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ABSRACT

Daylight harvesting is an essential strategy that is often used to enhance both the design and
performance of an aldtectural project. Windows, as crucial architectural elements, not only
admit natural light into spaces but also provide the occupasith visual connections. However,
the excessive usage of windows brings an uncontrolled amount of solar energy tatessp

and negatively affect the building's energy performance.

When utilizing passive design strategies such as daylight harvestisgaktactors, including

the electrical lighting system, can impact the outcome. The current study investigates thé role o
the lighting system on daylight harvesting effectiveness and its impact on window dimension
and total energy consumption. In thisugly, the optimum windowto-wall ratio of an open

office in the presence of two different light sources (LED and fluorésiseexplored through a
computer simulation method. A combination of tools including AGi32, Eboits, OpenStudio,
EnergyPlus, Radiaa, and MATLAB helps to conduct the simulation and deliver optimal results.

In the results and conclusion chapter, the study provides specific guidelines to specify optimal
window percentages considering two lighting system scenarios in each cardiraiatire
Importantly, the guideline focuses only on energy perforceaand not on the spatial quality of
the design
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GENERAL AUDIENCE ABSTRACT

Harnessing daylight with the use of windows helps to offset parts of the eléigtiiing needs, and
decrease the total building energy consumption. This is accomplished by using glazedlmtiedmit
daylight and lighting control systems, which can respond to the dynamic light level. However, improper
implementation of a passiveaglighting strategy may cause increased energy consumption. Sunlight is
accompanied by solar heat radiation whican increase the HVAC load of a space and compromise the
energy savings achieved by daylighting. Therefore, a balance between solar haghagdih is

required to fully take advantage of solar energy without reverse impacts.

Concerning the mentioriebalance, recent advancements in lighting technology question the
effectiveness of natural light in reducing whdieilding energy consumptiomue to the high energy
efficiency of LED luminaires, lighting power consumption is rather low, even wheglitiedi system
operates at full capacity. Therefore, it is unclear whether the solar energy coming through glazed
materials works to the advantage disadvantage of total building energy consumption. This study
hypothesized that the total energy consumptiof an open office with LED luminaires would be less in
absence of solar energy compared to a scenario which utilizes the solar energy. Aisiwhdaed
methodology, using a combination of photometric computation and building energy simulation tools,
was utilized to examine the hypothesis and explore the impacts of lighting systems on the optimum
window-to-wall ratio.

The results provide a helpful guideline which highlights the impact of lighting systems on window
dimensions and their mutual effect onhwle-building energy consumption. Although the optimum
window-to-wall ratiossuggested by this study only concern energy consumption, integration of them
with occupants' preferences can propose an acceptable wingilewall ratio that satisfies both design
guality and performance of a buildjn
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Chapter 1 : Introduction

1.1Background

Given concern regarding harmful effects of fossil fuel on the environment, along with the unavailability
of fossil fuel resources for an infinite time, recent attention has $aclion the importance of energy
savings. Since ¢hglobal movement toward a more sustainable environment has begun, two primary
strategies have been proposed and exerted all over the globe. First, research has begun to investigate
renewable energy resoursewhich can substitute for fossil fuel resourc8gcond, with advancements

in technology, lower fossil fuel consumption has been proposed, as green solutions arergioged

in different industrial fields to reduce energy consumption.

As one of the mjar energydemanding sectors, building construmi plays a significant role in the

energy consumption pattern. Among various building types, construction of commercial buildings has
displayed drastic growth ovee lastfew years. Each year, approximatel.6 billion square feet of
commercial developmet is constructed, which is comparable to 110,000 buildings per year or half of a
million buildings every five yeaf$]. According to the US Enerijformation Administration (EIA), in

2016, 19% of the total energy consumption in the United States was devoted to commercial buildings,
which accounts for 18% of the carbon dioxide (CO2) emig&joimhe majority of this energy is used for
space heating, space cooling, and lighting, which are associated with internal and external loads.
Commerciabuildings are responsible for about 30% of UWteicity consumption, of which 15%

accounts for lighting3]. As a result, daylighting strategies through fenestration can signifycimpact
lighting energy reduction. On the othband, the Lawrence Berkley National Laboratory estimated 34%
of commercial building energy use in the US is windelated, and energsfficient fenestration design

can save between 10%0% of the whole egrgy consumption based on climgi. According to these
records, a critical amount of energy could be saved by implementing energy conservative strategies in
building design and constructiom recent years, numerous studies have exploredehergysaving
potentials in various building cageries. Findings from these studies on energy optimization have
contributed to substantial advancements in building technology and energy science.

Among building categories, lighting has demonstrated rapigkovement duringhe past fewyears.

This was masured by tracking the transition from eneripefficient incandescent light sources to
compact fluorescent lights and then ligamitting diode (LED) with very high efficacy. According to Khan
and Abas, 23-Watt compact fluorescent(CFL) light bulb prodd the same luminous flux as a 100 Watt
incandescent bulb. CFL consumeés times less power and lastsl® times longer than incandescent
light bulbs[5]. Also, switching to LED luminaires, which are semicondibatsed light sources, over the
next 20 years would result in a deduction of approximately 2é@@watt-hours of electricity and 1800
million metric tons of carbon emissions while providing ne&#§0 billion savings in energy costs
nationwide[6]. Research conducted by Jenkins et al. in the UK, estimhtgahergy savings of §62%
could be achieved in a typicalsBory office building by changing the fluorescent luminaires to LED
luminaireg[7]. Also, integrating the lighting with the HVAC and other building systems can effectively
reduce the buildig's reliance on fossil fuel. Moreover, adopting passive solutions such as utilizing
natural light andts integration with artificial light cansignificantly improvéuilding performance.

Glazing material is another building element that has shown $gnif advancesuring therecent
years. Specifically, transparent glazing materials embedded in wmdtawnatural light into the



spaces and provided better views for occupants. The operable window systems also allow for natural
ventilation and highemdoor air quality. As a result, window openings have a highly influential role in

improving space qudy. They are considered one of the crucial building elements required for

200dzLr yiGaQ YSyidlf FyR LIKeaaOolf kigipdrfdriiahce glazikg NJ G K|y
systems with higher R values help to improve the thermal comfort and buiiagy performance by

reducing energy transfer through the glazed surfaces. The generation epaifgrmance glazing

materials allovg designers to in@ase window areawith less negative effects on whelriilding energy
consumption.

Since a building & collection of multiple interconnected systems, changing one building component
impacts various related components. For instance, improving the lighisigm can open capacity for a
higher windowto-wall ratio (WWR) while maintaining energy consumptidfternatively, improving the
glazing material can significantly impact the WWR without changing the lighting system. Importantly,
changingeach of thesduilding components can distinctly change the whbliélding energy equation.

It is essential to undstand the complicated interaction between building systems and utilize strategies
to improve the energy consumption by meaningful integration of thestesys. One important

example of this interaction is between the lighting system and WWR.

1.2 ProblemStatement:;

Since theS | NJXofn&tidn and the evolution of organismshe sun has been the most critical element

vital to maintaining life Living organseed sun for their growth and subsistence; human beings are no
exception.Throughout historyfrom the Stone Agéo modern civilization, human beings have adopted
various methods for utilizinthe light and heat of the surfor instance, primitive peopl@ho dwelled in

caves took advantage tfie light coming through the cave entry hole. Later in history, before the

invention of electricity, architects usathylight to give spiritual qualiésto their spaces while providing

the necessary level of lightimgeeds for livingln our contemporary eragdesigring of openings to take
advantage of solar energy in the building construction and architecture field is among the passive design
solutions which proven to effectively redueaergy consumption and CO2 esitn.

Aside from the energy viewpoint, daylight is considet@te crucial for human healthas f provides

Vitamin D for the body, prevents seasonal depression, improves sleep, and reduces stress. These are
only the basieffects of natural light on huam health. Exposure to daylight and darkness helps to

regulate the human body with the circadian rhythm. According to Cuttle, 99% of employees (n=471) that
participated in a survey reported that having windows in offices$ential and 86% preferred ddight

over electrical light$8].

Given thre benefitsassociatedvith daylighting,careful consideratioshould be givemvhen utilizing
daylight in the designasinfrared radiationthat accompanies visible ligktorks bidirectionallyHeat

gain through theglazed surfaces during hot periods incsea the cooling logdvhileheat lossduring

the cold periods increases the heating lodd a resultimproper implementation oflaylight harvesting
strategiescan producea negative effectThus the balance betwen heat transfer and light gain through
the glazed surfacas a critical factoto maintain acceptable building energy performandhe
percentage of WWR is ommtential solutionto maintainingthis balancetlt is important toexamine the
degree WWR cabe affected by different systems in thailding.



1.3Research questions and Hypothesis:

As previouslyutlined, different influentialfactors canimpacti KS SEGSy G 2F LI aaAr @S
efficiency includingelectrical light sourcesVindow-to-wall ratio, and building orientationThe ype of
light sourceimpactsthe overall energy consumption of the buildinthe development of lighting
industry n recent year$iasled to the introduction of Low Emitting Diode (LED) lamps with higher
efficacy tharmpreviously dlized artificial light sairces. Window-to-wall ratio, which can express the
balance between heat transfer and light gain through the glaziedlow surfacs, is another parameter
that significantly affects building performance and energy efficieWéyWRdepends ommyriadfactors
such as glazing materialvall construction layergthermal performance)andclimate zoneFinally,due
to the change of sun angle at different houspaces facing each cardimtitectionexperiencevarying
energy consumptiopatterns makinggeographicabrientation another factor that affects the passive
strategies.

It is hypothesized that the overahergy savingachieved by usingEOighting systenin the absence of
daylight(window openingsinay exceed thenergysavings achievely the combinationof the same
light source with naturdight. As a resulit is imperative thathe scope of dayligting effectiveness in
the presence of efficient LED light sources be tesiéus will significantly add to the existing literature
in this field, given thiaresearch has not yateterminedthe specificchangeghat occur to the optimum
window-to-wall ratio in the presence of LED light sources.

1.4ResearchGoals andObjectives

To fill the gaps in the literature and address the research questidisré®archintends tostudy the
effect ofthree variableparameersincludingtype oflight source(x), window-to-wall ratio(), and
cardinal direction (3 on the energy consumption ohé perimeter zondn the third floorof Cowgill Hall
in Blacksburg.

9 Theresultsprovide new recommendations argliidelinesregarding theoptimal value for the
WWR of open offices witAn LED lighting system.

1 The energy pattern over a range of different WWR, help to choose the appropviatiow ratio
with regard to other deigin aspects2 NJ Ay aiGl yOST Ay idSaNraGAy3da (G4KS
with the energybased optimum WWR can suggest a final percenthgesatisfies both design
aspects.

9 The illumination map from the Radiance daylighting calculaticwach WWR alternative
provides a usful guide to locate the furniture in the spacke furniture layout in the space is a
function of the window position and dimensiodence, noving toward optimum WWR can
change the entire layout of open officaad make the spaces more effint

1 Gomparing theenergy consumptiof LED and fluorescent scenariogh different WWRassists
in examiningheir relatiorship. Thisrelationcan be translated into a formula that can estimate
the WWR for one light souecbased on informationf the other light source.For instance, if the
formula is fed by the LED WWR value, it can estinta&VWR valudor the fluorescent case

9 The results will provide energy consumptiassociated with each of thepace cooling, spac
heating, and lightingategaies As a result, monitoring the changes in each category

¢
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throughout all the scenariowill revealthe oneresponsiblgor the most change in final energy
results.

1.5Limitations and important assumption

The currentstudy evaluates variousindow-to-wall ratiosin the presence of each light source only
based on energy consumption. As a result, the physical and mental effects of daylight and view on
occupants have not been considerddhus optimal valuegproposedat study completiormay not be

the ultimate best solution for designers.

Since the experimental method is costly, tho@nsuming, and complicated, computer simulation will be
used to deliver the result&Given that he simulationmethod could not exactly angrecisely represent
the actual conditn, a certain level of deviation from reality should é&ected.The software limitation
discussed in the methodology chapter can be partly responsible for this deviation

The study has many parameteend changingray combination of these can greatly pactthe results.
Except for the three variables interest all other parameters will be given standard fixed valubdse
results of the studyare applicable and can be generalizegpaces with similgparametersand climate
zone



Chapter 2 : Lterature Review

In order tobuild a proper body of knowledda the field, it is essential teviewprevious research in
the area Theliterature review helps tadentify the probem anddefinethe research question. In this
chapter, the reviewed artickeare organizedhronologicallyjunderthree main topicsthat cover the
findings, theories, enhancements, and limitations related to the subf&edit gesto the following
researclers whose investigations provided the background for this study.

