P H RC Research Series Report No. 111

The Pennsylvania Housing Research Center

Evaluation of Residential Window
Retrofit Solutions for Energy Efficiency

219 Sackett Building
University Park, PA 16802
University Park, PA 16802
Telephone: (814) 865-2341
Facsimile:  (814) 863-7304

E-mail: phrc@psu.edu

December 2013


mailto:phrc@psu.edu

Copyright © The Pennsylvania Housing Research Center, Penn State University

ISBN: 978 1-6230#002-1

Disclaimer:

The Pennsylvania Housing Research Center (PHRC) exists to be of service to the housing community, especially in PefisyIP&RC conducts
technical projects research, development, demonstration, and technology trdnsfieler the sponsorship and witie support of numerous agencies,
associations, companies and individuals. Neither the PHRC, nor any of its sponsors, makes any warranty, expressedasr tonfiiezéiccuracy or
validity of the information contained in this report. Similarly, neitthee PHRC, nor its sponsors, assumes any liability for the use of the information and
procedures provided in this report. Opinions, when expressed, are those of the authors and do not necessarily refisctftieitheér the PHRC or
anyone of its spaors. It would be appreciated, however, if any errors, of fact or interpretation or otherwise, could be promptly boauglktetaion. If
additional information is required, please contact:

Katie Blansett Ali Memari
AssociateDirector Director of Research

PHRC PHRC


https://www.myidentifiers.com/myaccount_manageisbns_titlereg?isbn=978-1-62307-002-1&icon_type=new

P H RC Research Series Report No. 111

The Pennsylvania Housing Research Center

Evaluation of Residential Window
Retrofit Solutions for Energy Efficiency

By:
Tim Ariosto

Ali M. Mematri

219 Sackett Building
University Park, PA 16802
University Park, PA 16802
Telephone: (814) 865-2341
Facsimile:  (814) 863-7304

E-mail: phrc@psu.edu

December 2013


mailto:phrc@psu.edu

Evaluation of Residential Window Retrofit Solutions for Energy
Efficiency

Preface

This report presents a review of several different approaches to enhance energy efficiency through
windows. The most widely known method of reducing energy thssugh windowsis to replace
inefficient single glazed window units with their newer, energy efficient counterparts. However, there
are also other methods that involve retrofit solutions, including the use of curtains, drapes, blinds,
screens, and shutters. While thepeoducts are often selected for aesthetic or privacy concerns, they
can also provide an effective means of limiting heat transfer. This report describes the panfmm
criteria such as reductiorin heat conductance, solar heat gain, daylighting, thermamfort,
condensation potential, air leakage, cost, ease of operation, privacy, and aesthetics for each retrofit
solution. Window retrofit attributes are evaluated based on data and information available iopgbe
literature andthose provided byroduct manufacturers as well as using the software such as WINDOW
and THERM. The study outlines some guidelines for selection of retrofit options and for better
understanding of different solutions with respect to heat loss prevention and other attributes.
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1. Introduction

According to the 2011 Buildings Energy Data Book (US DOR),20dildingsconsumeapproximately
nkE: 2F GKS yAppiokidately $6%Sf/tlsNeReigy is used for space heating and cooling as
well as lighting applicains, while 25% to 35% of this energy is wastiue to inefficient windowsAll of

these factors are directly impacted by the building eopel (Totten and Pazera, 201®). addition to

other functions (Kazmierczak, 2010; Sanders, 2006), successful dpaifdialopes shield occupants from
outside weather conditions, whether that be excesgnmt temperatures in the summer or extremely
cold temperatures in the winter, as well as provide a connection to the outside in tefmstural
lighting and views.

Fenestration systems are a keyeeient in achieving these goaM/hile fenestration systems are the
most widely used method to provide a connection to the outsiEgurel), they are also always the
weakest link in terms of the thermal performance of the buildingedape (Oldfield et al. 2009This is
primarily due to the extremely high -alue found in windas in comparison to wall systems. In
addition, glazing systems can have a significant impact on energy sdliggh daylighting.For
example, Johnson et al. (1984) found that fenestration can reduce total lyifgiak demand by up to
14-15%.

Figurel: Typicalresidentialwindow. Imagecourtesy of Gold Beach Real Estate

One of the major challenges facing homeowners is the high capital cost assowidh fenestration
upgradesThe cost of replacing all the windows in a resitial building can be substantidlowever, the
energy savings associated with replacing windows with their higfferiencycounterpartsis typically
relatively small.The payback period for replacing single glazed windows with double glazed windows
canbe as long as 50 yeaiwr cold climatesThs payback period will also increase as the quality of the
existingwindows increased/Vhen double glazed uncoated windows are replaced with triple glaréd

with argon fill and a love coating, the paybackepiod is typically around 100 yeafsr cold climates
(Guler et al., 2001 Another study conducted by Frey et al. (2012) demonstrated that high performance



window upgrades have a return anvestment (ROI) of only betwe 1.21.8% based on climat&his
translates to a simple paybacknied of 5583 yearsTherefore, for most homeowners it is necessary to
determine low cost methods of reducing &tflow through their windows.

A similar analysis was performed in this study with the goal of determiningoflyback period for
window upgradesin severaldifferent climates.Philadelphia, PA was selected to represent a uhixe
temperature, humid climateMiami, FL was selected topeesent a hot, humid climateChicago, IL was
selected to r@resent a cold, humidlienate. Albuquerque, NMwas selectedd represent a hot, dry
climate.Lastly, Anchorage, AK, was selectedgjaresent a cold, dry climate.

For this analysis, a single story, 1500 SF rasa@lehome was analyzed.The home has 14 windows
(437.5 SF), disbiited evenly amongséach sideThis orresponds to 25% glazed arekhe house has
walls insulated to achieve amRlue of 19 and ceilings insulatéo achieve an Ralue of 49.The house
uses a Gas Furnace foeating and AC for coolingltility costs hae been assumed to be $0.054/kWh
for electicity and $0.4/Therm for gasThese values have been assumed to be constant across all
climates.

The cost of replacing existing windows often is largely determibgdthe cost of installationA

replacement vinyl clad, double glazed wilow with a lowe coatingcan cost anywhere between ~$149

(U qvalue = 0.48, SHGC = 0.59) to $263dlue = 0.32, SHGC = 0.21) before delivery and installation

costs are taken into accountnstallation costs can vary considerablii a 6 St t @ [ 265 Q& dzi ¢
installation cost of $100 per window. Existing conditions such as the current type of windows and age of
original construction can significantly add to this cost. For the purposes of this project, a ReliaBilt 3500
series window$263) will be selected, with the base installation cost of $100/window.

ly SEA&GAY3II R2dzf S Kdzy3 dhicglase with aviboadfrém@asdmedfygrd t t D
the original baselineThis system has a whole windowadlue of 085 Btu/hr-ft2-°F, a SHGC ofé, and

a Tvs of 067. Since many older windows are particularly leaky, an air leakage rate of 1 cfn? pér ft

glazed area was assumekhe upgraded windows have been assumed to be double glazed, double hung
windows with alow-e coating ad argon fillLA Uvalue of 0.32 and an SHGC factor @l10were used for

the analysisAn air leakage rate of 0.2 cfm pet @f glazed area was usetlhe critical variables used for

the analysis are summarizedTablel.

Tablel: Summary of dtical variables used for cost analysis

Window Properties Original Glazing Upgraded Glazing
U-value (Btu/heft2-°F) 0.85 0.32
SHGC 0.64 0.21
Air Leakage (cfm/ 1 0.2
Utilities
System Type Gas Furnace/AC
Electricity Cost ($/kwh) 0.054
Gas Cost ($/Therm) 0.4

RESFEBbftware (LBNL, 200Ayas used to perform an analysis of the energy use and cost of eattg
system across aaviety of different climatesThese results are shown inTiable2. For each climate, the
energy savings from upgrading windewas between ~$139 and $16he amount of time needed to
pay off the investment of upgrading windowss then calculated assimple paybackThe equation for
simple payback is shown below.
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Table2: Payback analysis for upgrading fenestration systems based on climate

SingleGlazed | Single Glazed| DoubleGlazed Double Glazed . .
. . Savings| Simple
Wood Frame, | Wood Frame, | Aluminum Frame,/  Aluminum
per Year| Payback
Annual Energyl Annual Energyl Annual Energy | Frame, Annual %) (Years)
Use (MBtu) Cost ($) Use (MBtu) Energy Cost ($

Philadelphia 76.6 394.67 44.2 227.5 167.17 30.4
Phoenix 75.8 390.65 43.4 223.5 167.15 30.4
Miami 68.6 360.79 41.8 220.13 140.66 36.1
Anchorage 142.2 568.87 100.9 403.66 165.21 30.8
Chicago 99.5 413.34 66.8 273.39 139.95 36.3

It should also be emphasized here that the installation costs could increase the total upfront cost
substantially.Although these resultpredict slightly shorter payback periodsaththose of Guler et al.
(2001), hey confirm the sameconclusionsWith payback periods ranging fron36-37 years, upgrading
windows are unlikely to baneconomically \dble option formanyhomeownes.

The objective of this study wasto quantify the performance of various window retrofit solutiorihe
report will start with an investigation of the performance of several different window retrofit solutions
(also referred to as window attachmentshis invesgation involves not only a description of each
method, but also giv@an indication of the cost of each method, the expected improvement-walue
and/or SHGCas well as any potential risks that may be involved with th€omputer analysisvas
conductal to determine the performance of these systems when implemented on a typical residential
building in several different climatdhroughout the United Stategzinally, a methodvasdeveloped to

aid homeowners in selecting a glazing system.



2. Background on Window Performance

2.1 Window Styles

There aremanydifferent window stylesused in residential building&igure2 provides an illustration of
several of these system#$n general, these windovstyles fall mto three primary categoriesFixed,
Hinged, and Sliding.

1 Fixed windows, also known as picte windows, are not operabldzixed windows can come &
variety of sizes and shapéa/hile they are more airtight @#n operable windows, they have no
capacity to provide for ventilation when desired.

1 There are several windows in thenged category.Awnings & hinged at the top and open
outward. Hopper windows on the other handare hinged & the bottom, while @sement
windows are hingedat the sidesOne benefit of hinged windows is that they are typically more
airtight than other operating window styles raie the weatherseal is comgssedwhen the
window is closedlIn addition, hinged windows provide superior ventilation since the opening
area is larger and the projecting windoserves as a scoop for the aihile awning style
windows can be opesd during the rain, hopper and casement windows will allow water into
the home if not shut ahead of time.

1 Sliding windows open byhaving one sds slide over an adjacent sashlorizontal sliding
windows have sashes that op&tom side to sideHung windows pen by ddding top to bottom.
Both sliding and hung windows may be single hung (only one sash is operable) or douple hu
(both sashes are operable).



Window Types

Energy-efficient windows come in traditional styles.
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Figure2: Canmon styles of window systemdmage source:
http://www.energysavers.gov/your_home/windows_doors_skylights/index.cfm/mytopic=13460

The LBNL conducted field testing of the air leakage of various styles of windows €¢i\&didi979). Té

study reached several important conclusionhe firstis that comparisons of the air leakage
performance of different styles of windows vary dramatically basedwhether the measured air
fSFH{+r3sS Ara | Fdzy QUAz2zy 2F Gt AySIEN F220G factof ONI O &
ventilated ared as is shownn Figure3. In the above description&rack length refers to thelength of
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operable portion of the windowWhen these values were measured as a function of total glazing area, it

was found that camment windows performed best, and double hung windows performed waVstile

double hung windows are the worst performing using 2 out of 3 methods of measurement, the air
leakage of single hung windows che described as being higher. In additimperabk windows (e.g,

sliders or doublénung) leak more than their neoperable counterprts (e.g, casement windows)This

is very intuitive, as any capability for movement will provide mgrparstunities for aileakage

However, it is important to considerthe construction and behavior of a window rather thdts
manufacturer designatiomvhen attempting to compare various productsor example, a single hung
slideris often constructed in an identical fashion as a double hung slider, with only minps $tefix
one sash in placelhis meanghat a single hung slider may perform sianly to a double hung slider
from an air leakage perspective
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Figure3: Airleakagerates for various window stylesNote the variance in performace based on how air leakage is
expressedlmage Source: Weidt et al., 1979.

Sliding windows are the most pojultype of residential windowAs such, this study will focus on
window attachments used in conjunction with shivindow type A schematic of aypical double hung
window identifying all key componenis shown irFigure4.
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Figure4: Names and parts of a typicdlouble hungwindow. Imagesource: UDOE, 2014



2.2 Glazing Performance Characteristics

The National Fenestration Rating Council (NFRC) is an independent agency that provides a uniform
rating system for window and other fenestratioproducts. Using independent NRRGaccredited
laboratory testing resultson each window productthe NFR@rovides a series of values that can be
used byhomeowners and building designers to compare tleefprmance of various products typical
NFRC label in showim Figure 5. The label provides up toive different performance valuedor
consideration Two of these values, the-thlue and the Solar Heat Gain Coefficient (SHGC) wdlthav
greatest impact orthe energyefficiency of the windowThe other three criteria, Visible Transmittance
(Tvis), Air leakage(AL) and CondensationeRistancg(CR)will play a secondary role in the performze

of the window.While the Uvalue, SHGCnd T.s are criteria that are required for NFRC certification,
manufacturers are permitted to choose whether to report values for Air Lgakar Condensation
Resistance.

1
" World's Best
B 2 Window Co.
o
s Millennium 2000*

Nadorw Ferwiator Vir-Clad Wood Frame

Patrg Conrek® Daouble Glazing * Argon FIl * Low |
Prodhuct Type: Vertical Slider

ENERGY PERFORMANCE RATINGS

U-Factor (USA-P)

0.35

Solar Heat Gain Coefficient

0.32

ADDITIONAL PERFORMANCE RATINGS

Visible Transmittance

0.51

Air Leakage (U.SA-P)

0.2

Condensation Resistance |

Figure5: Example of a NFRC rating label. Imaparce:NFRC, 2005b.

The Uvalue measures the rate of heat flow through a building component due to conduction,
convectia, and radiation (NFRC, 2005bherefore, a lower Walue implies less hedtansfer and is
therefore desiable. The unitfor the Uvalueis Btu/(hr*ft 2*°F), although the values are usually shown
without the unit attached. In addition, the relationship between heat transfer dmel U-value is linear.
Therefore a Uvalue of0.2 istwice as effective at limiting heat transfas a Uvalue of 0.4

There are several standards used to determine theallle of a glazing system. The most common
methods used in the North Americare based oPASTM C1363Sfandard Test Method for Thermal
Performance of Building Materials and Envelope Assemblidsebpns ¢ a Hot Box ApparatQgASTM,
2011)and ASTM C119%fandard Test Method for Measuring the Ste&lgte Thermal Transmittance

of Fenestration Systems using Hot Box Methd8STM, 2009a)However,NFRC 100Pfocedure for
Determiring Fenestration Product -Bactord (NFRC, 2010ajovers a more specific appach for
fenestration systemsEach of these methods works under the same general principle of measuring heat
flow through a specimen.

The solar heat gain coefficient measures the amount of incident bekar gain transmitd through the

system as heafTlhis ratio varies from O (no solar gain transmitted as heat) to 1 (solar gaipletely
transmitted as heat)Like the UWvalue, the relationship between the SHGC dine solar heat gain is

7



linear. Theshading coefficient (SC) is a similauf older method of measuring a units transmittance of
solar heat gain that has been replaced by the SH®BE.shading coefficient varies, however, in that it
measures the ratio of solar heat gain through glazingga¥¢.J- NS R G2 | Of SI NI mky ¢ &A

Visual Transmittance, ok is a term used to describe the percentage of the visible portion of the solar
spectrum that is transmitted through glazing. & ®f 1 means that no visible light is preventeadrfr
transmitting through the window, whereas aislof 0 means that the window does not transmit any
visible light.

The SHGC and Visual Transmittance of a glazing system are both determined in a similar fashion. ASTM
1084 Gtandard Test Method for Solar memittance (Terrestrial) of Sheet Materials Using Sunlight
(ASTM,2009b) is used for determining the SHGC, while ASTM51(Etandard Test Method for
Determining Solar or Photopic Reflectance, Transmittance, and Absorptance of Materials Using a Large
Diameer Integrating Sphepgd ASTM, 2009can be used for measuring the visual transmittance. Each of
these methods operates under a similar principle of determining what percentage of light is capable of
passing through a given material specimen.

The Condengan Resistance (CR) of a window is a rating on the scalel@Dlof the ability of a window

to resist condenation on its interior surfaceCondensation will occur under certain environmental
conditions(both interior and exterior) for any building matatl. It should be noted that the CR is not a
prediction of whether condensation will occur, but a means of comparing how likely different products
are to experience condensation.

The CR of a window system is determined using NFRC 500 (Procedure for metefeinestration
Product Condensa&in Resistance Rating Valugb)FRC, 2010bYhis standard normalizethe lowest
surface temperature (i.ethe point at which condensation will occur), for the centdrglass, edg®f-
glass, and frame locations in 3050%, and 70% relative humidith window with a higher CR will be
more effective at resisting condensation.

Air leakage is a measurement of the amount of air that will leak through a window (measured in cubic
feet of air transport througha square foot ofvindow area).This value generally lies between 0.1 and
0.3 ft¥ft2. The air leakage rate is determined using NFRC RB@iftédure for Determining Fenestration
Product Air Leakage(NFRC, 2010cwhich is based off ASTM E 28tapdard Test Method for
Determining Rate of Air Leakagharough Exterior Windows, Curtain Walls, and Dagrder Specified
Pressure Differences Across the Spedide®iTM, 2012)

Specifying window systems usually involves a balance of different properties to achiededined
overall performance chacteristicsImprovements to the Walue and SHGC often come at a cost to the
clarity of the window trasparency.By extension, this means that less light in the visible spectrum
enters inb the interior of the buildingThis may reult in additional demands for interior lighting, thus
offsetting the benefit of the improved performance of the window systems.

2.3 Transparent Insulating Materials

There are four basic categories of transparent insotamnaterials(TIM) (Platzer et al. 190), which are
illustrated inFigure6.



Parallel Plate Structuresre composed of multiple layers of plastic films or glass. This type of
TIM setup reults in higher convection losses as well as minor losses to transparency based on
optical reflection losses. Muipaned glass windows are an example of a parallel plate structure.

Slat Structures NE O2 YLINA &SR 2F Ydz A Lire®hed peipshdidulariNg y i
across the glazing cavity. Convection losses are easily controlled, and optical losses are minimal.
Examples of slat structures are honeycombed or capillary materials.

Cavity Structuresare a combination of the parallel plate andatsistructure types. While
convection losses are easily controlled with this type of structure, reflection losses tend to be
higher. Multiwall polycarbonate units are a typical example of a cavity structure.

QuastHomogeneous Layerare most similar to catyi structures. However, these are even
more effective at suppressing convection. The primary difference between the two is that
scattering and absorption are the primary mechanisms of optical losses rather than reflection.
Aerogel is an example of a quésimogenous layer.
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Figure6: The four basic catagories of transparent insulation. Imagerrce: Wong et al. (2007)Image used with permission
from publisher.

The primary method of transparent insulation presently used in itidustry is multipaned glazing.
Glazing for both residential and commercial construction usually varies from -sidgleble, or triple-
paned glass depending on the performance needs of the building.

Modern slat structures still operate under the samanpiples used in its conception. While these
systems allow for light transmission, they do not provide a clear view. In addition to placement on solar

collectors, they are found in skghts, curtain walls, and windoapplications where clear vision istno

required. In these applications, the honeycomb system is sandwiched in between two thin light diffusing
veils. This helps to diffuse the light throughout the space and minimize the appearance of the
honeycomb system itself. In addition to insulation digtht transmission properties, these systems also

are efficient at controlling sound attenuation and managing moisture buildup within the system. An
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Figure7: Advanced Glazing Solera honeycomb insulation system. Insagece: Advanced Glazing (2010).

2.4  Control of Solar Heat Gain

A low SHGC isnost importantin cooling dominated climates where the sun is particularly intense.
Methods of reducing the SHGC typically involve utilizing tinted gla#seapplication of a coating or
film. These methods limit the transmittanad solar energy through the glazing system. Regardless of
which option is used, consideration must be given to whether additional lighting will be needed to
account for the reduction in daylighting, which may negate reductions in cooling costs.

2.4.1 Background on Solar Spectrum

All types of radiation are transmitted as waves of various wavelengths that together make up the
electromagnetic spectrum. At the long end of the spectrum are radio waves, which have wavelengths
exceeding 1 km long. Gamma rays atehe other end of the spectrum, with wavelengths only 0.001

yY ft2y3d LYy (GKS o0dAfRAY3I AYyRdZAGNETI GKS YARRES LE2N
of greatest interest. The solar spectrum features infrared light, visible light, araigltet light. These

gt @St Syaiaka FFNB OFLIotS 2F YF{Ay3a (GKS t2y3 22dzNJj
FOY2aLKSNBE (2 UFig$es Showslihg @lativeipdshidhn lof@&ckbtype of radiation in the
electromagnetic spectrum.
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Figure8: Electromagnetispectrum showing wavelengths for various types of radiation.

Visible light is the portion of the electromagnetic spectrum that is visible to the naked eye. This portion
has wavelengths in the 39 750 nm rangeAs the wavelength of this type of radiation changes,
different colors are produced. Listed from long wavelengths to short wavelengths, the colors present in
the spectrum are ed, orange, yellow, green, cyan, blue, and violet. Other colors such as magehta a
pink are produced through combinations of different wavelengths.
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The sensitivity of the eye to visible light at different wavelengths is described by the luminosity function,
also known as the photopic response. The eye is often more sensitive tocgone (wavelengths) than
others. The peak visual response is found at approximately 555 nm, corresponding to green light.

