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Figure 89 - Examples of contrast grading
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ii. As the brightness of the immediate surround 1is increased
beyond that of the general surround, glare is progressively
reduced. The degree of improvement bf the glare
conditions 1s a function of the width of the surround, the
brightness of the glare source and on the amount of glare
that is considered acceptable for the occupancy.

iii. For sources of high brightness (above 5000 asb), the effect
of contrast grading--raising the brightness of the
surround--is uncertain®?,

iv. For sources of 1low brightness (less than 5000 asb), the
effect of raising the brighthtness of the immediate
surround 1is definitely beneficial in glare reduction; this
is especially so if the surround has an area of about 4-10

times that of the source®!',

Figure 89 %2 shows practical examples of contrast grading:
at windows, overhead daylighting apertures, and at perforated

ceilings.

2.9 Light-coloured Surfaces

Light-coloured surfaces in interiors can assist in
balancing brightness levels. This technique can be considered

under two aspects: high reflectance and colour.

High reflectance

High reflectance of room surfaces near the daylighting

apertures assist substantially in daylight penetration, raising
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illuminance within a space. Simultaneously, high reflectance

robm surfaces will assist in balancing the brightness across a

room, by raising the luminosity of the surfaces being seen, and

reducing the contrast between the daylighting aperture and these
surfacea. This, in turn, raises the levél of adaptation for
the eyes, leading to reduction in the sensation of glare.

The following are general gquidelines concerning this
technique:

i, At all surfaces immediately adjacent to the daylighting
aperture, a high reflectance; as well as appropriate
detailing, will lead to successful contrast grading.

ii. At the window wall, a high reflectance will reduce the
contrast between the daylighting aperture and the adjoining
surfaces, thus reducing glare.

iii, Towards the back of the room, high reflectances are of
considerable assistance in maintaining high brightness
levels®3?, and in reducing the impression of gloom that may
occur if the brightness levels in this area fall
substantially below the general level of adaptation of the
eyes. In this regard, glazed partitions, while they allow
light penetration beyond them, act as 1if they had
reflectance approaching 0%, and therefore contribute little
or nothing towards raising the level of brightness in their
vicinity.

iv. The desirability of having surfaces of high reflectance is
also applicable -to carpeting, draperies and office

furniture. While very high reflectances (over 80%) may
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tend to produce diffuse reflected glare and veiling
reflections; reflectances in the mid to high range (40-
80%), will provide good contrast grading between the task,
the immediate surround, and the general surround®®, High
reflectance for the work plane and nearby furniture
surfaces} will be. a factor 1in raising the 1level of

adaptation for the eyes and hence in reducing the potential

for perceived gléfe.

MAT ER | Al. (cmu) REFLECTANCE
POLISHED Awmnvm_ BiNhe e 75 -959% ()
POLISHED STAINLESS STEEL - - - - 60-80% (1
PLASTER (MATT" wnmz) Cee e 0%
DRYWALL (UNPAINTED) « ++«+:+ - 60%
WHITE PINE  cvvvveevninnnns 61 %
POPLAR - -+ vc v vernnv s 471%
CONCRETE (UNPAINTED) - ¢v v+ - 45%
YELLOW BRICK =+ vevveronane 35%

RED OAK e onencnnena. 32 %
DARK BRICK +:«r et vervss 23-489% ()
GALVANIZED STEEL (UNPANTED) 16 % \
SLATE , DARK CLAY .. «rvvve 1'% ()

Table XIV - Reflectances of czmmpn;buildingumaterials

Table XIV ¢35 and table XV 66 respectively, indicate
reflectances of common building materials and reflectances of
various colours used in interiors. Reflectances of colours may
be determined by matching with a standard system ("Munsell
colours"), and converting these to reflectivity values by using
the mathematical relationship .between the two®’, by using
graphs®® and tables®® of this relationship, or by using colour

samples of known reflectance’®.
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COLOUR REFLECTANCE
WHITE 80-20% ()
PALE YELLOW OR ROSE -+ - -.. 0% O
PALE CREAM - ----.vovvve T6%
PALE BLUE , GREEN - - -- 70 - 15% ©
DEEP CREAM ... ..o 70%
LEMON v o oo iiie i iien 69 9%

CLIGHT BUFF - cccvvvvn s 61 %
GOLDEN YELLON ::-:+v.vr  60%
ORANGE  +++ v 2%
MUSTARD YELLOW - --... 35% (1)

" DEEP BUFF --c+--cvvevns 31%
LIGHT BATTLESHIP GRAY ...  31%

SKY BLUE +rcteveereee 305
TURQUISE BLUE --+v-vevr 27%
MEDIUM BROWN +------ev 25% (1)
GRASS GREEN <+ -+revvvv 18%
DARK BATTLESHIP GRAY ... 1%
CRIMSON  “eevnvrivivnns 6 %
"BLACK " ceeeeeenann e <10% O

Table XV - Reflectance values for typical colours

Colbur

The "value"’' dimension of colour--another term for
reflectance--has been dealt with above. The two other
dimensions of colour--"hue" and "chroma"’?--can also be utilized
to enhance the visual quality of daylit spaces.

The superior colour rendering of daylight is an important
point in favour of its use. Whereas electrical light sources
exagerate some colours and dull others’?, sometimes to a great
degree’®, daylight can render the whole range of visible colours
successfully. Colours under daylit conditions have a vibrancy
and subtlety which cannot easily be simulated by electrical
lighting. The following are some guidelines concerning the use

of colour to enhance the daylighting scheme:
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Use colours of high value and médium to low chroma as
background colours.

Useicolours bf high to medium value and high chroma as
accent colours on trim, dadoes and on vertical surfaces
located towards the back of daylit spaces. The relatively
high vertical illuminance component at the back of side-1lit
rooms, will highlight these surfaces and help in overcoming
the impression of gloom in the surrounding area.

Colours and their wvarious combinations ellicit distinct
emotional and mental states. Therefore, colour
combinations, especially in work areas, must be chosen with
care, to maintain a pleasant and productive environment.
Much has been written about this psychological effect of
colours’5,7¢, This branch of colour séiencelis vast and
is beyond the scope of this work.

