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ABSTRACT

In mosturbanareas of United States, newly constructed buildings have to
comply with building codefrom thelnternational Code Council@C) or from the
American Society of Heating, Refrigerating and Air ConditngnEngineers
(ASHRAE). Windowsare acrucial building componerthataffect a buildingds
heating and cooling energ@urrently,there are two window modeling methods, the
TransmittanceAbsorptancand ReflectancelAR) method andthe Multi-Layer
Window (MLW) method MLW methodis mae accurate than the TAR method,
because it includemproved equations that better representittaal window
propertiesHowever,at presenboth building codeé.e., ICC or ASHRAE)do not
use thaMLW methodto modelthewindows inabuilding. Therefore, therés a need
to analyzeannual building energy simulation results differences between the two
different window modeling methods applied building model, in ordecdde
officials to better determinéhe impact othecode change

This studyanalyzedboth window modeling methods with th@ernational
Energy Conservation CodH=CC) 2009 andhe IECC 2012 conditiorf®r climate
zones in TexasThe results showhattherearesignificant differences annual
building enegy enduse, heating and cooling energy use, and peak heating and
cooling loaddor identicalcodecompliant houses usirtge twodifferent window
models.In addition,such differences become largexrthe building energy code

improves, from the IECC 2009%tthe IECC 2012Suggestions for future work are



alsoincluded for other climateanes, differenbuilding footprints, and other various

building operating schedules.
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CHAPTER |
INTRODUCTION

1.1 Brief Overview

Environmental degradatipthe continued use of fossil fueljmate changeand
rising energy priceBave been of great concern lately (DECC, 2038)ce the 1973
Arab oil embargo, energy prices hasantinuedo increasewhich cancausethe prices
of othernatural resource® rise as well. Consequently, governments have been forced
to develop programs to reduce overall energy use, while at the same time maintaining

economic growth and sustaining the environment.

Estimated U.S. Energy Use in 2011: ~97.3 Quads L Iﬂ%‘{‘,’xg?ﬂ'%?g&%e
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Figure 1.1: 2011 Estimated U.SEnergy Use (Ref: LLNL 2012)
1



According to Lawrence Livermore National Laboratory (LLNL) (2012), in 2011
the United States consumed 97.3 quadrillion Btu of source energy use. The residential
building sector consumed 11.4 quadrillion Btu of site energywisieh represent$6.1%6
of the energy endse or 11.7% source energy tisethe U.S(Figure 11). However, if
we considetheenergy wastéhat is part of thelectricity generationiwhich amounts to
26.6 quadriion Btu that was rejected as heat during the electricity production, then the
residential sector is responsible for28.of the heat rejection, which is equal to 10.2
quadrillion Btu. Therefore, 21.6 quadrillion Btu of source energy was requirdaefor
residential building seat in 2011, which is 22.2% of U.S. source enengse Therefore,
residential building represena significant portion of the total source energy use in the
U.S.

Due in part to the rising energy prices and environmental isgoes,nmens
around the world are now being forced to resolve these problems. In the U.S, many
groups are trying to find solutions to these problems. One of the propaiséidrs is to
establish standard building energy codes to regulate newly construdtiddsuiSuch
codes reduce the annual energy use for a house, which lowers demand on fossil fuel
consumption. In most parts of the U.S. to obtain a building permit, a building has to
meet the new minimum building energy cadquirementsHowever, there argeveral
building energy codes. In the U.S. building energy code development has been
undertaken by twprimaryentities the American Society of Heating, Refrigerating and
Air-Conditioning EngineersASHRAE) Standard 90 series and the International Code

Council (ICC) codesBoth building energy codes from the two code governing bodies

2



have specific requirements for the building envelope components and the system
performance that impact to whebeilding energy usage.

Among the numerous building componethtataredescribedn the both codes,
windows areone of themostinfluential envelopecomponentso affect annuabuilding
HVAC energy consumption. Becausetloé solaradiation influx though window glass,
window heat transfer calculatisareone ofthe most complex processin thebuilding
envelopeheat transfer calculatiomhe ASHRAE Standard 90 series and the ICC codes
list window propertiesisingthe bulk window properties such asfattor and SHGC
However,themost frequently used window modelingethodthatusethe U-Value and
SHGCinputs can producmaccurate heat transfer calculagdmecause thacident
angledependentsolar radiation transmétl into the conditioned sparsenot properly
calculatedMore sophisticated window modeling medhtbat describéhe windows with
alayerby-layerprocesgproducesa moreaccurateheattransfer calculatiothroughthe
windows.Unfortunately, very few studies have documented the inaccuracy in building
energy code calculatiofecause of the use of tless accurate Transmittance,
Absorptanceand ReflectancélTAR) model Therefore, this studwill evaluate the
difference of energy savings due to caenpliant fenestration predicted by fhaR
model Mitalas 1962)versusthe more accuratéulti-LayerWindow (MLW) model

(Mitchell, 2011)



1.2 Hypothesis/Problem Statement

ASHRAEG Technical Committee 4.7 (F£7) EnergyCalculationshas
recognized the need for more accurate window models versus simplified window models
(i.e., the Transmission, Absorpt, Reflectionor TAR method) which only uses
properties of monolithic clear glass. #C7 proposed a new research project to establish
more precise muliiayer window models that can be modeled knowing only the bulk
window properties such asfdctor al SHGC. (Huang, 2012). To accomplish tAi€-
4.7 preparedhe 1588work statementand awarded the contract to a bidddre main
purpose of Work Statement 1588 is to establish detailed and more accurate window
models for use in the Energy Cost Budget Bt Calculation in ASHRAE Standard 90.1,
as well as suggesting other improved modeling guidellhewever, here is also a need
for adopting more accurate and detailed window modeling methods in the International
Energy Conservation Code (IEC@).additian, RR-1588 did not require the contractor
to evaluaten detail,the differences in energy use between the two metfdesefore,
this research analyg¢hedifferencesn building energy simulation results using the
TAR method versus thulti-LayerWindow (MLW) method for building energy code
compliant simulations that use the IECC 2@0%he IECC 2012 for three locations in

Texas



1.3 Rurpose

The purpose of this study is to analyze how improved calculations MsitgLayer
Window (MLW) modeling nethods will impact on codeompliant residence buildings

compared to the conventional simplified fenestration models (i.e., TAR method).