2.1 Window-to-wall Ratio

1) Occupant preferences and satisfaction with the luminous environment and control systems in
daylit offices:A literature review
(Galasiu, Veitch2006

This paper reviewed over 60 articles to highlight the findingsrasdarch gaps relateto two main
themes:

1. hOOdzLdr yiQa LINBFSNNBR RFE@fAIKG AffdzYAylL A2y S¢@
2. hOOdzLJr vy aQ NBaLRyaS (2 StSOGNRO fAIKIAYT |

According to the peereviewedmanuscripts most employeeicluded in the stdy preferred dayight

over electrical light based on their presumptiahst daylight impactgheir health. Thesg@resumptions
were associated witlverestimation regarding the daylight contribution to spalemination. As a

result, most of the employegareferred largewindows.Regarding shading and lighting control, findings
revealed that the manually operable shading devisese rarely changednce they hadeen set.
However, occupants still prefierd a level of control over the shading devices agtiting levels. fie
resultsindicatedthat the photocontrol lighting and shading systemere accepted onlyf they provided
partial control for employeesthe simplicity of operation was another factonimetherautomated
shading and lighting systemagere used Complicaéd systems had a low acceptance rate among the
employees and facility managesdho participated in the study

2) Innovative window design strategy to reduce negative lighting intervention in office buildings
(Amirkhani, Garciddansen]soadi, Alla, 2018)

Results from this study inciited that Lminance contrast (LC) between a window and its surrounding

walls resuledin intervention in the lighting systenin space with high LC, occupaaoften switched the

lightsonto reduce the contrastwWhen thewindow-to-wall ratio was lower, higher contrast would occur.

Luminance ContraghatfellA y aA RS (KS 200dzldr yiQa FASER 2F @GASg 21
increasel the tendency to change the lighting condition aled to more energy consumpon. Accoding

G2 GKS 1Sa0K2y3a alK2yS DNRdzL) LyOos 200dzLd yiQa o6SK
savings of an office building by 799 In this regard, observation on 123 buildingported that a high

luminance contrast in a wall instigated occupants to switch on the lights by 60% to achieve visual

comfort{10]. To decrease the luminance contrast in walls with wind@wsirkhanj and colleagues
(2018)suggestedo locatea linear wall washing luminaigroundthe window frame



The researclalsoinvestigatedhe relatiorshipbetweenwindow-to-wall ratio and walwashing

luminaire power levelas well ashe effectsof power level and WWR on theminance contrast and
200dzZLJ yGa Wt AIKGA Y 3twaskairizdodvitdthierar! gf dirtubl yeali§y teciSongy Y Sy
Participants were agld tocompletea questionnairdbased ortheir observatiorsin 4 office rooms with
different window-to-wall ratios and luminaire poweResultsindicatedli K [Tiie méjority 6

participants in the current study (54.7%) preferred a combination of daylighebeudric lights in their
workplaces, and about orthird (34%) preferred to work under daylight only. Approximately 15% of
participants were very satisfied with indoor ligig level when theitC rankings on the window wall

& S NUery ldigh contrast ¢ lecapphoximately 42% of participants were very satisfied when t@ir
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were very dissatisfied with the indoor lighting level when they reported very igbn the window

wall, while almost 28% of participants were very dissatisfied when they repeggdlow contrason

0KS GAYR2e o ff¢

This study highlighted the effect of luminance contrast ontiighenergy consumption. It is important

to remember that a lovwindow-to-wall ratio increassthe LC and lighting energy consumption.
However, the solution proposed by the researcherkacks sufficient evidence tmwncludethat adding
wall-washing luminaes that consume power can still save more energy than occupants' intervention in
the lighting level.

3) The Optimum Windowto-Wall Rato in Office Buildings for HeHumid, HotDry, and Cold
Climates in Iran
(Shaeri, Habibi, Yaghoubi, Chokhachian, 2019)

Shaeri et al.investigated the optimunwindow-to-wall ratio of an office building with regard to different
climate zones and cardinal dittions utilizinga simulationmethod (DesignBuilder Three cities with
distinct climate zone were selected in Iran wlhiraz being in a hairy, Tabriz in a cold, and Bushehr in
a hothumid climate zone.

According to Persson et al. the effect of the optima@idow-to-wall ratio is low for heating loads and

very high for cooling loads. Contrarygeneral knowledgewhichdoes not consider the North facade
ideal for daylight harvesting, the larger windoweas in the north side not only can provide sufficient
lighting level but also result in less HVAC energy consumpti2hThe literature review in this study
reveals that the WWR igrictly associated with the climate zone and based on their location, buildings
might havea different window-to-wall ratio. For instance, a study in Rome stated that the optimal WWR
is between 35%10% while a study ianother part ofEurope suggestete optimal percentage to be
between30% 45%413][14].

Four metrics including Solar heat gain, Heating load, Cooling load, and lightingésadonitoredin
this study Researchers concluded the following

i The solar heat gain in all cities increasedraydasing the WWR.

1 The cooling load in North and South orientations first decreased by moving from 0% to 10%
WWR and thebeganto increase from 10% to 100% WWR. In Bast\West orientatios, the
cooling load stayed steady from 0% to 30% WWRthed began to increase from 40% to 100%
WWR.



1 The heating load exhibited a diverse pattern for each orientation. In the North, the heating load
had its peak value in 20% WWR atarted to decrease by increasing the WWR. In the South,
the heating load had its pealalue at 10% WWR arbganto drastically decrease with
increasing the WWR. The East and West orientation had more smooth changes with different
patterns for each city.

1 The lighting Load generally had a reduction pattémoughincreasing the WWR withsteeper
slopein the North and South orientati@especially when moving from 10% to 20% WWR.

In general, the optimum WWR fell within 288@in all cities. Shiraz anduBhehr, with hot climates,
had closer WWRwhile Tabrizwith acold climate had highe percentages of WWR.

4) Effect of windowto-wall ratio on measured energy consumption in US office buildings
(Troup, Phillips, Eckelman, & Fannon, 2919

According to Lawrence®BNJ St S& bl GA2yFf [} 062 NI i 2neidyEonsumytion2 T
is windowrelated. Moreover, the US energy information administration stated that in 2016, 19% of the
total annual energy consumption was related to the commercial divisiotowunting for 18% of that

@ S NRa [/ hThes&Sr¥shlts dicat Yiegreat importanceof exploiing the window contribution

to energy consumptiorBetween 10% o 50% of energy could be saved in ledqmminated buildings by
optimization ofglazd surface raio and utiliation ofenergyefficient glazing typesA highly-developed
fenestration system could result in 1G%40% savings in HVAC energy consumptiéjn

Thisarticle used data fronthe commercial building energy consumptisarvey (CBECS) to evaluate the
effect ofthe window-to-wall ratio on total annual energy usdong with theheating, cooling, lighting,
and ventilationloads Unlike most ther studies that utilizeéterative simulation methodology, this study
investigated the topic bbig dataanalytics. CBECS providsimplifiedcharacteristics of commercial
buildings and correlates them with energy consumption. Linear and +#mgtr regressios were used
to forecast the relation of each building's characteristics with-eisd energy consumptiomwenty
eightbuilding charactestics, including exterior glazing percentage which was divided into seven range,
were chosen as independent variablegpdpulation of inerestwasdefinedto represent the original
number of buildings. The characteristics of these buildings were considerendependent variables
which werethen applied to the followingsingle and multlinear regression equations to attain the 5
dependern variablesncluding btal energy use and total endse for heating, cooling, ventilation, and
lighting.
1 1o E 1o T I d Intercept of the model
I d, Codficient of independent variabley
Td, Residual or errors of the mode

¢d, Number of independent variables

Resultsutilized information froml1212 buildingsncluded inthe equation, whichwasrepresentativeof
the actual number of buildings in the survey. Bwerage total energy consumption was suggested by
the regression as 130 kBtu/ft@&hich is divided int@several divisions as follows:

-30% for envelope independent usage (office equipment, computers, etc.)

o2Y



-11% for lighting

-14% for ventilation

-8% for coting

-32% for heating

-5% for minor electricity usageefrigerator, cookingetc.)

Qutcomes of the stug demonstrated thathe median for cooling and heating load increased as the
glazd percentage increasedn contrast toexpectations, by increasing tlggazd percentage, the

lighting median also increase@therwise statedmore glaed surfaceslid not lead to less lighting
energy consumptionThe current resustcould slightly stand against the common belief that more
window areathat let in more natual light decrease the electrical lighgand energy consumption.
However, it should be noted thalhe 2012 CBECS datghich was considered as the basis for this study
was not completely accurate. For instance, envelope performdetailsand charactestics such athe
Rvalue of the walls and glazisgere notincludedin the data. As an outcomeesults are rather
crippling to precisely explain the phenomenology of thenbers

The proposed research seeksaxplorean explanation for th lighting result delivered by the current
study. Sudying theeffects ofglazing percentage on energy consuioptand exploring a glazifdgss
scenariomayhelpto better understandthe relation between energy consumption and glazing
percentagél5].

2.2 Bectrical and Daylight Integration

5) Effects of Daylight Controls on Electric Lighting Energy Consumption
(KaraguzehdndLam, 2012)

This study examirtethe effect of the daylight control system dighting energy savings in open offices.
Karaguzel and Lamliged the simulation method to evaluate the lighting performance of nine office
spaces with different simulation parameters. The EnergyPlus Detailed daylighting calculation method
was used as #simulation engineThe geometry and building featuregere set up in the Design
Builderwhich is aGraphical User Interfader EnergyPlus

The main simulation parameters thaere manipulated in the design alternativascluded

1. Lighting Power Density

2. Building enclosure

3. Amhent-Task lighting separation
4. Target illuminance

The table below shows a summary of each design alternative:

Table2.1: Lighting simulation model alternatives

Model Ambient — LFD LFD Davlight Control Control Controlled Window
Name Task Ambient Task -Linked Parameter-1 | Parameter- Element Type*==
Lighting (W/SE) (W/SE) Controls Mnminance 2 Against
Separation = Set-point - DGI== Glare
Lux Set-point




Baseline Connected 1.0 No NA N/A N/A Single Clear
_Al01 R-vahe (IP)
=1.0
SHGC=0.861
Alt 02 Connected 20 No N/A N/A N/A Vi=0.898
Vi/SHGC=1.04
Alt 03 Separated 0.50 0.25 No N/A N/A N/A
Alt 04 Separated 0.50 0.25 Yes 500 22 Interior Roller
Shades
Alt 05 Separated 0.50 0.25 Yes 250 22 Interior Roller
Shades
Alt 06 Radically 025 025 Yes 215 22 Interior Roller
Separated (Moonlight) Shades
= . - - , Drymanmic
Alt 07 Connected 1.0 No N/A N/A N/A Double Lovw-e
] _ _ - . " Argon
Alt 08 : ed 0.50 02 N N/A N/A N/A =
t | Separat 5 5 o Wister
R-vahlue (IF)
=49
SHGC =0.50
Vit=0.745
Vit/'SHGC =
149
*. Daylight-linked controls are affecting ambient lighting only where task lighting operates on a fixed schedule.
**_ DGI (Discomfort Glare Index) — Each view angle for each daylight sensor is adjusted to simmlate occupants view direction is to the
windows.
***_Windows of Alt 06 and Alt 07 are equipped with an external shading element (Foller Shade — Light ) operated with a seascnal schedule
to provide dvnamic SHGC to the glazing. Sumer Time values are E-value (5.1), SHGC (0.20). V#(0.275), Vt/SHGC (1.36)

Since the onestepat-a time method (OATWasused in the study, each alternative represedthe

distinct effect of one simulation parameter named aboWke authors took specific result metrics to
evaluate the effect of each simulation variable on thyhting energy consumptigrwhich included

Interior lighting energy consumption, Lighting energy sh@ngerational lighting energy, Daylight
autonomy, Peak interior lighting load, Total energy consumption, Space heating energy, Space cooling
energy, and sace heating and cooling design load.

Karaguzel and Laooncluded that reduction in LPD and separatdmask light and ambient light
(Alternative 6) resultdin the largest lighting energy savings among the nine design alternatives.
Generally, the redudbn in LPD hdithe most significant effect on energy savings. Meanwhile, the
incorporation of the daytjht control sensorsvasfound tosave up to 19.6% lighting energy in
comparison to a nostontrolled alternative. Also, decreasing the target illuminance levelnhiaor

effects on lighting energy consumption. Higerformance glazing materials for windowsslely can lead

to an 8.8% reduwmn of wholebuilding energy consumption without changing the LPD or using daylight
sensorslt was also highlighted that separating the taakbient light (with LPD of 0.25 W/ft2) with a
combination of a higiperformance lilding enclosure and daylightitrol sensors can save up to 57%

of annual wholebuilding energy consumptioji7].