The use of a well co-ordinated colour scheme can do much to

enhance the daylighting concept. Light, lacy curtains,

for example, of high value and medium chroma will filter

daylight and provide a subtle and rich texture. Certain
colour combinations create impressions of elegance and
restrained good taste, as exemplified by the CIGNA
Building, in Bloomfield, Connecticut’?.

In the visual environment, the dimension of colour, along
with those of light intensity, distribution,
directionality, etc. may be utilized to enhance the total
Gestalt experience--to create positive foci and sparkle,

provide orientation, etc.’®
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VII.

INTEGRATION OF DAYLIGHTING WITH ELECTRICAL LIGHTING
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1. INTRODUCTION

The.depth of most office spaces and the design 1illuminance
level prevalent in today's office buildings, makes it impossible
to satisfy illumination requirements throughout interiors solely
with daylighting. Some electric lighting will need to be used
during part of the work day in all 2zones; in interior =zones,
electric 1lighting may be used at all times. Therefore, a key
element in the success of a daylighting scheme is  the
integration of daylighting with the electrical system--luminaire
layout, 1lamps, ballasts and controis. " This will result in
reduced electrical 1lighting consumption, withqpt adversely
affecting the quality of space and user satisfaction',?.

Integration of electrical lighting with daylighting, can be
understood as having three aspects:

i. decision on 1lighting philosophy--system, delivery

method and light source

ii. fixture circuiting and layout

"iii. selection of automatic controls

The daylighting concept and the electrical lighting concept
influence one another and need therefore to be developed

concurrently.
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2. TECHNIQUES OF INTEGRATING DAYLIGHT AND ELECTRICAL LIGHT

Figure 90 lists the techniques for integrating daylight and

electric light that will be examined in this chapter.

2.1 Lighting'Design Philosophy

The electrical lighting philosophy must be compatible with
daylighting. When designing office 1lighting, three basic
issues must be considered:

i. concept (system type)--task/ambient or ambient

ii. delivery (type of fixtures)--direct or indirect

iii. source (kind of light source)--fluorescent or HID?

Figure 91 * shows these pérameters arranged in a decision
tree format, which allows for proéressively more specific
decisions in the design of 1lighting--and this, prior to
selection of hardware or detailed architectural considerations?®.

Table XVI ® summarizes the characteristics of eéch System
concept, Delivery method and Source type. It is beyond the
scope of this thesis to describe the process of electrical
lighting selection for offices. Only the connection between
daylighting and the electrical 1lighting concept will be

highlighted.

System concept: task/ambient versus ambient

The resurgence of daylighting has been brought about

primarily by the need to reduce electrical energy used 1in



251

SCALE

BLALDING CONFIGURATION

BUILDING COMPONENT

BUILDING INTERIOR

SITE PLANNING

AUTOMATIC CONTROLS

Figure 90 - Summary of techniques for integrating
daylighting with electrical lighting
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CONCEPT DELIVERY SOURCE
$ L

H1D
., DIRECT
/ < FLUORESCENT
TASK /AMBIENT

\ HID
INDIRECT<

/ FLUORESCENT
&EQU!REMENTS\

HiD
DIRELT <
FLUORESCENT

AMBIENT _
\ HID
lNDlRECT<
FLUORESCENT
Figure 91 - Decision tree for office lighting
commercial buildings. The search to reduce energy consumption

has, in turn, led to a re-evaluation of illuminance 1levels and
has also prompted experimentation with non-uniform interior
lighting, and more specifically, with task/ambient lighting.

In a "task/ambient" lighting system, illumination of the
office task 1s managed locally and separate from the general,
ambient lighting. The ambient illumination in this case 1is
secondary to the task illumination, _and- generally at
considerably lower level?. By contradistinction, in an
"ambient" system, the general, ambient illumination delivers the
illuminance for task requirements. The task 1illuminance
requirement is, in effect, extended across the whole space?®.

_As seen in figure 92 °, the 1installation and operating
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TASK/AMBIENT WATTS / DENSITY
KNOWN TASK POSITIONS
NON-UNIFORM

DYNAMIC CONTROL

WATTS /AREA
UNKNGWN TASK FOSITIONS ~
CONFLICTS WITH FURNITURE

CONCEPT

AMBIENT

DIRECT + HIGHER LUMEN EFFICIENCY

' o CONFUCTS WITH FURNITURE
AIR CONDITIONING ENERGY USE
+ REDUCED ACOUSTIC PERFORMANCE

INDIRELT * LOWER MAINTENANCE COST
SHADOWLESS :

MINIMUM GLARE

TAX WRITE- OFF

CEILING OEPENDENT

.

DELIVERY

F-LUORESCENT

.

INEXPENSIVE
+ COLOR SELECTION
GOOD LUMEN MAINTENANCE

H.LD. « HIGH LUMEN OUTPUT

POOR LUMEN MAINTENANCE
LIMITED COLOUR SELECTION -
COLOUR VARIATION

SLOW STARTING

SOURCE

Table XVI - Summary of characteristics of the three office
lighting parameters

SYSTEM B
TASK AND AHBIENT

. . INDIRECTLY , FLWORESCENT
: *‘4— osum SYSTEH 1
‘g : AMBIENT, INDIREST, HiD.
o
%
‘ 04+
%
g
- LY
“e
P BCAL
-
§
o ® & hd 320 315 . 450 poruLATION/1e00 m®
& i 4 i Y m"/s‘rlmou_

oRNSITY
pOatd LY

Figure 92 - Relative cost of task/ambient and ambient
systems

costs of task/ambient systems varies with the density

of
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occupancy, whereas the cost of ambient systems varies with the
floor area, unrelated to the density'°. This means that
ambient systems are generally economical in high dénsity office
areas, whereas task/ambient systems are generally more
economical in low to medium dense areas'!','2,