1.4 Objective of the Study

In this study, the followin@bjectives will be accomplished

1) Review the previous stigs related to glazing calculation methods for multi
layer window models.

2) Develop an International Energy Conservation Code (IECC) 2009 and IECC
2012 compliant residential basase house.

3) Develop both simplified (TAR) and mulayer glazing model®r a basecase
residence.

4) Compare the results tife IECC 2009 and the IECC 20&é@decompliant
simulations from both models for differe@limate Zones in Texas.

5) Develop recommendations based on the results of the analysis.



CHAPTER I

LITERATURE REVIEW

To establish a resedr foundation for this thesiiye main categories of
previous studiewereanalyzed: 1window system?2) window heatransfercalculatiors,
3) analysis of thereviousfenestration modeling methody,building energy codesnd
5) analysis of the U.S. building energy simulation softweargificationprocedures. The
main sources of literatuffer this study arérom: publications of the U.National
LaboratoriesASHRAE publications; publications of the International Codricil

(ICC); RESNET publications; and others.

2.1 Importance of Fenestration in Residential Building Energy Consumption

Among the numerous building components that affect energy use, fenestration
systemsor windows have a huge impact on building engggpnsumptionin 1996,
Frostand Eto et al(1996) showed thaesidential buildingvindowsaccounted foabout
2% of total U.S. gross energy consumptamdthat25% of theheat loss oheatgain
through windows couldbe reduced by using advanced windoygstemsHowever,Lee
and Kim et al(2012 showed thathe calculation of theeat losr heatgainthrough
windows variesvidely from one building to the next (i.6.0% to 40%. In addition,
whenresearchersalculatewhole-building energy use, themog accurate calculation of

window heat loss/gaishould be used\ccording toMukhopadhyay2005), theravere
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large differences between the conventional window calculation methedthe
Transmittance, Absorptance, and Reflectai@eR) method)andthe more accurate
Multi-LayerWindow (MLW) calculation methodeveloped byhe LawrenceBerkeley
National Laboratory (LBNL), especially in the case of Lewoated windows.
Therefore, thenoreaccuratecalculation of window heat transferethod should be used

to calculatetotal U.S. annual building energgvings from advanced windew

2.2 Previous Window Research

As early asl933, researchers at the American Society of Heating and Ventilating
Engineers (ASHVE began to study how to reduce the heat lossitiirduilding
windows. The research groap ASHVEDbuilt two test houses, which were 42 5ift
area and 36ft® in volume with a 21.percenwindow-to-wall area ratioBoth test
houses were buitin top ofthethreestory ASHVE laboratory building iRittsburg
PennsylvaniaASHRAE Climate Zone 5A. Using thé& experimental test buildings,
ASHVE compared the thermal performances of shpglee windows to doublgane
windowson the otherwise identical houdesm January 18 to April 22, 1933. The
results fowed thathedoublepane windows saved 20 to 30 percent of the heating
energy needed to maintain tnerior of thetest housgat 70F (Carrand Miller et al,

1939).

! American Society of Heating Refrigerating and Air Conditioning Engineers (ASHRAE) was formerly
the American Socigtof Heating and Ventilating Engineers (ASHVE)

7



In 1948, ASHVE conducted additional research about the performance of various
singlepane windows to determine the impact of incidence angles and wavelengths
(Parmeleand Aubele et 311948). In this research, Parmelesda calorimeterto
calculate the transmittance of the windatwarying anglesThe calorimetés heat
absorbing sudces were covered with a grid of tubes that circulatexaeousethylene
glycol mixture which absorbed theeat from thencidencesolar radiationParmelee
calculated the window transmittance by meastuitiegemperature differences between
the inlet ad outletof theaqueousethylene glycol liquid. The reposhowedhat the
transmittance of a window changeependhg on the angle of incidence of the beam
solar radiation.

In 1962, the fundamentals of todayvindow heat transfer calculation algorithms
for building energy simulation were developed by Mitalas and Stephenson in the
Canadian National Research Council Division of Building Research, which was called
the Transmittance Absoptance Reflectance (TAR) method (Maalkh$Stephenson
1962).In 1968,Loudon investigaie the relationshippetweerthe Windowto-Floor area
Ratio (WFR)and room temperaturkle suggested proper WFR to avoid overhéag)
by solar heat gain for office buildiegn London England Shortly afterwards, in 1971,
ASHRAE compiledhe equations neededdevelopa wholebuilding energy
calculationcomputer programrlhe window calculation algorithms in ASHRASHirst
whole-building energy calculation were based on Mitalas and Steph@&isaR
window energy performance calculatioh®kmanhekim, 1971). The TAR method

included window properties that varied depending on the angle of the solar radiation
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incident on the glazing, which was similar to the results from Parraalkéubele et al.
(1948).