6) Effect d LED lighting on the cooling and heating loads in office buildings
(Ahn, Jang, Leigh, Yoo, Jeong, 2014)

Ahn, Jang, Leigh, & Ypmposed a strategy to effectively increase building energy performance through
the integraton of lighting andhe HVAC system. According to Admmd colleagues (20143]though the

new generation of light sources such as LED or fluoresaensslare energy efficient, still 75%0 85% of
electrical input into these sources tudinto heat. Giventhat 20%to 40% of the entire building energy
consumption is accounted fday lighting, the heat produced by lighting sources increases the cooling
load and causemore C@emissiong18]. All the heat geerated by LED sources is in the form of
convective heat and could fully be collected in a heatsihikand colleagues (2014uggested adding
another heatsink tdhe light fixtures to enable them to perform in both cooling and heating pesida
elaborate the mechanism, one of the heatsinks was placed inside the returned amrtlitte other

inside the spacelhis waythe heat generated by the light sourceuld be collected inside the return air
duct andcouldbe removed easilio causea reduction in the cooling load. Also, the heatsink exposed to
spaceacted as a radiant heat sooe in the heating periods and therefore, helgto decrease the

heating load To assess the proposal, an experiment was caaigih a green building in Korea and in a
virtual nonehigh performance building in the United Stat&ssults showed an overa8l01% and 9.27%
reduction in the total end energy use of green building and virtual building, respectivelgtafistics

and numbers presentecither in this study or sources cited ithe study, demonstrateddata on energy
savings potential to the gemal body of knowledge. Thaethodology ofcategorizing various iterations
and providing gradual steps to reach the results was also inspéjng

7) Assessing the Effects of Glazing Type on Optimum Dimension of Windows in Office Buildings
( Moorjaniand Asad 2014)

Moorjani and Asadji2014)studied the effect of three types of glazing systanudingsingleglazed,
Doubleglazed(aifilled), and Double glazed with Leivcoating Argorifilled), along with theorientation
on thelayout andoptimum window dimensionof an office room located in Dias, TexasEnergyPlus
enginealong withRhinoceros/Grasshopper interfasgasutilized to simulate thanodel. The Genetic
and Simulated Annealing algorithwere used to optimize the size and layout of the ddnws.

After running the simulation andelivering the optimum values for each orientation and type afglit
was concluded that the optimum WWienerallywasvery smdl (about 6.4% to 18%).

Table2.2:0ptimum Glazing Dimension

Orientation Glazing Type Optimum Dimension
Width | Height | Area
(m) (m) (m)
Single-glazed 0.7 1.2 0.84
South Double-glazed 1.22 0.92 1.12
Low-e 1.2 1.0 1.2
Single-glazed 0.8 1.2 0.96
East Double-glazed 1.22 1.12 1.36
Low-e 1.4 1.1 1.54
Single-glazed 0.7 1.1 0.77
West Double-glazed 1.02 1.02 1.04
Low-e 1.2 1.0 1.2
Single-glazed 1.1 1.2 1.32
North Double-glazed 1.53 1.22 1.86
Low-e 1.8 1.2 2.16
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In the next step, the optimum window dimension for eachrs® wasused to calculate the whole
building energy consumption of the office rooResults indicatd that changing the glazing systemcha
more impact on space heating energy than space cooling and lighting efié&egpplication of the
simple doubleglazed systm and the lowE coating doublglazed system incread¢he total Rvalue of
the room, which resuledin a reductionof the heating load both in day and night during the winter.
However it increase the cooling load at night while decreasiitgn days dung the summerThe
results also indicatkthat the total energy consumption savingssociated withthe glazing systerare
not significant wien using the optimum window dimensioms the model However, by increasing the
WWR, the effect othe glazing sgtemwasmore noticeabl§l].

8) Low-energy LED lighting heat gain distribution in buildings, part 1: Approach and pilot test
(Liu, zZhou, LOCHHAD, Hong3 Huynh, Maxwell 2017)

Lighting heat gain is one of tlmeaincontributors to the cooling loadrhus it is important tounderstand
the luminairesheat distribution patternwhich further helps to have a concise estimation of the HVAC
sizng. ASHRABandbook of fundamentals provides a table with values associaittoradiativeand
convectiveheatfraction of luminaires However, most of theedata are related to fluorescent
luminaires and there is a lack of information about the fractvaluedor LED luminaires.

This paper studied the heat distribution pattern of 14 LED lumingjyes including High bay, Troffer,
Linear pendantand Downlightthrough a systematic experimental methealfill the informationgap
related to LED luminaésin the ASHRABHandbook of fundamentalslhe study has been presented in
two papers; part | includitthe test approach and experiment set,uphile part Il preseredthe LED
thermal distribution results.

Radiation and convection are the main forms efhtrander in lighting systems. &ording to the
ASHRARO013a, heat gain through conduction can be igndrethe lighting thermal calculatiohe

heat gain through convection is an instant addition to the cooling l@hite the heat gain through
radiationhas atime lag effect on the cooling lodukcauset takes time for the radiative heat to be
absorbed by the surfaces in the spaéecording to the 2013SHRABandbook, there are two methods
for cooling load calculation:1. HeBalance 2. Radiant Time seri€éhis study took the HB method which
is more accurate than RTS in many aspects.

The remaindenof the paper detagdthe features of the chamber, the equipment used for radiative heat
calculationgradiometer) dimensionsetc. The results presented in teecond part of the study are
includedin this chaptefl19].

9) Lowenergy LED lighting heat gain distribution in buildings, part Il: liDinaire selection and
test resuts
(Liu, Zhou, Lochhead zhong3 Huynh, Maxwell 2017)
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As previously statedhe researchaimsto determine the split between convective and radiative heat
fraction of different types of LEDminairesand the splitbetween conditioned space and ceilipgnum
heat gains.

Based on results, between 40% to 60% ofittpt power in recessedEDuminaires turred to heat
gain in conditioned space whileiifractionfor high efficacy troffer luminaires rangédetween 43%o
53%.The radiative heat fractiorof most of the recessed luminaires was calculdietiveen30% to
42% of the lighting input poweihs amount wa$1% for high efficacy troffer and 16% for the
downlightluminaires In the suspended LED luminairéiee amount of radiative heat gain was @ded
42% to 51% of power inpaindfor the linear pendantjt was recordeb5% to 61% of power input.
Results indicatethat the Recessed luminaires emteid less radiative heat than the pendant onds.
should be meribned that he values reported abovea@in contrast with the chart the US Department
of Energy has publishemh its websitewhich considers 0 radiant heat fraction for LED sources.

After delivering the heat conversion fraction for each of the 14 lumesai4 of them were chosen to
evaluatethe effect of supply airflow, supply air temperature, dimming control, floor finish, and return
air configuratioron the LED heat gain.

Among all the factors above, return airflow and supply air rate had the most inopabe LED heat

gain while the floofinish and dimming control haithe minimum impact on the heagain As ouldbe
predicted, increasing the supply airflow rate and implementing the return air duct retiheeradiant
and convective heat fraction emét from LED luminairg20].

10) LEDs for lighting: Basic physics and prospects for energy savings
(Gayal, 2017)

Thismanuscriptprovided a brief history of LED light developments, their physics, energy savings, and
other features. The following highlights theost relevant findings.

In a brief introduction, LED is a semiconductor light source that eigitsthrough tre mean of current
flow. When an electric current path through a semiconductor, the unstable electrons move fitgpeN
semiconductors to fill a hole intype semiconductorgo become stable. This flow of electrons releases
energy in the fom of visibleight.

Until 2014, ongorimaryLED limitatia was its color. LEDs were produced only in red and yellow colors.
However, scientists realized that to produce a whitdored LED, they need to produce a blue LED.

In 1981, a scientistsamu Akaaki and his gudent, Hiroshi Amangmade some progress on enhancing

one of the chemicals (GaN) used in an LED semiconductor. Simultaneously, another s8harjtist

Nakamurabuilt upon findingsfrom { I &F 1A YR ! Yl y2Q&a 0@ yér.YAWNR @Ay 3 (|
work later led to the emission of the blu@olet range in LED lights. The key invention of Akasaki and

Amangq along with further enhancements of Nakamutad to low-cost production of higyuality blue
GaN/InGaNwhichwasthen surrounded by @hosphor shieldo manufacture white LED sources. Since

then, LED light bulbs have become commercially available at a reasonable price abéd@wmeone of

the most economical light sourcés provide lowenergy cold and warm colors.
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Despite the advaniges of LED ové&FL and Incandescent bulbs, they work under continuous low
voltage currentwhichrequires buildings to be equipped with DC low voltage circuits that drive LED
lamps without needing an AC to DC converter energy Id24és

2.3 Energy Modeling and Daylight Simulation Software

11) Challenges to Integrated Daylighting and Electric Lighting Simulation Methn@sWhole
Building Energy Simulatio@ontext
(Guglielmetti and Scheib, 2012)

In this studyGuglielmetti and Scheif2012)categorized the lighting simulation algorithms, methpds
and tools while proposing the technological gap in the integrated daylighting simul&t@ngyPlus and
Radiance were explored as two rigorous whbldlding and daytihting simulation tools.

In chronological orderseveral algorithms for daylighting calculatiarereintroduced and explained
including SplHflux, Radiosity, Backward Raytracing, and Forward RaytrdonmeggyPlus proposdwo
methodsfor daylighting simlation:

1.DHight 2. Detailed

The Detailed method uskthe Splitflux algorihm based on reflected illuminance from the space
componentslin this method, he daylight transmitted by the windowas dvided into downward
traveling flux andipward traveling flux

DElightisamore accurate versionf the detailed method withinterreflected calculatiorenhancements
The delight method uses the Radiosity algorithm wipidsents the most accurate interreflected
illuminance among all the other lighting simulation algorithms.

The final algorithnwas backward Raytracinm which the rays are traced from the calculation peint
backto the light source. Along the way, each intersection with nonlight objects egiritmore rays
spawn to space until the rays intersedtwith the light source Backward raytracingias used in
Radiancewhich is one of the worldenown engines for daylighting calculation.

In the next stepthe authors introduced two new terms to expldhe lighting simulation methodology:
1.Simulation Type 2. Gool System Model
Simulation typedescribeal how the daylighwas simulatedovertime through four distinct types

1 Pointin-time method whichsimulaked the model forspecifictimesteps per har. Althoughit
producedan accurate result, the simulation tinveas extremeljong.

1 Interpolated Design Dayvhichis another climatebased daylighting simulation typkat solves
the time issue in the poinin-time method by calculating the timestepssome critical design
days including summer solstice, equinoxasg winter solstice.

1 Singlephase Daylight Coefficient (Q@hichperformedin the same manner as pokm-time
method but with a rigorous raytracing approach.
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1 3-phase Daylight Coefficie(@C)whichremoved limitations of the singlephase approach by
implementing the geometry changé@#o each timestep.

The Control system modeixpresse it KS St SOGNRAOIf f AIKGAQ NBMmitRYyasS (2
of the software use illuminance proxy contralhich considers the illumination level in one paivithin

the whole floor plane and adjusthe electrical loads accordinglyhe gnsorsigna) another control

system was much more robust and accurate than the illuminance proxy systeasimulation output

of three daylight calculation engisgncludngEnergyPlus, OpenStudio, and SP&@re compared to

oneother toinvestigatetheir differences. The table below indicates the resfittsannual energy use.

Table2.3:Annual Energy Use Results

ELECTRIC LIGHTING USE (kWh)
SIMULATION 0 oAcc T A ce
METHOD CLASSROOM1 | CLASSROOM2
Baseline 2,300 2,228
EnergyPlus 1,158 1,158
SPOT 1,390 1,618
OpenStudio 650 1.025

Based on the resultshe authors concluded that there is no right or better tool whewra@mes to energy
simulation and with all messiness it implidsgre ismore than one way to calculatauilding
performance. Even highly validated tools can deliver inaccurate results duestpatdation errorg22].
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Chapter 3 : Methodology

This chapteexaminesthe research processnd covesthe general schemanddetailed steps that have
been taken taachievethe resuts. The chaptebegnswith a brief introduction to the reseah method.
Next,the set of codes and standardsased on which the initializatiorald been formed areintroduced
and then the research processexplained in three discrete pat

3.1 Introduction

A highquality design properly addresses differemiteria such a comfort, aestheticsenergy
performance andcost The decisionsabouteach of these criteriaan significantlympact other
decisions As a result, a designer is faced wattomplicated interconnected system thean be
addressed successhylonly by having sufficientand comprehensivbody of knowledgeThisresearch
specifically studiethe impactof architedural designdecisionsonly on buildingenergy performancerlo
narrow down the study, attention has been drawnttoee specific achitectural desigriactors
including

1. Windowto-wallratio  2.lighting system 3. Crientation

3.2 Methodology Overview

Defining the research processaisrucial step in every research projeas it outlinesa clear image of
study procedurs and the requiredknowledgeandtools. It highlightsthe possiblepitfalls andbrings
confidence to therocessuy helping to identify the research requirements and specific conditions.
Overall it simplifies the project by breaking it down to several mg@able and easily understandable
steps.