Infrared waves are longer than those found in the visible spectrum, with wavelengths ranging frgqm 0.7

30 um. Infrared radiation feamany different properties, with heating capabilities being one of the most

critical for building purposes. Radiation resulting in heating comes primarily from region of infrared
radiation found closest to the red band of the visual spectrum. This regiin RS&AONA 6 SR | &
AYFNI NBRé NBIA2Y YR O2yildlAya ¢l @St SyaldiKa @ NRBAY:
the portion of infrared light closest to the red band of visible light can typically be visually detected, the
majority of this rgion is invisible to the naked eye.

Infrared radiation coming directly from the sun accounts for only approximately 49% of the energy used
to heat the earth. The remaining energy comes from light in the visible and ultraviolet regions, which are
absorbedand reflected off of other surfaces at longer wavelengths (ASC, 1980). This portion of the solar
spectrum is known as far infrared.

Ultraviolet light is the region of radiation with wavelengths shorter than visible light. Wavelengths in the
ultraviolet (beyond violet) region have wavelengthe the range ofapproximately 10¢ 400 nm.
Although ultraviolet light is not visible to the human eye, other species are capable of detecting it.

There are three primary categories of ultraviolet lightvA, UVB, and W/ Ultraviolet light has both
harmful and beneficial qualities. While prolonged exposure to UV radiation can cause material
degradation in fibers and polymers as well as skin cancer, the radiation is also important for Vitamin D
production. The longer walengths of UV radiation are known as UVA radiation and are least
dangerous. The intermediate wavelengths are known as UVB radiation. These wavelengths are those
responsible for causing sunburns and skin cancer. Lastly, UVC radiation has the shortesigtlzs/ele

and is often used for sterilization, as it is capable of killing bacteria and viruses. This type of radiation is
nearly completely blocked by the ozone layer. In fact betweerg 98% of UV radiation is blocked by

the ozone layer. 95% of remaining tAdiation is UVA (SCF, 2012)

2.4.2 Controlling Heat Transmission in Glazing

In order to reduce heating and cooling loads in buildings through fenestration systems, the ability to
control heat flow through glazing is important. This goal is accomplished through the use of spectrally
selective coatings, tints, and intelligent coatin

Spectrally Selective Coatings

Spectrally selective coatings control the transmission of solar energy through the glass. In general, these
coatings work by absorbing or reflecting the light in the near infrared and ultraviolet range, while
transmittinglight in the visible spectrum.

Spectrally selective coatings can be broken into two categories: winter coatings and summer coatings.
Winter coatings are designed to reduce transmission of far infrared radiation while allowing for
transmission of near infired radiation for passive solar heating. Summer films, on the other hand, focus
on reducing the transmissioof near infrared heat as well. In both cases, it is desired to reduce thermal
radiation without limiting transmittance in the visible spectrum (Eag, 1983). If desired, reductions in
visual transmittance can then be accomplished by varying the thickness of the glass or usingadditio
GOGAYyGAyYyTE (BelkoitRan®l2e, 119088) 3 &
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Figure9 is useful for understanding how spectrally selective coatings work. The solid black line shows
the solar spectrum (near infrared) and far infrared irradiance, while the dashed gray curve shows the
photopic response of the human eye. The solid and dashed lines indicate the ideal transmittances for
coatings for warm @ad cold climatesrespectivelyNote that both coatings work to limit transmittance of

the far infrared radiation portion of the spectrumhich is heat radiating off of nearby objects.

Lowemissivity coatings were one of the first coatings used to improve the thermal performance of
regular glass (Berning, 1983). After glass has absorbed heat, it emits that heat in both directions. Low
emisgvity coatings work to reduce the emissivity afgivensurface. This results in a system that
transfers less heat through radiation, resulting in a lowerdlle.
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Figure9: lllustration of solar spectrum and ideal spectral tramittances of coathgs for hot and cold climatesmagesource:
ASHRAE, 2009

In real glazing systems, however, it is not possible to completely achieve these requirements. Different
coatings typically block different wavelengths in various ways that dgaedectly meet the needs of

the user.Uncoated glass transmits all of the near infrared radiatiohile reflecting a small percentage
(~30%) of the radiant heat from the glass. Glass with adawating, on the other hand, prevents the
reflection of the radiant heatlt should be noted that the reflectance and transmittance curves for the
glass withlow-e coatingtend to berelatively symmetrical. Coatings that do not exhibit this important
characteristic will experience undesired discolorations, which may negatively affect the aesthetics of the
glazing unit (MartifPalma, 2009).

Tints

Tint-based cotings are one means of reducing the solar gain through a glazing unit. They function
primarily by changing the hue of the glass itself, which prevents the transmission of portions of the solar
spectrum. Another method of reducing visual transmittance ésdasing the thickness of the glass itself
(Selkowitz and Lee, 1998).

Intelligent Coatings
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Glazing coatings can have one of two forms: static or dynamic. Static coatings (Spectrally Selective
Coatings) are used more prevalently than dynamic coatings awe tlaaracteristics that are fixed. In
contrast, dynamic coatings, also known as intelligent coatings have transmittance and reflectance
characteristics that can be varied based on external conditions. Photochromic coatings vary the
absorptance based on thEmount of light landing on their surface. As the amount of light increases, the
visual transmittance decreaseShermochromic coatings arenather type of dynamic coatirgy These
coatings vary their transmission based on their surface temperature. Assihface temperature
increases, the transmittance decreases.

In photochromic glazing, a coating is applied to glass that allows for a reversible chemical reaction
between two forms with differing absorption spectra. Taanay be either a positive or negatv
change Positive photochromism is more common. It features a stable, transparent or near transparent
form that acquires color with irradiation. Negative photochromism, on the other hand, features a stable,
coloredform that becomes transparent with irradtion (Pardo et al, 2011)igure10 shows a sample
absorption spectra for two different forms of a photochromic material.
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FigurelO: lllustration of change in absorptivity between state A (colorless) and state B (colored) of a photochromic material.
Image source: Pardo et al, 2011mage used with permission from publisher.

Thermochromic materials undergo a transition froansemiconductor form to a metal form at a
specified, critical temperature. When this state change occurs, the material exhibits different
transmittanceand reflectanceproperties. At temperatures above the critical temperature, the material
reflects the nfrared wavelengthgFigure11), which were previously allowed to pass through. This
makes thermochromic glazing particularly useful in mixed climates since it can allow for passive solar
heating in the winter, while bloékg heat gain in the summer (Parkin et al., 20@®lkowiz and Lampert
(1998), found thathe use of thermochromic glazing can result in a 30% reduction in energy used for
heating and cooling applications in buildin@®/namic coatingsanalso be appliedo other cladding
materials (Karlessi et al., 2009).
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Figurell: Schematic of thermochromic coating behavior on glazing. Image source: Parkin et al, 20@8e used with
permission from publisher.

Emerging technologies such electrochromic glazing and suspended particle devices may also be used
to control solar heat gain. Both of these systems operate by modifying transmittance during operation
by inducing a low voltage current through the glass. Both of these systems hie délvelopment and

KFI @3S ydzYSNRBdza G§SOKYyAOFf 64&gAaiOktacynital (highves, Iifetiddd) I NB =
issues to resolv@Bahajet al.2008).
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2.5 Window Frame Performance Characteristics

The weakest element af window assembly is thieame. Although high performance center of glass U
values can be achieved, the highly conductive window frame will often result ifficagitly lower
performance.Gustavsen et al. (2007) performed an investigation on stétthe-art window frames
currertly on the market.They found that manufacturers are employitvgo basic methods to improve

the performance ofvindow frames.The first is to reduce the-Malue as much as possitldg usingnew
materials, new constructions, and through the substitution lafge parts of the framewith low-
conductance materialsThe second method is to reduce the overall size of the frame as much as
possible, which produces a slim frame thaba for a high net energy gaiA high net energy gain
indicates that more energgnters the building through thevindow than is lost through itThis is an
important requirement for passive solar hi#gzgy in cold weather climates.

2.5.1 Frame Materials

Window frames are currently produced in a variety of different materials. These inciube,
aluminum, vinyl, or wood/polymer composites. In addition, they can be made of a combination of
different materials used for different parts of the assembly.

Wood

Wood is the traditional material used farafting window framesThis is primarily due to the fact that
wood is ready available in most locationtn addition, wood can be easily milled into complex shapes,
and will last a long time iproperly built and maintained.However, wood frames require a frequent
maintenance to prevent rot and deterioratiorThe exterior facing surfaces of the frames are often clad
in aluminum or vinyl to achieve a weather resistant finish, although this reduces thenahe
performance of the systemWindow frames constructed of wood typically have good thermal
performance, with frame Walues of about 0.30.5 Btu/hrft2-F.

Aluminum

Historically, aluminum has often been used as an alternative for wood frames, primarily dhe to t
material being light, strong, andurable.Complex frame shapes can be generated through an extruding
process and require little maintenance, particularly for anodized frames and tho#e high
performance finishesHowever, aluminum is highly conduet resulting in average frame-\lues of
1.0-2.0 Btu/hrft2-F for typical framesvith standard thermal breakdApart from energy usage, this also
means that condensation will be a major issue with these systems. In fact, condensation issues with
aluminumframes led to the widespread use and development of-tmmductivity thermal breaks. High

end, innovativealuminumframes are available with-Adalues as low as 0.5 BtuAtr-F.

Vinyl

Much like aluminum, vinyl is light, durable and can be easily extrfidedny shapeand requires very
little maintenance However, vinyl varies in that it provides better insulating performaiteaddition
vinyl window frame sections must be larger théneir aluminum counterparten order to carry support
the glazing. Wyl framesalso have a higher coefficient of thermal expansion, and tlere require
detailingto account formovement.

Byars and Arasteh (1992) performed a study to determine the effect of the use of materials of various
O 2 y R dzO iont tifeCpBridnanceof a window frame Figure12 shows theperformanceof various
materials withconductancess a percentage of woods the figure showshe U-value ofthe frame is a
function of both the condu@nceof the sash and the jamiReducing the conductance of the jamb will
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result in a proportional reduction in frame performance for any sash conductance. Reducing the
conductance of the sash, on the other hamdsults in less than proportional reductions in frame

conductance.
0.3 T T 3

02} /

./fv?amb Conductivity

01 F o 100% of wood

T5% of wood
‘7 50% of wood

FRAME U-VALUE {BTU/hr-F-sgf)

O‘O | 1 1 |
0% 20% 40% a60% &0% 100%

SASH CONDUCTIVITY AS % QF WOOD

Figure 12: Frame Uvalue as a functionof varying conductivities for jamb andash elements. Imagesource Byars and
Arasteh, 1992 Image used with permission from publisher.

Byars and Arasteh also evaluated the effect of using vinyl or fiberglass cladding ommebipcsulation

filled sashesTable 3 lists the frame Wralues for various cladding materials and thicknesses for wood
filled insulationfilled sashes.They found that, regardless of cladding material, the improvement
obtained using Insulated (In) spacers rather than Aluminum (Al) spasareater for insulation filled
sasheshan for wood filled sashesThey also found thaafter upgrading to insulated spacers, adding
additional cladding will have no effect or possibly even result in a decrease in thermal performance for
the frame.

Table 3: Frame Wvalues for various cladding materials and thicknesses. The effect of aluminum asuated spacers is also
shown.Data source: Byars and Arasteh, 1992.

WoodHilled sashframe Uvalues | Insulationfilled sash frame Walues
(Btu/hr-ft2-°F) (Btu/hr-ft2-°F)
Vinyl clad sash
0.1 nddadding
Aluminum spacer 0.37 .19
Insulated spacer 0.27 0.11
0.1 y faddidg
Insulated spacer 0.27 0.14
Fiberglass clad sash
0.1 ndadding
Aluminum spacer 0.39 0.21
Insulated spacer 0.29 0.13
0.1 ydadding
Insulated Spacer 0.31 0.17
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The effect of various framing materials on the overalldlue for a given window was alsoséstigated

in the same studyTable 4 compares the centeof-glass, frame, and whole product-vdlues for

different framing materials and configurations.was found that for a window with a center of glass U

value of 0.12 Btu/Ht2-F, the use of a conventional, solid wood frame with an aluminum space resulted

in awhole U value of 0.23Bft*-CX I > RSONBFaS Ay LISNF2NXYIyOSo
clad, insulation filled window with an insulated spacer resulted iwhole window Wvalue of 0.13
Btu/h-ft2-F, only a 9% decrease in performance.

Table4: Comparison of centeof-glass Wvalues, frame, and whole produdt-values.Datasource: Byars and Arasteh, 1992
Center of Glass-Malue | Frame Uvalue | Total Window Walue
(Btu/hr-ft2-°F) (Btu/hr-ft2-°F) (Btu/hr-ft2-°F)

Conventional solid
wood frame, Aluminum 0.12 0.36 0.23
spacer
Conventional solid
wood frame, Insulated 0.12 0.26 0.17
spacer

+tAyeft Of I RF
insulation filledframe; 0.12 0.14 0.13
Insulated spacer
Jamb: 50% conductivity
of wood

Sash: 10% conductivity| 0.12 0.10 0.13
of wood
Insulated spacer

Studies have shown that variations in air leakage performance from one system to another are typically
more a function ofmanufacturer than of material (Weidt et al., 1979).

2.5.2 Frame Configurations

As previously mentioned, mdow frame thermal resistance can be improvedvayying the geometry of

frame as well as the materials used within the frame. This involves thation of air spaces or
substituting regions of solid material for a lower conducting material. Several different configurations of
materials are shown imable5. Polyurethane (PUR) was found to be the most common insulating
material used as an infill for frames. However, in the case of aPUR will releasextremely dangerous
hydrogen cyanide gasome substitutes to PUR that are used in some és@re polyethylene (PE),
polypropylene (PP), extruded polystyrene (XPS), and ethylene propylenediene (EPDM). EPDM can also
be used to add rigidity to the frame.

Table5: Comparison of several statef-the art window frame configuations, a description of the type of insulating material
used, as well as the grected frame Uvalue. Datasource: Gustavsen, 2007.

Window Frame Description Thermal Insulation Fill Material Frame Wvalue (W/n?K)
Wood Frame PUR 0.65
Wood Frame withnsulation filled Al PUR and XPS 0.68
Cladding

PVC Frame PUR 0.71
PVC Frame with insulation filled Al PUR 0.82
Cladding

Al Frame PUR 0.71
Fixed Wood and Al Frame PUR 0.63
Glass Facade System PE and EPDM (support) 0.65
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2.6 Spacer Performance Characteristics

A windows thermal transmittance, measured with thevilue, is based on a combination of effects

from the glazing, the frame, and any spacers used within thénglakhis value is determined using two

different methods: The ASHESPC 142kethod (ASHRAE, 1998nhd the 1ISQLO077#2 method (ISO,

2003a). The difference in these two methods deals primarily with the way the effect oksgaeer is

taken into accountin the ASHRAE method, the spacer affects the frame heat transfer rate as el a
GSRADE I aaé¢ KSEFG (NI yaFobND NG &IES SA & KISYNBI NiFKIS HadSpRéI S6 ¢ o «
perimeter of the glazing measured frothe glazing/frame interfaceThe ISO method, on the other

hand, takes the effect of the spacer as beinggadional to the glazing frame sightline distance and

thus the length of the spacer itseBlanusa et al. (2007) found that these two methods provide up to a

3% diffeence, particularly for windowareas smalleti K 'y duné Enné Asghesi2éWep nn Y Y0 d
window increases, the difference beéen the two methods decreasel.was found that the primary

reason for these differencess G KI & H®pé OScodpYYO Aa (22 avliftt 2
appropriately capire the effects of the spacein reality,cloi SNJ 42 cé omMpn YYO A& yS¢

Spacer bars are commonly adructed of aluminum or steel.iEsehighly conductivenaterialsresult in

very low edgeof-glass tempertures due to thermal bridgingThis results in a loss of thermal
performance as well as an increased risk cofhhdensationdevelopment To solve this problem,
innovative spacer designs, collectively known as warm edge technology (WET) have been developed
from either low conductance mat&ls or spaces with an integrated thermal brekigurel3 depicts a
conventional spacer bar (IG1) a@dVET spacer bars (I8210).

I}

_ . Fibreglass
_—Flexible PVC spacer bar

- Aluminum || —Aluminum spacar

T | Steel _-Primary
| —Thermakbreak foam /t sealant '
= i N
——Desiceant < Desicoant " f Desiccant AT LW
~Sealant ) Secondary
— Sealant T —Sealant w1 sealant - Soalant
Foam with desiccant
1G1 IG2 1G3 1G4 IG5
N % % &
- Po hane
Rigid PVC -~ Conventional F||u1ed LA olyurethane
A metal spacer aluminum - Tape mastic - . Alumine
_~Galvanized steel shim w”i__‘;}o'es:;;;m = Aluminum
4= Primary sealant Far with - Primary sealant
/..-Des ccant desiccanl
i _—Diesi 1] —— Dasiceant
Sealant Et =y 4 7
4 e . | Sealant —~ Secondary
W ol dary = sealant
] sealant ||
Sealant/ Byl
1G& IG7 1G8 1G9 1G10

Figure13: Comparison of warrredge technology spacers (I8&10) and conventional space (IG1).Imagesource: EImahdy,
20083.

Elmahdy (2003) investigated the effect of the each spacer for an insulated glass unit without a frame

using physical tasAy 3 2F &LISOAYSyYya wmpH YMguré&ld shews thy Yurfadec ¢ E - n T
temperature of the glazing on the warm side for each of these spacerfuastioon of distance from the
glazing/frame sightlineAs the figure showshe effect of each spacer becomes negligible at a sufficient
RAAGE YOS o6FLIINBEAYFGStE® pnYYI 2N dHéEO D
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Figurel4: Inside glass temperatures for various g bars as a function of diance from the edge of glassmagesource:
Elmahdy, 2003.

In addition, the effect of each spacer on the thermal performance of vinyl, thermally broken aluminum,
redwood, andfoamtinsulated fiberglass was investigated. This investigation showed that redwood
frames with foamdesiccantspacer bar performed the besimongthe various alternatives. Moreover,

the general trend of behavior was the same for each spacer déggs of the framing matial. These
results are shown ifigurels.
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£ 8.0 ._'_._'_"_-__1\7‘4;’//.“"‘“\‘\
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Figure15: Effect of spacer on fram@erformancemeasured as a function of suate temperature @ the warm side of the
frame. Imagesource: Elmahdy, 2003.
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2.7 Energy Balance through Fenestration

In order to understand the effect of window shading devices on energy transfer through the complete
fenestrationunit, it is important to undersand the behavior of window systems. Heat transfer oanur
through three mechanismsconduction, convection, and radiation. Conduction occurs through
molecular contact. The conductivity for some common materials are listed below. For a glazing system,
this means the frame, spacer, and the air molecules themselves.

Table6: Conductivity of common glazing metials. Datasource: The Engineering Toolbox2013

Material Conductivity (W/mK)
Air 0.024

Aluminum 205

Argon 0.016

Glass 0.96

Krypton 0.0088
Polycarbonate 0.11

Vinyl (PVC) 0.19

Wood 0.12

Convection is heat transfer through a fluid. For glazing systems, this takes place on the exterior and
interior sides of the unit as well as in the air space. In addition, all objéstsrla and emit infrared

NI RAFGA2Y OKSIFGo®d ¢KS STFSOUG 2F O02y@SOiGA2Yy YR
For highly insulating walls, the effect of these surface films is marginal. However, for poorly insulated
systems such asindows, convective and radiative heat transfers have a significantly greater effect and
therefore, the role of surface films are much more important. Some typical surface film heat transfer
coefficients are shown iiable?. It should be noted that the thickness of surface films is not meaningful
since they are a fictitious element. Therefore, the units are listed in WJmather than W/(mK) as with
conductivity, which must always be associated with a material thickness.

NJ

Table7: Typical surface film heat transfeiefficients. Datasource: Straubeand Burnett, 2005

Surface Position | Flow Direction | Conductance (W/rfK)
Still Air (Indoors)

Horizontal (ceilings) Upward 9.3

Horizontal (floors) Downward 6.1

Vertical (walls) Horizontal 8.3
Moving Air (Outdoors)

Stormy Conditionsg winter (6.7 m/s) | Any 34

Breezy Conditiong summer (3.4 m/s)| Any 23

Average Conditions Any 17

Outdoor surface film heat transfer coefficients are a function of wind speed and temperature. Values of
29 W/(n?K) and 6.8 W/(i#K) are often used for outdoor surface film heat transfer coefficients for
stormy, winter and calm conditionsespectively Anindoor heat transfer coefficient of 8.3 W/@K) is

used by designers for both summer and winter conditions (ASHRAE, 2009).

The heat transfer coefficient of the interior cavity is dependent on the temperature of the glazing as well
as the emissivity of thelgss. For uncoated systems, the air space heat transfer coefficient is typically
taken as 7.4 W/(#K). However, the presence of le@ coatings can have a significant effect on this
value, resultingn valuesas low as 2.0 W/AK and as high as 11.9 WAK(ASHRAE, 2009)
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The importance of the surface film coefficients can be demonstrated by examining the calculation for
the U-value for a single glazed window.

