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Summary

To examine the energy, degakage, and thermabmfort performance dbw-e storm windows, a
field evaluation was undertaken in a matchedd gfaall-electric, factorybuilt “Lab Homes” located on
the Pacific Northwest National Laboratory (PNNL) campus in RichlanghWigton. Thel500 square
foot homes are identical in construction and performance, which allows &mgdde in energy and
thermal performance in thexperimental ldme(Lab Home B)}o be attributed to the retrofit technology
installed.

To assess the performancdmf-e storm window in a residential retrofit applicatiptine building
shell air leakage, energy use, and imteremperatures of each home were compared during the 2013
summer cooling and 2014 winter heating seasons. Exterioe ktarm windows were installed over
double-panelearglass, aluminurirame primary windows in Lab Home B and were compared to the
performancef the samelouble-pane&learglass, aluminum-frame primary windows with no
modifications in Lab Home A (the baseline hom&he results of the experiment confirm the hypothesis
that low-e storm windows reduce heating and cooling loads in the tivvee installed over primary
windows. The measured energy savings in Lab Home B averHg&b for the heating season an@%
for the cooling season for identical occupancy conditions. Extrapolating trexsg eavings numbers
based on typical averageating degree days and cooling degree days per year yields an estimated annual
energy savings of 10%, or2,216 kWh/yrin theExperimentaHome Based on these savings and the
estimated cost of the lew storm windowgrovidedby the manufacturer, thengple paybackperiodwas
calculated to be between 5 angears.

The low-e storm windows aexpectedo affect wholehouse andheating, ventilation, and air
conditioningenergy uséy:

1. reducingconductive heat transfer due to the insulating capabilifidtsedow-e storm window

2. reducingconvective heat transfer due to the extra glass layer and airspace, as well as
improved air-tightness around the window openings

reducingradiative energy losses due to the emissivity coating

4. reducingsolar gainglueto a slightly lower solar heat gain coefficient (SHGC).

Reduced solar gains will increase savings in the summer and decrease savingintethasmot as
much solar heat is available to contribute to space hedtirigg the daytimeThelow-e storm wndows
evaluated in this studgre characterized as havirgatively high SHGGE, thus, there is limited impact on
solar gains through the window his type of glass is ideal faprthern climates. fe test results suggest
that the energy savings werémparily realized due to théecreasedJ-factorthroughthe window with
no significant changes observed in infiltratiofhe low-e storm windows did not significantly decrease
the air leakage of the home dudhe airtightness of the baseline primaryngdbw (i.e.the primary
windows arealreadywell-sealed). For homes witleakiet' olderwindows, the storm windows would
likely generate more savings thalpserved in this study.

The hermalcomfortimpact of lowe storm windows was evaluated as pathef experimentising
the mean radiant temperature (MRT) measurement, which measuradi#mt heat exchange between an
occupania body)and surrounding surface temperatigesh as the surface temperature of a window or a



wall. A comparison oMRT beween the homesuggesta potentially higher comfort level for occupants
with the use of lowe storm windows.

Low-e storm windows are available in both exterior and interior windowhaitaicts. To compare
the evaluated performance of exterior fewgtormwindows to similar interior products,paeliminary
evaluation of interior lowe storm windows wasompletedn the 2014 heating seasonhis preliminary
evaluation sggess similar performancef the interior anexterior lowe storm windowsn terms of
energy savingsut further testing is needed to accurately measure the savings generateddnjowe
storm windows and more fully documentitha&ir-leakage and thermabmfort impacts

Thiswhole home experimental field evaluation has added to the body of knowledge surrdoweling
e storm windowperformance by accurately measuring the energy savings and thermal comfort irhpacts o
low-e storm windows in a controlled setting. Additional studies are needallly document the
performance of love storm windows across a variety of building types and climate amgedetermine
the coskffectiveness of love storm windows i variety of retrofit scenarighrowever, the data clearly
demonstrate that low storm windows can be an effective enesgyingmeasure that should be
considered for retrofits in residential homé&seenergysavings from retrofittinglouble-paneglear
glasswindows with low-e storm windows was found to be similasdwings that resulted from the
replacement ofhe double-paneglearglasswindows with new triplepane primary windows.
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1.0 Introduction