Rudoy and Duran studigtle effect otbuilding envelope parameters on annual
heatingand cooling load In ther research, exterior wall absorptance, exterior wall U
Value, window UValue, and windownterior shadingwerevariables for annual heating
and cooling load calculatienThey found hat the mterior shading devices can reduce
cooling load butlsoincrease hding load. Inthe case ofasinglepane clear glass
window, however, interior shading device reduced heating load also by reinftireing
insulation level (Rudognd Duran1975)

In 1978, ASHRAEcontinued itgesearch on singlpane, doublgane, and
insulating windows to include windows systems filled with,C&rgon, SQ, etc.
(Selkowitz, 1978). The results showed that doytalee windows could reduce 50% of
heat energy losslven compeed to singlepane windows; andpecialgasfilled, double
pane windows could reduce 90% of heat loss of a spahe window.

In 1979, the Lawrence Berkeley Laboratory built the Mobile Window Thermal
Test facility (MoWITT) to perform precise mgarements of window thermal
performance at differemfeographidocations (Klemsand Selkowitz,1979). When
compared to Parmelée1948 research, this facility improved the accuradpef
measuremesty considering the conductance and time lag of thedtesorbing
surfaces in the calorimeters. Using this facility, Kleansl Keller(1987) measured
numerousvindow types including LovE glazing under real weather conditions at

different conditions.



Sullivanand Selkowitz conductedlditionalresearclon residential building
heating and cooling energy in cooling dominalithates and heating dominawtimates
usingthe DOE-2.1B simulationprogram In their study they evaluateghanging window
settings such a®rientation, sizeshading coefficientand condctanceln the research,
Sullivan and Selkowitzsed singlgpane window, doublpane window, and tripipane
window for differentwindow conductancsetting(Sullivanand Selkowitz 1985)

Sullivan and Selkowitz alsperformeda similar research i1986but focused on
heating and cooling energy cestssociated with window typeDifferent from their
previous researaim 1985, they added Lo® coated windowtypes and window frame
effectsto theirinvestigation.Their researctshowedLow-E coated windowshowed
greater building heating and cooling energy savings than clear windows and tinted
windows andheyalsoobserveetter optical properties than tinted windofivs., the
Low-E windows appeared to be more like clear windoWwkgy also showed that tle
Value of wndow frameon all four orientations (i.e., north, south, east, and west)
impacted thdneating and coalg energy costs (Sullivan and Selkowitz, 1p87

As window systersbecamemore efficient the analysis of the window has
beamme morecomplex For examplethenumber of glass paséas increased,ow-E
coated glaswas introducednternalshading devicewere addetietween the panes of
glass etc. Therefore Klems and Warner devide new method fopredicting the solar
heat gaircalled the WNDOW program Duringthis periodthe MoWITT facility was

createdandusedto validate the method (Klenad Warner et §11992)
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In addition to the MoWITT facilityMcCluneyalsorecognizedthercomplex
window systemssuch asliffuse glass,corrugatedjlass,exterior shade scregrcurved
glass, and patterned glasbaracteristicsvhich notcould be analyzedsingthe
WINDOW programavailable at the time (i.e., WINDOW 4, B)lcCluneyss research
analyzedive strategiesisingcalorimetric measuremesytand lighting sphere detector
measuremestand suggestdshortcut methodslevelopedy McCluney,for calculaing
or measuring complefenestration systemssinga Solar Heat Gain Coefficient (SHGC)

(McCluney, 2002).

2.3 Fundamentals of Window Heat Transfe

2.3.1 Definition of a Window

According to ASHRAE (1977)xrwindow or fenestration ithelight-transmitting
componentsn awall or roof A window is composed ofl) glazing material, which is
usuallytransparent or translucegtiass or plastic?) awindow frameto hold the glazing
in place, and 3)exterioror interior shading devices

Windows provide a building witht) visual communication with the outdgor
2) solar energy, in the form at heat and li@)temergency exits, and d@)improved

building appearance.
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2.32 Transmittance, Absorptance, and Reflectance of Glass

Solar radiation incident oawindow s transmittedyeflected, or absorbed by the
glassin the window.Transmittance, is the fraction of incident radiatidhatis
transmittel throughthe window. Absorptanceg is theabsorbedraction ofthe radiation
and eflectance is thereflectedfraction oftheradiation.The sim of the three fractions,

transmittanceabsortance, anteflectanceequals onéundred percent.

Zz+ 1+r=1 Eqg. 2.1

2.33 Reflectance Calculation Using the Reflection Inde&resnels Equations and

Snelis Law)

Whentheincidence angle is ngerpendiculato thetransparent materiahe
incidentradiationis refractedon the boundary between tgkass and the aiThe
refraction angle isleterminedy incident angle antherefraction indexn. This
phenomenomvas well explained byhe analysis oFresnelUsing Fresnés equation
and Snelis Law, theangula dependentwindow reflectance anglansmittance loss can

be calculate@Duffie and Beckman2003)
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2.3.4Calculation of the Transmittance Absorptance, and Reflectance Using the

Extinction Coefficient

If thethickness oftransparent material is thi@noughall incident radiation
canbe totally absorbed. The required thickness to akelbnbcidentradiationis
different dependingnthe material and theropertycalledthe extinction coefficient.
Combining the results from tHeresnefs equationsSellés Law Bougueds Law, the
transmittance, absorptance, and reflectance of a certain transparent roateel
calculated usingnextinction coefficien{Duffie and Beckman2003).Unfortunately,
depending on the type of glatise number of panes drother properties, the results
calculatedwith the Transmittance, Absorptance, and Reflectance (TAR) method can
vary significantly from calculatimade with the extinction coefficierAdditional

details abouthese calculationare explained in the AFFNDIX.

