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ABSTRACT

One of the driving forces for a country's economy is its energy consumptiona Wgehin
electricity prices, fossil fuslbeing a finite resource, and thenajor role in producing greenhouse gas
emissiongEnvironmentaProtection Agency, 2013i is impor&ant to minimize energy use and or
convert toalternativeenergysources. The use of natural daylifint lighting the interior of buildingsan

reduceprime energy demarahdlower negative impacts on the environment

This research study providesme design guidanaé toplighting systems for school classrooms
in hot climates such as in Muscat, Oman.sMorkcan serveao advicenot onlyengineers butalso
architectsdby providing arunderstanithg of the relationship beteen daylight delivered throughoftop
fenestration systesandthe heat gain resultifgom these systems Usually, forarchitectsthe focus is
on building design andds emphasis is placed upon building performance and its effectiveness.
Integration of energy simulation tools into the design process can help assess the performance of
toplighting and its correlation to energy sawmgthin a space. The aim of this syuié to assess
appropriatedaylighing conditions that daot significantly oveflight a space while providing favorable

energy balance between cooling and electlighting loads.

A classroomanalysis of a 9 meter (30 feet) wide by 7.6 mé2érfee) deep by 3 meter (10 feet)
high spacewvasconducted using two simulatiomggrams DAY SIMps and IESVE. Threetypes of
rooftop fenestration weranalyzedskylights, clerestory roof monitorandroof manitor. Stardards for
the base model follothe ASHRAE 90.1/ IESNA2013prescriptivefenestratiorguidelines. Aperture
placement, glazing type, siznd shpe are variables that determiliemination and heat gain levels
present in the classroom. Adjustments to thEametersvereanalyzed and comparea the baseline
modelwith no toplighting fenestratiom order to assess illuminatipglare,energy,and savings

response.
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1 BACKGROUND

AThe cast glass, which makes up the outer |
light and periodically shrouds the gleaming metal writing behind it. In this way, the light

ay

isthe only mate i a | around the buil diRogerDiemérch i s f or e

1.1 Introduction

As the world transformimto a whole web of integrated technologilesilding systems should
evolve in the same direction; where the building interior and facade commuefieatésely with its
external surroun¢see Figurel..l). Daylighting has been used as a method of illumination in buildings
since ancient times. The Pyramids of Giza, Taj Mahal in India, arféahiéheon in Rmeare all inspiring
precedents that have incorporated natural light as part of their design scheme. Natural lighting use is not
limited to illuminating dark spaces, but also utilized as a mean of enhancing space aesthetics, increasing
occupanperformanceimprovingthe health of occupants, and providing significant energy savings. A
certain aspect that makes daylighting variable is its dependence on geographic location. As a result, it
interacts uniquely with each building, architecture, orientationsandund. The Sultanate of Oman, a
country located in th8outhEasern quarter of the Arabian Peninsula, is bestowed with abundant sunlight
throughout the year. Allowing daylight infiltration into internal spaces should enhance indoor
environmendl qualiy, if measured design is put into consideration. One space type that would qualify for
such investigation is that of a school classroom.

This introduction section will first discuss the purpose of this study and its signifitance
relation to energy asumption Sutsequently, the locallimateand sky types wilbe presented. A section
discussinghe importance of solar position relative to the building fadalitews. After that the main
features of therahitecture in Omaand structural implicationis relation to school buildings are
outlined. Finally a closeout related to the comfort of occupamdsheat gain consideratiossexplained.

19th Century 20th Century 21st Century

image source: Albert, Righter and Tittmann Arohiteots

Figure 1-1: Evolution towards Less Energy Consumption

Source Albert, Righterand TittmannrArchitects



1.2 Research Purpose

Concerns on energource exhaustioand pollutionthat results from these sourdess led the
industry into reforming building design strategies that serve energy conservation and reduce
environmental impacts worldwide. In Oman, most buildings have small window openhigl,implies
a constant strugglesbiveen admittinglaylight or blockingheatfrom enteringhe interior(see Figurd-

2). In general, it is rare to see buildings that deploy natural light in this clse#iag, let alone
implementation of system suchsaskylights. The overlying purpose of this study is to cregenaral
referencdor ArchitectsandEngineersvho are interested in implementing toplighting in classrooms
within the MiddleEastor in simiar climates. This researexaminathe use of dierent roof fenestration
types in order to discuss the opportunities and pitfalls of each system argktfmimance with regards
to energy savings.