3.2.1 Building Performance Testing Technique

Among the several technigs for building performance assessment, computer simulation was opted to
monitor the effects of the research variables on the building energfopmance.Some of the
advantages of simulationbased methodnclude

9 The simulation method is less costly thihe experimental method

1 The research contained 40 different design alternatjeesh needed to be evaluated
separately The experimental methd is not feasiblén studieswith a high number of
alternatives

1 Delivering realistic results with an experimahmethod is very complicated and needs a high
level of precision with the aid of control factors

The researcimplementeda quantitative approah by statisticallyanalying data that weredelivered
from the simulation tools to find the energgonsumption patterrassociatedvith the reserch
variables Figure 3.3shows each step of the research process distinctly. The research starts with
initialization, which includes identifying the influential parameters in the study pravidinga value
basd on researclaimsor standards This stegequiresa complete review of the literaturand codes
available on the subjecAfter completing the initializgon, the studydivides intotwo main pars.
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1. Lighting analysis, to make sure the lighting loati$ized inthe energy modeling toatan
provide sufficient illumination level for spaces

2. Whole building energy analysis, to observe the energy performantteecpacebased onts
characteristics

Then, esultsof the energy simulatioomodelwere analyzed taconclude the study by confirming or
rejecting the research hypothedisee Figure 3.1)

Lighting Analysis with ElumTools/AGI3:
r | Analyse Artificial
Lighting Level
s —_————————————— — — — —— — -~ ~
/ \ mport Luminaries Dat No

For Light Source:
LED, Fluorescent

i

For Qrientation= North,
South, East, West

i

For WWR= 0:10%:80% <FH—

Lighting Level=
400 Lux?

Assign Energy
Dependent Factors

W

o — — — — — — — — — — —

port Lihting Power
Density

Whole Building Eneragy Analysis with EnergyPlus/OpenStudio/Radiance
Figure3.1:Research Flowchart
3.3 Initialization

During theinitialization various influential parameters on the building simulatiware identified and
organized under two main categories:

1. Explicit Parameters
2. Implicit Parameters

Explicit parametergcludethose that are fixed and neadjustable such as climateaoneandlocation
On the other hand, implicit parameters can be manipulated and adjusted more independiibdly.
identifying all the parameters affecting the energy results, they were given standard values based on the
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research aimandweredivided inb fixed and varible categoriesThis research she#dtoward a retrofit
project TheSchool of Architecture + Design at Virginia Tech campus in Blacksisrgnsideredas the
simulation modehnd this earlydecisiondeterminedsome of the explicit parameteesssociatedvith

the sitesuch as climate zone, exterior obstructions, and orientati#wveral of thebuilding parameters
in Cowgill Hall remained the same while sosueh aghe materials, construction layers, function,
lighting systemetc. were changed to make thbuilding comply with the most current codes and
standards

3.3.1Building Code

Among the arious standards and energy guidelines sucA88lRABJSGBC, IECC, IG2@dJBC,
ASHRABtandard 189.which is a compmrhensive guideline for higberformance buidings was used
as the base guideline for compliance

3.3.2Simulation Parameters

To simplify the studyonlythe third floor of Cowgill hall was considered as the simulation mdadind
the optimum WWR in presence of LED and fluorescent luminaifesiircardinal directios, WWR, type
of light source, and orientatiowere considered agariablesand the resiof the parameters were set as
fixed. Table 3.1depicts all the influential parameters identified in the simulation based on tigp#.

Table3.5 Simulation Parameters

Paramders Explicit Implicit Fixed Variable
Location (Climate Zone) 3 XS
Exterior Obstructions (Exterior EX{ $3
Shadings)
Geographical Orientation EX X
Space Function XS
Mechanical System
Structural System
Material Composition
Constriction Layers
Lighting System
WWR
Lighting Control Strategy
Operational Schedule
Furniture Location
Luminaires Type

$383/83 88
EXIRX

XIDAIXIRXARIARXIEX IR X I JRX
EXIRXIRXA

1. Location

Cowqgill Hall is located in the town of Blacksburg in Montgomery County, Virgittarding tahe 2012
InternationalEnergy ConservaticBode, Virginia falls into climate zoa#é, which is defined as mixed

andHumidg A 0 K Lt ! yAdGa /55p5&8CpECnpknpnnms lo/RnA L ! YAGA

! b5 | 55 my SAmixehwonid dimate is generally defined as a region that receives more than
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20 in (50 cm) of annual precipitati@andhas approximately 5,400 heating degree days (65°F basis) or
fewer. The average monthly outdoor temperature drops below 45°F (7°C) during the wintathso

The US climate zormaap can be seen ife3], Fig. 3.2].

Manne (C) Dry (B)

Moist (A)

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8:

Bethel, Northwest Arctic, Dellingham,
Southeast Fairbanks, Fairbanks N. Star,

Wade Hampton, Nome, Yukon-Koyukuk,

North Slope

Warm-Humid
below white line

Zone 1includes Hawaii,
Guam, Puerto Rico, and
the Virgin Islands

Figure3.2 US Climate Zone Map

2. Exterior Obstructions

CowagillHallis located on the west side e Drillfield on Perry street. Its constation was completed
by 1996 It was the first building ever built fahe architectureprogramand the first departure from the
traditional gothiestyle buildings on the camp[&t]. The building is surrounded by Burrus Hall on the
southside of Cowgill Plaza, Johnston Student Ceatethe West Bishop Favor Hadh the North and
Hancock Halbn the EastFigure 3.33.6show the exterior obstructions of the Cowdilall[25].

»
MUseum of'Geoseiences

; N A 1 .- " VirginiaTech) V}
R 7 i Memorial Chapel v
N/, ~ > N

J}A \ Hahn Hall'Solith
/{;mmu X A\\t -

o R

Goole

(\ G
Torgeﬁb .

Figure3.3 Cowgill Hall
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College of Architecture
ear}d UrbaniStudies

Figure3.6 Surrounding Buildings
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3. Cardinal Direction

The North orientation was Rotated 45 degrees to the westthateach of the sides ithe rectangular

plan would be perpendicular to eadardinal direction The current consideration makes it easier to
track the changem different alternativesThe research specifically tends to observe the changes in the
wider portion of the plan near thevindow openinggPerimeter zonesh four orientations

A D
1

4
§

—

Figure3.7 Cowgill Floor Plan

To track the changedsf energy consumption in East and West directiohsg, building was rotated 90
degreesso that the wider perimeter would be exposed to the East and West.

n
A Thid floor Area: 11885 sqfor 1104 sgm
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Figure3.8 Floor Plan along NortBouth Axis Figure3.9 Floor Plan EastVest Axis
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4. Space Function

CowgillHallin Virginia Techouses theschool ofArchitecturerDesigrand servesnultiple educational
purposes. According to the US Department of Energy, commercial buildings comsarmenergy than
the transportation or industry sectors, accounting for a taf#0% ofUS energy ug26]. Due to this
great share of energythe function of the buildingvaschanged to ampenoffice.

5. Structural System

Cowgill Hall was built witta beamcolumnconcrete structure and the structural system remained the
same for this study

6. Materials

Many of the building materials have bepreserved while somesuch as flooring materialvere

changed The materials were clsen based on their Light Reflectance Value (UERNK.is the portion of
the light that is reflected from the surface compared to the amount of light that is receivedeby th
surface. LRV can depict how dark or light colors may look on a scale of 0 thé@ @oser the number
to 100 the more reflective and lighter the color is arideversa. A mean value has been identified in a
range of values for the building's primanaterial finishedbased off21, Tab3.2][21, Fig3.10].

Table3.11 Color Reflection Factors

Medium Value Colors % — .
White 80-85 Nt o N
Light gray 45-70 :: > @@ ﬁ-} \
Dark gray 20-25 ==_ \<§§ < Ay
Ivory white 70-80 z\ﬂ%g TS
Ivory 60-70 = @fé&
Pearl gray 70-75 — PR
Buff 40-70
Tan 30-50 Up to 20%
Brown 2040
Green 25-50 il 40-60%
Olive 20-30 e
Azure blue 50-60 - ; e
Sky blue 35-40 — e
Pink 50-70 — > <
Cardinal red 20-25 £ Surface Refl A I rule, use highly reflect
{ -11: Distribution of Surface Reflectances. As a general rule, use hi reflective
Red 20—40 :3‘:’52; :;-d?st:ib?n; light, and to use da(;:er colors ungur'aces where Ilggl J\stnbution

Ap Refi > is not as important, such as the floor.
proximate Reflection Factors . o
Figure3.10 Distribution of Surface Reflectance

Table 3.3hows thdfinishmaterialsfor the ceiling, floor, interior walls, anthsk surfacealong with
their associated.ight Reflectance Value (LRV).
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Table3.16 Materials light reflectance value

Surface Finish Material LRV
Floor Vinyl sheets 42
Ceiling White paint on the exposedoncrete ceiling 80
Interior Walls Light grey paint on masonry 50
Task Laminate (wood core+plastic finish) 45

Given thatthe selectediuminairesfor the office space draw 30% of their light up to the ceijlamdighly
reflective finishwaschosento help scatter the light and provide appropriateambient ligh level for
space The reflected light wilboost the lighting quality and prevesitontrast.

7. Occupant load

According tahe Building International Code, the occupant load dommercial buildigsis 100sqft.

However, the 2018 edition dhe National Fire Protection Association (NFE#gngedt to 150 sqgft

Also, a new factor of 30 square feet per person for collaboration spaces with areas less than or equal to
450 square feet can now be usdgr collaboraion spaces with areas greater than 450 square, feet

rate is15 square feet per persd28].

Concerninghe interior furniture, the open office can house 80 deskkich allowfor 80 employeedo
officially work in the space. Based on the floor area and the number of employees, the occupant load
was calculated as 185 sqft per persarhich is slightly more than the minimum allowed Occupant load.

8. Construction Layers

Thecurrentconstructionmaterials and layers itihe buildingwere changed to enhance the thermal

LINE LISNIGASa 2F (GKS SE dl§dedsttudtibnf nhady®MNtelimatsde®derdeyy / 2 6 I A £ f
codes and standards including tResaluesof the congruction layers are not met. Asresult, new

construction layersvere proposed based on thASHRAEtandard guidelingsand International Code

Council[22 Tab. 3.2] highlightsthe ASHRAHE89.1:2014 Standard aniCC thermal property

requirements of the building envelope.

Table3.17 Building Envelope Requirements for Climate Zone 4(A, B, C)(SI)

Nenresidential Residential Semiheated
Assembly Insulation Assembly Insulation Assembly Insulation
Opaque Flements Maximum Min R-Value Maximum Min R-Value Maximum Min R-Value
Roofs
Insulation entirely above U-0.164  R-6.2 ¢.. U-0.164 R-6.2cd. U-0.475 R-2.1 ci.
deck
Metal building® U-0.189 R-23+R-44ci U-0.189 R-23+R-44ci. U-0.419 R-0+R-2.3¢i.
Attic and other U-0.107  R-10.6 U-0.107 R-10.6 U-0.174  R-6.7
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Wails, above grade

Mass U-0.532 R-2.01 U-0.460 R-2.29 U-3.293 NR

Metal building U-0.307  R-1.9+R-23ci. U-0.256 R-28+R-2.8¢1 U-0.828 R-0+R-1.1 ci.
Steel framed U-0.327 R-23+R-22ci. U-0.327 R-23+R-22ci. U-0.634 R-23+R-0.7ci.
Wood framed and other U-0.327  R-23+R-13ci. U-0.327 R-23+R-13ci U-0.455 R-23+ R-0.7ci.