Residential buildings in thenited Statesurrently require appximately 9.5 quadrillion Btus of
energy for heating and cooling, which accounts for more than 40% of the prinesigy €@onsumed by
homes. Windows are a major source of heating losses and gains in residddiiajshecause afheir
heat transfer anidfiltration properties, especially relative to other building shell camepts For
example, it has been estimated that windows accouapfmoximately 2% of the energy use in a typical
residential buildindHuang et al1999). Ithas been estimated thabre than three quarters of U.S.
residential homes are equipped with single-pane or dmarle-cleaglass windows The presence of
singlepane and doublpane cleaglass windows in homes has persisted over the past two decades,
despite the fact that approximately 30 million windows are replacédyeac with higher performing,
insulated windows. (AAMA 2012Y. While the window industry has made many advances in energy
efficiency over the last decade, the installation of @mwissivity (low-e) double-pane windows has
largely been limited to new housing and major remodeling projegiaribecause athe large expense of
replacing windows.

Retrofitting and renovating existing homes to save energy has become an igtréagiortant
component of theation'senergystrategy, andreergy-efficient window attachments, such as levgtorm
windows, can significantly improve the thermal performanfca window and be installed for a fraction
of the cost of a fulprimarywindow replaement New interior and exterior storm windows incorporating
low-e glasoffer a lowcost alternative to the replacement of primary winslow

This report describes whole home experimental research conducted irt sfippeBuilding
America’s Lowe Stom Window Adoption ProgramThe purpose of this project is to evaluate the
energy savings potential of installing leastorm windows over typical double-pastearaluminum-
framewindows in thePacific Northwest National Laboratory’BI]{NL) matched pair foLab Homes’

The performance of the home’s heating, ventilation, and air conditioning @)'gystem (the thermal
performance of the home)asmeasured and compared to the thermal performance of a home without
low-e storm windows during heating and coglseason periodBoth homesieployidentical simulated
occupancy schedules so that the performance and effects of teestown windows will be isolated

from all other variablesThe results from the research, as presented in this report, helpesabstaigs

and performance of installing low-e storm windows over double-pane cleamrprimglows and help
facilitate the integration of love storm windows into residential energy simulation models that support
energyefficiency retrofits. TheU.S. Depament of Energy’sOE) Building America Program serves
as a catalyst to accelerate the residential building ergdfigiency market transformation and support
increasing levels of cogtffective wholehouse energy savings.

! Singlepane estimates are from Renewable Energy Consumption Survey (RECS#2Q@08i(lion homes or
~40%). Although the 2009 RECS did not include estimates of dalsle okar windows, the 2005 RECS
estimated 50.@illion homes with doublgane clear windows (DOEIA 2005). The current estimate is based on
estimates of prime window replacements (AAMA 2012) during the tiamadrand window trends between the 2005
and 2009 RES. This corresponds with an estimate of 46 million homes, or neabyof the residential homes.

? Seehttp://labhomes.pnnl.gafor more information on Lab Homes.



http://labhomes.pnnl.gov/

2.0 Background

Storm windows have been a technology option for improving the performance afgexsidows
for decadesRecently, advances in storm window technology have improved storm window designs
incorporate low-e coatings and a variety of operable designs, among othenthiichsncrease the
energy performance and utility of storm windows. Today’s storm windows canrharnently installed
in homes and case studies have demonstrated how they can saveéreremigential homes in various
regions throughout the U.S.

2.1 Low-E Storm Windows Technology

Traditional storm windows consisted of a single piece of clear glagtaiic) in a wood or
aluminum frame and were installed on the outside of an existing window. Modemvgtatows can be
operable or fixed in place and come in a variety of configurationgriamdolors. They typically have
insert screens to allow for natural ventilation, tighter seals for ileksakage, andre intended tbe
permanently mountedTypical low-e storm windows look just like other modern storm windows but
include a lowe pyrolytic coating that lowers the emissivity of glass, effectivelygiedutheheat
transmissior(i.e., increasing the Ralueor insulatiof) throughthe storm window.The pyrolytic coat is a
hardtin-oxide basederamic coatingleposited ontthe glass during the float glass procebatis
durable andan withstand the elementmlike softcoat or sputtered low-coatings that are more typical
of primary windows and must be protected in a sealed double pane unit.