Figure 1-2: Typical School Fenestrations in Oman

Source: beta uniandLee Blog

1.2.1 Research Hypothesis
TheHypothesistatement that is assumed foiststudy is as follows:

Appropriate dplighting systems will result in an overall annual energy savingslassroom space
for hot climates such as in Muscat, Oman.

1.3 Oman's Energy Consumption

Energy usage plays an important roléhieeconomiagrowth of a country. There is a linear
relationship between the consumption of energy and aysw@nbss domestic product (GPPrhe main
driving force for energy utilization in Oman is its climate; where cooling represents theemejgy
usage throughouhe year. The International Energy Agency (IEA) collected data worldwide on total
energy consumption for the year of 2010. The results indicated that Ollsamtier the range of 250
400 nillions of British Thermal Units (BTU) per person, which ranks selaan the bar scalas shown in
In Figure1-3. Oman the main fuel source of electrical production comes from natural gas at 82%,
whereadhe res comes from oil (seFigurel- 4).



Due to the abundance of natural gas and oil, the cost of electricity in Srimexpensive
Depending on the kilowaktour (kWh) usageglectricity rates ranges frofr® baiza30 baiza($0.026
0.07)per kWh for governmental and residential buildings. Not ithivhathe consumers pagtepending
on kWh peak use, where usage oft00 or more kWh is charged 3 times more than a usage of 3,000
kWh. For buildings under the commercial sectioe charges are 20 baiza ($0.05) per kWh. The
government subsidizes 50% of the total cost, which means that primary cost would be 40 baiya ($0.10
per kWh. Reduction in energy use will offer savings not only for the consumer but also for the
government.

The economic growth of Oman has been steadily rising since the 1980's, and simultatseously
energy usage. Currently, the population of Omaarasind three millionandone third of it are
foreigners. As reported by the IEA, the electricity consumption per capita in Oman is 6,292 kWh, which
is approximately half of the electricity use per capita in the USA at 13, 24qs&®Rigure1-5). The
energy consumption per capita in Oman doubled from 2000 to 281dlobal population increases and
with the advancement of technology, energy demand may likewise incfeasdemandncreaseif
dependensolely on fossil fuels, will result ian increaedcarbon footprint. Although electricity use in
Oman is about 50% of the US A @missipndsrappoodnpately % i t s
higher than irthe USA(seeFigure1-6). The values for C&havetripled from the 1980's to 2010 in
Oman where Oman is considered third highest in the Middle East area foer@i®sions per capita (see
Figurel-7). This increase presents a concern to the negative environmental impacts associated with
greenhousgasemissions.

Historically, Oman has exportedast of its oil and gas output to maximize revenues. According
to the US. Energy Information Agency (EIA), in 2013 Oman exported more than 97% of its oil to
countries located in Asia, with 60% of the expdalitected to China. Contract obligatis with othe
countries deman@®man to export 55% of gas reserves. These contracts are due for renewal by 2020,
therefore the government created the Omanioviig020. One of the primary foaf this Vision is
reducing the reliance on oil and gas and providing etattpower from inexpensive sources to meet
domestic, commercial and industrial demands. The 2020 Vision also plaasit@lty cut down on
governmentncentives and reduce its role in providing public servittesreforeslectricity prices will not
staythe sameWith the unstable productiaf oil and gas, thesexpors havded to a shortage of primary
resources that generate electricity to meet domestic demands, especially during seasonal peak times.
Oman has only oneaturalgas pipeline called thedIphin pipeline. This pipeline runs through the United
Arab Emirates to Qatar, where arousd million cubic meters (18@200 million cubic feet) is importe
from Qatar per day, ranging froamout 58% of the total gas production in Omahikewise, the
fluctuating price of oil and gas has lead the Omani government to promote studies where other energ
resources are substituted. date, no effective alternatiséo replacehe current natural sources have
been implemented, but efforts dreing made¢owards utilizing sources that reduce demand usage of oil
and gas to create electricity.
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1.4 Location, Climate and Sky Types

The SultanatefdOman is situated between the latituded®fand28° North and longitudesf
52°and60° East The country's size is approximately 300,000 km? (115n@80which is close to the
size of Arizona in the United States of America, and it has a coast line of 1,700 Km (1,00Qiscit,
the capital ity of Omanwas chosen as a study location for this refddre North city of Muscat, falls at a
latitude of 2358 degreedNorth, and a longitude of 58.28gree€ast(see Figurd-8). This location falls
very near the Tropic of Cancer where the sun can lie tirecerheadduring the summer (sdégurel-

9).