The installation and operating costs for furniture-mounted
lighting systems (for either ambient or task 1lighting) is
greater than that of ceiling-mounted systems because of the
voltage limitations (and resulting inefficiencies) imposed by
the electrical code'?. Air conditioning costs, per kilo&atts
installed, can also be greater'®, On the other hand,
furniture-mounted systems provide tax advantages, as they have a
much a much higher allowable depreciation rate than fixtures
that are part of the building. It appears that frém the view
point of energy use,-a combination of ceiling—mounteé fixtures
for ambient 1lighting and furniture-mounted systems for task
lighting, will generally be an economical choice'?.
Ultimatelyf;_ghe choice of a lighting system is made not on the
basis of technical criteria alone, but of aesthetic ones as

16
welll!6 17,

Delivery method: direct versus indirect

Daylighting can be integrated with both indirect and direct
lighting. Direct 1lighting schemes--of the pendant, cove-
mounted, or furniture-mounted type--allow a ceiling clear of
sound-reflective elements, thereby improving acoustical

performance in open plan offices. Simultaneously, this

~
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provides more light-reflective surfaces for daylighting.

Direct systems need not be obtrusive or glare producing.
New luminaire designs, wusing 'bat-wing' 1light distribution,
‘lower cut-off angles, and parabolic lenses, can result in direct
lighting that is cost effective, has high efficacy, 1is
unobtrusive and glare-free'®,. At least one company markets a
lighting system for task lighting, wutilizing standard 1 x 4
luminaires, with parabolic 1lens, pendant-mounted . from the
ceiling, independently controlled, and easily movable with
changes in office layout'?,

Indirect lighting schemes avoid the . glare found 1in many
direct delivery methods that wutilize (generally low cost)
luminaires and lenses, with poor light distribution
characteristics. They also avoid the dark spots and impression
Aof burned out bulbs as the lamps are switched off or dimmed in

response to daylighting.

Light source: fluorescent versus HID

Fluorescent lamps are the most widely used source for

office lighting. They come in a wide range of colour rendering
characteristics, each suitable for different applicatidns,
budgets and interior colour schemes. The "cooler" whites, with

high colour rendering, blend best with daylight?°. ’Because of
their 1inefficiency, incandescent lamps are used in offices only
for decoration and highlight?', and for these purposes, their
warm colour can be used to advantage. |

The very efficient high pressure sodium (HPS) lamps?Z, with
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characteristic gold tone light, are becoming popular 1in
offices??. The Willow Creek office building, in Idaho Falls,
Idaho, 1is an example of a very successful daylit building,
utilizing HPS lamps, in an 1indirect 1lighting system. The
designers chose this system after careful study and it appears -
that the colour of the electric light combined with daylight is
acceptable to the users?®,

Similarity 1in spectral distribution between daylight and
the electric light, although very helpful, does not appear to be
essential for their compatibility. A glare-free electrical
lighting installation, utiiizing luminaires that do not allow
view of the lamp; and the selection of an interior colour
scheme, using colours that are strengthened by the light source,
‘thus enhancing -the colour perception in the space?®, are two
factors that will greatly 1increase fhe chances that the
electrical 1light will be perceived as pleasantly blending with
‘daylight.

Fluorescent lamps maintain good colour rendition throughout
their life and when they are dimmed?¥¢,27, The colour rendition
of HID lamps generally deteriorates with the age of the lamp?®.
The deterioration in colour rendition is even more pronounced as
the lamps are dimmed??®. However, the extent varies among the
three lamp types--metal halide, mercury and HPS--and with
manufacturer. Further, the technology of these lamps Iis
rapidly evolving and improvements are imminent.

At this stage of the profession's experience with daylight

and electrical light integration, mockups of different lighting
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alternatives--including luminaires, lamps and controls--and the
corresponding interior colour concept, should be tested before a

final choice is made. .

2.2 Fixture Circuiting

oy

Figure 93 - Zones of varying daylight penetration in a
building

As may be seen in figure 93 , the floor area of a daylit
building can be readily divided into conéentric zones (or bands)
of varying daylight penetration. The daylight penetration
varies from the perimeter zone--where daylight is sufficient for
both task and ambient 1lighting during most of working hours;
through an intermediate 2zone, where daylight 1is generally
sufficienf for ambient lighting, but not for task lighting; to
an interior zone, where electric light must always be wused for

both task and ambient 1lighting, with daylight providing
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psychological benefit only.

Economic advantage of daylight can only be had if electric
lights are turned off or dimmed when sufficient daylight is
availéble3°,'and for greatest economy, electrical fixture layout
and circuiting should correspond with the zones of daylight
penetration. The fixtures in each zone may then be controlled
independently, to take advantage of whatever daylight is
available in each zone.

The actual number of daylight control zones chosen will
vary with each project, and will depend on vafious factors such
as the building plan shape, ceiling height, fixture spacing,
cost of fixtures, circuiting and controls, etc. There may thus
be three bands?®', two bands?®? or just one band3®3, 34 of

_independently cdntrollable‘fixturgs.

2.3 Automatic Controls

Manual control of electric lighting in response to changes
in daYlight levels cannot be depended upon to save
energy35,36 37, In the past, the use of automatic controls was
uneconomical?®®, but developments in hardware within the past ten
years have changed this.

All automatic systems for controlling electric lighting to
respond to fluctuating daylight 1levels are composed of two
generic components: |

i. a sensor for measuring the light level
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ii. a controller for raising or lowering the electrical
light levels in response to these daylight

fluctuations. 3?

Automatic control systems may be either of the switching

type (on/off or staged) or of the dimming type.

Switching control systems

Switching control systems may be classified as one of two

types:

1.

ii.

Task switching devices have the light level sensor located
above the task. They must be capable of sensing two light
levels--the design illuminance and two times the design

illuminance (in order to provide a signal when to switch

~lights off)--and must be adjustable to different design'

illuminance values*“®,

Source switching devices have the 1light 1level sensor
located on the exterior (usually the walls) and sense the
amount of daylight at the "source". These devices require
only one sensing level, although the mechanism must be able
to sense high levels of daylight®?, Periodic cleaning,
(perhaps incorporated into the window cleaning process) is
necessary for accurate functioning of the sensors.