Wails, below grade

Below grade wall C-0608 R-18ci. C-04703 R-22ci C-6.473 NR
Floors

Mass U-0.291 R-29¢i. U-02607 R-33ci U-0.547  R-l15ci

Steel joist U-0.194  R-6.7 U-0.194 R-6.7 U-0.266 R-53

Wood framed and other U-0.169  R-6.7 U-0.169 R-6.7 U-0.261 R-53

Slab-on-grade floors

Unheated F-2.658 R-3.5 for 1200 mm F-2.658 R-3.5 for 1200 mm F-1.264 NR

Heated F-4.309 R-3.5 for 1200 mm F-35171  R-2.6 full slab F-4.601 R-3.5 for 1200 mm
Opaque doors

Swinging U-2.556 U-2.556 U-3.578

Nonswinging U-2.556 U-2.556 U-7.412

Assembly Assembly Assembly Assembly Assembly Assembly
Assembly Max. Min. Assembly Max. Min. Assembly Max. Min.

Fenestration Max. U SHGC VI/SHGC Max. U SHGC VT/SHGC Max. U SHGC VT/SHGC
Vertical fenestration, (For all frame types) (For all frame types) (For all frame types)
0% to 40% of wall

Nonmetal framing, all ~ U-1.79 S-0.40 1.10 U-1.79 S-0.40 1.10 U-2.61 NR NR

. E&W-0.36 E&W-0.36

Metal frammg, fixed U-2.15 N-0.50 U-2.15 N-0.50 U-3.73

Metal framing, operable U-2.56 U-2.56 U-4.14

Metal framing, U-3.94 U-3.48 U-3.94

entrance door
Skylight, 0% to 3% of roof
All types U-2.84 0.40 NR U-2.84 0.40 NR U-6.53 NR NR

* The following definitions apply: ¢.i. = continuous insulation (vee ANSI/ASHRAE/IES Standard 90.1-2013, Section 3.2), FC = filled cavity (see ANSVASHRAE/IES Standard 90.1-
2013, Section A2.3.2.5), Ls = liner system (see ANSYASHRAF/IES Standard 90.1-2013, Section A2.3.2.4), NR = no (insulation) requirement.
a. When using the R-value compliance method for metal building oof%, a thermal spacer block is required (see ANSI/ASHRAE/IES Standard 90.1-2013, Section A2.3.2).

Based on the highlightegalues new construction layers have been proposed as follows:

1 Wall Above Grade

Metal Bracket
XPS rigid insulation
Concrete Masonry Unit

Vapor Barrier

The calculated Walue for the
exterior wall is 0.49 whitis below
the maximum 0.59 allowable valu
in the ASHRAE 189.1. The R valt
for each layer has been brought
below.

—— Hokie Stone
Air Cavity

Figure3.11 Exterior Wall Section
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Layer:

Outside The ader shows the way the laye
— had been inserted into energy
our imstone R value: 0.089 . . .
Concretes in-120 Thickness: @ Q Thermal conductivity: 1.14 W/m K simulation software as constructic
Ib/ft3 data.
- R value: 0.17
[ Wall air space ] Thickness:Q Q Thermal resistance: 0.17 The materials and the-Ralues
R value: 1.57 associated with them have been

[Wall Insulation ] . .
: 2.63 : 0. .
Thickness: 2.8 (Thermal conductivity: 0.043 W/ m K extracted from the BCL material

E‘;f’t‘grif;ﬁ;’g:fu'tg R value: 0.18 library linked to the NREL website
Cells empty Thickness: @ Q Thermal conductivity: 0.84

R value2.009
Uvalue:0.45

9 Floor Above Grade

The floor in third story of Cowgill
Hall is not &posed to the outside,
as a result it was defined with
adiabatic surfacéoundary
condition in the energy modeling
software.

Cement Leveling Compound

Vinyl Flooring

[ Slate or Tile %2 in ] Waffle structure

M11 100 . .
mm Figure3.12 Floor Section

Lightweight
concrete

Eightweight Concreﬁ

in-80 Ib/ft3

9 Interior Wall

GO01a 19mm gypsu
board

(e )

[GOla 19mm gypsum]

board

1 Glazinglrype
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A window wall glazed system wigimetal frame waselectedfrom the windows directory on the
National Fenestration Rating Couneebsitd30]. Table 3.5 elibits different characeristics of the
glazed material used in the study. Note thatfatitors comply witlthe fenestrationrequirements

mandated byASHRAEtandard 189.2014See table 3.6)

Table3.25 Glazing Features

Ventilation
Rating
(Standard
Screen)

Condensation

TEs Resistance

Air Leakage

ARA-K-53-00001-00001 0.37 0.35 0.62 47

Ventilation
Rating
(Enhanced
Screen)

Close

Frame/Sash
Type

Glazing
Layers

Gap

Manufacturer Product Code Widths

Group ID

Spacer

Grid | Divider | Tint

Dual Thermal Break: SB60 /AIR / CLR

1 EMMBMM) - 171G ATINA 2 0.035(2) 0.5 A1-D Fill 1: AIR {100} N CL
U factor: 0.37
Visible transmittance: 0.62
Condensation resistance: 32
Solar heat gain coefficient: 0.35
Table 3.29 Fenestration Requirements
ASHRAE 189.1-2014 Prescriptive Fenestration Requirements
Climate 1 2 3 4 5 6 7 8
Zone
Vertical Fenestration
Maximum U-factor
Non-metal | 0.45 0.35 0.32 0.32 0.29 0.29 0.29 0.29
frame, all
Mstal frame, | 0.51 051 0.45 0.38 0.38 0.38 0.34 0.34
fixad
Mstal frame, | 0.59 0.59 0.54 0.45 0.45 0.45 0.35 0.36
operable
Mstal frame, | 0.99 0.75 0.59 0.59 0.59 0.59 0.59 0.59
entrance
door
Maximum SHGC
Non-metal | S&E&W- | SEE&W- | SEE&W- | S-0.40, 5-0.40, 5-0.40, 5-0.45, 5-0.45,
frame, all 025 N- |025N- |025 N- |E&W-036, | E&W-036, |E&W-0.36, | E&W-0.41, | E&W-0.41,
0.35 0.35 0.35 N-0.50 N-0.50 N-0.50 N-0.55 N-0.55
Mstal frame, | S&E&W- | SAEAW- | SEE&W- | S-0.40, S-0.40, S-0.40, S-0.45, 5-0.45,
fixed 025 N- |025N- [025 N- |E&W-036, |E&W-036, |E&W-0.36, | E&W-0.41, | E&W-0.41,
0.35 0.35 0.35 N-0.50 N-0.50 N-0.50 N-0 55 N-0.55
Mstal frame, | SEE&W- | SEE&W- | SEE&W- | S-0.40, 5-0.40, 5-0.40, 5-0.45, 5-0.45,
operable 025 N- |025N- |025 N- |E&W-036, | E&W-036, |E&W-0.36, | E&W-0.41, | E&W-0.41,
0.35 0.35 0.35 N-0.50 N-0.50 N-0.50 N-0.55 N-0.55
Mstal frame, | S&E&W- | SAEAW- | SEE&W- | S-0.40, S-0.40, S-0.40, S-0.45, 5-0.45,
entrance 025 N- |025N- [025 N- |E&W-036, |E&W-036, |E&W-0.36, | E&W-0.41, | E&W-0.41,
door 0.35 0.35 0.35 N-0.50 N-0.50 N-0.50 N-0 55 N-0.55
Skylights with Glass
Maximum U-factor
All types | 0.75 | 0.65 | 0.55 | 0.50 | 0.50 | 0.50 | 0.50 | 0.50
Maximum SHGC
All types | 0.35 | 0.35 | 0.35 | 0.40 | 0.40 | 0.40 | Any |Any
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9. HVAC System

The mechanical system remained the same in the buildvfgurpipe air handling unit with Variable air
volumealready provides heating, cooling, and ventilation in the Cowgill Hadl.hot water is supplied
by a central plant outside the buildirgt the Virginia Tech campu$he plantdistributessteam tothe
different buildings on the campus and the mechanical equipmémeach building transforms it into a
liquid phase.n this studythe supplysystemwas cosideredlocal witha boiler providng hot water and
achiller providng cold water

10. Windowto-Wall Ratio

The percentage of window openings in the buildisgone important factor in energyerformance A
glazzd wall usually fasalower Rvalue than a sadl wall. Thereforemore energycan betransferred
through the glaed surface Standards limithe vertical fenestration area to 40% of the gross above
grade wall area. With exceptions for some buildings, the area of-aréshted and easbriented
verticd fenestration must each not exceed theea of southoriented vertical fenestration

In this study, ninalifferent WWRpercentags, starting from 0 to 80 percent with 10 percent

increment were considered for different design alternativésfixed 22inch (70cm) distancevas placed
from the upper edgeof the windowsto the ceilingin all scenarios and the lower edge would be moved
down toincrease he window area A horizontalindow geometry was chosen over a vertical one since
it providesa more evenight distribution Verticalwindow geonetry creates very déror very light spots
andcausesilluminancecontrassin the spaces

70 cn T[]

Figure3.13 NorthFacade

11. Operational Schedule

The office operational schedule is importagiten thatthe mechanical and electrical systeare reliant
onit. In this study, thenergy plusiefault set of operational schedwéor office buildingsvasused
which contaired schedules for lighting, office equipment (mostly plug loadsjiinfiltration.

12. Furniture

The location geometry, mateal, dimensions, and heiglf desks andather furniture piecesare
important because thg highly affect thdightingdistribution. Interior furniture, especially with dividers
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such agffice work stationsact as interior obstructions. They can absorloch] or reflect the daylight
or electrical lightllumination, and change the quality of light inside thesses

-Floor tofloor height = 14 ft
-Floor to ceiling height = 12 ft

:jiliﬂ% ﬂf % = EE

Figure3.14 Furniture Plan Figure3.15 TaskHeight

rn

r-

A
2Q4Q C

13. Reflected ceiling plan

The location of luminaires, suspended ceiling, air ducts, and return air dffiets the simulation
results.Since the study is not tracking tleffects ofthese parametersareflected ceiling plan has been
proposed tdfix thelocation of each of theseelements.Note that changes in theiminairesdo not
change the location or hght of them in the plan.

S T —— == Ry =

Figure3.16 Reflected Ceiling Plan
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14. Light Source

FluorescentCompact Fluorescerdand LEDampsare some ofthe most common light sources that are
often used in open offices. The differencef@aturesof light sourcesuchasefficiency oright output,
directly and indiredy affect the whole building energy consumptidn.the beginningit was decided to
set the luminaires as fixeelementsand orly change the light sources inside theHoweverthe
followingreasonded to change thduminaires for different light sources

1) Luminaires designed for a specific source of lagetmore energyefficient
- (hange of luminaireprevents waste andignificantlyenhance energyperformance
2) Lack of luminaires thatanwork with LED and fluorescent light sources
- Recentlighting produts aremostlymanufactured in a kiwith specific luminaire equipment
and light source.
3) Different light emittance patternbetweenthe LED and dlorescentsources
- Thedifferenceh y f A I K{ & 2 dzNJD $eguites 8isfinctiuiminairésSvithlspedific S NI/
lenses and other equipment wistribute the lightin the desired direction.

The spacetarget illumination level was set according to the range providetiénlluminating
Engineering Society of North Ameri¢gBSNA)24, Tab 3.Yindicatesthe range for each space function.

Table3.43 Standard lllumination Level

ROOM TYPE LIGHT LEVEL (FOOT LIGHT IECC 2015 LIGHTING POWER
CANDLES) LEVEL (LUX) DENSITY (WATTS PER SF)

Bedroom - Dormitory 20-30 FC 200-300 lux 0.38
Cafeteria - Eating 20-30FC 200-300 lux 0.65
Classroom - General 30-50 FC 300-500 lux 1.24
Conference Room 30-50 FC 300-500 lux 1.23
Corridor 5-10FC 50-100 lux 0.66
Exhibit Space 30-50 FC 300-500 lux 145
Gymnasium - 20-30 FC 200-300 lux 0.72

Exercise / Workout

Gymnasium - Sports /

30-50 FC 300-500 lux 1.20
Games
Kitchen / Food Prep 30-75 FC 300-750 lux 1.21
Laboratory 50-75 FC 500-750 lux 143
(Classroom)
LT oI 75-120 FC 750-1200 lux 1.81
(Professional)
Library - Stacks 20-50 FC 200-500 lux 1.71
Aty = gl 30-50 FG 300-500 lux 1.06
Studying
Loading Dock 10-30 FC 100-300 lux 0.47
Lobby -
Office/General 20-30 FC 200-300 lux 0.90
Locker Room 10-30 FC 100-300 lux 0.75
Lounge / Breakroom 10-30 FC 100-300 lux 0.73
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Accordingo table 3.7 the standard light level faspenofficesfalls within 300 to 500 luxIn this study,
400 luxwas considereds thetarget illuminationlevel Meanwhileall the desks and tablasere
equipped with task lightto ensuresufficientilluminationlevel on the tasksurfaceswhile reducing
energyconsumptionbecause

1 Not all employees have similaght levelpreferencesand task lighs allow forindividual control
overthe illumination level.Thus many of the task lights may remain dffiring the dayor be on
but with alow powerlevel (when using dimmable fixtes)

1 Employee$working houramay differ from each other andith task liglts, it is possibléo
reducethe energy consumption wén one does not needight.