N P

qa 4
Where

ho - Outdoor surface film coefficient

hi - Indoor surface film coefficient

k - Conductivity of the glazing material

L- Thickness of the glazing material

Consider a 6mm pane of glass. Since the value for the conductance (L/k) will be small (.006/.96
0.00625) in comparison to the first two terms (1/17 = .059 and 1/8.3 = Otli®)clear that convection

has a large effect on the thermal performance of the glazing unit. If we disregard the role of these
surface films in the heat transfemlculation, we would obtain aAsalue of 160 W/(r!K). Taking the
roles of the surface filmsnto account, the Walue drops to 5.39 W/(AK). The glazing systems
resistance to thermal transmittance is 29 times higher when the surface films are negdlected

Other studies use a formulation for the overall heat transfer coefficient that completelyecisgthe
function of conduction in the center of glass region. Shahid and Naylor (2005) use a formulation that is
entirely dependent on convective heat transfer and radiative heat transfer. This formulation is shown
below.

Where,
Q: ¢ average convective heat flux
Q ¢ average radiative heat flux
Tout ¢ OUtsIde air temperature
Tin ¢ inside air temperature

Of course, the energy balance of a miatyered glazing system is much more complicated, and requires
an understanding ofite energy flux to and from each layer. The energy balance for a generalized glazing
system can be reduced to what is showrFigurel6. This figure shows that the energy balance through

a window is based on the solar irradiance on each glazing surfg¢cethés interior and exterior
convection (kinand hou), the radiodly of each glazing layer)Jhe irradiance from the interior room

(G) and the convective heat transfer in each gap. The heat flux across each)gaptlig convective

heat transfer within a unit, plus the radiation emitting the front side of a umithus the radiation from

the adjacent unit.

n Yi s Yi Of Up
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Figurel6: Energybalane onmultilayer glazingsystem.Image Source: Carli, 2006.

All energy landing on a surface viiél 6 82 ND SR o6h 0X GNXYYyAaAYAGGISR 6_03X 2N
up the radiosity of a surface (radiative effects leaving a surface) and irradiance (radiative properties
landing on a surface). The sum of each of these terms must equal one. The enesggebal
demonstrated irFigurel6is used by WINDOW in the calculation procedure.

When shading devices are incorporated into a glazing system, the cavities formeddhatting device
are onsidered ventilated cavitiedn such cavities, the role of convection must be taken into account
not just within the cavity, but between adjacenavities separated by a shadehe energy balance of
such a system is generalizedHigurel?.
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Figurel7: Energybalance for a glarg system with a shading layelmage source: Carli, 2006

Yahoda and Wright (2004) developadgimplified model allowing for a venetian blind to be treated as a
simplified, planar, homogenous layer within a series of other glazing layers. This work was later

22



expanded by Wright (2008 KA OK GNBIFGa 020K 02y @SO0A éfectvey R NI R
NE & A & (ahdyllosdfar aone-dimensionalheat transfer modethrough the glazing system3he

STFTSOG 2F O2y@SOGA2y I ONRaa | &aKIRAYIFiRB®BAOS Aa
Although this formulation is not used in the calculations of software such as WINDOW, it is a useful
illustration of the behavior of the system.

1=n- 1 1

Figure 18 Example of "effective resistazes"” from convective and radiative heat transfer across a glazing system with a
shading device.lmage source: Wright, 2008.Image used with permission from publishe®ASHRAE www.ashraerg.
ASHRAE Transactions, (114), (2)

The energy balance is used toeate a set of simultaneous equations that relate each of the
components of the energy balance to the temperatures at each surface. The surface temperatures are
then used to determine the thermal resistance of each layer or cavity (Carli, 2006).-Vdlaelis the
reciprocal of the total resistance.

Where,
Rout - The thermal resistance of the outside surface layer
Ry - The thermal resistance of the glazing layer
Ryap- The thermal resistance of the glazing cavity
Rn - The thermal resistance of the indoor surface layer.

2.7.1 Background on LBNL WINDOW Analysis

WINDOWuses two standardsets of calculations for the -alue and SHGC analysis. The first is 1ISO

15099 (1ISO,200%), & ¢ K S NI | f t SNF2NXI YOS 2F 2 AyR@Delmid R22 NA:>
Ol f OdzA FiA2yadé ¢KSISA2MD ¢ RK & BY IL{ h kKIS KNF mMyilryfOS 2F 6 A
shuttersg/ I £ Odzt F A2y 2F (GKSNXIf OGNIyavYAGOlIyOSoé

ISO 15099 specifies thelcalation procedures that should be used to determine thermal and optical

properties for window and door systems, including singled multipane glazing products with lew
emissivity coating, suspended films, gas fills, metallic and nonmetallic spa@er®sfand shading
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devices. ISO/EN 100dealswith the calculation procedures for thermal and optical transmittance for
glazing systems. These algorithms, however, are greatly simplified in comparison to ISO 15099.

One important piece of the discussion thaill follow is how the shading layers being modeled relate to
the windows. This is especially important when the heat transfer processes of conduction, convection,
and radiation are considered. WINDOW works under the assumption that the shading idevaxnted

inside the frame. The top, left, right, and bottom openings showFRigurel9 represent the opening

area between the shading layer and theafne. Modifying this area is achieved using thg, e, Dignt,

and D distances found in thelgzing system definitionim the glazing system libraryithin WINDOW.

The center openings represent the amount of air that is able to move through the shading device. This

FNBF A& &ALISOATASR Fa GKS &2 LISyy SAdopefes®iadoNdf 1 F 2 dzy R

implies that the shading layer has nofeaft on limiting transmittance to the surface of the glazing.
Conversely, an openness factor of 0 implies that the shading layer is completely effective at Amiting
flow.

Top Opening

Center Opening

Left Opening Right Opening

Bottom Opening

Figurel9: Generlizedshadinglayergeometry. Imagesource: Carli, 2006.

The opennessattor is taken into account in the calculation for the pressure loss through ventilated
cavity. A cavity formed by a shading device isstiered a ventilated cavityhis value is important for
thermally driven ventilabn with the glazing system.

The challenges associated with the openness fraction can be illustrated by examining the case of
venetian blindsWhenthe blinds arein use WINDOW uses a default openness fractions of 0, 0.5, and
1.0 for slat angles of 90°, 45and 0; respectively. However, it is realistic to assume that these values
will changecontinuouslybased on the configation of the specific blindln particular, @ openness
factor of 0 is unrealistic, as the blinds will never fornperfect seal eve when closedMachin et al.
OMppy v y2GSR 0GKIFIG S@Sy AT (GKS ofAyRa OFy NBI OK

FEAFE dzyRdzZt FGA2yaé 2F S OK aft éing foneddeherefore NaBt@S y i |

analysis, an operess fraction of 0.05 will be assumed for blinds in 90° position.
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3. Methodology

There have been several different studies that have compared the bepéfitarious window
attachments.The Cold Climate Housing Research Center has produced a document iogngeaeral
different window attachment system<C¢aven and GrabeBlaght 2011).This study was geared only
towards insulating behavioand analyzed a combination of window attachments available loa t
market and custom designs.

Another study was conducted by BuildingGreen, &ma Lawrence Berkeley National LABNL)This
study provided a more comprehensive analysiseveral window attachmentdJSDOE 2011b). This
study described the behavior of each system in terms ofrdodat gain and visual transmittance. In
addition, it makes recommendatiorfsummarized imable8) to homeowners and renters on when they
shoud consder using each system.

Table8: Recommendation®n window attachments use Adaptedfrom DOE et al., 2011.

Exterior Awnings
Exterior Low-e Storm Windows
Exterior Window Shades and Shuttg
Interior Window Panels

14
=
(2]

Interior Surface Applied Films

Interior Blinds, Shades, and Drapes

X | X | X | X

Interior Insulating Blinds

X [X | X |[X[X|[X|X|[X
x

X | X | X | X | X

Air Sealing Upgrade

Ly mMopyns 2AftAFY [Fy3IR2Yy 6NRBGS | 06221 GAGESR aa?
Cooling Losses ThroughK S 2 Ay R2ga Ay | 2 @3Q) Thig baékSaes intd dgrdatyi@dl 2 y = ™
describing different measurdsr improving the insulation on existing windowsharnessing solar heat

gain Only a few systems were described that focused on reducing the cooling load in buiBkrgsal

different products available on the market as well as DIY versions were described in detail. In addition,

the information was very qualitative in nature (magiit difficult to perform a side by side comparison

of the performance of different systems) and is also in some need of updating.

The National Trust for Historic Preservation: Preservation Green Lab (Frey et al., 2012) conducted
another study in 2012This study involved a performanead cost analysis on a model home across
several different climates using the SEEM (Simple Energy and Enthalpy .MdaeBtudy included a
detailed cost analysis with the goal of finding systems with a low return ontinees (ROI) over several
climates. However, onlgevendifferent systems were investigatedreather stripping existing windows,
exterior storm windows, interior window panel, insulating window shade, combination of exterior storm
window and insulating cellar shade, interior surface filnand new higkperformance window
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The study presented in this reporbuilds onthe aforementioned studiesnd expands the scope of
options considereds viable solutions It will examine window attachment products that aagailable
on the market as well as those that can be easilyauasproduced by the homeowner (e,plastic wrap
around windows).In addition, it will includea discussion of important characteristics that retrofit
measures should have for energy performsa.

3.1 Criteria for Comparing Window Attachments

The aforementioned studies identifieseveral important considerations for window retrofit§hese

issues include Thermal Improvement, Comfort, Cost, Condensation Potential, Ease of Operation, Impact
on Daylitnting, Privacyand Aesthetics. While thermal improvement, comfort, cost, and condensation
potential can be quantified, ea® of operation, privacy and aestheticsare more subjectiveand
qualitative A simple diagramRjgure20) is developed for each window retrofit solution ttlustrate a

method of evaluatingeach system at a glance

Subjective Criteria Objective Criteria

U-value .
I Tvis

Aesthetics Themal Comfort

Window
Privacy — L REtrOﬂt Condensation
Solution Potential

Air Leakage

Cost

Il—— Severity of Impact []Reduced [lincreased

Figure20: At-a-glanceperformancediagramfor window retrofit solutions

3.1.1 Thermal Improvement

One of the most important criteria from an energy management standpoint is the amount of thermal
improvement provided by a window attachment system. Wiexaluatingthermal improvementtwo

basic aspectare to be consideed. The fist is thereductionin U-value. The U-valuesfor the glazing
systems and the window retrofitsannot simply be added togethefherefore, estimations for Malue
improvement will be based on estimations in literature or through WIND@®ais The second aspect

of window attachment performance is how well it reduces solar heat gain into the interior space. This
criterionwill be evaluated using WINDQW

The thermal performance of each window attachment will be measured in terms of teemi
improvement obtained in comparison to a double glazed windowe result of this is that windows that
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are already more efficient will see a substantially lower improvement than predicted for their less
efficient counterpartsThe equation used to gemnate the percent improvement is shown below.

"OaNi EDMAQE T ¢ B8 EXNE Dia'QE 1 & he (T)'QD
01 QOQOONET d WE W'Q P

Systemsare also rated for shading ability. Systems that provide shade on the exsderof the glazing
will be more effective at limiting solar heat gairaththose on the interior since they prevent heat from
even reaching the interior of the buildingzigure 21 shows the performance bars for thermal
improvement and shading as well as visual transmittance (discussed next).

3.1.2 Impact on Daylighting

Most window attachments will affect the visual transnaitice of the window assembly in one way or
another. Attachments that are more opaque can significantly affect the daylighting in an interior space.
In these situations, increased energy is required to light the interior of the building. Depending on the
amount of lighting that is required, any energy saved in heating or cooling costs will be offset for

lighting. Therefore, each system will be rated as significantly reducing daylighting potential, moderately

reducing daylighting potential, or not influencidgylighting potential.

<500% —___ Exterior

Shade
<400% — Significant
<300% ~ | —Moderate
<200% —|

Minimal

<100% —| | &
U-value

Figure21: Thermalimprovement (Uvalue and SHGC) anhpact ondaylighting (Tis) criteria on the ata-glance performance
diagram

3.1.3 Thermal Comfort
Along with inside air temperature, the second componentated to thermal comfort is the Mean

Radiant Temperature (MRT). The MRT is determined by weighing the effects (by area, spatial
relationship, and difference in temperature as compared to the skin of a person in the space) of each
object in a space. When$h aw¢ A& 6FN¥VSN) GKIy GKS 200dzLJ yiQa
GFSSte¢ gL NY¥Yod hy GKS 20KSNJ KFyRX gKSYy GKS awe¢ A&
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The Mean Radiant Temperature of a window is a property that is lladgased on the amount of
furnishings in a particular space as well as the size and location of the window in that space. In addition,
regional climate characteristics such as outside temperature, humidity, and wind speed will also have an
effect. Therefoe, to compare the mean radiant temperature of several window attachments; a common
set of parameters will be used.

Investigations into window size and placement have led to several imptoctanclusions in this regard.
(Gan, 2001).

1 A window® area as welas its aspect ratio has a signifitdmpact on thermal comfortThe
larger the area of the winda, the greater the discomfortn addition, square windows tend to
cause more discomfort than an equivalent window area spreadr several tall, narrow
windows,in which case discomfort is negligible.

1 The locatiorof windows in a roonhas a significant impact on the amounttbérmal discomfort
they causeWhen windows are far apart, such as on opposing walls (walls 1 anHiguire22),
the effect of each window is nearly independent, with the amount of discomfaused by each
being cumulativeHowever, if the windows are close together, such as on adjacent walls (walls 1
and 2 inFigure22), their effects mergewhich slightly amplifies theffect of each window. The
discomfort caused by windows less than 0.5m apart can have a significant impact on the
comfort level in the room.

91 Double glazed windows greatly reduce the discomfort caused by windoviact, the effect of
the mean radiant tenperature extends nearly twice as far into the roavhen singleglazing is
used as it does with doubiglazing

9 Although below window heating sources, such as radiators, are effective at reducing thermal
discomfort caused by windows, the excessive hestrofesults in its own termal discomfort.
Therefore, measures that reduce the need for excessive use of under window heat sources will
improve the overall comfort of thepace.

4
1 3
2
Figure22: The locationof multiple windowS—Tmeroormmmrermormoome—arother will have an impact on the amount of

thermal discomfort. Windows on adjacent walls will result in a greater degree of thermal discomfort then windows on
opposite walls.

Based on these criteria, it ndbe concluded that mean radiant temperature is a concern whose relative
importance will vay based on several conditions.

1 The size and shape of the window are one determinate on whether thermal comfantdshe
considered.Reduction in thermal discomforieed not beconsidered for narrow windowsAs

the area increases and the aspect ratio nears square, thermal discomfort must be considered.
Reducing the thermal discomfort caused by sirgjezed windows is essential.

Reducing thermal discomfort is essattivhen multiple large windows are located near one
another.

= =
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For the purposes of this study, window systems will be rated as having a minimal, moderate, or severe
impact on the thermal comfort of the spa¢gigure23).

Themal Comfort

Significant

Minimal

Figure23: Thermalcomfort criteria on the ata-glance performance diagram

3.1.4 Condensation Potential

Condensation occurs when moist aipntacts a surface temperate below its dew point.For
fenestration systemsthistypicallyinvolves warm, moist interior air condensing on the interisurface

of a cold glazing uniThe risk of condensation is highest at the coldest location on the fenestration unit.
This may bea location where a highly conductive material forms a thermal bridge (eatpminum
window frames) or where airflow is restricte@ondensation is often associated with low quality (high
U-value) windows. However, even high performance windows with a Idwlevproduct Uvalue may
have localized thermal bridges where condensation may o€ndensation can result in mold growth
androt in the window frame and silFor particularly cold climategondensate on windows has the
potential to freezeresultingin possible gress issues.

Werner and Roos(2007), conducted a study to investigate the impact of various glass coatings on
condensation development. It was found that l@missive coatings (S;) delay the formation of
condensation on glass, as the glastains absorbed heat longeiSelfcleaning, hydrophilic coatings
(TiQ) on the other hand, did not slow the formation of condensation. However, these coatings did
result in a window that was easier to see through (in comparison to uncoated egrugsivty coatings)

even after condensation had formed.

There are several solutions that have been found to be effective at reducing the condensation potential
on windows. Generally speaking, exterior window attachments that result in an increased glazing
temperature will have a lower risk of condensation, while interior attachments that lower the
temperature of the glazing will have an increased risk of condensation. Interior window treatments that
either completely seal out moist air from the surface of the daws or allow for increased levels of
ventilation will have less condensatioim. this study window attachmentsare rated as having eithea
moderate or significantlincreasedr decreasedisk of condensatioFigure24).
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A AN

Condensation Potential

Figure24: Condensatiorpotential criteria onthe at-a-glance performance diagram

For windowshat have a high condensation potential, a solutistio add an addional molding on the
inside of the window to cover the aluminum frame. By covering the cold surface with a material with a
lower conductance, the potential for condensation to develop on frame is minimized. An illustration of
this is shown irFigure25. The image on the left shows a triggéazed window with an aluminum frame.
The lowest temperature on the window, found at point B;1i§°C. When amdditional wood molding is
added, the lowest point, found at point C, is now *&1Therefore, it can easily be seen that the
window with the additional molding will be more resistant to developing condensation at a given
outdoor temperature and indoor huidity level.
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Figure25: Comparison of isotherms for a triple glazed window without (Ieft) and with (right) additional mialy covering
aluminum frame.lmagesource: Moshfeghet al. 1989.Image used with permission from publisher.

One important point to note is that improved (reducedjvblues will not always correlate to reduced
condensation potential The condensation potentiawill be based on a variety of factors including
framing maerials, coatings, spacer baess well as glazing window retrofibnfigurations.Without the

use of physical testing oextremely robust finite element analysis, a more detailed rating of
condensation potential is not possibléf. such testing was avallée, each window attachment could be
rated for condensation resistance using the temperature indgx@iven by the formula shown below,
the temperature index relates the temperature of the interior surface of the window to the interior and
exterior airtemperatures. A temperature index of 1.0 indicates that the interior surface of the window
is the same temperature as the interior air. This is the point at which the window has maximum
condensation resistance, regardless of interior humidity levels.

vy
N Y

6Y'™0 O

In this equation, Jis the interior window surface temperature. iE the exterior air temperature, and T

is the interior air temperature. AAMA Standard 158®Iuntary Test Method for Thermal Transmittance

and CondensatioResistance of windows, Doors and Glazed Wall Segr{i@AMA, 20095escribes this

index, referred to by the document as the Condensation Resistance Factor (CRF). The standard describes
that the interior and exterior air temperatures should be 70° F (318nd 0° F-18° C)respectively.

3.1.5 Air Leakage

The degree to which a window attachment prevents dacreasesthe transport of air movement
through the buildingenvelope must be considereérigure26 depicts the two major routes in which
outside air can infiltrate through windows. The first method is between the sash and the jamb. The
second route is between the jamb and the wall. The ability of a windttachment to reduce air
leakage will be judged based on how effective it is at preventing air leakage through each of these
locations(Figure27).
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interior wall ™ jamb face trim
Figure26: There are two major routes of air infiltratin through the window assemblyimagesource: Langdon, 1980.

Frame

Air Leakage and Sash

Figure27: Airleakage performance criteria on the at-glance performance diagram

3.1.6 Cost

The cost of each windw attachment will be compareds an additional metricSince these are all
retrofits for residential construction, the cost of all materials will come from sources available to the
common homeowner, such as home improvement &MNE &,[ HodheS Depot, etc.)When
appropriate, installation costs will be includé€igure28).
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™~— Low Cost
(<%$20)

™~— Moderate Cost
(<$100)

~
™~— Significant Cost
(>$100)
Cost

Figure28: Cost performance criteria on the a-glance performance diagram. Note thatost isfor the retrofit of a single,
30"x60" window.

3.1.7 Ease of Operation

The most successful window attachments are those Hrateasy for the owner to operaté window
attachment that is difficult to use wilbe ignored by the occupant, rendering it useless, or worse be used
incorrectly,potentially resulting in an increase in enengse While some window attachments, such as
window films, require no action from the user aftistallation; other systems, such as shutters, must
be adjusted several times palay for optimal performanceTherefore, window attachments will be
rated asfollows (Figure 29).

1 Minimal or nooperation required
i Some operation required
1 Significanbperation required

3.1.8 Privacy

Privacy is an importardriterion for window retrofit solutions. Therefore, each solution will be rafed
its effectiveness at providingrivacy for the building occupan(Eigure 29). Since the majority of retrofit
solutions have variable settings, the privacy criteria will be evaluated for the shatie imost closed
position.

3.1.9 Aesthetics

The aesthetic impact of a window attachment is the hardest criteria t@lwapainst that of the others.

An exterior window attachment may negatively affect the street appeal of a home, thus nediisi
value to thehomeowner.Similarly, an interior windovattachmentmay negatively affecthe interior
aestheticsof a room.In both of these situations, the severity of any positive or negative impacts is
highly subjectie on the part of the occupaniTherefore, for thepurposes of this study, each window

GG OKYSyld gAftft 0S RSAONAOGSR | a Kb @dzg&@a ISYTKISINI 1a$

effectt (Figure 29).
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_ Moderate
Privacy

Significant

Ease of Operation
Figure 29: Ease obperation, privacy, andaesthetic performance criteria on the aa-glance performance diagram

Variations

In cases where there are variations iach systemthesewill be describedSome of these are different
commercially available products that serve the same fumgtialbeit in different waysOthers will be
modifications to existing systems that will imprawe efficacy of their design.

Other Issues

Glass Breakage caused by heat buildup in window attacksnghere there is little air movementhis

will be a particular issue for systems that are highly insulative interior attachmerfitieh have a
thoNB dzZa3 Kt & & S| fTiese systemisllowd hedl foierter tirough the window into an enclosed
space, were it cannot easily escape.
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3.2 Modeling of Window Retrofit Characteristics

Homeowners havenany different styles ofwindow retrofit optionsto choose from For each of these
styles,numerous variations currently exist on the market or could be easilysioned.Therefore,it is
necessary to examine specific products on the madetwell as hypothetical systems with a broad
range of design features. Such an analysis will provide an understandimgyvothe wide variance of
attributes for each system i affect the performance of that system.