Figure 1-8: Oman 6 s LMusatt i on

Source FreeWorld Maps
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The weather in Oman generally represents a hot and arid climate in the desert reionhaanl
humid along the coastost of the year with the exception of scattered raittiall averages
approximately inches per yegiNational Oceanic and Atmospheric Administration, 19900e average
low temperature i47.3 C (63.1 F) gring the month ofanuary with an average high4@.4 C (104.7 F)
during the month of Jungee Figurd-10). Relative humidity ranges between-82% throughout the
year and is at its peak during the summer. Though an ideal humidity level would de@enbliemnt
temperature; humans are usually comfortable within th@B0 range. The mean sunshine hours per year
are3,493.3 hourswhich indicates that approximately 80% of the time during the year the sky would be
clear in Muscat. Three main categorieskies are usually studied: clear, overcast and partly cloudy. The
sky breakdown for Muscat will be addressed in the methodology sectibis oéport using the Perez
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15 Sunédés Position Relative to Location and Fac

Elements such as the sun angle, time of the day, and building orientation affect the levels and
magnitude of dgight and heat entering a space. The two parameters that describeitibae pbthe sun
in the sky arghe sun's altitude and azimutthélvertical angle between the horizon and the center of the
sun'sdisci s d e f i n e dititudesand th@erizogtal anglesof tlae sun in relation to a cardinal
direction is referred to as the azimuth. These angles can be determined using the charts from the
llluminating Engineering Society Handbo®ilaura, Houser, Mistrick, & Steffy, 201Dr via an aline
sun chart calculatoNoontme altitude angles for Muscednge between 880 degrees during the
summer (MayJuly) the highedbeing during the month of Juremdbetween 445 degrees at solar noon
during the winter (Novembelanuary)with Decembebeing thdowest(seeFigure1-12). Overall, the
sunds altitude i s r el,antloweeby gppriximgtdly 4edreesodurigdtioeut t h e
winter. During the summer in June the azimantigle is between (70290W)with little direct sun tohe
Southfacingexposure (seeRigurel-11). The azimuth angle is between (11:2&3W) during the month
of Decembeat sunrise and sunsetBastandWest with no direct sun to the North facing exposurbe
position of the sun generally infers that treas mainly affected by the intensity of direct sunlight and
heat are fagades facisgputh West Eastandthe rooftop During summer at noon, the gualtitude is
nearlyperpendicular téhe horizontal plane; therefore we would exppially intense gposurefor flat
or skylightrooftops diring solar noon. We would alsopect intense irradiance on tBastandWest
facade during morning and evening hours especially duringutinener an@équinoxs of March and
September. ThBorthern fagade would maiplget indirect sunlight. Precaution is needed to minimize
cooling loads when adding glazing to the ré&duth West andEastfacing facades.
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Figure 1-11: Solar Path Diagram with Suns Showing Monthly Solar Position at Solar Noon for Musce®man

Source: Pv Education
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16 Omands Architecture

The elements thahaped building design Omanhaveevolved and revolved arouméjecting
solar heat. Because of the hot arid nature of the country, most building saridaemfs are painted
white to reflect the s mys off the facade, therefore providing less heat gain. The roofs of the buildings
are flat and generally contain the MEP equipment. Windows are symmetrically placed and structured
throughout the facade witho regards to sun direction. These windows are usually shaded using blinds,
fabric or exteral shading such as Masharabiggrojecting window enclosed with wooden latticework
creating a screen that filters light through the window into the (¢@®mney, 1974(see Figurd-13).
The wall of the buildings consist concrete blocks that seras a theanal barrier keeping the building
cool fromtheinside, especially during high summer peaks.

Figure 1-13 Masharabiya System and Daylight

Source:Qela, Erick Lafforgue
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1.7 Daylighted School Spaces

A typical school layouin Omanwould consist of a large central courtyard with surrounding
arcades that lead into classrooms. The combination of courtyards and arcades play a role in adding soft
illumination throughout the hallways dog certain times of the day. Nowadays, even the courtyards are
covered with canopies in order to avoid interdarsllumination (see Figurel-14). Most school
buildings are one to two stories resulting in a wide footprint spread when compared to effiséng
buildings of ten stories. This extensive roof layout makes it more amenable to addiopg fieaéstration.
Usually the method for providing daylight into classrooms is via windows, yet a lot of timesyhight
transmission is restricted andbked via shading devices. Incorporating a method such as a skylight with
appropriate glazingraterial calld assist in providing qualitylumination that isuniformly distributed
over the room.