Luminaire typeswere selectedbased on thestatus quo in Cowgill HalThe main area of the ceitirhas
an exposed waffle structure and is covered vgitispended luminaires. All the nooks in the phave
drop ceilingsand are covered byecessed luminaire#lsq each of the deskis equipped withan
individual operabldask light.

The followingfactars limited the range of proper luminairefor the study:

1 Not all the lighting manufacturs provide the luminaires IES file, Revit fapailyd other
requireddata. As a resultpnlythe products of a fewnanufactures which had the required
data, could beconsidered

9 Theproperluminaires should draw 30% of the light up and 70% ddinus the light
distribution maplimited the options.Initial simulatiors provideda good estimatiorregarding
the light distributionand lumen outpubf the selected luminaireandnarrowed downthe
luminairechoices.

Theselecteduminaires, theiphotometricfeatures,and other informatiorcan be foundn the lighting
resultsection of the results chapter in this book.

15. Thermal properties of light sources

[25, Tab 3.Bshowsthe generalthermal propertiesof different light sourcesEach type of light source
has distinct heat and visible light fractiddote that the type of Ighting fixture alsohasa profound
impacton the heat and visible lighfraction. Figure 3.17 depictdifferent types of luminairesandtheir
positiononthe ceiling.

Table3.51 Heating Properties of Light Sows

Incandescent (%) Fluorescent (%) LED (%)
Visible light 8 21 15-25
Radiant heat 73 37 -
Convective heat 19 42 75-85

Althoughthe ASHRABandbook of fundamentalgrovidedthe heatpropertiesof different fluorescent
lighting fixtures, there is dack of information regarding the LED ligigtfixtures.Liu et al(2017)
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proposedthe heat distributionpatternin various LED ligfikturesthrough an experimental research
However resultsof the studyhave nd been confirma by ASHRAEN therefore have not been used in
this study Change of the luminaire type or light source alters the thermal properties of the lighting
systemand affect theresults to a great extent.

o0
I-:U [a]w)
Suspended Surface Mount Recessed
~ _-,’;___‘
[+ I+ +] |r DFV{:F a1
IIIIIIIIIIIIII | '
Luminous and Return-Air Ducted

Louvered Ceiling

Figure3.17 Different luminaire type§l1]

16. Lighting Schedule

After running the daylight siulation, Radiance provideEnergyPlus with a new lighting schedule. In this
study, thesum of ambient and task lightsane dimmedtogetherbased orthe daylight availabilityand
there was no distinction in their dimming settingBecause of thighe tasklightsdo nothave a specific
schedule and do ndbllow the buildingoccupancy schedule

17. Lighting Control Strategy

Continousdimming with daylighting control sensors wasestedas the lighting control strategy. The
sensors aralsolinked to the opeational schedule setwhich containghe sub schedules such as liglgtin
schedule and activity level.

10 *— Zero daylight

illuminance
Increasing daylight

iluminance

Fractions
light output

Mirnimum i ght — e huemssnms
output fraction H

0 i
u] 1.0
Fractional input power

Minimum input power fraction

Figure3.18lllustration of continuous dimming relationship
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Light sensors gauge the condition and change the light level as necefsaayresultfinding theright
locatiors for the sensors isnportant. The red marks shown in fige3.19were considered as daylight
control points based on the location of luminaires and OpenStudio limitations.

Figure 19 Daylight Control Pointséo

Three rows of luminaires creatéhree lighting zonein the order of proximity to the windows. One
daylightcontrol sensor waallocated toeach row of luminaires in each lighting zofidis arrangement
simplified the dimming by startingrom the light zone lwhich is closer to the windowandreceived
more sunlight andtontinuinginward tolight zone2 and 3 respectively.

Lighting Zone 1 Lichting Zone 2 Lighting Zone 3

1
|
I
|
1
1
T

1
1
T
I
I
I
I
I
I
I
I
I
I
I
I
I
1
1

|
I

Figure3.20 Lighting Zone Divisions
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3.4 Simulation Overview

After the buildingparameters hd been identified and givenreappropriate value, theyere inputted
into the energy modelingoftware As previously statedhe studyaimedto explorethe effect of
research variables on thehole building energy consumptigrattern. The range of values for each
variable are as follows:

1 WWR:nine scenariostartingfrom 0% to 80% with 10%drement
1 Type ofight sourcetwo light sourcesncluding LED antluoresent
9 Orientation: four cardinal directions (North, East, West, South)

A ombination ofdifferent valuesof each variable pvideda total of 72 design alternativee be
simulated.

3.4.1Design Alternatives:

Design Alternatives

\
\
\

\Fl.mu'-.t ant

Figure3.21 Design Alternatives Diagram
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3.5Simulation Tools

A simuétiontechniquewasselectedto conduct the study andssess the building energy performance.
Technologicallevelopmentsn recent yeardave introducedmanyadvan@d computer programshat
cansimulate the building energy and lighting performance veitieeptableprecision.However, he
largevariety of simulation programs malkedifficult to choosethe right applicatiorthat fits the study
objectives After carefully reviewing thdeatures advantagesand disadvantagesf different software
programs AGB2 wasselectedfor the lighting analysis and OpenStuiiaergyPlugor whole-building
energy modeling.

Theprimaryreason for using combination of two diférentprogramsincludedthe inability of the
majority ofbuilding performance simulatioBP$software to evaluate the spatial illumination levehd
lighting quality. On the other hand)any lightingcomputationtools can analyze thelectricallighting
performancebut disabledto evaluate thef | Y th&nialbehavior Due to the lack of a stardlone
softwarethat cancombine thesalistinct functions, two programs were used to accomplish the results.

3.5.1Lighting Analysis Tools

A lightingsimulation softwarewas required to find thelesiredLED and fluorescetiminaires that
could providea suffident light levelin the open officelt wasimportantto keep theLED and fluorescent
& O Sy Highiexah \@ry clos®d one other to provide comparableconditiors for the simulations.

To identify the proper software the features okeveralightingsimulation products such a8Gi32,
Dialux Evo, Reluand SP® werereviewed Then, the! D A o H @Qrifor ReRIFEIunTTools)was
selected which uses the full Radiositalculationmethod. For more information abouthe Radiosity
Method, see[33]. Thefollowingsindicatethe justificationfor choosing AGi32 over othéghting
simulationsoftware:

1 AGi32has been developedy a USAbasedcompany and has a complete directory of IES files
and luminaireof Americarlighting products.

1 AGi32 has powerful graphic visualization aedlisticrenders which show thighting condition
inside and outside of a biding.

91 It canwork through the Revit usenterface which is a architecturaldrawingsoftware This will
drastically acelerate thdighting simulationinitializing processince there is no need to model
the building geometry from scratch

ToolsIntroduction
AG32

AG32 is a lighting calculation tool developed by the Colorhdsed Lighting Analyslifumination
Engineaing Software company It was designed to compute the exterior and interior illuntioa, and
assist irdeterminingthe luminairesplacemen. AG32 and Elurfiools are known for theipowerful
visualizatiorand can provide both numeric and rendefoutput [34]. AGi32 povides the user with two
lighting calculatioroptions, eachwith its merits anddisadvantage.
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9 Direct Calculation method
1 Full Radiosity method

The direct calculation method only considers the light directly coming from luminaires and is mostly
used for exterior applicationsThe 1l radiosity methogon the other handtakesinto account the
interreflected light whichis very important in the interior lighting he full radiosity methoteads toa
more accuratdighting simulatiorbut requires additionatime for computation.

AGi32 utilizes the point by point calculatiorethod, which allows the user tjmcludeas many
calculation pointasrequired.It then provides various outputs each calculation poirihcluding
Illuminance, Luminance (defuse),Jilight factor, Unified Glare Rating, Roadway Luminance, Veiling
Luminance, Small Target Visibility, and Glare Ralingredict the photometri¢eatures of espacejt is
necessaryo model the space ithe AGi32 interfaceassign the calculation pointse their height
choose aalculation method, and run the simulation.

Software Limitations

91 Despite being stated in the softwaneanual AGi32is unable tamport 3D file formatsThe
programcrashes and closasghen a slitly large file is importedAs aresult, the 3Dmodel
import function is somewhat useless.

1 Although the daylight calculation is possitteough AGi32, the possibility of importing weather
filesto the softwarehasnot beenaddressedThus it does not #ow for a climatebasead
calculaton.

1 AGi32 does ndtaveanoption for photosensor contralAs a result, itannot dimthe electrical
luminaireswith respect tothe availabledayligh.

1 The software is not free.

ElunmiTools

ElumToolsis a lighting calculation tool designad a plugirior Autodesk Revitlt wasdeveloped by the
Lighting AnalystHlluminationEngineering Softwareompanyand sharsthe same features with AGi32.
Unlike AGi32whichis a stanehlone software, ElunToolsis an adeon for Autodesk Reviénd uses the
Radiosity metod to compute the light levdB5]. By installing EmTools, aribbontab iscreated inthe

Revit environmentthrough which it is possible to import IES files for different luminaires, change the
material properties through the material library, create calculation pqgicitginge features associated
with points, drop and locate luminairs,select the results output, anthke advantage oElumi2 2 £ a Qa
other functions.

A greatadvantageof HumTools over AGi32sthat there is no need to draw a separate model for lighting
analysisand dl the operations can bdone in the Revit modeLikeAGi32, iprovidesa walkthrough
option to navigatanside and outsid¢éhe building and evaluate the light quality.

Software Limitatiors

1 The software is not able to import weather levhichresults inless precision inaylight
computation.
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9 Elunilools does not address photosensor control. As a result, it doedinuthe electrical
lampsin responseo dayliglt.
I The software is not free.

3.5.2Energy Performance Analysis Tools

Thereare several candidtes for wholebuilding energy simulatiosoftware, includingDesignBuilder,
hLISy{(ddzRA2> 91jdzSaix DNJIJ &aaK2LILISNAEQ AltfougAhayiyof & dzO K
these programs share the same simulation engine (EnergyPlus)usiezimterface and general
programfeatures are differentAfter reviewing the features and capabilities of each softwanegram
Openstudigwhich works witha combination of EnergyPlus and Radiaaegineswasselectedover

other programgueto the following reasons:

1 UnlikeDesignBuildr, OpenStudids an opersource application witlfree access.

1 In addition tothe EnergyPlus engine, OpenStudio utBiRadiance fodaylight analysis.

1 OpenStudicomes ima kitwith various toolswhichaid in energy modelingndenergy modelers
with anylevel of proficiency can use the software

1 Itisamore comprehensive tool conaped to other energy simulation tools.

1 Itis lirked to SketchUp which isiarchitecturalenvironment for3D modeling.

Tools Introduction
OpensStudio

OpensStudio is aollectian oftools to support wholebuilding energy modeling with EnergyPlus and
Radiance engine#t has been developed lize National Renewable Energy Laboratory in the US
Department ofEnergy It is an opersource softwardghat was first developed as a simpgdugin for
SketchUp to edit the geometry and modedingEnergyPlus simulatiorit contains several graphical
interfaces such as OpenStudippdication, Sketchup Plugin, Dviewer,dgks Viewer, and Parametric
Analysis Tool (PAT).

SketchUp OpenStudio The initial model geometry can be drawn in SketchUp building parameters
aregiven values through the OpenStudio application.

Parametric Analysis TooPATcansimultaneouslyun simulationsfor various design alternativabat
have beercreatedby applyng different measures tabase modellt also has a buiin directory for
mathematical algorithrathat can be usedb simplify the optimization procedure.

Result ViewetDview: Results Viewer and Dviewer provide charts, maps, and other graphical docment
base on thesimulationresults.

Ruby. Open Studialso utilizes Ruby, C++, and C#tde more commands thatannotbe applied
throughthe OpenStudio applicatiarThe dove progranming languages can be used to create new
measureswhich can applghargesto the base model.
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BCL LibraryAll thepremademeasures, materials, HVAC systeoogistructions, and many other
building data are collected in the online Building Comgaat Library (BCLUsers arealsoencouraged to
share the measures they write ongtBClto further complete tte library data

Unmet Hours Another advantagef OpenStudio is its strong user supptrtoughUnmet hoursan
onlineplatform, where people can ask questions or share ideas and get reggby a group of NREL
experts or othewsers from all parts of the world.