One characteristic of this type of control is that it
preempts the possibility of the occupant wundermining the
daylighting concept: as shown in figure 94 , shades drawn
too far down result 1in too 1little 1light (since the

electrical 1light level is controlled by the exterior light



A. SOURCE - SWITCHING B. 80URCE -SWITCHING
WITH BLINDS CLOSED WITH BLINDS PROPERLY
ADJUSTED

Figure 94 - Advantage of source-switching device

level), whereas the appropriate adjustment of the shade
either manually or automatically, will result in design

levels of interior illuminance®?,

Figure 95 a.%® 'shows the light levels produced by typical
switching devices. In all switching systems, a time delay
feature of 30?90 seconds and/or a "deadband" =zone, will avoid

annoying on-off switching during partly cloudy days“*.

Dimming control systems

Dimming of incandescent lamps is closest to "ideal" dimming
( figure 95 b. and c.).dimming of fluorescent lamps down to 50%
of light output can be accomplished with standard ballasts*?®
( figure 95 d.) for full dimming, electronic dimming ballasts
must be used ( figure 95 f.). However, combining of lamps,
ballasts and dimmers must be done with care®®, A combination
dimmer and on/off switching system is also available--it saves

operating costs--and may be suitable for industrial applications
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Task Light Levet Daylight Light Level Task Light Levet Daylight Light Level
" Dasked Dssked
Light Light
Lavel Level
N . Time ——jp
(a) Switching (d) Fiuorescent Dimming - Standard Ballast
Task Light Level Daylight Light Level Task Light Level Daylight Light Level
Desired Destred
Light Light
Level Level
. . Tiene —) . L, Time-—)
(b) “ldeal” Dimming . .~ (e) Fluorescent Dimming w/ On-Off - Standard Ballast
Tosk Light Level Daylight Light Level ’ ) ' Task Light Lavel Daylight Light Levet
Deasked Desired
Light Light
Leve! Leve!
Time ——} . Time —}
(c) Incandescent Dimming (1) Fluorescent Dimming — Dimming Ballast
] — Daylight
= Artificia! Light or Power Consumed

Figure 95 - Schematics for various control devices

or for non-task areas in office buildings ( figure 95 e.)"%7,%8,

Switching versus dimming controls

The choice between switching and dimming controls is
determined primarily by the percentagé of illuminance which can
be supplied by daylight at the 1luminaire locations being
considered.

i, Where a large percentage of the design illuminance can be

met by daylight, i.e. where the daylight level is high
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Daylight Switching Dimming - Optimum
Level . Device Device

Roguivred
/ Lightmg
Dayhgming
Low FC A

Medium  fc /\ Dimming or

N | Switching
High FC /—\

Typical Day Typical Day

Figure 96 - Appropriate controls for various daylight

levels
and/or low 1light levels are required, switching 'is
warranted®?®,639, Where only a small percentage of the

light needed can be supplied by daylight, i.e. daylight
levels are low and/br high lighf "levels are required,
dimming is the appropriate choice, since a switching system
may never operate®',6 52,

ii, In situations of medium daylight levels, i.,e. if at midday
the daylight exceeds the amount needed, either switching or
dimming, or a combination, may be appropriate. The choice
will depend mainly on 1initial cost, maintenance and
occupant acceptance of the system®3,65%, The above
considerations are summarized in figure 96 55, A summary
of the characteristics of wvarious electric lighting

controls is given in table XVII 5°¢,

Occupant acceptance of switching and dimming systems

depends to a large measure on their inobtrusiveness. “Annoying
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SYSTEM APPLICABILLITY TO | APPLICABILITY TO SPACES BEST
CONTROL TYPE LICHT QUALITY HAINTENANCE NEW PROJECYS RETROFIT PROJECTS | SUITED FOR USE
Task-Switching 1 May be annoying in | 1 May reduce 1ifd 1 Non-task areas | 1 Non-task arecas | 1 Corridors/
task areas of some lampse 2 large ratio of | 2 All lamp types Staire
2 Perceived burn-outs and ballaets daylight to 3 Many fixtures |2 Gymnasium
artificial on one power 3 Cofeteria
lighe panel 4 Entry/Lobby
3 Hybrid systems ] & lLarge ratio of
4 All lamp types daylight to
artificial
light
Source- 142 1 1,2,364 1, 2,384 1,2,344
Switching 2 Qutdoor lencorJ 5 Where sacreening 35 Where screening
wust be cleane devices will bd devices are no(
installed being used
6 Vandal areas properly
Incandescent | 2 k) 3 5 Any daylic
Dimming 7 Any task or 7 Any area space with
non-task srea 8 Incand, lamps incand,
. only lighting
9 Add sensor to
exist, dim,
system
H.1.D. 3 Poor color 1 1,2, 1,3,4 1, 2
Dimming rendition 9 H.1.D, lemps 10 H.1.D. lamps 6 Warehouses
only only
Fluor, Dimming 3 Pew additional | 3,7 3,7 7 Any daylit
Multi-Fixture components 10 Fluor. lamps 11 Fluor, lamps space with
(Stand, - onl only large no. o
Ballast) 11 High req'd fluoc, lighy
light level
Fluor. Dimming 4 Many additional 13, 7, 10, 11 7, 11 8 Any daylit
Single-Fixturd components 12 Small daylit 12 Small daylit space with
(Stand, room with rooms with fluor.
Ballast) fluor. lights fluor. lights fixtures
Fluor, Dimming 3 13, 7, 10, 11 9, 11 7
Multi-Fixture
(Dimming
Ballast)

Table XVII - Summary of electric lighting controls

changes in light levels, poor colour rendering and impression of
burned out lamps, impression of gloom during cloudy days®’, must

all be avoided, as they will lead to a loss of productivity

and/or reduced rentability of the space®®,639,

Integration with other enerqgy saving strategies

The control system for fabric shades or horizontal blinds,

aiming at a reduction of solar heat gain, while allowing

daylighting, can be combined with that of the electric

lighting®°.
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Occupancy sensors, consiéting of wultrasonic movement
detectors wired in series with the switching and/or dimming
controls, can save energy by turning off lights when rooms are
vacant®', Large savings have been reported for office
buildings using this strategy®?.