Table9 providesa summary of the different retrofit solutiongsivestigatedin this study Each of these
methods has been placed into one of six different catagonenetian blinds, fabric shades, glazing
layers, insulating layers, perforated screens, and cellular structures. Each of these catagories has their
own set of variables that will affect their perfnance. These variables will be discussed further in
subsequent sections.

Table9: Summary of window retrofit solutions and software that can be used to model each system.

Venetian | Fabric Glazing | Insulating |Perforated| Cellular

Window Retrofit Solutions )
Blinds Shades Layers Layers Screens | Structures

Operable Shutters (Shading) X
Operable Shutters (Insulating) b
Exterior Insulating Rolling Shutters X
Exterior Storm Windows X

Insect Screens X

Roller Screens X

Exterior Plastic Film on Insect Screens X

Interior Conventional Blinds X

Insulating Cellular Blinds X
Interior Shutters (Shading Style) X
Interior Shutters (Insulating Style) X
Interior Roller Shades X

Interior Curtains and Draperies X
Low-Emmissivity Films
Plastic Film on Window Frames X
Draft Snakes

Modeling Software

WINDOW
THERM
ABAQUS

The three software packages thaan be usedo determine performance values ateBNLWINDOW
(LBNLb, 2012%nd THERM (LB&L2013 as well as the FEM software ABAQD®8ssault Systemes,
2013) WINDOW and THERM work together to determine thermal and optical performance values for
window components ath assemblies. WINDOW is the simpler of the two programs. It nrssrial
properties such as spectral data and material contgtto determine the whole window Walue,
SHGC, and Visual Transmittarfoe fenestration assembliesThe current version othe software,
WINDOW 6.3 (LBNL 2012, has predefined models based on actual products for venetian blinds, fritted
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glass, and woven shades. Custom models can also be developed for horizontal venetian blinds, woven
shades, and fritted glass.

The latest betaversion (LBN4, 2013) of the software (WINDOW 7) has predetermined models based on
actual products for venetian blinds (vertical and horizontal), cellular shades, perforated screens, woven
shades, lightliffusing screens, and electrochromic coatings. dditon, customshading layers can be
developed for venetian blinds, perforated screens, woven shades. When making custom layers, optical
properties for absorption, reflection, and transmittance are needed to generate accurate values for the
SHGC andd This will likely create a challenge for determining the effects of solar heat gain and
daylighting. It should be emphasized that this version of the software is still in the beta phase, and
therefore likely has bugs that may potertiaaffect the accurag of results for some of the newer
features.

THERM is a simplified FEA modeling software used to measure heat transfer through building
components. The intended function of THERM is to calculate frame and-ofdg@zing Wvalue
properties, which can theme imported into WINDOW, where whole value productalues can be
determined. Therefore, this function primarily refers to the use of specialized framing and/or
connections between glazing elements. Standard, predefined wood, vinyl, aluminum, or alumitium
thermally broken frames are available in WINDOW based on ASHRAE standards. In these cases, the use
of THERM is not required to determine the whole produstdlle, although THERM may still be useful

to generate temperature isotherms for ratings of cmmsation potential. However, THERM cannot
generate isotherms for windows using shading systems.

ABAQUS is the most advanced of the three software packages previously mentimadfully
functional FEA analysis prograih,is capable of modeling théhermal transmittance of themost
advanced glazing systemdowever,it is also the most complicated to use, and requires a thorough
understanding of the software as well as the behavior of the system being modeled. When using
ABAQUS, the user must manuallyesify the precise interaction beten every surface in question.
Therefore, its increased compatibilities will come paired with a much longer time to develop models as
well as an increased likelihood of errofherefore, the use AABAQUS wibe better ®rved as a further
phase of research, in which results from physical testinglmansed for validation.

Severahuthors have conducted research in this af@osthuizen et al., 2005, Shahid and Naylor, 2005,
Wright, 2008, Cho et al.,, 1995). In generalegh studies have focused nearly entirely on the
performance of venetian blinds, and in all cases have only examined the @dfgkss regionWindow
framing can have a significant effect on the performance of a given system. This study will differ from
the aforementioned studies in that it will investigate the performance of a given shading device on an
actual window system with various types of frames. For each shading device, a picture window, 1200
mmx1500 mm will be used with wood, vinyl, and a thefgnbloken aluminum frame. The ultimate goal
wiloS G2 06S FofS G2 AGLINBRAOGE | yits HeSighddtributedDNeReR dzO G Q &
results will need to be validatedsing physical testinguring a later stage of researclRather than

trying to force a comparison between products in different catagories, this shabfocused on only
comparing the performance of products in similar catagories.
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4. Venetian Blind Style Attachments

4.1 Operable Shutters

Exterior shuttersn new constructiorare typically inoperableand exist prinarily for aesthetic purposes.
However,manyolder homes have operable shutte(sigure30). In addition to providing protection for
the glazing duringnclement weathey exterior shutters can also be an effective meahsmiting solar
heat gain.These shuttersisuallyfold in from the sides, but can also fold in from the top as well as slide

into place on tracks.
| ]
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Figure305 'Example obperaible shtters. Image surce: Timberlane, 2013

A wide variety of shutter systems are availalf#utter systems can be characterized as having two
primary sets of differences: material and operation ty@hutters can beconstructed using wood,
aluminum, and even steelShutters can be louvered, raid paneled, boargh-batten, Bahama, or
accordion type.

Material
T Wood
1 Aluminum
1 Vinyl
1 Composites

Shutter Styles

LouveredShutters¢ ¢ KA & & (i af ¢S\ Y2974 ydadsgiSedzin thé mMdin body of the shute
These louversire either operable, such as Figure3l, or inoperdle. When the louvers are operable,
the shutters can bearticularly effective as a shading device to allow the desired amount of light into
the interior of the building.
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‘.'1 Ve
Figure31: Typical louvered shutter. Imageosirce: Timberkne, 2013

Raised Panel Shutters ¢ KS &4 S-a gAY RSy Ié¢ aKdzidSNA NS YIRS 27
G NI A &SR LI yRytréd2 Whed clode§, $hgy prowide compéeshade. In addition, they can be
constructed of a highly insulative material and installedunh a way that they can be traughly seald

to the window frame when shut, effectiveigcreasing the insulatioof the window system at nightn
addition, these shutters can be an effective means of protecting the window from severe weather or
vandalism.

Boardn-Batten Shutters¢ These shutters are made by @K A y 3 & SGOSNI f LA SOSa
such as irFigure33 to create a more rustic lookAlthough the shutters are intended to simulate the
aesthett of wood boards, they caretconstructed of any material.
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Figure33: Typical boardn-batten shutter. Image urce: Timberlane, 2013

Bahama Shutterg; These shutters swing fno the top of the window frame and are typically designed
with some form of louvers to be used as shading or light filtering devices as can be Eaguré4.

—
|
b
|

1

Figure34: Typical Bhama style shutter. Imageaurce: Timberlane, 2013

AccordionShutters ¢ These shutters extend from one side of the window frarmecbver the whole
window. One advantage of this style is that #rceasily cover any size or shape wind®ig(re35).

Their primary function is either protection from severe weather or vandalismaddition, highly
insulating materialgould be incorporated into their constructido offer increased insulatiorExterior
insulated rolling shutters, described in Sectibt, are an example of such a system.
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Figure35: Typicalaccordionstyle shutter. Image surce:Hurricane Shutters Florida, 2013

Thermal Improvement

The performance of shutters at reducing energy use for heating and cagplgationsis a function of
the style, construction, and installatioof shutter used.Some varietiesre betterfor reducing cooling
loads while others will be more beneaft for increasing insulation.

Shutterswith louversare an effective means of reducing the solar heat gain into the mgldThese
shutters are installedn the exterior side of the glazingroviding shade for the buildingnd prevening

heat from even reaching the glazinghisreducesthe solar energy rediing the interior space as well as
radiant energy emitting from the surface of the glazing its&lfnough shutters without louvers can also
serve this purpose, they will block all light from entering the room, which may result in increased
electrical loas for lighting.

Shutters can also be an effective means of limiting the effechigit sky radiatiorwhen closedSince
typical installations allow significant air movement around the shutters, they will be an ineffective form
of insulation unless a mechanism is in place tol sea perimeter of the shutterln such a situation,
shutters can provide a significant nre@se in insulative value depending on the type of material used.

The CCHRC performed a field investigation of a highly insulating shutter sy$teynfound that such a
system could provide upwards d00% improvement in thermal insulatiq€raven et aJ 2011). While
typical shutters with standard installation details will not achieve performance anywhere near this level,
these systems can be used as a reference for the upward limit of shutter performance. Highly insulating
shutters will be discussed more detail in Sectioid.2

Impact on Daylighting

Hinged shutters are commonly equipped with louvers, which allow for partial sunlight to pass through.
When thee louvers are operable, the amount of sunlight can be varied as required by the occupant.
Other styles of shutters have no methad filtering light without blocking all of it. In either case,
however, additional lighting will often be required.

For best prformance, louvered or light filtering shutters should be used in daylight hours during the

summer or in hot climates. In cold climates, they should remain open to gain as much solar heat as
possible during the day, and then closed to trap it in the hatsg@ghttime.
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Comfort

Proper use of shutters will decrease the temperature of the glazing during summemerease it
during the winter.In both cases, this will result in an improved MR3.suchpccupants will feel more
comfortable when they are iplace.

Condensation Potential
Operable shutters will increase the temperature of the gigaivhen used during the wintefhis will
result in a reduced risk of condensation.

Cost

The price of these shutterditfp://www.architecturaldepot.com/louvershutters.htm) can vary based
on the eact style and materials useflhe cheapest shutters are typically composed of vinyl, buhate
adequate for operabilityWood shutters can cost as low as $99 per pair, buidtéo requie more
maintenance over timeHigher quality, maintenance free, storm quality shuttetarsat roughly $337
per pair.Custom made storm shutters céne created at even lower rate$herefore, for this study, an
average cost of $100 will be assed for each window.

Air Leakage

In general, shutters will be an ineffective means at reducing air leakage through window systems unless
special efforts are taken to seal the perimeter of the shutters when they are Bhaiich measures are
taken, air lakage can be effectively reduced through the sash.

Ease of Operation
The owner must open or close shutters several times per day to achieve maximum perfornfance
windows are located on the second floor, their usight be impractical.

Privacy
Shutters ae an effective means of providing privacy when closed.

Aesthetics
Shutters have a low aesthetic impact on the horiiey are aesthetically pleasing when in an open
position, andhave a low impact when closed.

Figure36 shows the ata-glance performance diagram for operable exterior shutters with respect to the
criteria discussed above.
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Figure36: At- a-glance performanceliagramfor operable exterior shutters.
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Variations

As was previously discussdghhama shadegFigure34) are an effective meanef providing shaddor
the window: A variation of this style of shuttewsith hinges at the bottom and a reflecting surface facing
the window such as ifrigure37 could be designedrhis system would reflect sunlight furthertanthe
building for daylighthg or passive solar heat gakurther improvementsire possibleif the shutters are
constructed of aighly insulating materiaduch as rigid foam insulatiohese shutters would then be
closed at nightime to reduce heat loss through theimdows.A compressive seal could be utilized to
insure that no air laks through the windows when the shutters are closéure38 shows the ata-
glance performance diagram for this variation of shutter.

BOTTOM-HINGED (side view)

"-"'f%'ﬁ;,; é\{.@._
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] P, R I _surface
4 r
-Llower shutter -

e

ta cateh low sun angles’
Figure 37: Horizontal folding shutter with a reflecting surface to increaskaylighting potential orsolar heat gain Image
source:Langdon, 1980.

SHGC

Thermal Comfort

Custom

Exterior
Privacy Shutters Condensation
Potential
Air Leakage

Ease of

Operation

Cost
I——— Severity of Impact |l Negative Impact [ ] Positive Impact

Figure38: At-a-glance performance diagram for custom exterior shutter designs.
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4.2 Venetian Blinds

This system uses individual flat slats that can be adjusted to block light and solar heat gain. They are
generally made of aluminum, wood, or vinyl and are available in a variety of different colors and
finishes. While aluminum blinds are tgglly thin (between 6 and 9 gauge), wood and vinyl blinds can be
Fa GKAOl la oé¢o

Thermal Improvement

Aluminum blindsprovide little insulation Wood and Vinyl blinds, on the other hand, with their thicker
crosssections willprovide slightly more insulatm However, these systems may be useful at limiting
thermal transmittance by disrupting convective heat transfer and infrared radiation. In addition, a
three types of blinds will block solar heat gain during the summer and provide a radiant lohmieg

the winter. It is estimated that conventional blinds, when completely closed, result in a 50% decrease in
SHG and a 20% decrease in heat losses through a double glazed window (Langdon, 1980).

Some blindshave cord holeghat will be blocked ¥ adja@nt slats when in the closed position. The

design intent of this feature is to prevent excess light from penetrating through the closed blinds.
However, the feature should also have the added benefit of reducing the amount of cold air or solar
heatgainth G OF Yy LJ aa GKNRdAzZaAK o f ALightviastet dnd Ostaivdhddl hoksi 2y 0 S i
shown inFigure39.

closed positionImagesource:Levelor, 2013

Impact on Daylighting

These units can be easily adjusted to several different positions. Thes lolimdbe retracted to the top

2F GUKS @gAYR24> Fft2Ay3a O02YLX SGS fA3IKAG GNloyaYAGal
allow for partial light transmittance, or to the closed position which results in alpeampletely

blockage of transmittare
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Comfort
Insulating blinds will help to improve e¢hthermal comfort of the space by providing a barrier between
the cold window surface and the room.

Condensation Potential

Since the blinds will not affect the interior temperature of the glazewpdensawn will likely be an
issue. In peicularly humidconditions such as in kitchens or bathrognaendensation maype severe.
Therefore, aluminum or vinyl moisture resistant blind should be usether than wood in these
situations

Cost

The cost of conventional blinds will vary based on their type. Levolor blinds can be divided into three
categories; Metal, Faux Woo(Vinyl) and WoodMetal blinds range in price from $48.06. Faux Wood

blinds range in price from $8#120. The price of @od blinds will range from $114$1516[ 2 6 SQa >
2013)

Ease of Operation

Venetian blinds utilize a set of pull cords to easily open the blinds or adjust the tilt of the slats. In order
to achieve optimal performance, venetian blinds require adjustmenthenpart of the building owner

over the course of the dayrhis may be a significant amount of work depending on the number of
windows.

Privacy
Venetian blinds are an effective means of creating privacy for the occupants.

Aesthetics
Venetian blinds will hze a significant impact on the aesthetics of the space depending on the materials

and installation details useérigure40shows the ata-glance performance diagrarorfvenetian blinds.
SHGC

Thermal Comfort

Venetian
privacy 1T 7] Blinds

Condensation
Potential

Air Leakage
Ease of Operation

Cost

Il——= Severity of Impact Reduced JlIncreased
Figure40: At-a-glance performance diagram for venetian blinds.
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4.3 Interior Shutters

When installed inside a window, interior shutters act similarly to blinds, except they are completely
opened by swinging thehsitter out of place. In addition, the angle of the shutters is adjusted either
manually or using an adjustment roflhe shutters are typically composed of wood or vinyl, with each

afrd 0SAy3 Ay (KS 0¢ Nry3aSo 'y SEIYLX S 2HRgurdy i SNR 2
41.

Figure4l: Interior shutters can be used to oger an entire window assemblyimagesource: Graber, 2013

Thermal Improvement

When the shutters are closed, with their slats in the closed position they iimetimost like a door

placed over the windowWeatherstrippingcan beLJt  OSR | i G KS & dr ydditiosal 2 F (1 K ¢
improvement.

¢CKS // 1w/ LISNF2N¥SR | adddzRRe 2y (GKS LISNF2NXIyoOoS 2
insulation filled inteior shutters. They found that a 147% improvement in the field when installed over a
triple-glazed window. When a computer analysis was performed of the shutter over a dglalied

window, a 696% improvement was obtaingfréven and GrabeSlaght 2011).

These shutters would also be an effective means of providing shading for solar heat gain. However,
designs with louvers are desirable in such applications for two reasons. First and foremost, using interior
shutters to limit solar heat gain will trap heat the cavity between the glazing and the shutter. This
heat could cause damage to the window seals or the glazing itself. Louvered shutters will provide a
mechanism for air movemenwithin the cavity, which will help to dissipate that heat. Secondly,
louvered shutters allow for partial daylighting based on the occupants needs.

Impact on Daylighting

Interior shutters with louvers can control exactly how much light can enter a speoey can be
completely openedo allow for 10% light transmittance, or completely shut based on the needs of the
occupant.
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Comfort
The shutters should significantly improve the thermal comfort of the sigceroviding a covering over
the cold glazing surface.

CondensatiorPotential

The shutters will have the effect of decreasing the temperature of the interior glazing suifi@cefore

the condensation potential of theystemwill be high. This is particularly true for shutter systems with a
large Rvalue. In these casemsuring that weathesstripping is used in such a way as to limit the amount

of indoor humidity that can reach the cold surface of the gldSgure 42 shows an example of
condensation forming on a window system with a highly insulative shutter system. In any case, vinyl
shutters should be used in humid climates to reduce the chance of mildew and rot occurring in the
wood.

Figure42: Condensation can easily form on the surface of windows using highbplative shutter systemsimage source:
Craven and Grabeslaght 2011.

Air Leakage

When the shutters are completely closed, a seal is created around the interior area of thewwihdis
should dramatically reduce any air leakage through the sash, particularly if wesithming is used
around the shutter itself.

Cost

The cost of stordought, interior shutters is particularly higfihey often require custom fitting for the

spedfic window.¢ KS SadGAYI GSR 02480 FT2N) gAyef AGCbdzEEERZ2RE
window. Painted woodshutters cost $412 per window. Stained wodathutters cost $478 per window

0[ 26 S Qa HowevermbDI¥ interior shuttersould be custorrmade for improved thermal
performance at a much cheaper price.

Ease of Operation
Interior shutters are easy to operate for any window that is easily accessible. However, if there are many
windows, the process of closing each of them can be a cumbersome proces

Aesthetics

The use of interior shutters will have a dramatic effect on the space they are placed in. While this is true
for many interior systems, most of them can be opened or closesugha way that their effect is
minimized. Shutterson the on the other handK I @S |  aKSIF @g&é¢ I LILISE NI yOS
configuration.
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Figure43shows the ata-glance performance diagram for interior shutters.

SHGC

U-value .
Tvis

Aesthetics Themal Comfort

Interior
Shutters

Condensation

Privacy Potential

Ease of Air Leakage
Operation
Cost
Il——— Severity of Impact Reduced "] Increased

Figure43: At-a-glance performance diagram for interior shutters.
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4.4  Background on Venetian Blind Performance

Machin et al. (1998)erformed a study to investigate the impact of venetian blinds on convective heat
transfer. When no blind was present, a convective heat transfer coefficient of 3.87 2d)/(mas
obtained. It was found that the presence of a Venetian blind reduced theaifilm convective heat
transfer coefficient to as low as 3.36 WAK) when the distance from the glass surface to the center
point of the blind was 14.5 mm and the slat angkas at zero degree This is primarily due to a
disruption in airflow pattern cased by the blinds. It was fourtiat as the center of the blindhoves

closer to the glass surface, the heat transfer coefficient increaBeis is primarily due tthe fact that
conduction along the blade profile increases at this distance. When the alatat a 90angle, it was

found that heat transfer is also slightly increased, as a chimney effect is created. A summary of these
results are shown ifteble 10.

Table 10: Averagenusseltnumber andaverageconvection coefficients, Re=3.04x10. Imagesource: Machin et al.,1998.

Average Nusselt Number and Convection Coefficient®

Blade b=17 mm b=14.5 mm b=13 mm
Angle, 0 Nu It , Wi(m?K) Nu h , Wi(m?-K) Nu h , W/(m?K)
45° 353 3.55 33.9 3.41 34.8 3.50
0° 33.5 3.37 334 3.36 39.5 3.97
—45° 37.7 3.79 36.9 3.71 36.8 3.70
—90° 40.9 4.11 42.1 4.23 40.3 4.05

?Isolated flat plate at the same conditions: ﬂ! =385and h = 387 ‘\."\-‘r;"l'l‘l‘l2 - K)

Shahid and Naylor (2005) performed an experimental and analgtigdy on venetian blinds on single

and doubleglazed windows in order to determine the effect on convective and radiative heat transfer.

They found that venetian blinds have the greatest effect on windows when the slats are in the fully

Ot 2aSR o6uv I' dnov LRaAAGAZ2Y D w2oRdnd 7% #o8 singléS and doubNt y & FS
glazing respectively. Howeverconvective heat transfer is increased by 22% and,3&%pectively for

singleand doubleglazing due to the chimney effect. The relationship between the heat flux ratio
(average heat flux wlit blinds to that without blinds) and the blind angle is showrFigure44. The

variation in Uvalue ratio (Uvalue with blinds to that without blinds) with respeab tlind angle is

shown inFigure45.
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Single glazing 90, . (Q,,5=30.3 Wim")
Single glazing Q/Q, v (T, 05=12.7 Wim')
Double glazing Q/Q,, (Q, =174 W/m’)
Double glazing ﬁt."{irw (0, y=6.57 W/m’)

Heat Flux Ratio

] ] 20 30 40 50 il 70 B0 90
Blind Angle ¢ (deg)

Figure44: Variation in the convective amh the radiative heat flux rati® from the irdoor glazing withlouver angle.Image
source: Shahid and Naylor, 2003mage used with permission from publisher.