2.4 Comparing the Two Fenestration Modeling Methods

According to Rubin (1982b), and Arastahd Reilyet al. (1989), sinc&982
there have been several efforts to establish more sophisticated heat transfer calculations
of window systems than thpreviousy developedconventional glazingalculation
method(i.e.,the TAR method) One of these efforts, ldire Lawrence Berkeley National
Laboratory (LBNL) developed th&/INDOW program series, which is currently uged

calculatecomplex multi-layer window thermal characteristicEhis newwindow
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Figure 5.3 Solar transmittance for January 14 for south facing window

Figure 2.1: Solar Transmittance During the Heating Season: SinglkPane, Double
Pane, and LowE for Shading Coefficient and Multi-Layer Window Models
(Mukhophadhyay, 2005)

themal propertiegalculationprogramincludes the calculation of the effect of the
variousangularvariationsof transmissivity absoptivity, andreflectivity. According to
Mukhopadhyay (20055 comparison othe TAR method and the WINDOV8 window
modelingmethodshowedargediscrepanies of solar transmittan@s showrasFigure
2.1, andFigure 22.

For examplein Figure 21 in the case of a singigane clear window, the two
window modeling methods showadb.0%difference in solar transmittance at 1/

on Januang4™ (Mukhopadhyay, 2005, p. 559).
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Figure 5.5 Solar transmittance for August 9 for south facing window

Figure 2.2: Solar Transmittance on Cooling Season: 8gle-Pane, DoublePane, and
Low-E for Shading Coefficient and Multi-Layer Window Models (Mukhophadhyay,
2005)

However, for more complex fenestration systems larger solar transmittance
discrepancies appeared. For example, a casgraof the two methods fooodblepane
Low-E glazing systemshé Transmittance Absorptance and Reflectance (TAR) method
producel a largerdifferenceof 259% at 1:000m on January and a 386 differenceat
1:00pmon August(Figure 22).

According toherresults the analys of acomplex glazing systeiffi.e., double
pane LowE) hadlarger differencesvhen compared to simpleglazing system
depending on the modeling methdd addition, Mukhopadhyay showéldese window
modeling differences causa significant difference itheannual building energy
consumption{Mukhopadhyay, 2005Figure 23 shows the annual energy differencés

the different methodsWhenthethermal massvasconsidered th&@ AR method
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Annual Building Energy Consumption

DPLowE Diff. DPLowE
SC w5
Total 59.3 53.4 -9.9% 58.6 53.6 -8.5%
m Vent Fans 24 1.6 -33.3% 2 1.4 -30.0%
m Space Cooling 16.9 12.2 -27.8% 14.9 10.4 -30.2%
B Space Heating 1.8 1.4 -22.2% 35 3.6 2.9%
Pump & MISC 0.2 0.2 0.0% 0.2 0.2 0.0%
DHW 11.6 11.6 0.0% 11.6 11.6 0.0%
m Equipments 13.2 13.2 0.0% 13.2 13.2 0.0%
m Lightings 13.2 13.2 0.0% 13.2 13.2 0.0%

Figure 2.3: Annual Building Energy Consumption Comparison of the TAR (SC)
and WINDOW-5 Methods in Thermal MassM odd (Mukhophadhyay, 2005)

produce a17.3% larger cooling energy consumption aréd.1% smaller heating
energy consumption thahe moreaccuratenulti-layer window modeling methad
Houston, Texas

These differencesanalsocau® significant peak cooling and heating load
system sizing errorwhen the windows contribute significant to the peak I¢ad
addition, theTAR methoddid not calculatethethermal performance of Lo\ coated
glassdiredly, but rather only indirectly by changing the Shading Coefficient .(BC)
Mukhopadhyass results, a,800ft? building in Houston with doublpane clear glass
and a 500ft? building with doutte-pane, LowE glazing requird 3.5 MMBtu and 3.6

MMBtu (2.9 % differencedf heating energy per year with WINDOW 5 calculation
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method respectivelyHowever the annual building energy calculatidor the same
building with the TAR calculaton method shoedsignificantly different results. The
house with doublpane clear glass requitenly 1.8 MMBtu of annual heating energy
and the house with double pane L&xglass requiresnly 1.4 MMBtu of annual heating
energy(-22.2 % difference)in addition usinghe TAR methogdchanging the double
pane window withadoublepane, LowE window decreaskthe annual heating energy
as much as 22.2¢Mukhopadhyay, 2005However,an analysis using e ulti-Layer
Window (MLW) modelingmethod(i.e., WINDOW-5 programn) showed that changing
thedoublepanewindow with adoublepane Low-E window increasgthe annual
heating by2.9%

Therefore, he simulationof the energy saving potential bdbw-E film material
is a majorweakness of the TAR method. In difference to clearsgllasw-E coated glass
contains a speciahetalliclayerthathasaslightly lower visual transmittana@ndhasa
very low thermakmittancevhen compared tolear glasgDuffie and Beckman2006)
which contributes to less accurate result with the TAR atktim addition, according to
Furler (1991), variouglass type$iave a different angular dependence for the solar
transmittance curvdablan the published curves in the TAR method

Unfortunately, the TAR method only defines window properties using tlgéesin
pane clear glass and dowplane clear glass curves, which doesraptesenthe shape
of othermulti-layer curves. In contrast, tNéINDOW program uses more accurate

glazing properties the heat transfer calculatiobg using physical properties attual
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window componerd, which makes it mordescriptive of all the thermal properties, and
allowsit to better match measured values from the MOWITT measurements

Finally, as building energy codes continue to be revised, the minimum
requirementgor the building components will continue to become more stringent.
Therefore, the fenestration modeling systems will need to be more accurate theneet
higher levels ofjlazingperformance in the future. Therefore,Iding energy simulation
modek that usehe conventional TAR window heat transtalculationalgorithmsmay
produce less accurate results than models with the more accurat&ayaukvindow

(MLW) modes.