.Scheduling. devices, such as time clocks and other, more
sophisticated, central energy management systems, will switch
off electric lighting nights and weekends. Microprocessors can
be connected in series to the daylighting system, and be used to
dim lights at peak demand times®?3. A microprocessor can switch
individual fixtures, or groups of them, without wiring, by
sending coded signals over the current powering the lamps, with
each switch responding only to its own signal®*, Complex
switching arrangements, that are adaptable to changing partition
layouts, can thus be accomodated.

Fluorescent lamps lose 20-35% of their 1light output over
their 1lifetimes®5. Some dimming systems can compensate for
this lamp lumen depreciation, thus eliminating overlighting in
the wearly part of the lamp life, and possibly, underlighting in

the latter part®®,87,
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VIII,

DAYLIGHTING AND THE DESIGN PROCESS

ono
[e]
The design of energy-responsive commercial
buildings 1is not a one-shot leap to the best possible
solution. It is a combination of education and

exploration that becomes easier and less time-
consuming as knowledge and insight are gained.

Ternoey et al.'

There is no finality ‘in Architecture, only continuous’
change. ~

Walter Gropius?



270

1. INTRODUCTION

This chapter consists of a discussion on the means whereby
the techniques for daylighting, thch have been presented in the
previous chapters, may be assimilated into the design process.
A knowledge of the general daylighting techniques available and
the part these play 1in daylit buildings, 1is necessary for
designers: these form their "stock in trade" of ideas and
possibilities during the design process. Still, buildings are
unique in function, 1location and character, and the general
technidues must be tested and adapted to suif thelparticulars'of
the project. Tools are needed to test the performance--in
terms of quality and quantity of 1light--of the daylighting
concept embodied -in a design. Further, daylighting must also
be considered part of the larger context of energy-responsive
design. Finally, energy-responsive design must, 1in turn, be
considered in the context of the total design problem. This

chapter addresses itself to these three issues.
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2. DAYLIGHTING DESIGN TOOLS

Daylighting design tools are techﬁiques for predicting the
interior daylight 1levels that can be achieved with a given
design.  These tools fall into three categories:

i, computational methods

ii. graphic techniques

iii, physical scale models 3,*

Each type of design tool has different capabilities and
various strengths and weaknesses®. The appropriate daylighting
design tool wili vary with the skill, experience and background
of the design team, the type and scale of thé project, as well
as the stage of design for the given project. Some tools, such
as long-hand computationél methods and some graphic techniques,
are primarily useful as tools for the exploration of basic,
general daylighting principles. Other tools, such as
nomographs and models are versatile enough to be wutilized
throughout the design phase. Table XVIII lists the range of
design tools available and their usefulness at various stages of
the design process. A brief description of the three main
types of design tools follows, along with their respective

advantages and disadvantages.
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DESIGN ToOow STAGE OF DESIGN .
STUDY/ | ENER6Y WItd PREDESIGN | SCNEMATIC | DESIGN | DESIGN
EXPLORKTION WITH DAYLIGHT] . DESIGN | DEVELOPMENT FINALIZATION
COMPUTATIONAL
+FORMULAS /TABLES FAIR ' FAIR
* NOMOGRAPHS FAIR 600D FAIR
- COMPUTERS )
- PROGRAMMABLE
CALCULATOR | FAIR .
- MICROCOMPUTER | 600D 600D © FAIR FRIR
LARGE COMPUTER] GOOD Goop FAIR FAIR FAIR
GRAPHIC
+ PROJECTIONS ON 6RiD FAIR FAIR FAIR
+ B.R.5. PROTRACTORS ‘ . . FA\R cood FAIR
+ DAYLIGHTING FOOTRRIN®Y 600D FAIR
PHYSICAL MODELLING
*SMALLER THAN 1150 ) -  FAIR
« BETWEEN 1:SoMDI:20 | GOOD : FAIR 600D FAIR
- LARGER THAN 120 600b o s 600D Goop
SFULL SIZE : : ) 600D

Table XVIII - Usefulness of various daylighting tools at
each design phase

2.1 Computational Methods

Formulas and tables

Computational methods for déylighting analysis have been in
use since the 1920s%,7. They can be divided into two main
groupings: those using the Daylight Factor (DF) method and those
using the Lumen method.

The DF method 1is based on the principle that for a given
design configuration and location on the interior of a building,
the ratio of the interior to the exterior daylight illuminance
is a constant. Thus, designs may be assessed under fluctuating
exteriof illuminance levels. The DF method is used in Europe

and  is recommended by the Commission Internationale de
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l'Eélairagé (CIE). The method is comprehensive: it represents
a non-uniform sky luminance distribution (the standard CIE
overcast sky), has no limit on room size and shape, allows non-
vertical glazing, can be used with a wide range of window
configurations, and can calculate daylight distribution
throughout a room. Until recently, it could only be used with
overcast skies?®,6 . Either tables or direct calculations may be
used.. Detailed procedures using this method are found in many
textsg'o, 11,12,

The Lumen method uses direct 1illuminance measurements to
compare daylight levels at various points in a room, Primarily
used 1in the USA, it can consider both overcast and clear sky
conditions. It cannot, however, deal with obstructions 1in
front of the daylighting aperture, and 1is applicable to a
limited range of window configurations and calculation points
within a room'?, Typically, tables are utilized. The Lumen
method has also been widely documented'*,'5.

Of the two methods, the DF method is more versatile and can
be used with a wider range of desigﬁ situations. Because of
the limited versatility of the Lumen method, its usefulness is
primarily in the study of basic daylighting principles'®.
However, both methods are time consuming if parametric studies

have to be carried out.