—s— Double glazed window, U, ,=2.99 W/m'K

—-o— Single glazed window, U, ,=5.37 W/m K

0 10 20 30 40 50 60 70 80 90
Blind Angle ¢ (deg)

Figure45: Variation in Uvalue ratio with louver angle for a single and double glazed window. Imagece: Shahidand
Naylor, 2005Image used with permission from publisher.
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Shahid and Naylor (2005) also developed correlations between the variation of the radiative and
convective heat transfer distribution along the height of the windéug(re46) as well as variations in
the U-value ratio with blind angle and blind emissiviggure47).

No Blind -

§=0°

Q(Wim%)
Q (Wim®)

2 NE 5

\\W

T T T T T T T T T T T
0.05 010 015 020 025 030 035 040 045 050 055 060

10 4 o 4

0‘.;5‘”0.‘11‘] It).‘l‘sI 1’:“20 0.‘25 III!.ISIEII 0..‘!.‘5I 0.:0 ‘ 1;;; IO‘:GO‘ D.I:"S I 0.60
¥ (m) ¥ (m)

Figure46: Variationsin the local radiative (left) and convective (right) heat transfer distribution on the indoor ghey of a

double glazed windowlmagesource: Shahid and Naylor, 200%mage used with permission from publigr.

0.9 -

0.7 4
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Blind Angle ¢ (deg)

Figure47: Variation of Uvalue ratio with louver angle for a single glazed window with blinds of varidisr A 4 a A A& Qad LY
source:Shahid and Naylor, 2003mage used with permission from publisher.

Oosthuizen et al. (2@) performed a study to determine the effects of natural convective and radiative
heat transfer through shading devices. A numerical study was conducted for the case of internal
venetian blinds at angles of 045’ (room side edge up), and5° (room sideedge down). The results of

this study are shown ifrigure48. Negative heat flux (q) indicates that heat is moving from the interior
air to the glass surface, whilepmsitive heat flux indicates that heat is moving from the glass surface to
the interior air. In theseimages, the y axis indicates the height along the surface of the blind.

These figures demonstrate that venetian blinds limit convective heat los2®W/n? when they are
oriented at 0 degrees. However, the radiative heat loss is significantly higher at an average of ~60 W/m
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with significant peaks at the locations of the slats. When the blinds are oriented at 45 degrees, the
convective heat transfeis increased to /0 W/m2, and the radiative heat transfer is reduced &80~
W/mZ. When the blinds are oriented a45 degrees, the convective and radiative heat transfer is limited

to ~30 and ~25 W/n¥ respectively.

5
g
-130
¥ (m)
SIS S S S S S
-3?3.000 o.olso 0.£00 770:50 0.?:00 9‘?:50 0.500 0‘3:50
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Yahoda and Wright (2004) developed a simplified model for computing theepreg of venetian blinds

most concerned with long wave radiation. These properties are absorption, reflection, and transmission.
They then performed a parametric study of various slat parameters to determine the sensitivity of
various slat parameters. MWas found that for the transmission of long wave radiation, the critical
parameters are the slat width (w), slat spacing (s), angle, and the emissivity of the top and bottom of the
blind surface. The results of this study are showhigure49.

The top figure demonstrates that when blinds are in the closed posjiat angle = 909nd have slat

width to spacing ratios greater than 1.0, the absorption of the blisdsqual to the abagptivity of the

slat material, which was assumed to be 0Athen w/s <1.0, the absorption is less than the absorptivity

of the material even when the blinds are completely closed, as the gaps between each slat allow for
transmission ofradiation. When the blinds are completely opésiat angle =0°)and the w/s ratio is

much greater than 1, the absorption can actually be greater than the absorptivity of the material,
primarily due to the radiation bouncing around in between slats.

The mddle figure demonstrates that the reflectance of the slats increases as the slat angleedeviat
from0°F2NJ £t 6ka& NI (A2ad°, theHaef refleatace &nd matekiay rBflectancé F n
must be equal. This value will bet{(d,) or (1+p).

TS 0620G2Y FAIdzNBE RSY2yail NI {tsedransnittiante isfegudltoizerBor § M @ n
gka £ Mo theyrahsmittante isfequaltoB k & 060G KS | Y2dzyid 2F ofAyR
wi/s is much greater than one, then even when thethi are in the open position, the transmittance will

still approach zero. This is due to the additional space in which the radiailiaeflect within the blind.
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various slat width to spacing ratios (w/s). Imagmurce:Yahoda and Wright (2004)lmage used with permission from
publisher. ©ASHRABvww.ashrae.org. ASHRAE Transactions, (110), (1).
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4.5 Venetian Blind Analysis

Based on the previously discussed studies (Machin et al., 1998, Shahid and Naylor, 2005, Oosthuizen et

al, 2005, Yahoda and Wright, 2004), there are a set of crithdhare critical tothe peformance of
venetian blinds. These criteria are slat angle, the distance from the blind to the glass surface, the
emissivity of the blinds, the slat width and spacing, and lastly the height of the window.

Figure 50 shows the venetian blind characteristics that can be modified usBYLWINDOW In
addition, the slat material can also be modifiedsed on parameters such esnductivity, solar,visible,
and infrared transmittane, reflectance and/or emittancegs well as the size of the space between the
glass surface and the centerline of the blind.

=% slat thickness

. rise

e
*

'
blind thickness
Figure50: lllustration of venetian blind geomeic parameters used in WINDOWmage Source: LBNRQ12b.

Each of these properties was evaluated individually and/or in combination with each other to determine
the effect of various blind designs. An IGU with a-éowoating on the interior surface of the exterior
pane of glass was ed for the glazing system in order to establish a baseline for performance. In order
to determine the impact of the blinds for a wide variety of different window systems, whole product U

values wereassumed fowood, vinyl, and aluminum frames with therm@aINS I { a® LYy FFRRAGAZY

of-3f | &valde whs determineds KA OK | aadzySa +y AYTFTAYAQGSHR HaZNBS

framing effects are not presenf sample of the data collected is showrnTiblell. For each part of the
analysisthis data was then converted ta percentage improvement over the glazing system with no
venetian blind
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Table11: U-values determinecbased on variations in slat thickness.

Blind Properties U-values (W/mzK}
LBNL WINDOW Wood WINDOW Vinyl WINDOW
. Material Slat Slat WINDOW i 00 i iy Al/break Framed
WINDOW File Name i i i . Framed Picture Framed Picture X .
. Rise |Conductance|Thickness| Width |Glazing System . i Picture Window
Version Window Whole Window Whole
(W/mK}) (mm) (mm) U-value Whole Product U4

Product U-value Product U-value
value
6.3.72.0 |IGU with Low E (Base) 0 0 0 0 1.934 2.13 2.017 2.681
6.3.72.0 |Venetian0_A_0.2_16 0 160 0.2 16 1.667 1.93 1.816 2.469
6.3.72.0 |Venetian0_A_0.8_16 0 160 0.8 16 1.664 1.927 1.814 2.467
6.3.72.0 |Venetian0_A_1.4_16 0 160 1.4 16 1.661 1.925 1.811 2.464
6.3.72.0 |Venetian0_A_2.2_16 0 160 2.2 16 1.656 1.921 1.808 2.46
6.3.72.0 |Venetian0_A_2.8_16 0 160 2.8 16 1.652 1.918 1.805 2.457
6.3.72.0 |Venetian0_A_3.4_16 0 160 3.4 16 1.647 1.915 1.801 2.454
6.3.72.0 |Venetian0_A_4.0_16 0 160 4 16 1.643 1.911 1.798 2.451
6.3.72.0 |Venetian0_A_4.6_16 0 160 4.6 16 1.638 1.908 1.795 2.447
6.3.72.0 |Venetian0_A_5.2_16 0 160 5.2 16 1.633 1.905 1.792 2.444

The first criteria to be investigated wi®e slat angle. This analysissfirst performed for the centeof-

glass region for several different slat width to spacjngs) ratios. Note that w/s ratio less than one

means that the blind will not completely close in the 90° position, as the slat width is lasghé

spacing between adjacent slats. When the w/s is greatan thne, there will be an overlap in the slats
when closed. The results of this study are shawRigure51. The results were then repeated for a w/s

of 1.33 and for several different framing optiorisdure52).

Center-of-Glass U-value Reduction* vs. Slat Angle

Slat Angle (D)

00 Slat width to
spacing ratio
g 7.00 ——w/s =0.67
5 . = w/s=1.0
©
3 w/s=1.33
o
£ 900 = —w/fs = 1.67
2 \;\‘\ e wfs=2
E
o
o
& _11.00
c
S /
o « .
a Reduction
-13.00 compared to an
f IGU with low e
coating and no
-15.00 shading device
90 -75 -45  -30 -15 15 30 45 60 75 90

Figure51: Reduction incenter-of-glass Wvalue vs.slat angle for severadifferent slat width-to-spacing ratios.
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U-value Reduction* vs Slat Angle
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Figure52: Reduction in Wvalue vs.dat angle

Figureblillustrates the importance of the w/s ratio for various slat angles. Wherslat angledoes not

equal @, the variance for w/s ratgreater than 1 is arginal. When the slat angle i§, Ghere is about a

1% variance in performance for w/s greatdwan one. Based on the findings of Yahoda and Wright
(2004), this variance can be attributed to a decreased shading absorptance and transmittance properties
at this angle. When w/s is leshan 1, the variance from the rest dfie ratios is more pronouncedlhis
variance is also in line with Yahoda and Wright, who found that the absorptance, reflectance, and
transmittance properties of the blind vary more dratitally for w/s less than one.

When the effect of this criterion was evaluated for the SHEQuUre53), it was found that blinds with a
width-to-spacing ratio of great than 1 all performed similarly, reducing between 0% and 50% for blinds
in the 0° and £90° positions, respectively. For blinds with wiolt$pacing ratios less than 1, the blinds
increased the solar heat gain in thegbsition by nearly 15% and redutéhe SHGC by about 23% in the
+90° position. Since the blinds are located on the interior of the glazing, they have a limited
effectiveness at reducing solar heat gain. As will be seen later, blinds located on the exterior of the
glazing are much morefective in this regard.



SHGC Reduction* vs. Slat Angle
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Figure53: Reduction in SHGC vs. slat angle for several wigtspacing ratios

The next criterionnvestigated was the effectfahe width of the shading cavity. This width is defined as

the distance between the interior surface of the glass to the centerline of the shade. For this analysis,
the shades were in the closed (90°) position. The study was then repeated for setremablazing
system heightsThe results are shown irigure54. For a window with a height of 1500mm (that of the
previous investigations), the width of the shading cawiain affect the performance of the system by
about 1%. As the height of the glazing system is increased, the effect of the size of the shading cavity
becomes slightly more pronounced, resultingcloser to 2% of a variance.

The results othe study byMachin et al. (19983howthat there was a performance peak at about 14.5
mm. This particular feature was ndbund in the present studyin fact, for short windows, it was found
that a shading cavity of ~15mm actually produces wust results. However, ishould be noted that
those results were specifically for convective heat transfer. In addition, the role of the framing was not
taken into account in that study. This seems to indicate thatrole of radiative heat transfer is less
dependent on the caty width. In addition, the effect of the more highly conductive framing has the
effect of lessening the effect of this particular feature for the size of windows investigated.
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U-value Reduction vs. Shading Cavity Thickness
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Figure54: Reduction incenter of glasdJ-value vs.shading cavitythickness for several different window heights.
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The next critedn investigated involved the optical qualities of the material used for the slats. There are
three types of radiation that are of interest to the performance of shading systé&imes first two types

are radiation in the solar or visible portions of the electromagnetic spectrum. These wavelengths can be
either transmitted through the blind or reflected. Variations in these variables will primarily affect the
SHG (solar spectrum) @rvisual transmittance (visible spectrum) of the system. The default values for
opaque white blinds were usedsgl= 0, By = 0.7, Tis = 0, Rs = 0.7) to account for these effects. The
third type of radiation is in the infrared spectrugheat). This gantity will be of primary interest for the
purposes of reducing the thermal transmittance of a glazing system. To determine the effect of these
variations, the transmittance (@ was set to 0, and values for the emissivity were varied between 0 and
1.0. e results of this variation are shownHkigureb5.

Compared to the other variables examined thus far, it is dlear emissivity has a dramateffect on

the performance of venetian blinds. Variations in emissivity can account for betw8eand 5%
reduction in Uvalue. These centavf-glass results are consistent with those of Shahid and Naylor
(2005. The effect of the framing materials on th@erformance of the system is also showrhe
increased performance obtained from using lewmissivity solutions is lessened for highly conductive
frames (~11%) compared to lesonductivity framing solutions (~15%)
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U-value Reduction*® vs. IR Emissivity
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Figure55: Reductions in Uvalue obtained based on variations in IR emissivity.

The effect of slat rise was investigated next. Recall firigire50 that this characteristic is eentially a
description of the curvature of the slats. This criterion was investigated for slats with rises between
0.252.25 mm (0.009.088 inches). The slat thickness and width were maintained at 0.6mm and,16mm
respectively. The results are shownHFigure56. For variations in the range of slat rises investigated, it
was found that regardless of frame type used, the rise of the slats will only rictayua variation in U

value of less than 0.5%. It can therefore be concluded that the impact of slat rise is negligible.

One interesting effect can be observedHigure56. As the slat rise increases, there is a slight oscillating
behavior in the performancef the blind. Yahoda and Wright (2004) noted that the effect of slat
curvature was minimal for large curvatures (low rises using our terminplogy that it is likely that the
effect would become more pronounced when the radius of curvature is very slight (large rise values).
However, the oscillating behavior of the shades was not noted in their study. This likely indicates that
the oscillationsare a function of the algorithms used by WINDOW.
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Figure56: U-value reduction based on variations ira rise.

The effect of the openness fraction (effective openness) was then investigated. Recall that the openness
FILOG2NI A& | YSI&dz2NBE 2F GKS 2Ly | NBFa 2N aK2f S&¢
can move. In effect, this is a measure of howtilated the cavity is. The results for openness factors of
between 0 (perfectly sealed) and 1 (perfectly open) are showfrigure57 for shades in the 90°

position. Shades with less thafive percent openness are able to achieve significant improvements in
performance, whilethose with greater than 5% openness were very consistent. It is important to
remember, however, that most shades currently on the market areatdé to achieve a completely

seakd condition when closed (Machin et al., 1998) and that a 5% openness was assunbedthe

standard conditions for shades 80°. Investigation of designs that could allow for the 0% openness
condition could be an areafduture study.
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U-value Reduction vs. Effective Openess Fraction
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Figure57: Reductions in bralue as a function of effective openness

The effect of slat thickness was next investigated. For this analysis, it was assumed that the blinds are in
the completely closed position, with a 16 mm (0.63 inches) slat width, a 12 mm (0.47 inches) spacing,
and a 0 mm rise. It was assumed that the skabuld be in the fully closecbndition as is appropriate

for nighttime use when improvement in-alue is most critical. For the initial portion of this analysis, a

material conductivity of 160 W/mK was useékhe results of this study ahown graphiclly in Figure
58.
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U-value Reduction® vs Slat Thickness
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Figure58: U-value reduction achieved using venetian blinds of various slat thicknesses.

As can be seen FRigure58, the blind performance improves as the thickness of the slats increases. Over
the range of thicknesses examined, the certéglass Wvalue improvemenwill range of ~1315% as
compared to an IGU with no shading device. The type of window frame present in the system will have a
large effect on the performance of the shade. More thermally conductive frames will dominate the
performance of the glazing syste allowing the shade to have only a small impact on the improvement

of the system. Regardless of the impact of the frame material, variations in the thickness of the slats will
only result in a 2% variation in shading performance. Therefore, it candieltided that slat thickness

will not be a primary factor affecting shade performance.

In order to deermine exactly what role conductance plays in the performance of venetian blinds, the
analysis was repeated for conductivities of 200 W/(mK) and 120 W/(fd this particular analysis,
only centerof-glass Wvalues were considered. The results of this analysis are showigume59. This
analysis shoed that the conductance of the material used for the slats has no effect on the
performance of the shade systeras all variations coincidd his makes sense, as thermal performance
of the slats is based on reducing ratilie and convective heat flovsin@ the blinds are such a thin,

highly conductive feature of the system, it makes sense that conductance will not be a driving feature of
their performance.
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Center-of-glazing U-value Reduction* vs. Material Conductance
-13.50
Material
m Conductivity

& -14.00 » -8-120 W/mK

= mn

5 ——160 W/mK

(1]

3 A

=]

= -14.50 ' 200 W/mK

c n

2

g DAl

2

o -15.00 ]

Q

73

i)

S i * Reduction

s compared to an

& -15.50 = IGU with low e
coating and no
shading device

-16.00
0.2 0.8 14 2.2 2.8 3.4 4 4.6 5.2
Slat Thickness (mm)

Figure59: U-value reduction achieved based on the conductance of the shgdnaterial used.

From the criteria previously investigated, it can be concluded that the two venetian blind features that
are most likely to drive the performance of the system are the openness of the shade and the emissivity
of the slat material. A fuher study was then conducted to evaluate the combined effect of both of
these features. The centaf-glass Wvalues were calculated for systems with openness fractions
between 0 and 0.12 and varyimgnissivity The results of this study are shownHigure60, which seem

to indicate that for lowemissivity blinds, witlan opennesscondition of about2%, gproximately 15% to
40%reduction in Uvalues could be achievedepending on the slat material emissivitfa 0% openness
condition could be reached, this improvement can be incredsad 25% to 60%, depending on the slat
material emissivity.
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Center-of-Glass U-value Reduction* vs. IR Emissivity
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Figure60: Reductions ircenter of glass Walue vs.IRemissivity andopennessfraction

The analysis was then repeated to examine the effect of venetian blinds on the exterior side of the
glazing. It was found that the venetian blinds reduced theallle by 2e25% in the center foglass
region.The results of this study are shownRigure61. Note that the data shown for wood framing was
limited to slat angles of60° to +90°.The data corrgponding to slat angles beyond this seemed to be
corrupted. The reason for thigas not clear, but one possibility seems to be related to internal modeling
assumptions
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U-value Reduction® vs Slat Angle
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Figure61: Reductions in balue vs.slat angle for exterbr venetian blinds

The slat angle had a significant effect on solar heat gain reduction for exterior shades, as is shown in
Figure62. When the slats are in the closgsition, the SHGC is reduced by nearly 100%. As the slat
angle approaches°Qhowever, the reduction decreases. At there is actuallyan increase in solar heat
gain.This seems to imply that the shades have a magnifying effect at this angle.
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Figure62: Reductions in SHGC #at angle forexterior venetian blinds
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4.6 Venetian Blind Analysis Summary

Numerous criteria were investigated in this portion of the study, including slat angle, the slat width to
spacing ration (w/s)shading cavity thickness, infrared emissivity, openness fraction, slat thickameds,
material conductivity. It was found that the least effective criteria was material conductivity, which
resulted in no change in performance. The most effective criteriaemaissivity of the blinds and the
effective openness of the system, which reduced thesdlle by as much as 35% and 27.5%
respectively. When these criteria were combined, it was found that up to a 60% reductiondtud)
could beachieved.The results ofhe U-value analysis are shown Trable12.

In the winter, when it is desired to utilize solar heat gain while also reducing-tredug, venetian blinds

can be leftin the 0° position during the day rather than retracted entirely. In such cases, the blinds will
still be effective at slightly reducing thewdlue without any reduction in SHGC. If the shades are located
on the exterior of the building, they will actixalallow for more solar heat gain.

Table12 Summary oftenter of glasdJ-value (top) and SHGC (bottom) reductiofe venetianblinds

Criteria Explored Range of Wralue Reduction%) Reference Figure
Slat Angle .
Width to Spacing Ria (w/s) 4-14 Figures1
Slat Angle .
Frame Type 6-14 Figure52
Shading Cavity Thickness .
Glazing Height 7.5-115 Figure54
IR Emissivity 12.5-35 Figure55
FrameType
Shade Rise 12.5-13.75 Figure56
Frame Type
Opennesg-raction 13-275 Figures7
Frame Type
Slat Thickness 13.75-15.5 Figure58
Frame Type
Slat Thickness .
Conductivity 13.75-15.5 Figure59
Openness Fraction .
IR Emissivity 25-60 Figure60
Slat Angle (Exterior) 11-26 Figure61
Frame Type

Criteria Explored Range oSHG®Reduction(%) Reference Figure
SlatAngle -15-50 Figure53
Slat Angle (Exterior) -5-95 Figure62
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5. Fabric Shade Style Attachments
5.1 Interior Curtains and Draperies

Curtains or draperies are a common feature of many homes. They are made with a variety of different
materials in various styteand are typically used primarily for decoratigtigure63). However, they can
provide insulation andolar shading depending on the fabric type and installatictaitie

Figure63: The use of curtains made of thick fabrics can gratly increase the insulative capacity of windows when properly
utilized. Imagesource: Brezza, 2012

Thermal Improvement
In order for curtains to be effective fdreat management, they must have three important features

(Langdon, 1980.)

1 PerimeterSealing: When curtains hang in front of a window, the cold air in the interstitial space
between the curtain and the glass can travel freely into the room through convedticorder
for the curtain to be truly effictive as a means of insulatiothe top, bottom, and edges of the
curtain must be able to be sealed from air movement.

9 Air Barrier:In order to prevent heat transport through the curtains, they must have a layer that
will be impervious to air transport.