2.2 Low-E Storm Windows Development and Previous Research

Low-e coated glass was first developed to improve the energy performance of new and egplacem
windows to reduce heat lodwough building enclosures. Subsequently in the 19868 OE’s Building
Technologies Program (BTP) began exploring the concept of applying lowhegsd® storm windows.
Development and laboratory testing efforts were primarily led by researchensrance Berkeley
National Laboratory (LBNL) (Klems 2003). Early fidiesting at the Mobile Window Thermal Test
(MoWITT) facility demonstrated that these lanstorm windowsattachedver an existing primary
window, provided the sameverall performance asstallingnew low-e double-pang@rimarywindows.
BTP’s Emerging Techulogies (ET)program continued supporting the development and field testing of
low-e storm windows in collaboration with th&tional Association of Home BuildefAHB) Research
Center and Utilivate Technologies (Drumheller et al. 2007). The&T tlssupported demonstrations
of the technology with case studies and initiated deployment efforts byimgliogv-e storm windows as
part ofits windowsvolume purchase market transformation program (Parker et al. 2013). ETuedntin
to fund field case studies and educational programs (Quanta Technologiesa@@i8ijtiaeda pilot
program to integrate low-storm windows as a qualified weatherization measure in Pennsylvania as part
of DOE’s Weatherization Assistance Program (WAP) (Krigger and Van der2041).

! The float glass process is how window glagwnégle. It involved floating molten silica, combined with soda lime
and other elements, on a bed of molten tin and then cooling the glass tnodlembenvironment.



2.3 Summarized Case Studies

A series of laboratory tests have proven thatéostorm windows save energy at the component
level. The performance improvements have been validated with field tests and di@sessioported by
BTP’s ETteam. The approaches and results of these field tests and case studies are described an
summarized in previous reports (Cort 2013) and a légél summary of these activities is provided in
Table2.1.

In addition to case sflies, a number of climate-based modeling efforts have been performed to
examine the potential energy savings Hretosteffectiveness of installing low storm windows over
existing windows in residential homes across a broad range of U.S. climase Catmulations of energy
savings andhe costeffectiveness of love storm windows were conducted with teaftware platforms:
the National Energy Audit Tool (NEAT), used by weatherization programs®RBSEFEN(RESidential
FENestratioh software used to ompare the annual energy performance of different window options
in singlefamily homes (Culp and Cort 2013).

Table2.1. Summarized Case Studies Focused on E®term Windows

Study Sponsor Baseline Descriptin Findings
Chicago Case Study DOE, HUD, 6 low-income homes; e 21% reduction in overall home heating load
(2007) NAHB singlepane wood e 7% reduction in overall home air infiltration
Research framed windows ¢ Simplepaybackof 4 to 5 years
Center, LBNL
Infrared Camera DOE, LBNL, Singlepane wood Images showed thatterior low-e storm windows
Imaging Building Green framed windows performed equivalently or better than new doytdee
replacement windows with low glass and argon fill
Atlanta Case Study {2 DOE, 10 occupied homes; High variability, but approximately:
year study) Quanta® singlepane wood o ~15% heating energy reduction
Larson® framed windows e ~2 to 3@ cooling reductiorghighly variable)
NAHB, ACG e 17% reductiorin overall home air infiltration
Flat Glass, and
NSG
Pilkington
Philadelphia DOE, Quanta, 2 large multifamily Replacing old clear glass storm windows with new
Multifamily Case Study Larson, buildings; single low-e stom windowsprovided
NAHB, AGC pane, metal framed e 1822% reduction in heating energy use
Flat Glass,  windows ¢ 9% reduction in cooling energy use
NSG e 10% reduction in overall apartment air leakage
Pilkington
Field Air-Leakage Steven Winter Multifamily Interior low-e panels reduced the effective leakage
Testing (Bronx, NY, Associates, dwellings in Bronx area by:
2013) Quanta o 77% for windows without aiconditioning units
o 950% for windows with akconditioning units
Pennsylvania DOE, Birch 37 model homes with Modeled results for 7 climate zones:
Weatherization Point range of window o 12% to 33% overall HVAC savings

technical support (2010 Consulting  types

(@) Quanta Technologies, Inc., Malvern, Pennsylvania.