EnergyPlus

EnergyPlus is a consdbasedand opensourcewhole building energy simulation progratmat has been
developed by NREL. EnergyRlasks with text input angrovidestext output. It is an integrated tool to
simulate heating, cooling, ventilation, water consumption, lighting illumination, and plugroad
building.

EnergyPlus utilizddf editor as a basic interface to simplifiserting input values tthe program It also
usesEP-launch to manage the input and outpandrun several simulationg&€Rcompareis another tool
that assistEEnergyPluso graphically compare the results of various simulatidiacethe Idf editor
environmentis not user friendly, many developers hamgr@ducedan intermediary tool for creating
EnerguPlus input fileSoftware such as OpenStudamd DesignBuilder can emedas the Graphical
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User Interface (GUI) for EnergyRIOpenStudicreatesatext input filefor EnergyPluby providing the
user wth a more friendly environment to insert the desired values for building parameiéen it
hands the text file to the simulation engine and after the simulaticcoi®pleted, translates the text
output file to understandable takk and charts

Radiance

Radiancedeveloped by Greg Ward and his teasone of thenostpowerful programs for lighting
simulation.It is an opersource tool that is used by engineers and architects for lighting, daylighting and
solar controldesign.Radiancewhichutilizes the Ray Tracing methot recognized as the most useful
software package for architectural lighting analykite EnergyPlus, Radiancaisommandine

program which requires text input and cread¢ext output. Since the commarndine interface is not
use-friendly, several GUIs such as SPOT, DagsidQpenStudidiave been developedo facilitate
workingwith the Radiance engitig6].

Software Limitations:

1 OpenStudio does not support simulation of cuhgeeometry and surfaces

1 Many of the BC measuresncluding the WWRneasure have trouble implementing the
changesn the model.

1 Thenumber of software bugs after each releaseamparativelymore than othemprogramsin
the market.

1 Since they are loatlasedprograms neither EnergyPlus n@penStudiocan evaluate the
quality of interior light and illumination leverovided by electrial sources

1 llluminance map in Radiance and OpenStudio are presented oalgatangular shape. As a
result, complicated floorplan geometry can hardly be supgd by thesetools.

1 In Radianceonly one and in EnergyPlusaximum two daylight control points can be used
each thermal zoneln some conditions, this limitation can reduce the precisioligbting
results.

9 There is a problenwith zone areasn the EnergyPlus reporRather than the space area,
EnergyPlus tads the total area of each distinct zone (which can be made of several spaces)
report the metricssuch as HVAC and lighting loalfsother wordssome ofthe reports are
based orthe wrong aeas.

Daylight Analysis with a combination of OpenStudio, Race, and EnergyPlus

Daylight illumnationand glare can be calculated both with EnergyPlus and Radiance through
OpenStudio GUDpenStudio Plugin in SketchUp providesdific objectsuch aslluminance map,
daylight control point, glare sensor, airwahdinterior partitions, which prepare the model and enable
the lighting calculatios.

1 Anilluminance mapvisuallyreportsthe calculatedight level or llluminancall over its
boundary
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Daylight control pointschange the electrical lighting schedule according toateilable
daylightand reduce the lighting power consumption. Note thabtdaylight control points are
allowed for each thermal zone in EnergyPlus simulation

Glare sensorganreport the glare inéxwhere they are located.

Air wallsconstructionhas no architectural counterpart ansl usedo dividespaceanddefine
thermal zone boundarie§ o avoid blocking the sunlight, surfaces with air wall construction are
ignored by theRadiancélranslator.

Interior Partitionsare used to model interior obstructions such as columns, furniture, etc.

After setting up the objects required for daylight calculation, OpenStudidreauisferthe input file
either to EnergyPlus or Radian@y.activatingthe Radiance measuia OpenStudipinstead of
EnergyPlusRadiance will be used for daylight calculatiBadiance usethe backward Raytracing
method whileEnergyPlusises Radiosity in DELight method and Shikin Detailed method[17, Tab
3.9 shows thdighting simulation algorithns, methods, and types.

Table3.59 Summary of Simulation Tool Components

SIMULATION SYS%%;T ﬁglﬁm
PROGRAM ALGORITHM , .
(TYPES) (ELECTRIC
LIGHTING)
EnergyPlus - (il'?g:;—;}:?e d [luminance proxy
Detailed . (load based)
design day)
EnergyPlus - (iii?}lgi:ri d [luminance proxy
DELight . (load based)
design day)
Raytracing, (point- | Illuminance proxy
OpenStudio in-time, single- or or Sensor signal
3-phase DC) (load based)

3.6 Energy Modelling Process

The followindfigurespresentthe steps thatvere taken torun the simulation and yield the results

1. Modeling the building geometrgindexterior shadingin SketchUp

Figure3.22 Exterior Shades Figure3.23 Interior Walls
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2. Assigning thermal zonesonstructiors, andlighting calculation objects

T
T
1T
T

T
T
INEEE
INEEE

perimeter zone
auo0z Jaywuad

perimeter zone

/ /

Figure3.24 Thernal Zones Figure3.25 Surface Boundal  Figure3.26 Illumination Map
Condition

Interior obstrictions such as furniture and
dividers were modeled with Interior
partitions and given appropriate reflection
values through OpensStudio application.

Figure3.27 Interior Obstructins

3. Assigninguildingparametesin OpenStudio Application

Figure 3.2&hows the OpenStudiapplication Interface. There are 15 tabs in the ribbon to the left of the
screen, each allocated to one building category.

w4 = X
Site E : e rerrnarroyra
2 i e by: s
Schedual =] |- P —
Construction [ - e B
Loads (@ =
Space Types|y: 5
Geometry o ||
o 1 || G —
Facility oo i
Spaces 7|
Thermal Zones % Date Tewerre | mmaty || wnd S0l Cusom

HVAC System & e e = o [e—
Output Variables o ———— e — e 5
Simulation Settings|a o nch o cremores |} = \ e — 0
‘ech Arpt Aan Clg 4% Condrs Erthe> 0B [m| n i | 3] m]
Measures |2 : — —_—— =
Run Simulation © n [ |
{rrgma rach ara e v vt 90.4% Congr ws=> e | (] a e | u|

Results Summarym

Figure3.28 OpenStudio Workflow
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4. Completing the model and importing it to the PAT

PAT provides platform to make design alternativeeroughthe combnation ofresearch variable88CL
measuresare usefulcomponents that help to create design alternatives in OpenStutis. studyused
Building Rotation, Radiance, OpenStudio Result,\\éiew Modelmeasures tareate design alternatives
Instead of using WWR measure in OpenStu8liseed models each with diisct WWRwereimported to
the PATto represent the variableAlso, rather than using a lighting measurghting loag for LED and
fluorescent scenarios va beenaddressed irthe distinctseed models

W ParametricAnalysisTool o %
File Edit View Window Help

Design Alternatives

Name Seed Model Location or Weather File... Description Rotate Building ViewModel Radiance Daylighting  OpenStudio Resuits
Measure
e ~v o N View Model None Re;
e ~v ux N View Model on Report
[ %] N Model on Re
[ %] N on
©Q ~v N on Rep
e ~v ax N n Rep
©Q ~v o N n Repo
e ~v = N on Rep
e ~v o North- On Report
©Q ~v on Report
0 ~v o No Re
e ~v u on Re
o ~v Vest Re
O ~v x = o Rep
e ~v ¢ East.-West ) Re
0O ~v w Vest Re
o ~v USA_VA_Blacksburg-Vir Vest ! Re;

Figure3.29 PATWorkflow

5. Running the simulation and anaiyg the results

The simulatiorwasrun in batch and the desired metrics from EnergyPlus and OpenStjutiotswere
extracted for furtheranalysisTo better understand the results, they have been visualized into graphs
and tablesusingMATLAB and Flourish online t{8#].

N I 1< Documentation B & signin

PUBLISH =

G oI 0 | mEEET D g O
New Open Save LS Compare = P GoTow  Comment % g %3 Breagonts  Run  RNand [ pdvance  FUNENG
v * v EPint v L Find ~ Indent 5] 2 [f¢ - > Advance Time
fLE NAVIGATE eo BREAKPOINTS RN
UL dtfal » ¢ » Windows > System32 » -2
Current Folder % [ Editor - DA\3rd semester viithesis\Matlab\LEDcomparisonm ® x | Workspace @
[ cFLcomparisonm LEDcomparison.m test percentagecomparison.m percentagebasemodel.n + Name Value

A 1- LEDWE = [162;353;379;470;0;4 $424;429;0;241;7434;355:350;0;260;347; 368;420; 0; 414; 401;306; 27

2-  LED_WOF 61;429;479;0;465;454;436;453; 0; 4627 506;377:385; 072607 368,388 5015 0;432:477:322: 50)
3-  LED o5 (LED_WF) ;

4= nonzeros (LED_WOE) ;

s- th (LEDW) ;

6~ ranspose (1:n)

7= = (1)

§-  plot(pt,LEDW,'c','Color','#EDB120°, 'MarkerFaceColor','$EDB120')
9~  xlabel('Point’)

10 - xticks([1:48])

11~ yticks([min([LEDW;LEDWO]) :25:max ( [LEDW;LEDWC]) 1)

12 igure (2)

13-  hold on

14 -  plot(pt, LEDWO,'o','color','#0072BD', 'MarkerFace "
18- Sfor i=lin

16 - plot([i;i], [LEDW (i) ;LEDRO(I) ], '--", 'Co. )

17- -end

18- ylabel ('Zux')

19 -  legend('LED WF', LED WOF')
20

[5 ’ 21

» 22-  diff=abs (LEDH-LEDAO)

o L 23— Mean di
24
28~ Diff_Standard_ cion = sqrt(sum((mean(diff)-diff).*2)/(n-1));%
26 -  check_std = std(diff);
27

Selact a file to view details -

i ,

Figure3.30 MATLAB Workflow
40



Zahra Zolfaghari

. g
Flourish b Zolten

Choose a template

Show Featured Favourites Mine Company All by Flourish

Line, bar and pie charts
Basic types of chart, single or in a grid

rea chart Avea chart (proportional) vea chart {stacked) Bar chart Bar chart (proportional) Bar chan (stacked) Column chart «
Wl —— © ©
= :
[[[[[[TT— — O ©
Coima ch hed) Donut chant i x Line + Columa Line chart Line chant (projected)
Line chart {with highlight} Multisesies grid Ple chart Population pyramid
Prejection map
Make data h hads and/er Ad: upload your own 3

STARTING POINTS

& r . . - AP . . & .l K

Figure3.31 Flourish Data Visualization and Storytelling [26]
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Chapter 4 : Data Analysis and Results

4.1 Simdation Results
In thefollowing chapterresults of the studyare presented in two ections

1. Lighting analysis
2. Energy Performance and dayligintalysis

Tounderstandthe relationship betweemesearch variables and the whole building energy consumption,
in each section, the simulation outpusse presentedthrough readable graphics

4.2 Lighting Analysis:

Asmentioned inthe previous chapter, OpenStudamd EnergyPlusvhichare load-based progrars are
not able tomeasure the sufficiency of interitight levek. To address thissue AGi32and its Revit
extension Elunifools were used for the photometric prediction and interior lighting calculatiBigure
4.1 depicts the reflected ceiling plan proposed for the open offioghichlocation and type othe
luminaires are the same for LED and fluorescent scenarios.