Figure 1-14: Typical School External Layout, Oman

Source:QPSOman

1.7.1 Structural | mplications

Studying the structure of a roof in a building is a crucial part in determiningpgbedyacing,
size and feasibilityf installing raftop fenestration A typical roof structure in Oman uses reinforced
concrete. Usually the slab for school buildings in Oman has a depth arc@0cctd(68 inches) with
beam spans of-8 meters (A2 feet) and beam depth of 0.5 meters (1.5 {segFigure1-15). Since
rebar, mesh and beams run though this type of structure in both directions; it would be impractical to add
skylights to existing buildings with a similar slab arrangement. On the other hand, a precast hollow core
concrete plank can sparmaximum of 9 m (30 feet) fahe same slab depth rangenewconstruction.
These planks are typically 1.2 x 1.5 meters (4 x 6 feet), where the skylight could be situated usithg a me
saddle to hold it in pladeetween the planks. Although a doublegkd structure may have a B
span, it is restricted ineam spacing and defgeeTablel1-1). For exampleif spacing between one tee
and another is 1.5 meters (5 feet) a minimum beam depth of 0.5 meters (24 inches) is required.
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Figure 1-15: Typical Concrete Slab for School Building in Muscat (Left), Precast Slab (Right)

Source:e-Space, Archiproducts

Eemforced conerete (From ACT 313-03), Tabkle 9.5(z)

cantilevar® simply supperted | contmuous one contimuous both
zida sidaz
slzh 10 20 24 28
beam ] 16 18.5 21
Prestrezsed hollow core concrete plank
cantilevar® smmply supperted | contmuous one contmuous both
sida sidas
slah 10 45

hezm

Praztreszsed concrate double teaz and girders
cantilevar® simply supported | contmuous ons contimuons both
sida sidez

zlab
hezam 5 20

Table 1-1: Summary Span/Depth Ratio For ConcreteSystems

Source:AE422Dr.Boothby

1.8 Occupant Comfort

Since buildings are built as habitats for people, it is important to take into consideration comfort
measures that would satisfy the average occupant. As per the ASHRAE 90.1 standard, the benchmark for
assessing comfort level is that 80% of occupants are satiShede arewo concerns that should be
considered when assessing comfort with skylights: thermal comfort and visual comfort.

Heat gain in buildings located in hot regions is a major coméortern.Thereare two sourcesf
heat gairfor a building: external and internghins External gains result fromoofs, wals, skylights,
windows, ventilation andhfiltration. Internal heat gain consistf heat emitted frontights, peopleand
equipmat such as projectors and printé8pitler, 2010)seeFigure1-16). These heat gains shay in
aspaceeitheras immediate or latent loads that could surface after lodsterage in certain materials.
Carefuldesign should consider the effect of both gainssuiee occuparthermalcomfort.
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Thermal comfort is based on the ability of people to shed Geaid uman comforis generally
possible between thranges from 7/5 F (21 G24 C) depending on the climate and location. The
temperature of the internabre of a human is 98.6 F (37 @nderson, 2014)Having drect sunlight
from window fenestration may cause asymmetrical discomfort, where mean radiant temperature would
vary significantly, especially for students sitting next to the window. This asymmetrical distribution of
heat, where direct sun hits one sidi¢h@ human body, could cause high discomfort where a person is not
able to shed heat evenly. When a proper skylight systentnaitblucenglazing is usegthis problem
should be eliminated.
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Figure 1-16: Solar Radiation and Heat Gains inside a Building

Source:Photoshop, Engineer Pro Guides

Visual comfort forroof fenestratiorincludes glare assessment. One source for glare discomfort
could be from the glazing type chosen. Selection of the glgtayg an important role in glare reduction.
Using materials with diffusing properties would reduce the intensity of direct beam radiation entering a
space. Another problethat could arisevith skylights being a discomfort source to the,@gildbe in
the high contrast betwedine ceiling andthe skylight. Although poper design foa skylight well can
preventdirect view into theskylight,and thuseduce glaremost roof structurgfor public schools in
Oman consist of a thin concrete slab system thes dbt allow for a well Also, seleting direct/indirect
luminairescould help in minimizing thisféect.