Nomographs

Nomographs are versatile  extensions of calculation

procedures and can examine a large range of alternative designs
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relatively quickly. They generally consist of several graphs,
each showing the inferrelationship between two parameﬁers, with
several graphs being related sequentially. The sensitivity of
daylight 1levels to any parameter can be quickly evaluated.
Recentiy, researchers at the Lawrence Berkeley Laboratories have
developed nomographs that can provide feedbaék at the predesign
stage on the wviability of daylighting for a given site and
geographic location'?. Another group of researchers have
developed a set of nomographs that can analyze, at the schematic
design stage, the effectiveness of wvarious daylightiﬁg
solutions, can point to the type of controls to be wused, the
location of the controls, the effect of daylighting on the
electric lighting, and the reduction in energy costs that can be

achieved through daylighting'®.:

Computer programs

Computer programs are anothér extension of calculation
methods: daylighting parameters are fed in and the resulting
daylighting patterns are automatically calculated and displayed.
These programs may be based either on the DF method or on the
Lumen method. Programs have been déveloped for programmable
calculators'?, micro-computers?® and mainframe computers?',

The sophisticated computer programs used on mainframe
machines are extremely versatile and can model complex
daylighting and solar control systems, and both overcast and
clear skies??, At least one program has the capability to

calculate energy savings at the whole building 1level due to
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daylighting?3, The complexity and large memory requireménts of
mainframe computer programs, precludes their use for all but
very large projects. Considerable skill 1is required to run
these, since they are not designed with simplicity of use--
"user—friendliness"——in mind. Their main value is as research
tools and in validating simpler computer programs.

Microcomputer programs have been developed to be "usef—
friendly", requiring little training in their use, and enabling
quick exploration of alternatives during the schematic design
stage. They may include a graphic plot as part of the
output?*¥, Bryan, who has pioneered in the development of one
such daylighting program?®, is of the opinion that the
usefulness of such programs as design tools is limited, due‘to
‘the simplifying assumptions built into them and their iﬁability
to moéel complex daylighting conditions. Because of their
ability to calculate quickly the effects of parameters on
resulting daylight penetration, they are valuable as tools for

the study of basic daylighting concepts?%,?7,

2.2 Graphic Techniques

Graphic techniques for the evaluation of daylighting have
been in use since the 1930s. These can be used directly with
architectural drawings to provide information on daylight levels
in interiors. They partly or totally bypass calculations.

Lynes?® has presented” techniques for analyzing daylight
penetration and glare utilyzing interior elevations of.window—

walls plotted on a grid.’ Hopkinsdn_ et al. 2% have also
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described a similar method.

The BRS (Building Research Station) protractors3® were
developed in the 1940s, for direct use on .drawings. Like all
graphic techniques, these evaluate the sky component (SC) and
the externally reflected component (ERC) separately. - The
internally reflected component (IRC) is estimated from tébles.
Protractors were developed to save time in daylighting analysis,
and were widely used in Europe in the 1950s and '60s. Their
major drawbacks are their limitation to overcast sky conditions,
an inability to deal with complex daylighting aperture
configurations, and the need to estimate the value of the ERC
and IRC from assumed average reflectances.

In the 1late 1970s, Millet et al.3®',3? developed a graphic
daylighting design tool consisting of a catalogue of patterns,
each .showing differently_ configured daylighting apertdres and
their respective isolux contours over a horizontal plane. The
catalogue contains contours for both overcast and clear skies.
This package is useful primarily as a tool for the study and
exploration of basic concepts in daylighting. A limited number
of these daylighting patterns have been published by Brown et

al.33

2.3 Physical Modelling

Various authorities on daylighting concur that physical
models provide the most versatile and most reliable method of
evaluating a daylighting design, both guantitatively and

qualitatively?3*,635,636 37, The advantages of physical scale
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models arel3®, K 39;

i. Models, even very crude ones, can provide accurate
performance comparisons between alternate window
configurations, interior reflectances, and other

daylighting elements.
ii, Scale model building is a common practice among
architectural firms. With slight modifications (e.q.

accurate representation of interior reflectances, allowance

[
]

for placement of photocelis, portholes for camera), models
can become sensitive design tools for daylight analysis.
11i. Physical scale models offer an opportunity for gqualitative
evaluation of the interior visual environment, including
the identification of potential glare problems. This can
-be done either thfough visual observation or photography._
iv. Béside their usefulﬁess in daylighting, models are
effective in volumetric and spatial studies and are an

excellent communication device.

The scale of the model depends on the stage of the project,
since design information with different degree of accuracy is
required at each stage. The size of the photosensors (and the
increasing error introduced by their size at smaller model
scales) 1limits how small the model may be. Cost and
portability 1limit how large it may be. Daylighting models
scaled 3/4"=1'-0" (approximating 1:20) are recommended®®,*’,
Larger buildings may be studied with models as small as 3/8"=1"'-
0" (approx. 1:30) if care is exercised in their construction*?,

Models as small as 1/8"=1'-0" (approx. 1:100) have been used to
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study the éffect of general layout 'and massing in a large
project®?, More than one model; each at different scale, may
be utilized at various stages in the design procébs““.

The testing of daylighting designs with models méy‘be done
under'a sky simulator or under an actual sky. Sky simulators
(or artificial skies)--either of the hemispherical or the
rectilinear type--are preferréd by researchers, since they can
reproduce a fixed sky condition, making it possible to
identically compare design alternatives®®. However, the
limited number of sky simulators in use in ﬁorth America makes
the testing of models under an actual sky the only option for
most design offices®®, This method has the advantage of being
the least costly and easy to perform®’, but it 1is more error

prone, primarily because sky 1luminance values can change in

guick succession. Also, sky measurements on two "identical"
days may vary by 10-15% or more®®, The problem of rainy or

windy weather, is another disadvantage, which may be overcome at
the expense of constructing a glazed shelter over the testing
area. The details for building daylighting models, and the
procedures, equipment and pitfalls associated with testing them,
have been thoroughly discussed by Evans®?, Bryan et al.%°, and
by wvarious contributors in the Workbook for the Daylighting
Design Tools Workshop®'.