(b) Larson Manufacturing Company, Brookings, South Dakota.

Sources and documentation for case study results include Drumheller et @), @@hta Technologies (201.&ndZalis et.
al. (2010).

AGC = Asahi Glass Company; HUD = U.S. Department of Housing and Urban DevelopBlit= Lawrence Berkeley
National Laboratory; NAHB = National Association of Home Builders.




Although fielddataand case studies provide valuable insights related to the savingsgbateliotiv-e
storm windowsn specific applications or climate zondise variability that occurs due to home types and
occupancy behavior can make it difficultisolate the savings from the fenestration attachment and
project these savings in alternative circumstances. Contsitlethy-sideexperiments, such as those
conducted in the PNNL Lab Homes, provide a platform for more detailed and congiveh#ata
collection on thewvhole-houseenergy and comfort performancglow-e stormwindows. Building
simulation models can also beeful tooldor assessg appropriate applications and savings in multiple
scenariosnd climate zones, but simulaticie$y on acarate field data to appropriately characterize
performancend calibrate the toalsThe PNNL Lab Homes will provide controlled experimental whole-
house data, which can be used to appropriately tailor and calibrate buitdirgtsin models to account
for relevant interactions, occupancy, climate zoaed,baseline characterizations.

This sideby-side evaluation in the PNNLab Homegepresert the first controlled whole-house
experiments performed on low-e storm windowée data collected as a resafithe PNNL Lab Homes
experiments can complement previous modeling and field studies to help descpeddhaance of
exterior lowe storm windows as a retrofit optiéor typical residential homesThe detailed results
describe the performance of tleev-e storm windows more precisely than field studies, because the
experimentsare not confounded by weather or occupancy impactghasdan also be used to calibrate
whole-house energy models.



3.0 Experimental Design

The evaluation of low-e storm windewook place in the PNNL Lab HomégstweerMarch 2013
and March 2014 This section describes the experimental timeline, the Lab Homdewtieestorm
windows used in the experiment, and the datkectionand analysis approach.

3.1 Lab Homes

The experimerstwere conducted in PNNL'’s sidhg-side Lab Homes, which form a platform for
precisely evaluating energpaving and gridesponsive technologies in a controlled environment. The
PNNL Lab Homeghttp://labhomes.pnnl.gov/) comprise two factory-built honeeently installed on
PNNL’s campus in Richland, Washington. Each Lab Home has seven windows andlitvgpgltiss
doors that have a total of 196 &f window area For the primary experiments examined in this study, the
“Experimental Home” (Lab Home B$ retrofit with exterior lowe storm windows while a matching
baseline home (Lab Home A) is not equipped with any additional window attachriidéet$loor plan of
the Lab Homes as constructed is showRigure3.1. Figure3.1shows the south facing side of the
building at the topthus the right, bottom, and left sides are west, north, and east facing,ivepect
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Figure3.1. Floor Plan of the Lab Hoes as Constructed

3.2 Windows Retrofit

The primary windows and patio doors currently installed in both of the Lab Homdsuatsle-pane,
clearglass aluminunirame sliders.For the experimentow-e storm windows were installed over Lab
Home B’s windows and sliding glass doors. Larson Silver Series Exteria taserack storm
windows and doors with half screens (Model number L603E, in white) were idsialley the overlap



method in accordance with manufacturer’s instructitmseplicate typical honmvner installation. The
storm windows are designed to allow permanent installatidrhe number and dimensions of the
windows are as follows:

2 ea 62" X 52" Fwo-track Sliders
2 ea 62" X 40" Two-track Sliders
1 ea 30" X40" - Two-track Sliders
1 ea 4" X 42" - Two-track Sliders
1 ea 24" X 40" -Single Hung