9 Insulation: The curtains may use a variety of means to prevent heat flow. This can include air
gaps, foil reflectors, or a fill matal.

Many productsare availablethat claim to prevent heat flow through windows, buthey will be
ineffectiveif they do not meet all of the properties described above. Products purchased on the market
typically require modification to create a perimetseal around the curtain upon installatioRigure64
illustrates several of the measures that can be taken to accomplish this. The bottom of the full length
curtainscan be sealed by weighfy the bottom of the curtains to insure they firmly press against the
floor. Other methods include the use of magnetic strips, elastic cords or brackets. The sides of the
curtains should be attached to the molding around the winddWe top of the curtain can be sealed
using a variety of different window valences. Lastly, the ceafaiurtains should be sealed as well. This
can be accomplished using magnets sewn into the fabric.
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When the CCHRC modeled the performance of a fleecwminuusing THERM, they found a 38%
improvement could be achieved over a double glazed window. Whey tdsted the performance of
this curtain in the field with a tripipane window, they found that only a 17% improvement occurred
(Craven and Grabeslaght2011)
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Figure64: Various options for sealing the perimeter of curtains. Tapft ¢ Weights such as sand can be used to ensure full
length curtains create a firm contact with the floor. TeRight¢ Methods for sealing thebottom edge of curtainsMiddle ¢
The curtain should be tacked to the molding. BottogiMethods for sealing the top of curtaindmage surce: Langdon, 1980.

Comfort
Even if measures are not taken to thoroughly seal the top, sides, and bottom of cutiteipsyill still do
an excellent job of improving the thermal comfort of the space.

Condensation Potential
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Since curtains will not increase the temperature of the glazing, condensation can be a big problem for
this system. This is particularly true for airts that are not completely sealed around the perimeter,

yet do not allow enough air movement to dry out the space. One method of reducing the risk of
condensation is to utilize designs featuring a moisture barrier layer as well as an air barrierll Tragpwi
reduce the amount of humid air that contacts the glazing.

Air Leakage
If the curtains are welealed and are made of a suitably aipermeable material, they will do an
excellent job of preventing air leakage through both the sashes as welk dsathe.

Cost
Three different varieties of thermally efficient curtains are sold at Walnkigufe65) as an example of
a retail store with affordable options

1 EclieThermabackPanels; These have a thermal coating on the interior facing (glazing side) of
GKS FTIoNARO® ¢KS& O02aid bpdyt F2NI I nuHéEcoé
Therefore, these drapes would cost $19.74 per 30x60 window.

1 EclipseThermaweavePanels These panels inatle the thermal coating of the hErmaback
panels as well as an extra insulative weave to help add to the insulative properties of the
system.

91 EclipseThermalayerPanels¢ These panels include the features describedwabas well as a
blackout fabric to completely stop light transmittance.

thermaback thermaweave.
fabric drape with thermal coating energy-saving triple-weave fabric

/

muitiple layers of eclipse™ a special, eclipse™ blend of
thermal foam applied to the fabric is woven into the curtain
back of fabric between the face and liner

Figure65: Three different grades of Eclipse curtain panel products for energy efficiency are available. Image Source:
Ellery Homestyles, 2013

Othervarieties

1 Style selection&€nergy Saving Blackout Curt&@iimhese drapes have a thermal backing which
KSf LA LINRPOARS IRRAGAZ2YI AyadzZ I GA2yd ¢KSe@
needed for each window. This brings the total cost to $29L9B/es, 2013)

1 Style SelectionBack Tab Pane] This is a standard drape made of a light fabric. These are
generally selected for their aesthetic value only. They cost $12.97 each, resulting in a total
window cost of $25.94Lowes, 2013)

Impact onDaylighting
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Depending on the style used, curtains and draperies will dramatically reduce daylighting potential of the
windows. In general, curtains that are most effective at providing thermal insulation will also block the
most amount of light.

Ease of Qeration
Curtains and draperies are simple to operate for any easily accessible window.

Aesthetics

Curtains are often selected specifically for their aesthetic attributes. However, the measures that must
be taken to seal the perimeter of the drapes n@gate a more significant aesthetic impact that will be
perceived as negative to some users.

The ata-glance performance diagram for curtains and draperies is shoWwiginme66.

__SHGC

U-value }
Tvis

Aesthetics Thermal Comfort

Curtains

. Condensation
Privacy and Potential

Draperies

Ease of
Operation

Air Leakage

Cost

I Severity of Impact Reduced C“1Increased
Figure66: At-a-glance performance diagram for curtains and draperies
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Rollingshadesare a style of fabric shade that anestalled on either the interior or exterior of the
building to block solar heat gain or create privatiiese shades can either roll up within the valence

(Figure67) 2 NJ KI @S | aw2Yly {KIRS¢ aSidzBiguress). FHe\daek F I o N.

available in a variety of different materials and colors with varying trareyces.

Thermal Improvement

The primary benefit of this system will Iobesolar heat gaimeduction. Since the material used for these
shades is typically not very thick, they offer little improvement in terms of thermal resistance. Models
featuring thicker fabrics could be effective at improving thermal insulation of the system if measares ar
taken to seal around the perimeter of the shades.

Comfort
Thermal shades wiirovide an effective barrier between the interior space ahd surface of the glass.
Thiswill result in an improvement in the thermal comfort of the space.

Condensation Potetial
Interior fabric shades limit airflow along the surface of the glass without raising the temperature of the
interior surface. This combination will increase the likelihood of condensation. Exterior shades, on the
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other hand, are likely to slightly reda the interior glazing temperature, which will have a slight
decrease on the likelihood of condensation.

Impact on Daylighting

The effect on daylighting will vary based on the specific materials used for the shades. Some shades only
provide light shadingwhile others will completely block all lighGome shades even provide a
mechanism that allows them to be opened from the tap well aghe bottom, in order to achieve a
greater variety of lighting conditions.

Air Leakage

These shades will not affect thar leakage into the space. Even if the shades are thoroughly sealed
around the perimeter, the materials used for these shades are typiadllpermeable and will not
prevent airtransmission

Cost
These shades can cost anywhere between $128 per windowefsic roller shades to $278 for highd
roman shadeglLowes, 2013)

Ease of Operation

The amount of work needetb operate this system will vary based on the size and location of the
window, as well as the locatioon which the shade is mountedVechanical operation may be a
practical necessity for outdoor applications.

Aesthetics

Rolling style shades have a minimal impact on the aesthetics of the interior or exterior space. In
addition, valence used to contain the roller is much smiathan that required for similar window
attachment methods such as insulating roller shutters.

The ata-glance performance diagram for roller fabric shades is showigre69.
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Figure69: At-a-glance performance diagram for rolling fabric shades
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5.3 Fabric Shade Analysis

WINDOW provides several options for creating a custom wéaderic shade. The criteria that affect the
performance of the shade are threauaterial, thread width, and thread spacing (centercenter
spacing), shade thickness, and the openness fraclitiese criteria are shown iRigure70. As with
vendian blinds, the openness fraction is not inherently tied to the thread spacing in the program
algorithms despite the obvious relationship between the two criteria.

Shading Layer Library

ID# 23

Mame: |Woven shade - 30% refl. gray, 3% openness

Product Mame: |

M anufacturer: |Generic
Type: |W0\-’en shade J
I aterial: |31 00E waven Shade Material J

Effective Openness Fraction 0.050

Woven Shade ]

Thread diameter:  ([il]  mm
Thread spacing:  |1.21 mm
Shade thickness: |1.00 mm

Figure70: Screenshot from LBNL WINDOW showing importpatametersfor shade selectionlmagesource: LBNL, 2012b.

The first criterdn investigated wa the effect of thread spacing.or this analysis, the thread diameter

and the shade thickness were both maintained at 1mm. The effective openness factor waQ 8.

The results of this study are shownhigure71. It can be seen that the performance of the shade is
highly dependent on the spacing of the threads. The pesformance is achieved for shades with close
spacing. As the spacing is increased, the performance is reduced by nearly 6% over the range of spacings
investigated. It is important to note, however, that WINDOW treats the openness fraction as an
independant variable from thread spacing. It is likely that an openness fraction of 0.05 is inappropriately
low for these shades, particularly the with a wider thread spacingmproved correlations between

thread spacing and openness factor are important in otdeybtain more accurate results.
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U-value Reduction vs. Thread Spacing
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Figure71: Reduction in Wvalue vsthreadspacing

To evaluate the effect of the opemss fraction on this behavior, various openness fractimese

studied (Figure72). In this study, it was shown that the behavior of the system is essentially the same
for all openness fractions. However, there was an unexpected result as well. This analysis demonstrates
that for woven shades, the performance of the system (measured by reductiowatue) improves for

higher openness fractions. This is the opposite of the etfieat was observed for venetian blinds, in
which the performance worsened with higher openné&s&tions Figures7).
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Figure72: Reduction incenter of glasdJ-value vs. thread spacing for various openness fractions

To further evaluge this effect, the openness fraction was then investigated independently from the
other varialdes. The openness fraction was varied between 0 and 1, while the thceacheter and
spacingwere set at Inm and2mm, respectively. Shade thicknesses o hnd 3mm were investigated

The results of this study for the centef-glass region are shown figure73. The figure shows that
higher openness fractions result in better performing shades. The figure also shows that shade thickness

does not have an effect on system performance.
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U-value Reduction vs. Openness Fraction
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Figure73: Reduction incenter of glasdJ-value vs.opennessfraction

Next the effect of openness fraction and thread spacing on the solar heat gain coefficient was
evaluated. The results of this study are showirigure74. It was found that woven shade can provide
~1033% improvement in theél & & (i &M@ to reduce solar heat gain. The openness fraction was
found to have no effect. While it might bexpected that this figure would be higher, it should be
considered that these systems are placed on the interior of the window. This means that the heat has
alreadyenteredthe indoor environment at this point.
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Figure74: Reducion in SHG@s. thread spacing.

It was found in Sectiod.5 that the location of venetian blinds could also have an effect on the
performance of the complete fen&ation system. Therefore, the effect of placing woven shades at
distances of 7.5, 10, 12.7, and 15mm from theziglg surface was investigated. As is demonstrated in
Figure75, the performance of the systeimproves,as the shade is placed closer to the surface of the

glass. Over the range of cavity thicknesses shown, nearly a 6% differenealurelvas observed.
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Figure75: Centerof-glass UWvalue vsthreadspacing for several cavity thicknesses

Lastly, it was desired to see the effect of placing the woven shades on the exterior side of the glazing.
Figure76 shows the effect of woven shade thread spacing on thealue, whileFigure77 shows the

effect of woven shade thread spacing on the SHGC. When placed on a windows exterior, woven shades
reduce the Wvalue by 2426%. The thread spacing has a minimal effect in this case. This makes sense, as
the shade is working by disrupting the convective airflow alomgsiirface of the glazing. The shade has

a greater effect than when placed on the interior of the window due to the more turbulent conditions
present outsile. The thread spacing has a much greater impact on the SHGC. When the threads are
closely spaced, th&HGC is reduced by nearly 90%. When the threads are spaced further apart, the

reduction is in the 25% range.
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Center-of-glass U-value reduction vs. thread spacing for
exterior shades
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Figure76: Center of glass Walue reduction vsthread spacing forexterior wovenshades.
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Figure77: SHGCeduction vs.thread spacing forexterior wovenshades
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5.4 Fabric Shade Summary

For fabric shades, the effect of numerous criteria, including threading spacing, openness fraction, and
shade thickness on the-thlue as well athe SHGC were investigated. It was found that over the range

of values explored, fabric shades were capable of reducing thalu¢ by 614% when placed on the
interior of the glazing, and 225.5% when placed on the exterior of the glazing. The most itapbr
criteria were found to be the thread spacing and the openness fraction (in other words, how tightly the
fabric is weaved), which the thickness of the shade was found to have little effect. The thread spacing
was found to have an effect on reducingleaaoheat gain. Moreover, it was found that shades on the
exterior of the glazing were far more effective from this regard than those on the interior of the glazing.
These results suggest that durable, fabric shades should be placed on the exterior @izihg cather

than the interior for best performance. The results of the fabhade analysis are summarizedTiable

13.

Table13: Summary otenter-of-glass Wvalue (top) and SHGC (bottonteductions for fabric shades

Criteria Explored Range of Wralue Reduction%6) Reference Figure
Thread Spacing 6-14 Figure71
Frame Type
Thread Spacing 6-13.5 Figure72
Openness Fraction
Openness Fraction .
Shade Thickness 11.3-12 Figurer3
Thread Spacing (Exter)or 24-25.5 Figure76

Criteria Explored Range of SHGC Reductiq@s) Reference Figure
Thread Spacing 10-33 Figure74
Openness Fraction
Shading Cavity Thickness .
Thread Spacing 5-17 Figure7s
Thread Spacing (Exterior) 25-85 Figure77
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6. Glazing Layer Style Attachments

6.1 Exterior Storm Windows

A storm window in its most basic form is an additional window system installed on the exterior of the
existing window systenfF{gure78). Depending on the existing windows in question, the system can be

installed either directly on top of the jambs (blind stop installation) or op t§ the windav trim

(overlap installation).An illustration of the difference between blind stop and overlap installation

methods can be seen Rigure79® { 12 N¥Y 6AyYyR264a 6SNB 0O02YY2y Rdz2NAyYy3
fSaa LRLMzZ N a LD! Qa KIFI@S 06S02YS dzoAljdzaiiz2dza Ay |
egress issues depending on the specific model uSarm windows arelassified agwo-Track, Triple

Track, Twelrack Sliding, and Basement.

Figure78: Storm window installed on existing window jamb. Imageurce:Larson, 2013.
BLINDSTOP
ToP View

Figure79: Comparison of Blind Stop (top) and Overlépottom) installation methods.Image sourceLarson, 2013

Two¢ Track storm windows contain an exterior insect screen onsash and glass pane on the other
both of which are permanently fixed in place. Inside of this layer is an additional glassapacte,can
slide up or down based on the user preference. T¥ipigack windows feature a half screen as well as
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two half glass panes, each of which can move independently. This offers the user the most flexibility for
configuration. Examples of a twcackand tripletrack storm windoware shownin Figure80.

Two Track Storm Window

@()rm Windows =

Triple Track Storm Window

€
gfﬂ _ 3
y 1r855
rlv'"TZ“P“r'S)

‘ \
mt() rm Windows

Figure80: lllustration of how a twotrack storm window (top) and driple-track storm window (bottom) operates. Image
source: Affordable Storm Windows, 2013.

Thermal Improvement

Since storm windows add an additional layer of glazing and air space to any existing window system,
they can result in a substantial increasethermal efficiency. This efficiency can be improved when
models incluéhg a low e coating are usedlThe addition of a storm window installed over a single
glazed windoweducesthe U-value from 1.1 to 0.50. This correspondsa 120% reduction in-Walue.
Drumeheller et al. (2007) found that when leavstorm windows are installed over singllazed
windows, a centepf-glass Walue of 0.36 could be achieved.

A similarstudy was completed by the Cold Climate Housing Research Center. Through computer
analysis, they found that a storm window (with uncoated glass) could achieve a 121% improvement over
a doubleglazed window. When they tested this in the field using an actual degibleed window, they
foundthat a 110% improvement was achiev@craven andsraberSlaght, 2011)
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Comfort
Thermal comfort will be improved since this system resinla warmer interior pane of glass

Condensation Potential
Storm windows located on the exterior of the glass would increase the temperature of the inner pane of
glass, thereby reducing the risk of condensation.

Cost

Lowe coatings and operability (twwack vs. tripletrack) are the two factors that most significantly
affect the price of storm windows. The cost of a Comfork f (i = o0 HTfaékSmgiESlaged Rirm
window is~$71.000 ! [ | N& 2 y-Irack stoinEwindaiv with@ #we coating costs$109.00per
window (Lowes, 2013)

Impact on Daylighting
There is no significant impact on daylighting using storm windows.

Air Leakage

Storm windows can be extremely effective at reducing air leakage between the window frame and the

sash. Drumeheller et al. (2007) conducted a field study of the performansi different residential

homes. Air tightness was measured using a whole hquessurization test. It was found that the

addition of storm windows reduced the air infiltration rate between 5.7 and 8.6%. This corresponds to

Fy @SN} 3IS NBRdzOGAZ2Y 2F wmp [/ Ca LISNI 6AYyR26 6KSy (K

Ease of Operation

Stam windowsshould be installed at the beginning of the heating season and removed at the end of it.
Each sash is opened and closed in the same manner as standard window sashes. However, these sashes
typically are not modified throughout the heating seasdiherefore, theyhave a lowdegreeof effort

needed for optimal use.

Aesthetics
The inclusion ofterm windowsresults in a minimal change to the aesthetics of the home.

The ata-glance performance diagram for storm windows is showRigure81.
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Figure81: At-a-glance performance diagram for storm windows
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6.2 Exterior Plastic Wrap on Insect Screens.

Plastic wrap can be used to cover the outside of window insect screens to create a cheap, easy to install
alternative to storm windows.

Thermal Improvement

The primary improvement obtained through this method is the creation of an additional airspabe on
exterior side of the sashes. Since weatk#ipping is seldom used for insect screens, this airspace
would still be subject to drafts that could seep between the edges of the insect screen and the jambs.
The percent improvement in thermal insulatiorfthis system would be greater than the 7%
improvement obtained through using insect screens alone, but not as great as the 55% obtained
through the use of exterior storm windows. For now, a 20% improvement will be assumed.

The addition of plastic wraptthe window screen should result in an additional reduction to the solar
heat gain coefficient since some of the heat will be reflected off of the surface of the plastic. However,
this improvement will likely be minimal. For now, a SHGC reduction of 86fwpéare with 46%
reduction for window screens alone) will be assumed.

Comfort
This system will result in a warmer interior surface for the glazing; therefore, the comfort of the space
should be improved.

Condensation Potential
Since this system is placed on the exterior of the window system, the condensation potential will be
reduced.

Impact on Daylighting
When the plastic wrap is properly installed, there is no substantial decrease in visual transmittance.

Air Leakage

In a ypical window assembly, insect screens are not sealed for air leakage. This means that even though
the screens are being covered by plastic wrap, there is still potential for air to leak around the edges.
However, the amount of air leakage will be reduced.

Cost

Most home improvement centers carry kits that contain all the necessamyponents to weatherproof
windows.This includefieavyduty plastic sheeting and doublgided tape. Frost King Window Insulation

Kit providesenough of these materialto weatheproof three stand NR aA1 S GAyR264a 6ni
$5.98. This results in a cost of $1.99 per window. If the windows do not currently have insect screens,

then there will be an additional cost of $2.80 per window (See Se8tibimsectScreeng This will bring

the total cost of the assembly to $8 perwindowd [ 2 6 SQA X HAMO O

Ease of Operation

The process of covering insect frames with plastic wrap is simple. First, the screen is removed from the
window assembly. Nexthe plastic wrap is applied to the inside fion of the insect screen frame ugj
doublesided tape and shrirtwrapped using a blow dryer. The screens are then reinstalled. This whole
process can be accomplished from the inside of the building regardless of which story the windows are
located.The installation process can be very ¢imonsuming depending on the number of screens being
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applied, but little maintenance is required afterwards unless the plastic is damaged over the course of
the heating season

Aesthetics
This systentas a minimal effect on the aesthetics of the exterippe@arance of the home and no effect
on the interior aesthetics of the space

Figure82 shows the ata-glance performance diagram for exterior plastic wrap on insect screens.
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Figure82: At-a-glance performance diagram for plastic wrap covered insect screens
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6.3 Plastic Wrap around Window Frame

Plastic wrap can aldoe used to cover the entire window frame on the interior of the building. Double
sided tape is used to attach the plastic to the outside of the window frames. A hair dryer is then used to
stretch the plastic tigh{Figure83). Alternatives to this method involve the use of bubble wrap rather
than plastic wrap. While bubble wrap will provide improved thermal performance, transparency will be
greatly reduced.

e

Figure83: DIY installation df plastic around V\-/‘ihrlldow frame. Image Sourghis Old House, 2013

Thermal Improvement

The primary benefit of this system lies in the air space that is created between the window and the
interior space. This aBpace adds an extra insulative layer to the space. The effect of this is similar to
that obtained by adding an additional window pane. The CCHRC found that when -parplé window

was covered with plastic wrap, a 33% improvement inallie could be obtaed. A computer analysis
was also completed for a doubtgazed window, in which a 24% improvement was obtained.

It could be envisioned that a plastic wrap could be developed with spectrally selective attributes that

would limit the transmission of long/ave infrared radiation that would further improve the thermal
performance of the system KA & Aada &aAYATI N G2 GKS FAfYa &dzaLISYRS
However, such products are not currently availalde consumers It is possible thatthe cost of
producingheavyduty plastic wrap with these qualities woulok too greatfor a system hat requires

yearly replacement.

Comfort

Since the plastic wrap covers the entire cold surface of the window, this method should improve the
thermal comfot of the space by serving as a radiant barrier. Since the plastic has so little thermal mass,
it is unable to create the radiative imbalance that results in thermal discomfort.

Condensation Potential

While this system does not increase the temperaturehs glass, it does limit the amount of humid air
that can condense on the window. This means that the condensation potential of the windobewill
reduced
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Impact on Daylighting
The plastic wrap used for this product is completensparent;therefore, there wil be no impact on
daylighting.

Air Leakage

This method is particularly useful for older windows that suffer from air leakage between the sash and
the frame. Since the plastic is used to cover the entire assembly, air leakage through the sastahould
virtually eliminated. For this reason, this method is particularly effective for old, drafty windows.