1.9 Heat Gain Considerations

When radiant energy is absorbed by a material, it is releaszd period of time either through
condction, convectioror radiation. The time interval it takes to release solar energy highly depends on
the thermal mass properties of that mate8ahilar to the relation of solar transmittance and heat gain,
solar design and thermal storage have an inseparable asso@iaéional mass is the ability for a
material to absorb, store, and later release Remtaterial with higher thermal mass has the ability to
store heat for a longer period of time. Similarlynaterial with higher thermal diffusivity will release
heat inb a space more rapidly than a material with less diffusivity. Tealue(thermal transmittange
and Rvalue (thermal resistanggalone araot adequate to represent heat transfer from material
assemblies inta space and daot considethethermal mas effect of delayed heat load. Most buildings
in Oman are constructed from masonry blocks and concrete, which serves as an advantage because of
their high thermal mass properties. These materials have a capacity of absorbing radiant heat slowly and
releagng it up to 35 hours laterThis effect isa very important @nsideration whedesigning for peak
AC systems cooling loads.
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Whenthebuilding envelopés of higher thermal maskess heatingndcooling loads appear as
indoor temperature fluctuationsaapikes, which leads to a mdyalancedoad on themechanical
system and less energy consumption. This advantage could also ¢esdudftdn energy demand during
the electrical demand peak load time and transfer thiettoperiods where utility ratharges are lower.
In some cases withiahot climate where low temperatusaccur during nightme, thebuilding mass can
be allowed to cool dowwmia natural ventilation and thertosorb heaagainduring the daytime. During
peak outdoor temperatweaheindoor space remains cool due to heat storage into the mass, which
improves building performangespeciallyin hotclimates. Incold climates this advantage can be used to
collect and store heat that is later usetieat a space.

13



2 LITERATURE REVIEW

flt is impossible to overestimate the important influence of natural light on the interior and exterior
forms of buildings and on those who dwell in them. §olda g ht i s t h e-Darek Phillipsa | begi

2.1 Introduction

The currentrend in lighting design has been moving towards incorporating daylight as an
integrated design approach that not only benefits the occupants but also provides energy savings. To
support this research effort, the following literature review will firshdestrate thaignificance of
energy efficiency and codes. Théenefits of natural light in relation to health, occupant productivity
and energy savings discussedSecond, skylight systems in schools will be addressed. Next, the topic of
skylights, heir advantages, types, and shapes will be presented. Then, an examination of typical climates
for skylight application is introduced, followed by an explanation of glazing material selection for hot
climates. Finallywork involvingtheuse of skylightén hot climateds presented.

2.2 Energy Savings and Codes

Since the building industry has undergone various environmental and energy challenges in
response to reducirte contributionof buildingsto climate changenany new commercial buildings are
target i ng Ed Maachallenge by2038ee Figure-1). At present, organizations such as
ASHRAE are working towards mandating baseline construction codes that exceed current LEED
requirements for building energy efficiency. The way building gactbn has to transform, if neero is
to be achieved, is through better envelope integration, daylightiigdaylight harvestingnd upgraded
system technologies.

NET ZERO BY 2030

60% 70% 80% 90% CARBON

NEUTRAL®

TODAY 2015 2020 2025 2030

Fossil Fuel Energy Reduction ] Fossil Fuel Energy Consumption

The 2030 Challenge

Figure 2-1: Net Zero Challenge

Souce: Architecture 2030
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About half of theUSA energy consumption and greenhouse gas emissions comes from the
building secto(U.S Department of Energy, 2012)he building sector consumes as much gnasgthe
industry and transportation sector all together. The goal for the building industry is to reduce energy
demand and usage. In order to achieve this, the building incurstrgyconsumption needs to be
reduced. In th&JSA 75% of all the electricityproduced is used to operate buildings, 40% of that, which
accounts for electrical usage, and 27% in total energy Lisage commercial buildings. In comparison,
Energy consumption of Oman's building sector is around 55% of the country's total emeagyl @ad it
has increased by 59% from 2005 to 2010, which is more tha{Miaittry of National Economy, 2010)
Thisincreased demarr@sulsin an increase i€O, emissios. According to the Earthr&éndsreportfor
2003 electricity produces the mo8O, emission into thatmosphere in Oman where it accounts for 30%
of the total emission with manufacturing and construction affsedrFigure2-2).