2.4.1Simple Glazing Calculation Method (Shading Coefficient Method or TAR?

M ethod)

This method defines the window heat loss/gain witleguationthat is sensitive
to the UValue, SHGC (or shading coefficieningle of incidenceandVisual
Transmittanc€VT). The alvantageof modeling a building with this method is the
convenience of use.€., a window can be described with generidibulko properties,
such as the Walue and SHGC) antthefast response time of the calculation. However,
the TAR method produces less accurate results, which become especially problematic
when a building hasomplex window systems. According to Rubin (1982a), the TAR

fenestration heat transfer algorithm was developedoiynanhekim(1971) in their

2Window Transmittance Absorptance Reflectance (TAR) calculation model, which was developed by the
Canadian National Research Council (rbfitalas, 1962)
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reportiiProcedure for determining heating and cooling loads for computerizing energy
calculations: Algorithms fobuilding heat transfer subroutineésinder the guidance of

the committee chaivetin Lokmanhekim. In this report, ASHRAEfenestration heat
transfer algorithm was established based on the twphkitalas and Stephenson of the
Canada National Research @at Division of Building Research (Mitalas and
Stephenson, 1962Juring a period that wgsrior to theexistenceof gasfilled windows

and LowE window coating.

2.4.2Multi -Layer Window (MLW) Thermal Property Calculation Method

The report by Arastend Reily et al(1989) discussed the need for the
development of a new muliayer window model. In his report he mentioned that the
development of new window manufacturing technologies (i.e.-é@lasscoating
technology, gas filling technologies, anarious new improved window frame
assembligsnecessitated for the development of a jieareversatile window heat
transfer calculating method. Therefore, in response to this report a miéwayer
window thermal property calculatiomethodwas developedt LBNL called WINDOW.
This new window calculation method has more accurate thermal featurébdisanple
glazingcalculations in the TARnethod. According to Arastednd Reily et aJ.(1989),
Rubin (1982b) initially developed the newer window heatdfer calculation algorithms
for LBNLG WINDOW program.Later,Finlaysonand Arasteh et a(1993)

demonstrated the reliability ammprovedaccuracyof the newfenestration heat transfer
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calculation procedure with two experiments that comparedsureavindow properties
with simulated window properties using the WIND®@MD program (Arasteand
Hartman et aJ.1986; Furleand Williams et aJ.1988).

In addition, beginning with the 2.0 versiohtheWINDOW program, the
accuracy othewindow radiatiorhea transfercalculation wagurtherimproved with
more accuratenterior radiation viewfactors. According to Griffittand Curcija et al.
(1998), the conventional TAR method used fix&@rior convection and radiation
coefficiens. However, the newénterior view-factor methodn the Multi-Layer
Window (MLW) modelimprovedtheradiation coefficients for theterir window
calculation. In his report, Griffith showeldatthe glass surface temperatyresich
were exposed to sunlight that weadculated byhe conventional TAR method showed
a maximum 5.2F (3’C) discrepancy versubemeasurediata. However, the newer

View-Factor methodh the MLW modelonly showed a maximum ZF (1.5C) error.

2.43 Weather Conditions for U-Value and SHGC Calculation

According tothe 1977ASHRAE Handbook of Fundamentals, calculating glass
temperature distributi@throughatrial and error procedumequired theexistanceof
indoor and outdoor conditionsrom the DOE2.1e manuall(BNL, 1993),the
WINDOW 4 library intheDOE-2.1e program useéhe ASHRAE winter condition to
calculatethe U-Value of glazing system antduses ASHRAE summer condition to

calculatethe Shading Coefficient or SHGC. Howevéne WINDOW 6 program haa
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few more basienvironmentatettings, suchsshe NFRC 1062010, NFRC 102010
winter, NFRC 102010 summer,ouser custom settings, which allow the user more

flexibility .

2.5 Rogression of the WINDOW Program

The me-dimensional window heat transfer simulation program, WIND@W
wasfirst published in 1986 byhe LawrenceBerkeleyLaboratory [BL). Themain
calculation algorithmn WINDOW 2.0wasdevelopedn late 197@ by the Whdows
and Daylighting Group at LBLLBL converted WINDOW 1.0 to WINDOW 2.0 for use
on a personal computérhe firstversion of this program, WINDOW 1.@asonly
availablefor use omrmainframecomputes. All other features arthe samebetween
versionl.0 and 2.0

The WINDOW program calculateswindow U-value, shading coefficient,
glazing layer temperatuseand windowheat transferA user can producthe U-value
andShadingCoefficientby choosing window framéypes, window airgapwidth and
gastype glass surface emissivity, glass solar reflectancetr@mumber of glass laysr
under given environmental condit®ar user define@nvironmentatonditiors.
Environmental conditiaminclude thenside temperature and outside temperatines,
wind speed, antheincident solar radiation. (LBL, 1986)