2 ea 72" X 80" Sliding glass doors

Due to the construction of the Lab Homes, the primary winflames extend about ¥2 — %4 in.
beyond the plane of thexterior siding and windowim on both Lab Homes Thus, in order tachieve a
thermal break between tea&isting aluminum window frame and the low-e storm window, wooden 2 x 4-
in. and 1x 4—in. boards were installed around all the windows on the outside of Lab Home B, on top of
existing trim, as a mmnting surface for the exteritmw-e storm windows, as shownkigure3.2. This
allowed the storm windows to be installed with no dicegttact with the metal frame of the primary
window, which in addition to the benefits dietadditional lowe glazing layer, helps reduce the thermal
bridging of the metal frame in the primary windoWhis is also typical of installation in real homes,
where the storm window is attached to surroundimck mold or trim, not to thprimary wirdow frame
itself. The exteriorstorm windows were applied over the outside of the window with screws atkd caul
Note, the bottom edge of the low-e storm window contains weep holes to allowitiagdraf any
moisture that intrudes into the cavity between the primary window ancdotine window and, thus, is not
to be sealed. The installation process of thedastorm windows is described in detailippendix A.
Installing exterior lowe storm windows is a relatively simpleopess that is accomplishable by most
homeowners; it does not require a professional to complete.

! http://www larsondoors.com/images/uploads/window install.pdf

21n this experimental design, the lestorm windows were removed at the end of each experimental period to
accommodate other experiments in the Lab Homes.
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Figure 3.2. Mounting Surface for Exterior Storm Windows in Lab Homes B

3.2.1  Exterior Low -E Storm Window Performance Ratings

The Ufactor and solar heat gain coefficient (SHGC) for the primary windowssaee inTable 3.1
Based on simulations performed by Architectural Testing, itlee U-factor and SHGC of the combined
system, inluding a primary window covered by eitherexterioror interiorlow-e storm window, is
estimated to be approximately 0.33 Btu/hr—ft* °F and 0.53, respectively (Culp et al. 2013). This is
roughly a 52% reduction in U-factor and 24% reduction in SHEI@& simulations were performed for
both exterior and interior low-e storm windows installed in combination with diffeypes of primary
windows. The addition of the exterior storm windows, together with the griwiadows, essentially
creates a tripkpane lowe glazing systemFor comparison, a tripipane R-5 window has a factor d
0.2, a SHGC of 0.19, and a VT of 0.36 (Widder 2012) and also includes inert gas such asdciegon a
highly insulated frame.

Table 3.1. PrimaryWindow Characteristics

PrimaryWindowsin Lab Home A andB Lab Home B with LowE Storm Windows

Value Windows Patio Doors Windows Patio Doors
U-factor (Btu/hr-ft>-F) 0.68 0.66 0.33 0.32
SHGC 0.7 0.66 0.53 0.5
VT 0.73 0.71 0.61 0.59

VT = visible transmittance.

Although the NFRC provides Eactor ratings for pmary windows, there is currently no standard
performance or eneregfficiency rating system that exists for storm windows or other window

! Architectural Testing, Inc performed a detailed thermal simulation ugil§DOW6/THERM6 in accordance
with National Fenestration Rating Coun@iFRC) procedures and accounted for how-gtorm windows are
realistically attached over existing primary windows (Culp et al. 2013).



attachmentsTo address #lack of anationally-recognizedating systenfor storm windows or other
fenestration ahchments, the U.S. DOE has recently issued a funding annountémmgatelop a third
party program that creates a consistent set of energy perforinasee rating and certification standards
and program procedures for eneggfficient fenestration attacnents. The program would oversee the
implementation of rating, certification, labeling, and performancédie&tion procedures; and develop
and maintain a publicly available, searchable electronic database ofdgarsittachment product
performance.

3.3 Experimental Timeline

A timeline of heoperating parameteendexperimental scenarios exerciskding thedata
collectionperiodsis presented iffable 3.2 The thermostat set point in the cooling season was set to
70°F and the heating season set point was W&fFno setbacks. The set points were chosen to generate
a large temperaturefférential between indoors and outdodosmaximizethe observed HVAC impacts
while keeping the sgdoints still in a rangéhat is represntativeof real home performancé.he lowe
storm windows werérst installed in March 2013 and an initial 2013 heating season experiment was run
to preliminarilyevaluate the energy savingmitonly for 2 weeks because stheduling conflicts in the
Lab Homes. Additionaheating season dataevecollectedfrom January to March 2014. Cooling season
data werecollected in August 2013 and September 2013.