B Electricity and Heat

129 Production
@ Other Energy
1% .
30% Industries
12% @ Manufacturing and
Construction

W Transportation

M Residences

2B% 17% O Other Sectors

Figure 2-2: Percentage of Co2 Emission by Sector, Oman 1999

Source: Earthlrends

According toUS. DOE refined building energy standards and codes have the potential of saving
the U.S.A consumers $330 billion by 2040, which is equivalent to 80 quads of energy savings and over
6.2 billion metric tons of C@emissiongU.S Department of Energy, 2014)n Oman there are no
specific dedicated g@vnmentagenaces that promotenergy efficiency. Therefore, no definite code is
followed. The Oman Green Building Council (OGBC) was formed in 2009 under the Oman Society of
Engineeringand consigof professionals from different academic backgrounds, sectors, anchgmre
officials. This agency focuses on bringiawareness towards sustainable design and fgrouiitding
solutions that serve the environment. Portiohsodessuch as ASHRABRO.1, areadopted byertain
government bodies as guidelines but not asla¢gl code requirements.

Energy codes provide minimum codes for building construction, however nowadays there is a
shift in these minimum code regulations where they are becoming more stringentJ8¥%tcedes
geared towards energy consumption andngmvare a product of different governmental agencies and
organizations such asSMRAE, ICC, IES, and ANSI. Thdnited States Depament of Energycreated
in 1977as a response to the oil crisis in 1973, funds and sponsors a majority of the natioatirabor
research in relation to building energy efficiency. The DSE supports the energy codefinemens
process administrated by ASHREA and ICC. These funded research activities are used to shape energy
codes in th&JSA

Following the process of codempliance is important where the appropriate energy code needs
to be selected in relation to the building type. A compliance path needs to be chosen next within the
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applicable energy code, and a familiarity with the code requirements needs to be edtakfishthat,

the building must be designed to meet the requirements of these codes. Documentation comes next with
the plans and specifications, followed by the construction of the building, and documentation of the as
built conditions.Following these &tps may not always reward an energy efficient building.

Commissioning of the building systems and ssystems neexto beperformedand verified as to

whether they are meeting design intent. In addition, a continuous improvement building loop system
needgo be implemented in order to obtain constant improvement towaddsingenergy use.

2.3 Daylighting Benefits
2.3.1 Health

Radiation from the sun can be beneficial to the human body and harmful at the same time
(Tregenza & Wilson, 2011A balance between damaging exposure and the optimum level of daylight
should be considered when designing a building. Severaésthdive addressed the possible link between
illnesses and lack of sunligfitam et al., 2006) Daylight is also a vital source of vitamin D. Studies
have shown that sufficiency in vitamin D could increase the risk of cancers, autoimmune diseases and
osteoporosis. Recent research indicated that vitamin D deficiency is a problem affecting the Omani
community. In the study87.5% of Omani participants were categorizediasnin D deficientAbiaka,
Delghandi, Kaur, & AlSaleh, 2013)Although mosiglazing blocls the shorteultraviolet B UVB) rays
that are responsible for the vitaminbés synthesis
incorporate open courtyardadspacepermit direct sunlighéxposure tahe skinwhen students are
outdoors Currently, there is no typical glazing material that would admit UVB rays into a building,
while at the same time not aduivitg theintense direct sunbeam.

Seasonal Affective Disorder (SAD) is an illness that has ieked to a deficiency of natural light
during gloomy seasor{ashkenazy, Einat, &Kronfek&clor, 2009) A study conducted in a small Russian
village, located at 70 degrel®rthlatitude, reported that 27% of the population experienced symptoms of
SAD during winter time. These symptoms included depravation of sleep, depression, and fatigue. In th
experiment conducted by Hansen and others, it was noted that patients suffering from SAD got relief from
their symptoms when exposed to daily doses of l{ga@nsen, Lund, & SmitSivertsen, 1998)This
experiment lacked assessments that incorporated natural light into its findings; and instead focused on
artificial sources. Evidence was presented that when the eye is exposed to leg#dHax of illumination
per day, a greater risk of experiencing SAD exiftegenza & Wilson, 2011)

Ulrich (1984) foundthat patients that were provided a daylit window with a viewh&outside
environment experienced faster recovery than those who had a view of a brigilneiil, 1984) A study
that was conducted within a two year period in Johnston CobNotyh Carolina, observed six schools in
which students attended classes. This study compared studeniereassigned to a classroomith full
spectrum lighting fixtures verses a classroom that used conventional lighting. The study observed that
students under the futllectrical lightspectrumnfluence were healthiegttended school more frequently
and maintained a better mood thheir peersvho studiedunder typical light source®icklas, 2009) This
study did not observe the effect of natural daylight on students.