The next version of thisrogram WINDOW 3.1, adddseverahew featues

including: awindow airgapgas libraryaglasslibrary, awindow frame libraryand an
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edgeof-glass Uvaluecalculationalgorithm. In WINDOW 3.1thewindow tilt wasalso
considered when calculating window thermal propersash aghe U-value and
shading coefficientor nonvertical orientationsUsingthewindow tilt function,theuser
can calculatenore accurate window properties at various-uertical window design
such as foskylights. In addition thewindow frame window spacerandwindow area
wereseparatedrom thecenter of glass and edge of glaatculatiors. Because of this
theU-value, shading coefficient, and vistielnsmittanceredifferent between the two
area due to different layer compositisrWhile theedge of glass ardayeris composed
of thewindow frameglassspaceiglasswindow frame contacthecenter of glass area
layer iscomposed obnly theglasswindow air gapglass contagbarameters(LBL,
1988)

Five years later, WINDOW 4.@as released, which included thefeatures of
the previous versiaas well as new features such as improvectgeof-glass thermal
propertiesWindow 4.0 improved thevindow U-value andShadingCoefficient
calculation by adding window condensation calculatiahalso improvedhe edgeof-
glassarea thermal coefficient valuagdding CQ gas propertige in window airgap-gas
library; separagdoutside air temperatursto outside ambient temperature and effective
sky temperatureand adeédan effective sky emittance value in enviroantal condition
section.In addition in WINDOW 4.0theuser can add window dividgthat aredifferent
from previous WINDQV versiors.

Since the ondersedwater on the surface ttie glasshangsthethermal

properties ofwindow, theWindows and Dayligting group in LBL adde@
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condensation calculation followirthe 1989ASHRAE Handbook of Endamentalin
addition,WINDOW 4.0 calculatethe glass temperature with two more environmental
factors.Theprevious versiosof this program neestloutside tempetare, wind speed,

and inside temperature. However, WINDOW w&s modified to calculatglass
temperatureusing theoutside ambient temperature, effective sky temperature, effective
sky emittance, antheinsideair temperatureThis wasaccomplished becse

WINDOW 4.0separatly calculate the heat transfer with radiative heat transfer and
convective and conductive heat transiy.addingadivider selecton option, the

WINDOW 4.0 also has one more area to consithieredgeof-divider areaof the

window, whichacts similar tdhe edgeof-glassarea.

In addition, the WINDOW 4.0 manuptovided a detailed explanationtbi
entire calculation fowindow thermalpropertieausingSI units includingthe iterative
glass temperature calculation proced@&NL, 1993)The detail othe WINDOW 4.0
iterative glass temperature calculation procedure is expl&imgerin APPENDIX B.

In 2001,the WINDOW 5.0programwas introduced to coincide with the change
from DOS toMicrosoft Windows.About this same timeBL also changedts name to
theLawrenceBerkeley National Laboratory (LBNL)n WINDOW 5 selected
calculations sourcesere alsachanged from ASHRAIprocedursto themorecomplete
procedures from theational Fenestration Rating Council (NFREpr examplethe
condensation resistance calculatadsochange from the1989ASHRAE Handbook of
Fundamentaéquationto the NFRC 500calculation In addition in WINDOW 5.0 newer

NFRC environments were addexdtheenvironmental conditions librarand twonew
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LBNL fenestration toolsverelinked to theWINDOW programincluding: THERM,
RESFEN, and OpticSsfHERM provides an improvethe edgeof-glass thermal
calculation. RESFENcluded calculations that covertite energy effetof building
windows in the US an@ptics providestheoptical properties of windown addition,
thewindow type library wagxpandedFor example, skyliglsf garage do® casement
doublewindows casement singl@indows vertical slides were added to th@indow
type library.(Mitchell and Kdnler et al, 2001)

In WINDOW 6.3 theglass librarywas changed andweb-linked glass library
update was added window shading layer library was addeshdtwo newwindow
types were added thewindow type library sliding glass doaand glazed wakystem.
The dass library.csv file write function waslsoaddedo allow WINDOW to export

values to a spread sheet.

2.6 Building Energy Codes

In the United States, there @ main code governing bodies, ti@&C, and
ASHRAE for building energy coded hesetwo code governing bodidsave developed
building energycodes in two classesommerciali.e., ASHRAE Standard 90.1 and the
IECC commercial chaptergnd residential building codéise., ASHRAE Standard 90.2
and the IECC residential chapter)

Boththe IECCandthe ASHRAE codes areninimum efficiency building code

that were developed to provide a minimum acceptable staridaddition to the IECC
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ASHRAE ICC

Comprehensive Building Code

IRC
Minimum Building Energy Code Minimum Building Energy Code
ASHRAE Standard | | ASHRAE Standard IECC IECC
90.1 90.2 Commercial Chapter [ | Residential Chapter

High Performance Building Energy Code High Performance Building Energy Code

ASHRAE Standard
189.1

IGCC

Figure 24: Building Energy Related Codes from Two Main Code Bodies

and ASHRAE codes, thaternational Residenti@@ode (IRC)was developedlhe IRC
is acomprehensiveuilding codecomposed of informatiothat includesuilding
planning,building foundations, plumbingand alsoncludes abuilding energy chapter.
However, one of the major differences between the IRC and the IECC are the
building energy evaluation methods used in the two codes. Specifically, the IRC
provides only a prescriptive building energy code section, while the IECC provides both
a prescriptive ad a performance building energy code sections. ASHRAE also has
residential and commercial building energy cod3HRAE Standard 90-2013 is
ASHRAE®G latest energy code for residential buildings and Standare29Q3.is
ASHRAE®G latest energy coder commercialbuildings.
In addition to the minimum energy codesttothe ICC and ASHRAHavehigh

performance building codeshich include: thénternational Green Construction Code
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(IGCC)2012and ASHRAE 189. 2011 The 2012 IGCC and ASHRAE 1892D11

both haverequiremerd for more efficient building, as well as methods foeducing
construction wasteeducing negative impacts on indoor health, and providing safety and
community welfare.