The construction of full scale prototypes for the
evaluation of daylighting, can 1in a sense be considered an
extension of physical modelling. Full scale mock-ups have been

found to be cost-effective in very large projects®?. With



279

these, the daylighting concept can be tested and fine tuned, as
can the HVAC and electrical systems. The final co-ordination

of interior furnishings and colour scheme is also possible.

3. DAYLIGHTING IN THE WIDER DESIGN CONTEXT

3.1 Daylighting In The Context Of Energy-responsive Qffice

Building Design

For purposes of study, this thesis has isolated daylighting
design from other aspects of the design process. It was thus
poésible to make a systematic study and evaluation of
daylighting techniques. However, daylighting design in office
buildings must alweys be considered in the larger context of

energy-responsive design.

In the design of energy-responsive office buildings, two
types of buildings, resulting from two distinct conceptual
approaches, can be identified ( figure 97 53):

i. climate rejecting buildings

ii. climate adapted buildings

Ternoey et al.®*% have described the differences between

these two building types:

Whereas climate-rejecting buildings are evolving
toward a smaller skin area and volume to better use
concentrated energy sources, the climate-adapted
building extends form and surface area to connect a
larger portion of occupied space to diffuse climatic
energy sources. For these reasons, we consider the
two building types to be opposites in design intent:
they represent divergent solution types that follow
two fundamentally different design track choices.
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Figure 97 - Range of possible solutions for energy-
responsive office buildings

Role of daylighting in climate-rejecting buildings

Climate rejecting buildings are characterized by total
artificial enVironmenfal control. Most conventional buildings
built for the 1last thirty yéats fall wunder this category.
Climate fejecting buildings isolate themselves from the natural
sources’ of energy (heat, iight; wind) surrounding them. The
task of the environmental control system consists largely in
responding to internally génerated cooling loads. Energy
responsiveness in such buildings consists primarily in:

i, A reduction in lighting loads (achieved by a combination of
lower light levels, task/ambient 1lighting, efficient
luminaires and 1light sources, and daylightipg with
automatic lighting controls)

ii., An efficient HVAC system (achieved by using advanced
engineering concepts, efficient equipment and computerized

_control system)
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Daylighting in such builidngs is seen as one of many
étrategies for lowering non-renewable energy use. Daylighting
is one of a few climate-adaptive components®®, in an essentially
climate-rejecting concept. |

Design methodologies for the design of energy-responsive
climate-rejecting commercial buildings have been described by,
among others, Dubin and Long5%, and moré recently, by Ternoey et
al.s’? The latter discuss at length the role of daylighting in
such buildings.

Many authors have dealt with the integration of daylighting
with specific components of climate-rejecting commercial
buildings. Zoning, legal and other broad-scale issues related
to daylighting have been addressed by Kwartler and Masters®® and
Moore®?9, The impact of daylighting on energy use at both the
whole building aﬁd-component scale have been treated by Arumiso,
Sanchez®', Bobenhausen and Lewis®?, Ternoey et al.®?, and many
others. Pike and Golubov®*®, Evans®5, Meyer®® and Ternoey et
al.®’ have studied the cost/benefits of daylighting. The issue
of 1integrating daylighting with electrical lighting has been
dealt with by Pike and Rizzuto®®, Rubinstein®®, Aitken’?,

Sain’', Ternoey et al.’? and others.

Role of daylighting in climatevadapted buildings

Climate-adapted buildings seek to utilize the climatic
energy sources surrounding them to provide a major portion of
the light, heat, cooling and ventilation needed by the

occupants. The building envelope becomes the boundary by which
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the climatic energy sources are captured or rejected, and
building form, layout and organization are the means to
achieving adaptation to climate. While it 1is not generally
feasible to design a climate-adapted office building without any
additional energy input from electrical lighting, fans, etc., it
is feasible to design buildings in which the large majority of
energy needs is provided_by natural energy sources. Because
lighting and associated cooling loads are the dominant loads in
office buildings, daylighting is the main energy saving strategy
in climate adapted office buildings. Typically, daylighting
thus becomes a strong form determinant.

Methodologies for the design of climate-adapted commercial
buildings have been described by Ubbelohde et al.’?®, Lakin and
Millet’%, and Ternoey et al.’®, among others. In all of these
approaches, daylighting is a predominant element in the design
process.

Ternoey et al’® have compared the implications of each of
the two design strategies on the design process:

Energy-responsive climate-rejecting buildings can

be described as a 1linear evolutionary change in

commercial buildings. The basic objective 1is to

maintain sameness while increasing effectiveness.

Climate-adapted buildings on the other hand, can be

seen as a non-linear design change that requires a new

perception of the relationship between architecture

and environmental control. Climate-adapted buildings

represent a departure from the 1950s perspective that

commercial buildings are intrinsically internally load
dominated.

The impact of this nonlinear change on people,
design, and building ownwership 1is substantial.

Typically, the degree of change requires that new

perceived advantages must be found for all parties.
Therefore, climate-adapted buildings are as much a
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study of the needs, desires, and motives of people as
it is the application of technology.

3.2 Daylighting In The Wider Design Context

Ternoey et al. have explored 1in depth the 1issue of
integrating energy concerns, and particularly daylighting, into
the larger design context. Théy have described the state of
the art of energy-responsive commercial building design as

follows:

Numerous approaches have been developed to
limiting the non-renewable energy needs of commercial
and institutional buildings... [As yet,] there is no
consensus by either clients or designers of the
specific problem to be solved, or of the type of
solutions... The present state of the art -of the
design of energy -responsive commercial buildings can
be described as an unresolved design challenge...’” It
is wultimately the [designer's] responsibility to
formulate a personal opinion of the key variables and
best means to address energy-related 1ssues in
commercial buildings?’%.

The same authors point out that daylighting and energy
responsiveness should serve and complement the specific project
goals: to respond to the client's programmatic needs, his
expected rate of return on investment, the comfort and
satisfaction of the occupants. For example, if the goal of the
client is to improve productivity, then daylighting must
contribute towards this.,. 1f a sense of spaciousness is wanted,
then the daylightingvconcept must address itself to that goal.