The brightness of natural daylight enhances spaciousness and openness oWégualdmalthis
an important aspect for an individual's wedling. Eyestrain is considered a major health problem facing
occupants in enclosed environments such as an office building or a classroom setting. This condition occurs
when the eye is not allowed to focudéferent distances over a long time per{&tiwards &Torcellini,
2002) Considering a view to the exteriathe balanced range sfifight spectrum provides the eye with
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an improved ability to focus and-ealjust. Additionally, proper daylight levels provide suitableand
optimum range for eyesig(franta & Anstead, 1994Although this study focuses primarily on toplighting,
it is important to consider the elementasfo c cupant 6 s view to the exterior

2.3.2  Productivity

A study that established the relationship between daylight and productivity was conducte?l in 200
(Figueiro et al., 2002). This study suggested that daylight plays a role in circadian rhythm regulation and
concluded that workers placed next to a window focused better on work tasks in comparisanricecs
who had nalaylight exposuréhrough fenesation Another studgoncluded that the presence of skylights,
among other factors, was the third most important element in designing a retailtégsa®ong, Wrigh
& Okura, 2002) Dur i n g thehemefitd & 8ulighs were considered crucial; many countries in
Europe required staff desks to be locatieé minimum of 8 meters (27 feet) frarwindow(Franta &
Anstead, 1994)

Daylighting has also been proven to enhance the mood of students in school féilitéss el
al.,, 2009.) This improvement lds greater motivation and higher achievement. Thetiddal
Clearinghouse for Education has established a st ut
reported that increased student achieveraedt reduction of poor behavior was a producincfeased
daylight in classroom@NCE, 2005). Another study investig the link between daylighteddlementary
schools and productivity from three different schableschong, Wright, & Okura, 2003Even though
this study was conducted fdifferent school districts with different environments alwhates: California,
Washingon, and Colorado; one factoemained constant with these studies. This factpresented a
significant correlation between the studriiroductivity and increased daylight in classrooms.

2.3.3 Mental Performance

Not only prodictivity improvements but mental enhancement was also linkéxe: tvailability
of sunlightin a study environment. Reseaecshave stated that the lack of lighting in solsocan
substantially affectat udent 6s abi |l ity t ospendaprtad0 holirmpergveeker al , ¢
under artificial light in a school building, especially if after school activities are involved. A 1999 case
study, commissioned by the Pacific Gas and Electric Compalpgerved a strong correlation between
schools that regrted improvements in grades and the amount of daylight present in a classroom
(Heschong et al., 1999)This sudy stated that students exposed to more daylight in the classroom
progressed 20% faster on their math tests and 26% faster in their reading tests. To follow up on the study
done by theHeschong Mahone Groupnother study was done in 2003 comparing diffevariables
such as daylighting, HVAC type and classroom type to assess their correlation tceignganwing.
Daylight was provemo have a consistdgitstrong association witlearning improvementsyhere
students in elementary schools showed ufféh idcreasen learning rategHeschong, 2003)

2.4 Energy Savings

Nowadays, the feus in construction has shifted to buildings that havdalestnegative impact on
the environment (Selkowitz, 1998). Financed by the United States Department of Energy (DOE), a protocol
was developed for assessing the benefits of green buildings. Tittaagrotocalthe DaylightDividends
research program was established. Daylight Dividends irextibet effectiveness of daylight use in several
types of norresidential buildings. Formed in 2003, the research program investigated multiple case studies
of different building types and reported on theirrggeperformance. fiese studies focused on improving
indoor environment quality, comfort, and building performance. The research also addressed the challenges
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that face projects that use dayligbtich a school building. Daylighting evaluation was performed under
the program for four schools that have similar footprintsNorthern California. Roof monitors and
clerestories were the main focus of this study. Elements such as baffles, iffasidgee\esand overhangs
and their incorpation with rooftop fenestratiomwere evaluatedSome of the challenges fat were
inappropriate design aboftop fenestrationFor examplebaffles added to a roof monitor facitdprthin

a gymnasium space for one of g@hools did not serve any purpoand in factlocked most of the useful
daylightfrom entering the spag&ckerlin, 2005)