All the codes (i.e., the IECC and ASHRAHave a prescriptive anan alternative
compliance path that uses building energy simulation (i.e., ASHRAE 90.1, ASHRAE
90.2, the IECC, the IGCC, and ASHRAE 189.1). However, the ICC and ASHRAE use
different names for their performance paths. The ICC calls its alternative cooeplian
path thefiperformance path whereas ASHRAE calls its performance pathireergy
cost budget methadIn both codes, when using theescriptive path to meet the codes,
the user mudirst meetall recommended thermal characteristiceligor the building
materialsand then must meet all equipment performances specificaliotinge
alternative compliancpaths, an annual hourlyuilding energysimulation progranis
usedto smulate the totahnnualenergycostof the proposedesignbuilding and
compareit with thetotal annual energy cost efstandard referendmuilding designTo
meet the code, the proposed buildggnnual energy cost must be lower than or equal to
the annual energy cost of the standard reference building.

To ensure accuracy gither the IEC@ performance path or ASHRA&Eenergy
cost budget method reliabteiilding energy simulation software is required. For this
purpose, the Residential Energy Service Network (RESNET) developed a software
verification test suite for the IEC@sidential performance path simulation programs

(RESNET, 2007). In a similar way, ASHRAE Standard 90.1 dgairethat any
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simulation program used for code compliance should be tested based on ASHRAE

Standard 14@007 (ASHRAE, 2007).

2.7Building Energy Simulation Verification Methods

ASHRAE Standard 140 RESNET B.E.S. verification

Class I Test Cases

Software-to-Software HERS BESTEST
Comparative Tests

HERS Reference Home

Analytical Verification Tests Auto—generation Tests

Software-to-Quasi-analytical

analysis methods HERS method Tests
Class II Test Cases HVAC Tests
Tier 1 Cases Tests Duct distribution system

efficiency Tests

Tier 2 Cases Tests Hot water system
performance Tests

Figure 25: Comparison of ASHRAE Sandard 140 & RESNET Software Tools
Verification Tests

As mentioned previously, there are two major simulation verification standards:
RESNET for residetial simulationsoftwareand Standard 140 for commercial
simulationsoftware(RESNET, 2007; ASHRAE, 2007). However, both building energy

simulation softwareerification procedures do not haaecuracy testspecifically
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designed to test thaulti-layerwindow models in the two building energy simulation
tools verification procedures shownkigure2.5. Therefore, there is a need to study the

impact thasuch multilayerwindow models could make on cedempliantsimulation.

2.7.1 ANSI/ASHRAE STANDARD 140-2007

This building energy simulation program test procedure is composed of two test
classes:
1) Class | Test Cases for-depth diagnostics tests for simulation program capable of
hourly calculation, and 2) @$s Il Test Cases for all types of building load calculations
which adoptheHERS BESTEST (Judko#ind Neymark1995) from the National
Renewable Energy Laboratory.

Standard 140fferstwo types of softwaréest methods in the Class | test
procedure:
1) softwareto-softwarecomparativeaests which focus on building envelope and
mechanical equipment tes&1d2) analytical verification testsvhich focus on
mechanical equipment tests

In the Class Il test procedure, there are two test plans: 1) Tise$ tests, which
focus on building envelope loads, and 2) Tier 2 cases tests, which focus on passive solar
design tests. However, the two test classes only describe wsndavg two factors, the

U-Value and the Solar Heat Gain Coefficient (SHG&Z)ich do not provideenough
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window details such as glass material descripfider gas, use of LowE coating,and

window frame description to produagnore accurate muitayer window model.

2.7.2RESNET Procedure for Verification of the IECC Performance Path

Calculation Tools

The purpose of the RESNET simulation progi@ertificationtest suite is to
verify the accuracy and comparability of building energy simulation programs for the
IECC performance path. This test procedure is composed of five teter bne tests
of theHERS BESTESTwhich test building load prediction of simulation progr&hn
the IECC Code Reference Home ageneration testsyhich test the simulation
program produce proper code standard design building m&J&l¥AC system
accuray tests 4) Duct distribution system efficiency tesed 5) Hbt water system
performance test

Among the five RESNET building energy simulation program verification tests,
the Tier one tests of the HERS BESTEST lists building envelope materials. #ertord
the report by Judkofind NeymarkK1995), the HERS BESTESAIsodescribes windows
with simple glazing metho(.e., U-Value and SHGC)However, this test suigdsodoes
not include tests using mulayer fenestration models. Therefore, potential
discrepancies produced by the TAR method could still be present in all ofdartaie

compliant simulation program test procedures.
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2.8 Summary and Conclusions

Due to the high energy prices and environmental issues publgoaednors
have increased iarest in building energy saving. To reduce the building energy
consumption, building energy codes were developed by several groups (i.e., ASHRAE,
the ICC,and theRESNET, etc.). Among the building energy codes, ASHRAE Standard
90 series and the IECC 2088 thepredominantodes. To meet the ASHRAE or the
IECC building energy codes, there are two methods to comply with local building
energy code. One ispaescriptivepath method, which has to follow all procedures in the
building energy code. The othes & performance path method that uses building energy
simulation. To pass the energy code through the performance path method, the annual
building energycostof proposed building must be less than the annual building energy
costof standard reference dgsi