In both the heating season and the cooling season, the impatetriofr blinds on lowe storm
window performance was evaluatethe interior blinds in the Lab Homes are typical white venetian
blinds over the windows anekrtically hung slat blinds for the sliding glass dodFs. understand the
impact of blinds on the observed performance of éosierm windows, both the heating and the cooling
season included a period where the blinds were closed in at least one haneecolsling season the
blinds in Lab Home B only were closed, which would tend to incrementally ircsaasngs in Lab
Home B ascompared to Lab Home A, and in the heating season the blinds in both homes were closed,
which would be expected to slightly decrease the energy use and satiibgsableto the lowe storm
windows.

! http://Iwww1.eere.energy.qgov/financing/solicitations detail.htnhl 230652
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Table 3.2. Experimental Timeline

Activity Start Date End Date
INITIAL WINTER EXPERIMENT

Low-e Storm window installation and dieakage testing 2/28/13  3/6/13
Low-e Stormwindow instalationand airleakage testing 3/14/13  3/14/13
Heating season data cadtion 3/14/13  3/27/13
Endinitial 2013 heating seasatata collection 3/28/13  3/28/13
SUMMER EXPERIMENT

Low-e Stormwindow instalationand airleakage testin¢ 8/20/2013 8/20/2013

Baseline testing 8/16/2013 8/19/2013
Cooling season data collection 8/20/2013 8/26/2013
Blinds closed in Lab Home B 8/27/2013 9/2/2013
Data lostbecause off VAC shutdown 9/2/2013 9/6/2013
Bottom edge of stormindows sealed 9/7/2013 9/11/2013
End cooling season data collection 9/12/2013 9/12/2013
WINTER EXPERIMENT

Low-e Stormwindow instalation 1/24/2014 1/24/2014
Baseline testing 1/22/2014 1/24/2014
Heating season data collection 1/25/2014 2/11/2014
Power outage in Lab Home A 2/12/2014 2/14/2014
Blinds closed in both Lab Homes 2/15/2014 3/8/2014
InstalledLow-e Interiorstorm windowsn Lab Home A 3/9/2014 3/25/2014
End heating season data collection 3/26/2014 3/26/2014

HVAC = heating, ventilation, and agonditioning.

3.4 Metering Approach

The approach to the metering includestering and systeitontrol activites taking place at both the
electrical panel and at the ende. Monitorings broken into electricalTable 3.3 and temperature/other
(Table 3.4). Each table highlights the performance metric (thipragat/system being monitored), the
monitoring method and/or point, the monitored variables, and the data dpplicat



Table 3.3. Electrical Points Monitored

Performance Monitoring Monitored
Metric Method/Points Variables Data Application
Whole Building Electrical panel kW, amps, volts Comparison between homes of
Energy Use mains e power profiles

HVAC Energy
Use (heat pump)

HVAC Energy
Use (ventilation)

Appliances and

Panel metering
compressor

Panel metering air
handling unit

End-use metering
condensing unit (CU)
fan/controls

Panel metering of 3
ventilation breakers
(2 bathroom and
whole-house fans)