Cost

Frost King produces a window insulation kit with enough plastic wrap and dseided tape for 3
NHéEECHE GAYR26ad ¢ KA A& cdddsRoRdiz@ia toRchsh & $1H99 dedwyirkiows K A O K
0[ 26SQAX HAMOU

Ease of Operation

This methodrequires annual installatioat the start of the heating seasohleavy duty plastic wrap is
fixed to the frame of the window using doukdided tape. A blow dryer is then used to stretch the
plastic tight.Unless the plastic is damaged, there should be no need for additional work on the part of
the homeowner after instdation.

Aesthetics

When installed correctly, this system does not have a substantial impact on the aesthetics of the
windows. However, it may interfere with operability of secondary window attachments, particularly
conventional blinds, which mdye undesiable to some users.

Figure84 shows the ata-glance performance diagram for plastic wrap on window frames.
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Figure84: At-a-glanceperformance diagram for plastic wrap on window frames
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6.4 Glazing Layer Analysis

In order to investigate the effect of additional layers on the interior or exterior of the glazing system, a
variety of different very thin materials were added to both the wide and the exterior of the glazing
system. For this portion of the analysis, only ceniéglass properties were investigated. This is
because the performance of the edgéglass region will be highly dependent on the method by which
the additional lagrs are connected to the frame. It is difficult to arrive at general conclusions based on
these parameters, therefore the edgd-glass region was not considered.

The first portion of the analysis was an investigation into the effect of using variousesgkf glass or
polycarbonate for the additional glazing layer. In both cases, clear, uncoated glass or polycarbonate was
used. The material conductivity for the glass and polycaab®rwas 1.0 W/mK and 0.195 W/mK,
respectively. The results of this anatyare shown irFigure85. For both cases, there is a nearly linear
relationship between reduction in-Aalue and the addition of extra thickness tcetglazing layer. The
addition of a glazing layer on the exterior of the window system results in a roughly 3% improvement in
performance over an identical layer on the interior of the system. Also, polycarbonate systems will
provide better performance tharglass systems. This is expected since polycarbonate has a lower
material conductivity then glass.

Center of Glass U-value Reduction vs.
Glass Layer Thickness

-28.0
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-30.0
g
< -31.0
.0
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2 -32.0
(-4 —l-Exterior - Glass
Q
E ior -
g -33.0 Interior - Polycarbonate
3 \ —— Exterior - Polycarbonate
> \
-35.0

-36.0

0 1 2 3 4 5 6 7 8 9
Glass Thickness (mm)

Figure85: Reduction in centeof-glass Uvalue vs. thickness of additional interior or exterior glazing layers

The addition ofextra glazing layers can have greater effect (up to an 18% reduction) on the SHGC for
thicker (58 mm) layers when they are placed on the exterior of the glazing syaseis1ishown ifrigure

86. It is interesting to note that polycarbonate layers result irslesduction than glass layers. Since this
classification othe systems is typically used to limit heat loss during the winter, polycarbonate is a more
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attractive option than glass since solar heat gain is desired. Glass and polycarbonate systems performed

much more similarly (only ~1% different) when placed on the interior of the glazing system.
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Figure86: Reduction in SHGC vs. thicknegsadditional interior or exterior glazing layers

It should be noted that the results shown above are for uncoated, clear layers. Layers with spectrally
selective properties are capable of providing even better performance. In order to evaluate this
criterion, a regpesentative sample of Southwadlieat Mirrorfilms were analyzed for mounting conditions
GKS FTNRBYyG FyR o61601 aARS 2F GKS 3t iTAy3
properties face the interior side of the glazing unihieh is most apprpriate for reducing heat los§he

Iy R

properties of these films are shownTrablel4. The results of the study are shownRigure87.

Tablel4: Properties of representative sampling of Southwall Heat Mirror filni3ata source: LBNL, 2012b.

Film T Rsol Rsol Tu Riis Riis y "
Name sol (Front) (Back) e (Front) (Back) ! b
HM 22 0.115 0.825 0.808 0.229 0.692 0.711 0.019 0.760
HM 33 0.174 0.759 0.744 0.338 0.584 0.607 0.020 0.760
HM 44 0.225 0.701 0.687 0.440 0.474 0.500 0.030 0.760
HM 55 0.307 0.614 0.603 0.567 0.349 0.377 0.033 0.760
HM 66 0.362 0.553 0.543 0.652 0.260 0.288 0.038 0.760
HM 77 0.476 0.435 0.422 0.778 0.144 0.165 0.052 0.760
HM 88 0.625 0.268 0.249 0.875 0.057 0.063 0.110 0.760

The results shown iRigure87 demonstrate that the relationship between the emissive properties and
the reduction inU-value is also nearly lineddnlike the previous study, loemissivity films mounted on
the inside ofthe glazing system performed better (~4/5%5.5% improvement) #n those mounted on
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the exterior (~4447% improvement)lt should be noted, however, that these films are very thin (3 mil
or 0.0762mm) and are therefore typically susped within the glazingavity.In order for these films to

be durable enough to be mounted on the outside of the glazing cavity, they would likely need to be
manufacturedto have increased thickness.

While the heat mirror films reduced the-talue to a greater degree than cleglass or polycarbonate,

they also had a greater impact on the SHGIQUre88). The films that were most effage at reducing

the Uvalue also reduced the SHGC karty 90%. Since solar heat gain is desirable in the heating
periods during which these systems would be used, such a system may not be a good option for cold
climates.

Center of Glass U-value Reduction vs.
Suspended Film g
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Figure87: Reduction incenter-of-glass Uvalue vs. film (font) emissivity for additional interior and exterior glazing layers.
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SHGC Reduction vs. Glazing Layer Thickness
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Figure88: Reduction in SHGC vs. film (front) emissivity for additiomaérior and exterior glazing layers.
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6.5 Glazing Layer Summary

This portion of the analysis investigated the effect of material type, material thickness, and film
emmisivity on centepf-glass Walues and SHGC. It was found that location of additional glazing layers
(interior vs. exterior) has a far greater effect parformance than the type of material used. In addition,
glazing layers with a lowmissivity could achieve the greatest results, reducing thaalde by half and

the SHGC by as much as 85%. These results are summaiiaddelb.

Tablel5: Summary of centepf-glass Wvalue (top) and SHGC (bottonteductions for glazing layers

Criteria Explored

Range of Wralue Reduction(%)

Reference Figu

Material Type

Material Thickness 28.75-35 .
- - Figure85
Material TypeExterior) 32-35
Material ThickneséExterior)
Film Emissivity 44-47 .
Film EmissivityExterior) 47.5-51.5 Figure7

Criteria Explored

Range ofSHG@®Reduction(%)

Reference Figure

Material Type

Glazing LayeFhickness 85-11 .
- - Figure86
Material Type (Exterior) 3.17
Material Thickness (Exterior)
Film Emissivity 20-67.5 .
Film Emmisivity (Exteripr 22.5-85 Figuress
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7. Insulating Layer Style Attachments

7.1 Rolling Shutters

Exterior insulated shutters can be envisioned as a variation of the accordion style shutters described in
Sectiond.1: OperableShutters These shutters are comprised of interlocking slats that completely cover
the outside of a window. The slats can then be retracted by rolling them up to fiteiredi a valence
located at the top of the windowThe slats usually slide inside of tracks that are often weather sealed.
An example of this type of system can be seerfigure 89. While these units are often used for
protection from weather or security purposes, they can also be used as an effective means of improving
the thermal performance of windows.
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Figure89: Example ofinsulatedrolling shutter installed onresidentialbuilding. An interior view is shown on the le
and exterior view is shown on the rightmagesource:Rollac, 2013.
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Thermal Improvement

The performance of a rolling shutter system wasgeistigated by the Cold Climate Housing Research
Center. Through computer modeling, they found that the shutters improved thaluk of a double
glazed window by 51%. When they tested the performance of the shutters on an actual triple glazed
window, theyfound a 30% improvement.

The best performing roller shades feature an insulating foam core, which can provide a substantial
improvement in thermal efficiency. Testing of the Rollac DuraComfort &RL5¥stem Kigure 90)
performed byArchitectural Testing Inc. (ATdgmonstrated that when combined with a single glazed,
uncoated window with a wood frame, the-k&lue decreased from 0.91 to 0.47 in wholendow U

value (a 55% improvementATI, 2002)When paired with a better window system such as an IGU with

a low e coating, the relative improvement was much reduced. In this case, the origimaéidiwas 0.36,

while the Uvalue with the addition of the dter shades was 0.26 (a 28% improvement).
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Figure90: Aluminumslat with foam core on Rollac DuraComfort A15R system. Imageource:Rollac, 2013.

The performance of this system will be highest if the slats are installed with a track that provides a
weathertight seal. In addition to keeping the slats away from the glazing, the track will also form an
additional air layerBased on the manufactureecommended installation method, it has been assumed
that the ATI study described above used such a track system.

Exterior shutters do not allow for any light filtering capacity. While the shades could be closed during
the day to block solar heat gain, shivould result in an increase in electrical load for lightiflgiswould

likely offset the energy savings of the shutters. Thereférem a thermal improvement standpoint,
their usdulnessis limited to cold weather climates.

Comfort
Since these shuttsrwill lower the temperature of the glazing, they will result in a lower MRT compared
to conventional glazing alonds such, they will make the occupant feel warmer when in place.

Condensation Potential
Since this system places the insulation on the wlagt$ace of the window, the glazing will be warmer,
and the risk otondensation will be reduced.

Air Leakage
When rolling shutters are installed with sealed tracks, they will provide significant improvement in air
leakage between the sash and frame andvimen the frame and the wall.

Cost

Roller shutters are produced by Rollac in the DuraComfort Product Bioeording to a Rollac
representative, Stefan Poetsch on Decembé; 2012, he estimated cost for a 2860 window
opening is approximately ~$400 p&indow for nonmotorized models, and ~$1000 for motorized
models. Installation would likely add $1$@50 dollars per window. For this study, the Amotorized
models will be assumed, with a total cost of $600 per window.

While this cost is significant, should be noted that the primary function of this system is security and
protection. Improved energy efficiency is one bonus feature along with sound reduction and privacy.
Therefore, this system might be substantially more attractive to those in laueiprone regions.

Ease of Operation

The units can be either motorized or naomotorized. Motorized units will be very simple for the
occupant to make use of, while nenotorized units will require more work on the part of the owner.
When the shutters arenot motorized, a pulley system is usually used, which is routed through the
exterior wall to allow the shutters to be closed or opened from the inside.
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Impact on Daylighting

This system completely eliminates views to the outside as well as any dayligbtiegtial. For cold
climates, the shades would be open in the day to allow maximum solar gain from the sunlight, and
closed during the night hours to prevent heat from escaping. In such a situation, there would be no
effect from a daylighting perspectivelowever, in warm weather climates, the shades would be used to
block incoming solar heat. In this case, the effect would be more dramatic. As a result of the increased
artificial lighting use that may be necessary, this system may result in increaseall @nargy use for

the home depending on the climate.

Privacy
When these shades are in use, they will completely block views into the building.

Aesthetics
While this system can be produced in a variety of different colors, there is still a substaatihktic
impact on the home due to both the shutters themselves as well as the valence.

Figure91 shows the ata-glance performance diagram for insulated rolling tsérs.
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Figure91: At-a-glance performance diagram for insulated rolling shutters.

Variations

Although rolling shutters are typically placed on the exterior side of the window, they could potentially
be placed on the interior de instead for improved thermal performance. An alternate approach would
be to create custom roller blinds with a thicker insulated cross section. The downside of this proposal is
a much largediameter of the rolled shades.
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7.2 Insulated Foam Shutters

Some shtter designs feature construction with an insulated core material such as polyisocyanurate and
a radiant heat reflecting foil. While providing superior thermal performance, these designs typically
completely block light rather than simply filteririgas with louvered shutters. An example of a DIY
insulated shutter design is shownkigure92.

Insulated shutters
Insulated shutters can help keep warm air OVERHEAD VIEW Shutter folds open
from escaping through your home's windows INTERIOR

Ping an y g Window sill \

— a significant source of heat loss. They can
also reduce traffic noise and other sounds.
The design shown here consists of a polyiso
rigid foam core surrounded by a wood

I
EXTERIOR Window

frame and covered by
plywood panels.
— Interior
INTERIOR panel: . -
Standard Windor Smooth — —
|
Interior window shutter hinge " plywood ,
molding or door skin
Plaster or Plastic sheet ‘
Sheetrock or reflective I
“space
b rnprboni 1%2-inch thick blanket
WiR 10W all foam core vapor barrier
weather stripping cavity [ 1 i !
e = ~>
") | L 2 -
Exterior siding Window ‘x:;':m Many finishes or decorations
EXTERIOR £S : may be used on the panels; a
(optional): 7 S
e classical motif is shown here.
fywood

Source: Philip S. Wenz

The Chronicle

Figure92: DIY insulated shutter desighmagesource: SFGate, 2008.

Thetwo basic installation categorieare shown inFigure93. Glass hugging installation is when the
shutters are attached just off the surface of the glass using clips or magnet strips. Since the insulation is
placed so close to the glass, there isapportunity for cold air to accumulate behind the shutter and
enter the room through convection. Edgealed installation, on the other hand, involves attaching the
shutters inside the window jamb using magnets or other types of clips along with gasketather
stripping to prevent air movement. A friction fit clip can be used along with a compression gasket for
optimal results.

a b
o " jamb casing % . .
|-———_______ _ _."
“insulating panel ||
T T—-glass |
compression-seal '
__—weather stripping
along adge r‘s :
EDGE-SEAL PANEL GLASS-HUGGING PANEL

Figure93: lllustration of the edge-seal panel andglasshuggingpanelinstallation methods. Image sourcetangdon, 1980.
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Thermal Improvement

The effectiveness of insulating shutters will be determined by thalRe of the insulation used in its
construction as well as the degree to which air movement is restricted around theFsgaexample
Pactivih ¢ (KA Ol SE NHzRS R-valui2 6f 81@ (TBeNsBoprdl critehi will He ylargely
determined by the installation method. These systems are usually designiee inserted during the
night hours and removed during the day.

This style of shiter can also be easily modified to serve as a passive solar heat collector if the exterior
facing side is covered with a black cloth or other highly heat absorbing material and a gap is left at the
top and the bottom.Figure94 shows how the shutter system would be used during various periods
throughout the year.

The CCHRC performed a field investigation of a custom built rigid foam shutter systenshdeshn a

track to cover the exterior of a window. They found that this system resulted in a thermal improvement
of 410%. It is unclear from the report whetheretkexisting window was a singledouble, or triple-
glazed. The system was then modeled using THERM over a dpadel window. This analysis showed

a 532% improvement (Cravamd GrabeiSlaght 2011).

Pt wm_i ﬁﬁ‘:b %_l%
éj | m |§ Lh_}' |

WINTER NIGHTS WINTER DAYS SPRING AND FALL LATE SUMMER

Figure94: An edge sealedhsulated window shutter can be modified fouse in passive solar heatingmagesource:Langdon,
1980.

Comfort

Using insulated window shutters covers the cold glass with insulation. Because of this, the temperature
differential will be much reduced. Thigsults in a more comfortable environment for the building
occupants.

Condensation Potential

Insulated window shutters do not affect the temperature of the glass. In addition, both methods of
installation still expose the cold glass to the humid integmrwhilelimiting air movement betweenhe
glass and the shutter. Therefore condensation will be likely with this sysdtemvever, this risk can be
reduced if the systems include installation details that seal around the perimeter of the shutter.
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Air Leakage
Air leakage will be reduced between the sash and the jamb, but not between the jamb and the interior
wall.

Cost

These systems are not widely available on the market, and must therefore be constructed in a DIY
fashion. They can be easily construttasing a variety of materials such as corrugated cardboard
(extremely low cost) or foam rigid insulation (higher cost, but improved performance).

Manufacturersd [ 2 6 SQ&> HAMO0D

Pactvh ¢ E y Q E n QendltsildedzBheathing: $38.25%fRidtanslates
to approximately $17.33 for a 806 window assuming scrap pieces can be glued
together to minimize waste.

MEEHEEY Q &LINHzO S $1111 eaSh. FhilzhkdhBlates to $2i2MFot 3 single
window.

Reflective Foil Insulatiofp c y ®c ¢ F 2 NJ; this translpt€sHory. 22 peX®iridow.
Total cost (less finishes) = $21.29 for window

Regardless of the type of insulation used, the entire board can be wrapped in foil for increased fire
protection and can then be finished invariety of ways. Pine furring strips can be used to add durability
to the corners to the panel and then the whole panel can be covered in a fabric to improve the
appearance of the system.

Ease of Operation
These panels can be put into place very easilyafty accessible window. For most windows, they can be
put into place by a single person and removed just as easily.

Impact on Daylighting

These panels are typically only applied at night, therefore there is no impact on daylighting. However, if
they areused as heat collectors during the daytime, the daylighting capability of the system will be
practically eliminated.

Privacy
These shades will completely block views through the glazing.

Aesthetics
These panels will have a moderate to significant effectlee aesthetics of the building basea the

way they are finished.

Figure95 shows the ata-glance performance diagram for insulated foam shutters.
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Figure95: At-a-glance performance diagram for insulated shutters.

105



7.3 Insulated Layer Analysis

In order to examine the effect of adding layers of insulation (in this case, rigid foam insulation) to a
glazing systenthe centerof-glass region wafirst investigated. The effect of adding layers of rigid foam
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the insulation was attached directly to the surface of the glazing. In the second method, the insulation

was offset from the glazing surface, but attached to the frame. In the third method, the insulation was
offset from the glazingurface as il as the frameThese three methods are illustrated figure96.

The cavity created between the glazing/frame and the insulation was modeled as a slightlatedntil

and non-ventilated cavityconditions These cavity properties are generated by THERM based on NFRC

at A3KGte @Sydaftl dSR OF gAad
conductivity as a nowentilated cavity.For this sudy, the IGU with a love coating used in previous

studies was imported directly from WINDOWhe result of the analysis to determine the effect of
insulation thickness and airspace thickness on reduction of theluk is shown ifrigure97.
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-
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* 6.35mm
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Figure96: IGU with wood frame (top left), installation method 1 (top right), installation method 2 (bottom left), and
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Center of Glass U-value vs. Insulation Thickness
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5 15 25 35 45 55
Thickness of Insulation (mm)

Figure97: Center ofglass Uvalue vs.insulationthickness for several insulation methods.

The edgeof-glass and frame regiomwere examined nextA simple wood frame was used, with
properties taken fom the sample THERMtorial. In these models, the film coefficients are specified
based on the surface they are applien.In generaldifferent coefficientsare specified for framing and
glazing elementsU-@ 1 £ dzS G il 3a¢ ' NB F LILX ASR ( 2-valuelzhgs lar® S &
applied to interior surfacesTHERM uses these surface tags to determine the area over which-the U
value results will be integratedrigure98 shows the model and infrared results for the base IGU and
frame. Edgeof-glass and Frame -thlues were defined by integrating the heat flux through their
respective interior exposed surface areas.
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Figure 98: Model of IGU with standard wood frame (left) and infrared analysis (right) obtained using THERM

temperatures are given in Celsius.

Figure99 demonstrates that the behavior of each installation method was similar. In this stage of the
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insulation is within the jamb cavity, the installation method had the most significant effect, resulting in

as much as 10% of a variance in performance. The system with the 12.7mm airspace performed the best

in this region, and nearly the best for thickmsulation thickness. When the insulation thickness was
greater than the jamb thickness, the 6.35mm insulation method performed slightly better.
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Edge of Glass U-value Reduction vs. Insulation Thickness
-25.0

-30.0 \ —=—No Airspace
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\ * Reduction compared
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2 shading device

U-value Reduction (%)

-75.0
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Thickness of Insulation (mm)
Figure99: Edge ofjlass Uvaluereduction vs.insulationthickness for varioudnstallation methods with ventilated cavities.

Figure100 shows the frame Walues for each installation method assuming slightly ventilated cavities.
Although there vas a significant amount of irregularity for systems in this region, one common trend
was that the system performance plateaus after a thickness of insulation in excess of the jamb cavity
was achieved. In fact, when the data is shifted to reflect the distainom the interior glazing surface to

the interior face of the insulation, the results, shownRigure101 and Figure102, make much more
sense.

It is speculated that some of the irregularities were caused by the changing exposed surface area of the
frame material due to the thickness of insulation. Systems in which the insulation is offset from the jamb
surface had the least variance in performarngased on additional insulation (~3%). When no airspace
was used, additional insulation thickness improved the performance of the system. For systems with an
airspace, additional insulation thickness actually reduced performance. One possible expléoratiis
phenomenais that the thicker insulation systems have more exposed surface area to absorb heat and
transfer it to the frame through the thermal bridge where the frame and insulation contact.
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Frame U-value Reduction vs.
Insulation Thickness
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Figure100: Reduction inframe U-value vs.insulationthickness forvariousinsulation thicknesses with ventilated cavities

Infrared schematics are shown iRigure 103, Figure 104, and Figure 105 for 6.35mm insulation

thickness, 50.8mm insulation thickness, and the offastilation method respectively.Note how the

glazing surface is significantly colder when 50.8mm insulaffogure 103) is used as compared to
6.35mm insulationKigurel104). Condensation is likely to be a problem if theulation cavity cannot be
sealed from the warm, moist interior air.
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Edge of Glass U-value vs. Distance from Glazing
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Figure101 Edgeof-glass Wvalue reduction vs. distance from glazing surface

Frame U-value vs. Distance from Glazing
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Figure102 Frame Wvalue reduction vs. distance frorglazing surface.
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L

Figure 103 Comparison ofinfrared energy through glazing system with/4¢ insulation with no airspace (left), 6.35mm
airspace (middle) and 12.7mm airspace (righthe temperatures are given iBelsius

Jyy

-172° -124% 77° 290 190 67° 114° 162° 21.0°
.