Among building components, the window is the most important building
components. Window research started in the 1930s with comparisons ofpginglend
doublepaneby the ASHVE In the early 1970s, ASHRAE established building energy
simulation algothms,which included window heat transfer calculation equations.
However, the simplified window modeling methods established in the 1970s are less
accurate than the new muléiyer window modeling methods. ASHR&ETechnical
Committee 4.7Energy Calculatinshavealready recognized the importance of accurate

window modeling method. Therefore, this study ailalyzethe two window modeling
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methods in two identical residential building models, using an IECC 2009 and IECC

2012 codecompliant simulation.
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CHAPTER IlI

STUDY SIGNIFICANCE AN D LIMITATIONS

3.1 Sgnificance of the Study

According to Huang (2012), ASHRAE Technical Committee 4i7Energy
Calculations, has recognized the need for a more accuratelayeltivindow model
that could be used with onbulk window properties (i.e., SHGC andvdlue). As a
result TC 4.7 proposed a research project to develayeaby-layerwindow modeling
method that could be used knowimgly the bulk window properties such dsfactor
andSHGC Unfortunately prior tothis research projeeery few studies have been
performed that have quantified the difference of the use of the two methods on an IECC
codecompliant residencd&herefore, this study is significant because it will be one of
the first studies to comparee impact of the use of the more accurate rtayeer
window model versus the TAR method for the IECC 2009 and 2012amdpliant

simulation in Texas.

3.2 Limitations

Due to the scope of this study and time constraints, this research has the

following limitations:
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1) It will focus on a 2,500 HIECC 2009 and 2012 code compliant residential building in
TexasClimate Zones with four bedrooms.

2) It will use simplified IECC 2009 and 2012 simulation models, which are composed of
a single zone slabn-gradehouse, withoua garage.

3) It will use the DOE 2.1e program to perform the analysis.

4) It will only analyze the impact on a singlmily residence in Texas.
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CHAPTER IV
METHODOLOGY

4.1 Overview

This study compares hourly simulations usingdbeventioml TAR window
modeling method antthe more accurate MultiayerWindow (MLW) modeling method
for calculationof annualbuilding energy cosumptionusingvaryingwindow thermal

propertiedo determine the impact of using improved MLW models.

4.2 Brief Description of Simulation Methodology

This analysisomparsthe two window modeling methedor IECC 2009, and
IECC 2012 referenceesidentiabuilding designsconditiors (Figure 4.1) This study
utilizes a previously developdmhsecase model by modifymthe RUN_30.inpinputfile
(Do and Choi et a).2013 for thel[ECC 2009 and th#ECC 2012design standasdThe
RUN_30.inpinputfile is publically availabldECC 2009Climate Zone 2 residential
building energymodel developed by the Energy Systems Laloyaat Texas A&M
University. The RUN_30.inpnputfile wasdevelopedy modifyingRUN 3A.inpinput
file, whichis distributed with thddOE 2.1e prograrthat has been modified to comply
with IECC 2009 @mate Zone 2 residential buildingtandards

In thiswork theRUN__30.inpinputfile was modified tacreate sixesidential

basecases, which med¢he |[ECC 2009, and IECC 201gtandards fo€limate Zones 2, 3,
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and 4in Texas Thesettings for theix basecase mode|ghree models hayare
calculated floor wight (i.e., ASHRAE Precalculated Weighting Factorg)ther three
models have custom weighting factatl six models havéhe TAR window model.
Each modeused theTypical Meteorological Year (TMY2 weathefile for Houston,
Dallas, and Amarillon Texas These weather files represéiimate one 2, 3, and 4 in
Texas respectively.

After preparing thesix residential modelghe analysis othe twowindow
modeling methods wakenconducted. Inthis analysisthe accuracy of the two window
modeling metods wasexamined under two differestmulation scheme®r the thermal
mass pre-calculated floor weightrad custom weighting factors. Bmalyzthe TAR
andthemore accurat®LW modelingmethod, two different window models hag the
same UValue and 8GC were created\ext, different window area to floor area ragio
wasapplied to analyzaccuracy of multiayer window model againgie TAR method
window modelffor varying amounts of glazindn this study,TMY2 weather files were
usedfor Houston, Daths, and Amarillpwhich areClimate Zne 2, 3, and 4 respectively.

In the analysis durly amulations wererun to determine thannualresults The
simulated annual use was thesed to comparihe annualbuilding energy consumption
difference betweethe TAR method andILW methodappliedto the sameesidential
building. Hourly report were alsaused for comparinthe angulardependenthermal
propertieof the glazingcaused byhanges irsolar incidence angteln addition, the
solar transmittancesolarabsorptance, glass conductarare]building loadswvere

analyzed using thieourly reports.
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DOE 2.1e input file
RUN 3A.inp

IECC 2009 Climate Zone 2

l — Residential Building Standard

Reference Design

Original Residential Model

ESL IECC 2009 Climate Zone
2 Residential Building Model
RUN_30.inp

IECC 2009, 2012 Residential

_ Building Standard Reference

Design
DOE 2.1e Simulation Base-Case Models
IECC 2009 IECC 2012
| cz2inputrile | | cz2inputfile |
| cz3inputfie | | cz3inputfile |
| czainputrie | | czainputrile |

Window Area Modifications: Thermal Mass Cal