I 0 0 1

1000 0 |
SsipiplicRi=REzE

Figure4.1 Luminaires Type and Location

I L

528/ pin|BcEnsh
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Running the lighting simulatiowith different luminaireseventuallyled to findngthe handful ofLED and
fluorescent luminaires with rather a clogBimination output.In the lastrun, six types of luminaires
(three for LED and three for fluorescemigre selectedfor inclusion inthe study with the following
lighting information

1. LED Suspended

29% UP / 71% DOWN CCT: 3500K

Lamp Count 0

Lumens per Lamp

Proration Factor

Tatal Lamp Lumens lute
Lurminaire Lurnens 09
Efficiency (%)
Luminaire WWatts 1
Ballast Factor 1.00
Total Light Loss Factor 1.00
Direct - 70.3%
2. Fluorescent Suspended Indirect - 20.7%
N §
CCT: 3500K
Larmp Count
Lurnens per Lamp 2900
\ Proration Factar
Tatal Lamp Lurmens 2900
Lurninaire Lumens 2343
X Eficiency (%)
Luminaire Watts

Ballast Factor 1.00
L All the luminaires used in this study are manufactured by EATON

Power Business Wordwide and the information are based on ot LightLoss Factar L0
EATON websifa8]
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3. LED Recessed

4. Fluorescent Recessed

5. LED Task Light

2 All the luminaires usgin this study are manufactured by EATON
Power Business Wordwide and the information are based on

EATON websifa8]

hodified

Lamp Count
Lumens perLamp
Praoration Factar
Total Lamp Lumens
Luminaire Lumens
Efficiency (%)

Luminaire Watts

Ballast Factor

Total Light Loss Factar 1.00

Photometric Web  Polar Plot

Flane: e 983~

675-2475 ~ 737 : 25

T

Lamp Count
Lumens per Lamp 1750
Praration Factor 1.00
Taotal Lamp Lumens 3500
Luminaire Lumens 2710

Efficiency (%)

LA =~
(= rJ

Lurminaire \Watts

Ballast Factor 1.00

Taotal Light Loss Factor 1.00

Shotometric Web  Polar Plot

Flane: ) )
225-2025 e 651

S

25

Cone:



Lamp Caunt
Lumens per Lamp
Fraration Factor
Total Lamp Lumens
Lurninaire Lurnens
Efficiency (%)
Lurninaire Walts

Ballast Factor

Tatal Light Loss Factor

Photometric Web Polar Plot

Flane: .
0-180 w

Lamp Count
Lumens per Lamp
Froration Factar
Total Lamp Lumens
Lurninaire Lumens
Efficiency (%)
Luminaire Watts

Ballast Factar

Total Light Loss Factor

Photometric Web PolarPlot

Flane:
315-135 “

3 All the luminaires used in this study are manufactured by EATON
Power Business Wordwide ante information are based on

EATON websifa8]
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Allluminaires wereselectedbased on thdollowing properties wattage,lumens per lamp, number of
lamps, luminaire lumens, and total lamp lumeBsspended luminairewere selectedor the main
ceilingarea and recessed luminaire®re selectedor the nooks Note that insuspended luminaires,
about 30% of the light is drawrpuo the ceiling to providéhe space witrambient lightand 70% of the
light is drawn down to the floor tdirectlyilluminate the task areas and corridors.

4.2.1Important Observation

To ensure thatthe processvasmore efficient and lessme-consuminggachsetof the selected

luminaires wasfirst testedin the model withait furniture becausethe furniture 02 Y LJt A OF 1 S& G KS
geometryanddrastically increases the time of lighting computatiéditer observing rather closesults

to the target illumirancein most ofthe areas in the floorplan, the furnitur@asthen added to deliver

more precisaesults When seledhg theluminaires, i is helpfulto obtainan approximan regarding

thet I Y pd&altmancebefore running the complete simulatioiihis methodrevealedan interesting

point aboutthe difference in LED antubrescent illuminatio patterrs.

Following the above methoand in the initial runa set of fluorescent luminairewasselectedafter

corfirming the proximity of their lighting output with the target illumamce However, in the second run

with furniture in the mode] illuminancereductionof about 90 luxwvasreportedin almostall the

calculation pointsAddingfurniture to the modelled to illuminance reductiomn the LED scenario as

well, but the average of reported reductian each point was aboutdtf of the fluorescent casé&Q 1uy.
CA3dzZNBE nodnH RSY2yaildNI G§Sa GKS 9 frdadomBrselecietralolldigrS NA O f
points for comparing illuminance in the meld with and without furnitureFigures 4.3 and 4.4 depict

the illuminancalifference in the selected calculation points in models with and without furniture.

Figure 4.2 Representative Sample

/ 2YLI NR&2Yy 2F (GKS Ftd2NBAOSY(d &40SYyIFNA2Q&E AffdYAyl
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Standard Deviatiofluorescent 69.85

91.37

Mean diffelence

CFL WF
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Figure4.4 LED lllumination Difference With and Without Furniture
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LED and fluorescent percentage differences withartdout furniture
Mean differenceluorescent 12.17%
Mean difference LED= 4.55%

300 T 11T 11T 1T 7rTr 11T 1 117 1T 17T 1T 1T 17 T 17T 7T 7T 7T T T T T T 17T T T T T T T
[ Fluorscent
280 |- EILED _

260 — -

240 — .

220 — —

200 — =

180 — -

160 — =

140 — -

120 — -

llluminance Percentage)

0
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Point
Figure4.5 LED and Fluorescent Differen&ercentage

More reduction in the fluorescent castems fromthe difference in light distribution patternketween
the two light souces.Fluorescent light sources emit lightan omnidirectionalpattern. This means that
they radiate light 360 degressaround the tule which illuminateits surroundings in all directions. As a
result,only a small percentage of the light will be receilsth specific target and the rest will be
directed towvardall directions.To solve this problem, reflectors and other utilities carubed in a
fluorescent luminaire to direct the lighbta specific targetin contrast, LED light souscemit light ina
directionalpattern. In other words, theyradiate light withina 110-degree arch which helps them to
direct the light towardspecifictargets and prevenvasting electricity energly scattering the light
toward useless directionslhis feature in LED higsources removethe need for bulkyandadvance
reflectors. Thus it can be assumed thatompaedto LED scenariothe percentage of light reaching the
task surfaceis smaller in the fluorescent scenarios even with the presence of reflectorsiin the
luminaires. This smaller percentaggilluminancefurther will be absorbed and reflected by furnitu
surfaceswhich causes even moreduction in thelight level.

4.2.2AG32:

AG32 is one of the main products tife Coloradebased Lighting Analyst sofare developergor

photometric predictionlt is a standalone software théias a distinct user interface amdquires
modelinggeometiesin its environmentAlthough2Dfile formatssuch adDWG can be imported to the
program without anyproblem, it is unable to import 3D files andalculate the modks with complicated
geometiies All of theseproblemsled to usng Elunmlools whichist DA oH W LJ dzZaAy T2 NJ
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4.2 .3Elumrools:

Elumtool is the onlyully integrated lighting calculatiopluginfor Revit Aubdesk. It provides Revit with
a tab for lighting analysthiroughwhich sme canchange and edit theeflectance values ithe material
library, import the Revitightingfamiliesand IES filg andlocatethe luminairesn the spacesCompare
to other lighting analysis toolsAGI132 and Eluiioolshave the advantagef produdngrealistic renders
and strong visualizations that caerfectlydepictthe lighting qualityin and outsidghe building.The
following figuredepictsome of the Elumools and AGEgraphical outputsncluding the illumination
maps, Pseudo renders, pseudo maps, and lighting repbttee photometricsimulation in this study.

1. Realistic Renders

Both Elunfools and AGi32 are Radiosity based softwesal-knownfor their high visuakation power.
Figure 4.2 to figure 4.6howsamples of realistic renderswhich detailthe furniture, materias, and
precise lighting outlook of the space.

Figure4.6 ElumToolsRender output

Direct and Intewreflected Light

Figure4.7 Direct and Intereflected Render
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Direct Only Light

. Figure4.8 Direct Only Render
Inter-reflected Only Light

Figure4.9 Interreflected render
2. Contour and Spatial Maps

Illuminance [1x]
2.0 5 10

Figure4.10 Contour Render
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3. PseuddRenders

EluniTools and AGi32 creati L £ £ dzY A y I y OS ¢ PdeuddrcoloBD dnd 2D/gragh@sSatong with
showing the calcul&n pointswith their numerical values

LuminancePseuddRenders

Figure4.11Luminance Pswdo Renders
llluminancePseuddRenders

Figure4.12llluminance Pswo Renders

4.2 AElumTools Results:

Several stepweretaken topreparethe modelfor lighting simulation. In the first stegppropriate
surface reflectiorvalueswere assignedo the materials Nex, the locationof calculation pointstheir
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guantity, their distance from each other, and their heightsre set up.Afterward, the IES filesf the
selecteduminaireswereinsertedinto the software andthe simulationwasset to run.By statistically
analyzingthe illuminancein the calculation pointgproximity of results in the LEBnd the fluorescent
versiorswasverified Figure 4.9 an@ligure4.10show thenumericaloutput of ElunTools with
associatedlluminancevalues in each calculation point.

Average illuminance

Average illuminancedhe illuminance averaged over a specific areanis of the important measures to

comparethe proximity oflight levekin two spaces. Average illuminanisalerived from an average of

the illuminances of a represgative number of points o surface.ln this study, lhe total average

illuminancein the task heighteported byHumToolswas142 luxfor the LED scenariand 139 lux for

the fluorescent scenaridNote that the low average illuminance of both scena? YLJF NBR (2 L9{b
required illuminancg300-500lux)is due to the many calculation pointscated inside the smaller

rooms, which do not receive any ligftt lux)

Illumination in LED scenario

+—t +—k

oy

Figure4.13 LED Lighting Result

A B C D E F G
Calculation Points Average Maximum Minimum Avg/Min Max/Min Max/Avg
Room 1 142 Ix: 661 Ix: 0 Ix: 25707736265.5:  119397074691.0: 46:

Illumination in Fluorescent Scenario

Figure4.14 Fluorescent Lighting Result

A B C D E F G
Calculation Points Average Maximum Minimum Avg/Min Max/Min Max/Avg
Room 1 139 Ik 703 Ix: 0l1x: 46466693328 235781277726 51
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LED PR=udo Map

Figure4.15 LED Pseudo Map

Fluorescent R=udo Map

Figure4.16 Fluorescent Pseudo Map

Since theplanis symmetricalpnly half of the building was simulati to reduce the computation time.
Also, he model does not have anmyindows and consequentlydaylight cannotaffect theinterior
lighting.As a result, the other half of the plan facing South sharestme values\ote that the spaces
with functions other tharopen officeswere excluded from the simulation order tofocusonly on open
office function. According to thdlluminating Engineering Society of North America (IESNA), the
recommended illumination level in open offices $allithin 300 to 500 Ix. As a common strategy to
reduce the lighting energy consumption, the ambientftifgivel in the open office was set t®@ lux and
separate task liglstwere considered for each wostation (desk).
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Table4.6 Standard lllumination LevdR4]

ROOM TYPE LIGHT LEVEL (FOOT | LIGHT LEVEL | I[ECC 2015 LIGHTING POWER DENSITY
CANDLES) (LUX) (WATTS PER SF)

Conference Room 30-50 FC 300-500 lux
Lobby - Office/General 20-30 FC 200-300 lux 0.90
Locker Room 10-30 FC 100-300 lux 0.75
Lounge / Breakroom 10-30 FC 100-300 lux 0.73
MeCha”i‘:’; 0/ mE'ecmca' 20-50 FC 200-500 lux 0.95
Office - Open 30-50 FC 300-500 lux 0.98
Ofﬁc‘::[o';z;ate / 30-50 FC 300-500 lux 111
Parking - Interior 5-10 FC 50-100 lux 0.19
Restroom / Toilet 10-30 FC 100-300 lux 0.98

After achievinghe results,to verify the similarity of illuminance in LED and fluorescent calculation
points, a statistical comparisorwasperformedby dividing the planinto twelve clusters andandomly
pickingthree or four calculation pointBom each clusterThe values for all the selected calculation

points were gathered and organized in excel shéetse served as a representative sample. This sample
was then inputted irro MATLAB fostatistical operation.

Tt
it
|-@]

Figure4.17 Clustered Map
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MATLABwhichis a programmingoftwaredeveloped byMath Works was used t@rocess datand
produce graph# a less timeconsuming manneifThe followingiguresshow the MATLAB outpsit
visualizngthe lighting results:

1. Difference between.ED and fluoresce@tiluminancein each point
Mean difference 26.5227

sinl. ¥ T T T 1 T I & § F & T 1T F & T ¥ F T T 1 T & 1 1T =y
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Figure4.18 lllumination Difference
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Standard Deviation: 26.29
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Figure4.19 Deviatios fromMean Difference
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3. Percentage ifference between LED and fiINGG 4 OSy 1 Q& Af f dzYAYy I yOS Ay St C
Mean difference = 12.65%
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llluminance (Percentage)
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Point
Figure4.20 Difference Percentage

4. Lighting Power Density:

After verifyingthe adequacyand proximity ofthe illuminance level il.EDand fluorescentases, lighting
power density (LPD) was calculatgd the spacéy-space method. LPDifeachlight sourcewasthen
compared with the code® checkfor complianc§39].

TotalArea =11885sqft

LED: Fluorescent

(24 * 29) + (130*15) + (60*5) =2946W (24 * 50) + (130*39) + (60*10) =6870W
2946/11885= 0.24 W/sqft 6870/11885= 0.57 W/sqft

2946 1104 = 2.66 W/sgm 6870/ 1104 = 6.22 W/sgm

According to the ASHRAE Standard 90.1, vegaf, the LPD for an open office shoulddedow 0.98
wi/sqgft. The calculated lighting power densities for both light sources are below 0.98w/sqgft. So, the LPDs
comply with codes.
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Table4.10 Lighting Power Densities UsiiSpaceby-Space Metho8]






























































