1f a specific corporate image is aimed at, daylighting must
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respond positively to this requirement. Given the existing
social and economic structure, energy issues in general must be
made subservient to these goals: the concern of most <clients
with energy  is pragmatic not philosophical. Only with this
attitude by the designer, can energy issues have the possibility
of being addressed at all in the design process’?.

Wwhile the integrative process may be cumbersome when the
design team 1s 1inexperienced--involving checking and cross-
checking procedures, evaluation, and redesign--it gets easier

with increasing experience.

Most design teams report that after a few

projects the design team's collective intuition
improves significantly and various items can be
omitted. Some design teams have even reported that

at a certain point, the designers' energy intuition is
developed to the point that energy can simply be
treated along with other variables such as
form, function, and cost.®°

According to Ternoey et al., "at this point in the design
of energy-responsive buildings it appears that the best way to
derive successful solutions is to constantly inform and educate
intuition"8', Intuition 1is educated by successive problem
banalysis and synthesis:

We really must...go back and forth; starting from
the whole, taking it apart, putting it together,

taking it apart, and so forth.. Everything 1is that
way in our business.®?

The analysis of the components of daylighting presented in

this thesis aims at helping in the "taking apart" steps of the
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process. The integration--the "putting together"--of

daylighting considerations in the wider context of design,

involves study and a commitment to exploration and discovery.
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IX.

CONCLUSIONS

ono =
[o]

Since the late 1970s, daylighting has been acknowledged as
a major strategy for reducing energy costs in office buildings.
While energy 1issues have been catalytic in the rediscovery of
daylighting, it is now clear that the advantages of daylighting
extend beyond these factors. The high luminous efficacy and
balanced spectral characteristics of daylight make it an
effective light éource. Daylit spaces exhibit modelling
characteristics and a sense of spaciousness superior to those
lit with conventional electrical installations. For the
building user, therefore, daylightihg can provide an improvement
in the quality of the interior wvisual environment. As a
consequence of these advantages, the value of the building is
increased, to the benefit of the owner.

With the re-emergence of daylighting as a viable method of
interior illumination and energy conservation strategy in office
buildings, there has been a large body of information emerging
on all facets of the problem. Yet, there has been to date no

published work on establishing a comprehensive conceptual
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framework for daylighﬁing techniques. Design proceeds by
intuition, but it has been shown that uninformed intuition is
not generally accurate when applied to an. unfamiliar design
challenge, such as daylighting. Intuition can.be educated by
study, and the main goal of this thesis has been to provide a
conceptual framework for studying daylighting phenqmena and
techniques.

The essential problem of designing a dayliﬁ space arises
from two facts:

i. Daylight originates outside the space béing lit

ii. Daylight is variable

The science and art of daylighting consists largely of
responses to these two issues 1in terms of design techniques
whose aim 1is bringing dajlight into interiors under controlled
conditions and compensating for its variability.

The conceptual framework presented in the thesis organized
these daylighting design techniques into five broad objectives:

i. provision of access to available daylight

ii., detailing of daylighting elements to promote

penetration of daylight into the building interior

iii. planning the interior space to take advantage of

daylight

iv. controlling brightness extremes

V. integrating daylight with electrical lighting

The first three objectives aim at maximizing daylight

potential, while the last .two aim at its control and
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integration. Design proceeds from the general architectural
problem statement and response, to more detailed problem
statements and specific responses; from the large scéle to the
progressively smaller scale. The daylighting techniques
presented in the thesis were therefore organized in a matrix,
with one dimension consisting of the objectives being aimed at
(as outlined above), and the other dimension consisting of
scale, encompassing progressively more specific concerns: site
planning (including landscaping and building clustering);
building configuration (including massing and plan); building
component; and building interior, This arrangement would thus
provide a ready reference during the process of design.
Daylighting design (and that of energy-responsive
commercial buildings in 'general), has been described as an
"unresolved design challenge”. There is no coﬁsensus as yet
within the design profession either concerning the nature of the
problem or the best means to solve it. The state of the art of
daylighting design is one of experimen;ggign and discovery.
‘ Many researchers are resolving various aspects of
daylighting and its 1integration with other design concerns.
Many designers are incorporating daylighting successfully in the
design of office buildings. However, these designers are still
a small percentage of the total who are not committed to
daylighting, or to energy issues in general. If daylighting
design 1is eventually to be absorbed into the mainstream of
architectual practice, the following 1issues will need to be

addressed:
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iii.

iv.,
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Designers will need to have a grasp of daylighting
principles and techniqgues; these will form the "stock-in-

trade™” of 1ideas and possibilities. during the design

' process. Such understanding is gained by study,

éxploration in design, and the willingness to accept the
risks associated with any such exploration.

The interrelationship between daylighting and other energy-
related issues will need to be understood. This is partly
an interdisciplinary effort between the architect, the
mechanical engineer and the electrical engineer.

Savings 1in energy cost is a necessary, but not sufficient,

reason for daylighting. Daylighting can provide an
interior visual environment that can improve user
satisfaction and enhance productivity. =~ The designer

should theréfore be able to "sell" daylighting mainly on
the basis of an improved visual environment.

Daylighting will need to be subordinated to the larger
goals of the client, and daylighting goals will need to be
defined in terms of these larger goals. For example, if
the goals are to improve productivity, then daylighting
must address itself to that goal. If the goal 1is to
convey a specific corporate 1image, then daylighting
techniques can be employed to reinforce that. In the
present economic and social structure, this is the only
attitude that will enable more daylit buildings to be
designed and built, increasing the experience base and the

social awareness of the potentials of daylighting.



. 295

There will perhaps come a stage when daylighting,
environmental concerns and energy issues wiil become (along with
form, functibn, cost, etc.) part of the philosophical axioms of
the architectual profession énd that of society. Until that

time, much individual and collective work remains to be done.
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