Typically, a majority of working hours are during daytinagida significant amount of electric output
can be reduced througihese peak hourd electrical use with daylighReduction of electric light usage is
usually associated with significaehergysavings. The National Clearinghouse for Education also stated
tha classrooms with effective daylight systeproduced lower electric loads and experiehaduced
cooling and heating load8lEC, 2005). According to the U.S. DOE, 15%tbe electricity consumed in
the United States comes from electric lighting in buidgi(Wymelenberg, 2014)A recent study in New
York City indicated that daylight systems can potentially offer energy savings of over $70 million dollars
when incorporatethto office buildirgsin that city(Hinge, 2012) Research findings related to photocell
control show thalighting electrical consumption cdre reduced by 20% to 60% if a proper daylight control
system is implementddittlefair, 2001) Controlling electric light vighotsensors is becoming mandatory
for building design in certain cities in thinited States of AmericdJ.S Department of Energy, 2012)

2.5 The use of Toplight in £hools

A detailed study that provided guidelines to manufacturers and specifiers in 2013 touched upon
the subject bphotosensor performance in a classroom using different fenestration configurations
(Mistrick & Sarkar, 2013)This study showed that a savings of3%% can be achieved depending on the
lighting system used and occupancy schedule. The resdaccimdicated that dimming two to three
rows of theluminaireswould result in the most savings. This study was done using the advanced
computer software, Radianc®incethestudy resultsvere basedn a simulation tool, iivould be
interesting to compea the findingsn an actual classroom setting. Another study was done in the same
year that focused on the photosensor settings using dlmgedontrol and its performance in a
classroomRanasinghe & Mistrick, 2013Dne of the conclusions of this study is that an acceptable
photosensor locatioim a classroomvould be 3 meters (10 feetjvay from the window with a ceiling
height of 3.65 meters (12 feet). This study was focused on the calibration of photoseasomm with
windows only and did nattudy calibration impacts for toplightin@urrently in the USA, energy codes
require atomatic control or minimal manual control of electrical lighting in areas where sunlight is
available (US DOE, 2012)

In theUSA, several cities have implemented skylights into their school design scheme. Energy
codes have started mandating skylight instiins in large spaces such as warehouses or school
gymnasiums. An example of skylight implementation in school buildings is the Capistrano Unified
School District inSouttern California. The district has constructed a total of sixteen schools that
incorporated skylights as part of a Board resolution on mandating natural light in the earlfH&868
International, 2003)Experimenting with different skylighting configurations, the system that seemed to
work best is a splayed skylight that utilized an inverted plastic pyedmidmaticDiffuser to disperse
light evenly across the classrodsee Figure-3).
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Figure 2-3: Daylight through Skywells

Source: CUSCalifornia

A collaborative researgbrojectdone via the Sultan Qaboos University in 2003 investigated
different passive measures such as envelope insulation, glaaghghadingn relation to the variation in
cooling load for school buildings in Oman. Ebe glazingjt was concluded that using a trigazing
material reduced the peak cooling load by 7.7% for the month of June. Since this study evaluated an
existing school bilding plan, it only examined vertical windowandit did not consider different
orientations for the fenestratig¢durigat, AFHinai, Jubran, & AlMasoud, 2003)

2.6 Toplight Size Shape and Type

Rooffenestratiorcan vary in shape, size and structure. In general, dskyéeghtwells produce
a more focused distribution of light compared to wells with shorter depth. It has been determined that
splaying a we licanByampmve éfficency; and at the sgnmeitirhe provide for a wider
beam distributiorfSerres & Murdoch, 1990)n 2013, anew methodvas developed to calculate splayed
well efficiency(Mistrick, 2013) This method reimrced that splayed wells provider moreefficient
delivery ofdaylightthan vertical wells. Under t®sSHRAE and IESNA Standard 902010, the general
provisionsfor envelope compliance contaimandatory provisios that must be satisfied. Thagndard
lists two complianceoptions: a prescriptive option amdperformance metho@he prescriptive path
consistf following minimum code compliancevherasthe performance methdths less implied
restrictionsin lieu to cods, with the condition oflemonstratingninimumenergyachievementsFor the
prescriptive building method, the ratio of skylight area to roof area cannot excaadASHRAE 90.1
201QANSI/ASHRAEI/IES, 2010)This ratio has been increased in ASHRAE 9013 to a maximum of
6%, providing that a photocell lighting control system is implementithough size and configuration
of toplighting isimportant, it is equally vital to consider thegutaon of the roof fenestratio®outhfacing
clerestory glazing would carbute additional heat gain and glare, especially during the winter, in
comparison to &lorth facingclerestory

Another toplighthg method that has been established in the markets recently is tubular skylighting. A
light tube typically contains a 254 cm (1621 inch) diameter shaft with a rooftop solar collector that
collects and delivers sunlight through it. Because of its skeafyd, a light tube transmits less heat during

19



































































































































































