Figure104 Comparison ofnfrared energy throughgt I T A y 3 & & insultion wath rib Kirspade (left), 6.35mm airspace
(middle) and 12.7mm airspace (rightffhe temperatures are given in Celcius.
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Figurel05: Infrared diagrams for IGU with insulation offset from frame for system with 6.35mm insulation (left) and 50.8mm
(right) insulation. The temperatures are given in Celcius.

It was desired to investigate the effect of modelinge timsulation cavity as slightly ventilated or ron
ventilated. Figure106 and Figure107 show, respectivelythe edgeof-glass and frame Walue reduction
as a function of isulation thicknesdor a 6.35mm insulation cavity. Both figures indicate that the
modeling method makes little difference (<1%) as long as the insulation #dsskras not exceeded the
frame cavity.
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Edge of Glass U-value Reduction vs. Insulation Thickness
for 6.35mm Cavity
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Figure106: Edgeof-glass Wvaluereductionvs.insulation thickness fol6.35mmventilated and nonventilated caviies

Frame U-value Reduction vs.
Insulation Thickness for 6.35mm Cavity
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Figure107: Frame Wvalue reduction vsinsulationthickness for6.35mmventilated and nonventilated cavities.
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Figure 108 and Figure 109 show, respectively,the edgeof-glass and frame alue reduction as a
function of insdation thickness for a 12.7mm insulation cavity. For the edgglass regionnon-
ventilated airspaces perform-50% better than a similar system with a slightly ventilated cavity when
the insulation is within the jamb cavity. However, there is littldedidnce in performance for insulation
thicknesses in excess of the jamb cavity.

Edge of Glass U-value Reduction vs. Insulation Thickness for 12.7mm
Cavity
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-20.0 Airspace
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__-30.0
3
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5 \
E
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g \
= -60.0
g \
=] \-0-———0\
-70.0 ——, * Reduction compared
to an IGU with low e
-80.0 coating and no shading
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-90.0
-100.0
5 15 25 35 45 55
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Figure108 Edgeof-glass Wvaluereduction vs.insulationthickness fowventilated andnon-ventilated, 12.7mm cavities.
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Frame U-value Reduction vs.
Insulation Thickness for 12.7mm Cavity
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Figure109: Frame Wvaluereduction vs.insulationthickness for ventilated and unventilated, 12.7mm cavities.
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7.4 Insulated Layer Summary

The performance study for insulated layers was completed assuming various thicknesses of expanded
polystyrene (EPS) were added to glazing systems using several different installation métheds.
installation methods examined include mounting the insulation flush with the jamkaddition, the

effect of modeling the cavity formed between the insulatiomdathe glazing as slightly ventilated or
non-ventilated was examinedd summary of the results is shownTiablel6. Installation methodghat

create a wider airspacketween the glazing and the insulation performed better than the others,
although the variance in performance between installation methods decreased with increasing
insulation thicknessin addition, the effectiveness of using increased thicknesses ofatisu was
decreased as the insulation extends beyond the thickness of the sill.

Table16: Summary of center of glass (top), edge of glass (middle) and frame (bottomalue reductionsfor insulatedlayer

analysis

Criteria Exploed

Range of Center of Glassualue
Reduction(%)

Reference Figure

Insulation Thickness
Installation Method

23-75

Figure97

Criteria Explored

Range of Edge of Glassvdlue

Reference Figure

Reduction(%)
Insulation Thickness . .
Installation Method 26-74 Figure99, Figure1l01
Cavity Type (6.35mm) 27.5-74 Figurel06
Cavity Type (12.7mm) 35-74 Figurel08

Criteria Explored

Range of Frame Walue Reduction

Reference Figure

(%)
Insulation Thickness : .
Installation Method 21-35 Figurel00,Figurel02
Cavity Type (6.35 mm) 21-35 Figurel07
Cavity Type (12.7mm) 28.5-35 Figurel09
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8. Perforated Screen Style Attachments

8.1 Insect Screens

Insect screens are a common component of most residential window systems. These screens provide
some shading effect; however, their presence is not taken into account with performance values for
most window systems. Therefore, their impact shoulddsaluaed. For improved shading potential,
retractable screen can also be_yged (Seetions. 1 Interior Cur’pﬁip_s’and Draperigs

e 590 A £ Kk -~
Figurel10: Insect screens, with theifine mesh, povide shading on the windowlmage SourceScreen Mobile, 2013

ﬁ,-m!l I -,

Thermal Improvement

Window screens can be an effective means of reducing the solar heat gain through glazing. When the
screens are located on the exterior of the windotkey reduce the SHGC by 46%. When they are
located on the inside of the window, 15% reduction in SHGC ocoiBrunger et al., 1999)

Although insect screens do not add any insulation value to the window, they do slow the convective
heat flow away from the surfacef the window. When insect screens are in the typical location (on the
exterior of the glazing), the-Malue is reduced by 7%. However, if the screens are placed on the interior
side of the glazing, a 14% reduction irvédlue occurs. This improvement diet performance of the
screens on the inside of the window occurs because the forced convective flow that occurs outside is
much more powerful than the natural ceactive flow that occurs insid@runger et al., 1999)

Comfort

Use of an insect screen wlilve a slight impact on the thermal comfort of the space. Since the screen
does have an impact on the-\lue of the window, the interior surface of the glazing, or the screen
itself (depending on the configuration), will be warmer than a configuratiort theludes only the
glazing. This will result in a more comfortable interior environment.

Condensation Potential
Since the glazing surface will be warmer when insect screens are placdw @xterior side of the
glazing there will be a lower likelihoodf@ondensation development.

Impact on Daylighting

The fine mesh used for insect screens results in a slight reduction in daylighting potential. For now, it will
be assumed that the reduction in visual transmittance of mesh screens is similar to the oedotti

solar heat gain, 46% and 15% for the exterior and interespectively.
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Air Leakage
Although there will be a slight reduction in the air leakage through the window sashes due to the
window screens fine mesh, thempact will likely be marginal.

Cost
Insect screens are ually a fiberglass meshprodut¢t. c né¢ EHpQ NRff 2F t KAFSNI CAG
PHT dpy ® { ONBSya F2NJ 6mMn0O onéEcné 6AyR2g4a OlyYy 0685
GAYR26® MEEHEEY Q &daltitizdrSeachINlysSranslateN 252238 ford Simgle dsdow.

Total cost, therefore, is $5.04 to create a screen for awindgw2 6 SQA X HAMO 0

Ease of Operation

Insect screens are typically left in place throughout the year, although they can be reasilyed if
desired.

Privacy
Screens are not an effective means of creating privacy.

Aesthetics

Although window screens do affect the clarity of the window, they are so common that most users do
not notice their presence.

Figurelllshows the ata-glance performance diagram for insect screens.
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ey

Figurelll At-a-glance performance diagram for insect screens
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8.2 Perforated Screen Analysis

The fird portion of the analysis was the investigation of the effect of the spaaegoted by Sx and Sy

in Figurel12, between perforations for both interior and exterisystems.The motivation for using this
criterion is to determine the effect of frequency of perforations (the number of perforations per unit
area) on shade performance. The size of the perforations was kept constant at 6.35mm for the
diameter, width/height, and widthrespectivelyfor circular, squae, or rectangular perforations.

|-— Sx —-| ——Sx—= =

]
sy Sy —x— Sy sm—
1

Qo| o] heEp
diameter 1
) / N d

/\ thickness / thickness /

thickness

Figure 112 Schematic for circular (left), square (middle), and rectafagu(right) perforated screensimage SourceLBNL,
2013

The results of this analysis revealed several conclusiondirsheras that all of the shades provided an
identical reduction in Walue of 13.6% and 26.1% for interior and exterior blijméspectively. The
screens are effective at disrupting the convective heat flow on either side of the glazing system.
However,it is interesting to note that Bruger et al. (1999) noted that the screens were more effective on
the interior side of the glazing then the exterior side.

While the spacing between the perforations did not have a significant effect on the screens ability t
reduce the Uvalue, they had a significant effect on SHGC reducfifigure 113). As the distance
between perforations reaches ~20mm, the shades reach their maxighading capability, reducing the
SHGC by 45% and 85% for interior and exterior shaggsectively.
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SHGC Reduction vs. Perforation Spacing
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Figure113 Reduction in SHGC as a functionpefrforation spacing for interior and exterior shades.

The nextcriterion was theeffect of the distance between the screen and the glazing system on the
system. While the SHGC only marginally affected the location of the screen, the effect orvétheeU
was much greate(rigurell4). The screens are capable of reducing theallle by as much as 26% and
18% for exterior and interior shadesespectively Additionally, the proximity to the glazing doaot
necessarily caespand to improvement in behaviof-or interior screens, the maximum reduction in U
value occurs at a distance ®7mm. Distances greater or lesaththis value will not experience as great
of a Uvalue reduction.
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Center of Glass U-value Reduction vs.
Distance to Perforated Screen
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Figure114: Reduction in Uvalue as a function of the distance between the glazing and the perforated screens for interior
and exterior shades.
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8.3 Perforated Screen Summary

The effect of the shape of perforations as well as their placement was investigated for irdador
exterior shadesPerforated screens are most useful for reducing solar heat gain. Interior screens reduce
the SHGC by as much as 46%, while exterior shade can reducev#teelby 88%. Rectangular shaped
perforations performed the best, while circulgrerforations perfomed the worst. The shape of
perforations had no effect on the-talue. Rather, the primary variable affecting performance was the
width of the cavity between the screen and the glazing. Exterior shades spaced at a minimum of 9mm
from the glazing surface reduce thevdlue by 26%, while interior shades perform best when spaced at

~6mm, resulting in a 17.5% reduction. A summary of this analysis is shdahlei7.

Tablel7: Summary of centepf-glass Uvalue (top) and SHG(bottom) reductions for perforated screens

Criteria Explored

Range of Center of Glass\alue
Reduction (%)

Reference Figure

Shading Cavity Thickness
(Interior)

7-17.5

Figurell4

Shading Cavity Thickness
(Exterior)

8-26

Figurell4

Criteria Explored

Range of SHGC Reducti()

Reference Figure

Perforation Shape
Perforation Spacing (Interior)

10-46

Figurell3

Perforation Shape
Perforation Spacing (Exterior)

12-88

Figurell3
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9. Cellular Shade Style Attachments
9.1 Cellular Shades

This system uses a dual cell design that creates an ajmdagh provides additional insulation. There

FNB YlIye @FNASGASAa 2F AyadzZ SR ofAyRa 2y (KS YI N
to essentially act as conventional blinds while others are permanently in their expanded view. In
addition, these blinds are typically designed to be adjustable from the top as well as the bottom (see
Figurells)

2013.

Thermal Improvement

The most basic designs serve primarily to create a layer of insulation on the inside of the window. Some

more advancd models have edge trackbat help to limit the air movement around the blinds. The
ONBlIGA2Y 2F | aSFtSR aFANI Il LXE oAff o022ald GKS LISN
polyester layer on the side of the blind facing the window. Thises as a radiant barrier, which can

help reduce heat further.

The degree of thermal improvement will vary based on the exact system used. One manufacturer,
Levolor, produces 4 basic categories of cellular shades, which are appropriatepforving thernal
efficiency.

1 Shear with Energy Shield BackimgThese are the most transparent of the cellular blinds
produced by Levolor. The quality of the fabrics used is also rated as the highest. They have a
SHGC of 0.44, and an effectivevddue of 3.33 (a Walueof 0.3). When paired with a single
glazed window with a Walue of 1.12, the Walue for the combined system is 0.23. This is a
79.5% improvement.

1 Woven Fabrics with Energy Shield Backiqgrhese fabrics typically have more complicated
designs. Their SHGC0.25 and the Ralue ranges between 3.4562 based on the exact fabric
used. An average R value of 3.53 will be used. This corresponds to a-t@tllel{when paired
with single glazing) of 0.226 (a 79.8% improvement).

1 NonWoven Fabrics with Energyhield Backingg These shades have an SHGC of 0.23 and an R
value ranging from 3.48.57 depending on the specific fabric used. An averagalle of 3.51
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will be used. This corresponds to a totalvalue (when paired with single glazing) of 0.227 (a
79.7% mprovement).

1 Double Cellg These systems have dual cells instead of the single cells for the systems listed
above. No Energy Shield Backing is used for these systems, probably due to the added insulation
value given by the dual cells. They feature an GH& 0.19 and an -Ralue of 3.85,
corresponding to a total Walue of 0.21 (81% improvement).

There are several importangsuesto note regarding these values. First, the actual performance of the
combined window and shade system will likely not be as good as that predicted in the above figures.
This is because the method of using @alue that is based on the reciprocal of thentbined Rvalue
assumes that conduction is the only mode of heat transfer taking place. In reality, convective heat flow
will pull air from between the interstitial space between the glass and the shade around into the room
unless the shades are thorougtdgaled. In addition, the positive air space between the glazing and the
shade is not taken into account.

Oneother issueis that therelative improvement between each of these systems is quite small. This
indicates that the choice between each will wing being more a factor of the owners aesthetic
preferences tlan the performance of each system.

The Cold Climate Housing Research Center also investigated fioenmemce of cellular blinds/Vhen

they performed computer analysis of double cellular shadea double glazed window, they found that

a 15% improvement could be achieved. When they measured this performance in the field, they found
that a 60% improvement could be achieved. It was noted in the study that the winbdatvwas
investigated was very tige, which could partially account for the variation between the computer and
physical analysis. For this study, the 60% improvement will be used since it lies in between the CCHRC
computer analysis and manufacturer data listed above.

Comfort
These blindsvill radiate significantly less cold than the glass itself. This means that the thermal comfort
of the space will be significantly improved.

Condensation Potential
Since this method reduces the temperature of the glazing but does not prevent transpeaterf vapor
to the inside surface of the glass, condensation will likely be an issue, particularly in colder climates.

Air Leakage
Although these shades are air permeable, they will reduce the amount of air leakage through the
window sash.

Cost
The cost of this system will vary based on the type used. For the Levolor systems desloabedthe
priceforasinge@ né¢ Ecné¢ GAYR2®[ 2MNEQa A FRudR A

1 Shear with Energy Shiel&221

1 Woven Fabrics with Energy Shield Backingsl41l base prie plus Energy Shield Backing
surchage = $177

1 NonWoven Fabrics with Energy Shield Backin§§106 base price plus Energy Shield Backing
surcharge = $142.
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9 Double Cell $110.

Ease of Operation

After initial installation, these units require very little wook the part of the user. The blinds can be
easily adjusted using pull cords. In addition, many of these systems offer additional utility of allowing
you to adjust the level of the shades from the top as well as the bottom. This allows tht® wlew far

light and or viewaccording to their preferences.

Privacy

The type of material used for the shades will have a significant impact on how well they provide privacy.
While nearly all cellular shades will block a direct view into the building, silhouetliesti be visible
through sheer fabrics.

Impact on Daylighting

These systems are usually made of an opaque fabric which blocks view to the outside. Some units are
comprised of a light diffusing material that can actually help transmit light furtherthanterior of the

building while blocking glare, while others are completely opaque and will completely block light. Most
models can be retracted to allow for complete views when not needed, and others have cells that can
be compressed, functioning ihé same way as conventional blinds.

Aesthetics
This system will have a substantial effect on the space, albeit one that most would consider positive. The
shades come in a variety of different colors that can be used to meet the needs of any space.

Figurell16shows the ata-glance performance diagram for cellular shades.
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Figurell6: At-a-glance performance diagram for cellular shades.
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9.2 Cellular Shades Analysis

The latest version of WINDOW (LBNLa., 2013) currently allows for the inclusion of cellular shades in a
glazing system.The parameters that are important for defining the cellular shades are geometric
properties including the celileight, inner wall length, and side wall lengths as well as material properties
such as infrared transmittance §land front and back emmisivity for each material used in the shade.
WINDOW then uses a -Birectional Scattering Distribution Function (BISto calculate the
performanceproperties for the shadelhe key parameters for cellular shades are showrignrell?.

Device Type: Cellular Shade] /<
Cell Height: 30.000 mm T Material 1 Lbid':"
eng
Inner Wall Length: 10000 m™m >/
Cell Material 3 Material 7
Side Length: 20000 m™m Ieight

Sample Cellular Shade material 1

l Material 1

Inner
TIR: 0.000 wal +‘
Length
Front Emittance: 0.789
Back Emittance: 0.785
Calculate
Colar:
Sample Cellular Shade material 2 Sample Cellular Shade material 3
TIR: 0.080 TIR: 0.020
Front Emittance: 0.803 Front Emittance: 0.803
Back Emittance: 0.803 Back Emittance: 0.803
Caolor: Color:

Figure117: Screenshot from LBNL WINDOW showiredjuar shade parametersor cellular blinds

The inclusion of cellular shade properties is still a rieature for WINDOWTherefore, there is no

FoAfAGRE G2

properties of the eight pralefined cellular shades are shownTiablel8.

Table18: Properties of predefined cellular shades in WINDOWData source: LBNL, 2043

ONB I (i S -LaN® IR AYE B Ssi fceiefiFBBANG HiskaMThe: A Y

Geometric Properties Material 1 Material 2 | Material 3
Cell . Side Back
Height Interior Wall Length| Tr F_ront Enittanc Tir Tir
Length (mm) Emitance

(mm) (mm) e
Dark Opaque 30 10 20 0 0.789 0.789 0.080 0.080
Medium, Opaque 30 10 20 0 0.789 0.789 0.189 0.189
Light Opaque 30 10 20 0.031 0.776 0.776 0.065 0.065
SheerDark 30 7 20 0.234 0.697 0.697 0.495 0.495
Sheer Medium 30 7 20 0.127 0.771 0.771 0.270 0.270
Shear Light 30 7 20 0.294 0.631 0.631 0.517 0.517
Opaque,
White Inside, 30 10 20 0 0.789 0.789 0.821 0.803
Dark Interior
Opaque,
White Inside, 30 10 20 0 0.789 0.789 0.821 0.691
Medium Interior
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Figure118 shows the percent reduction in-thlue and SHGC obtained by using each of the predefined
cellular shadesAs would be expected, the opaque shades were much more effective at reducing solar
heat gain than their sheer counterparts. However, all of the shades were similarly effective at reducing
the Uvalue.

Improvementin performance for several different cellular shades
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-20.0 # SHGC
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-50.0

-60.0

Dark  Medium Light Shear Shear Shear Opaque Opaque
Opaque Opaque Opaque Dark  Medium Light WODI WOMI

Thickness of Insulation (mm)

Figure118 Comparison of Walue performance for predefined cellular shading systems.

The predefined shadesan be edited by modifying the XML text files outside of the program. However,
this is an extremely cumbersome process, as the BDSF must-dsdctdated to obtain results that
WINDOW can use, a process that take2 hours per file that is augmentedlhis process was
undertaken to establish the effect of using cellular shades with varying cell heights.

The results demonstrate thaa lower Uvalue can be achieved as the shade moves farther from the
glazing surface, with a total variance in performance 6%-~over the range of values investigated
(Figure119). It should be noted that this is the opposite of what was seen for venetian blinds.

The results for the SHGC @® would be expected®maller cells are more effectiuelimiting solar heat
gain as there are more horizontal segments to reflect l{§rgure120).
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U-value Reduction vs. Width of Shading Cavity
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Figure119 U-valuereduction vs.width of shadingcavity for several different cell heights.
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Figure120: SHGC@eduction vs.width of shadingcavity for several different cell heights.
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9.3 Cellular Shade Summary

As was previously discussed, WINDOW offers limited potential for the investigation of cellular shades.
The criteria investigated were cell height as well as shading cavity widtddltion, the performance

of several predefined cellular structures was investigated. From an insulative standpoint, it was found
that the shades performed similarly, reducing thevélue between 3%3% regardles of the type of

material used.In general reducing the cell height resulted in smallgwvalues, but higher SHGCIn

addition, larger shading cavitie®duced the U £ dzS&a s o6dzi KI R .A dumrdaiy®ftheF FS O
results from this study can be seenTiablel9.

Tablel19: Summary of center of glass-talue (top) and SHGC (bottom) reductions for cellular shades.

Criteria Explored Range otenter of.glass walue Refaence Figure
Reduction
Predefined Shades 3850 Figurell8
Shading Cavity Width .
Cell Height 39535 Figurell9
Criteria Explored Range of SHGReduction Reference Figure
Predefined Shades 3953 Figurel18
Shading Cavity Width .
Cell Height 37.543 Figurel20
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10. Other Methods of Window Retrofits

10.1 Low-Emissivity Films

Lowemissivitycoatings are usually applied to giaat the manufacturing stag®Vhile coated window
have become more commomany older lomes still use uncoated glagn.these cases, a leamissivity
film can be aplied to the existing glas#\s is shown irFigure121, the installation of this film can
generally be performed easily withit the need for skilled labor.

Figure121 Low-E film on interior glazing. Imge Sourcéida Window Film, 2013

Figurel22 shows the general steps involved with theocess in pictograph fornfhe film is measured
and cut to fitthe exact sie of the glassOnce the film has been cut, it is applied daodamp, clean
window surfaceThe film is then sprayed with water agaat,which point it is squeeged to remove any
air bubbles.

Figure122 DIY installation instrudbns for low-e film. Imagesource: Energy-ilm, 2013.

Thermal Improvement

While these films do not add an additional insulating capacity &wmdow, they will help reduce the
extent to whichheat that is absorbed by the window from being @ed to thenext layer of glass or
into the room.When applied to the inside surface of a window, they will also help to reduce the extent
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