kW, amps, olts
kW, amps, volts

kW, amps, volts

kW, amps, volts

Panel metering of all kW, amps, volts

e time-series energy use

o differences and savings

Comparison and difference calculations betwe
systems of

e power profiles

e time-series energy use

o differences and savings

Comparison and difference calculations betwe
systems of

e power profiles

e time-series energy use

o differences and savings

Comparison and difference calculations

Lighting appliance and
lighting breakers
Table 3.4. Temperature and Environmental Points Monitored
Performance
Metric Monitoring Methal/Points ~ Monitored Variables Data Application
Space 13 Ceilinghung Temp. °F Comparison and difference calculation:
Temperatures thermocouple/1-2 sensors between homes of
per room/area, andMVAC o temperature profiles
duct supply temperature per e time-series temperature changes
home
2 mean radiant sensqrer Temp. °F
home (main living area,
masterbedroom
Glass Surface 22thermocouple(2 sensors Temp. °F Comparison and difference calculation:
Temperatures per window interior/exterior between homes of
center of glass); west e temperature profiles
window with 6 sensors2 e time-series temperature changes
thermocoufes per home to
measure temperature
between the primary and
storm windows.
ThroughGlass 1 pyranometer sensor per W/m? Comparison and difference calculation:
Solar hometrained on westacing between homes of
Radiation window o profiles by window and location
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All meteringwascompleted using Campb@IScientific data loggers and matching sensaiso
Campbell datdoggerswereinstalled in ach home, one allocated to electrical measurements and one to
temperature and other data collecti@ata from all sensomserecollected via cellular modems thaere
individually cannected to each of the loggers.

All data were captured atrhinute inervals by the Campbé&lScientific data loggersThese
1-minute datavereaveraged over hourly and daily time intervalsifford different analysis activities.

Occupancy in the homegassimulated viea programnable commercial lighting breaker parehe

per home) ugsg motorized breakersThese breakemsereprogrammed to activate connected loads on
schedules to simulate human occupdmgyntroducing heat to the space

11



4.0 Results and Discussion

The airleakage, energy, and thermal comfort performanfi@xteriorlow-e storm window were
evaluatedduring theheating season and cooling seaiso2013 and 2014 in the PNNL Lab Homes. The
subsequent sections providesummary of the baseline performance of the two homes, as well as a
comparison of the infitation, energy, and thermal comfort performance of Lab Home B equipped with
exterior lowe storm windows and Lab Home A equipped with doglalee cleaglass windows and no
attachmentsA preliminary evaluatiomf the energy and thermal performance ¢éiiior low-e storm
windows wasalsocompleted in March 201dnd comparative energy savings data is presented in section
6.0. Note that all experimental results are presented, in general, as dailyesweitig95% confidence
intervals calculated for each measured quantity, assuming a horméaludiistriof the data and applying a
student’s 1statistic. The 95% confidence interval is then used to establish thécsigod of the
differences observed as a result of the-tosbrm window retrofitoy applying a traditional significance
test

4.1 Baseline Performance

Prior to installing the exterior storm windows in both the heating and co@awpspaseline
performancealata wereollected oveB daysin each seasaiw ensure thathe home#VAC and
simulated occupancy systemsre operatingdentically. Over the6 days of basdine data collectiofrom
the heating and cooling seastre energy use ihab Home Band Lab Home A was observed to be
statistically the same, within 3%gpecifically, Lab Home Bised 0.94 £2.82%nore energy per day than
Lab Home Aover the baseline period he baseline period allowed verification that the energy use of the
monitored metrics (HVAC, occupancy, lighting, equipment, and the water heatergquivalentn both
homesprior to installation of the love storm windows in the Experimental Home (Lab Home B).
Figure4.1depicts the cumulative energy use of Lab Home A versus Lab Home B during ttieibgse
periodon a epresentative dayThe 45 red line represents equal energy use in both homes and the blue
line of the measured data follows it almost exacBymilar performance was observed on the other
baseline days.
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Figure4.1. Cumulative Energy Use of Lab Home B (Experimental Home) Versus Lab Home A
(Baseline Home) during Basggng of theHomes

4.2 Building Shell Air Leakage

Building shell air leakagie both Lab Homesvas measuregrior to the beginning of the experent
to obtain a baseline reading on the homes and ensure equivaleakage performance between the two
homes. Prior to theow-e storm windows installation, the blower déest results showdthe air
leakage of the two homes be statistically th samewith 95% confidence, as shownTiable4.1. Lab
Home A had an aileakage rate 0f89.7 +25.7cfm at 50 Pa depressurization (cfm®@dh respect to the
outsideand Lab Home B had an air leakage380.1 +26.5cfm50. Accounting for experimentadrror in
the blower door measurement and the blower door instrument accuracy, the tvgadeomastrated
equivalent rates air leakage with 95% confidepger to installing lowe storm windows on the
Experimental Hme (Lab Home B) The calculated air changes per hour at 50 Pa depressurization with
respect to the outside (ACH50) and air changes per hour at normal pressu(i@iH,) are also
presented ifTable4.1

After installation of the exterior storm windows on Lab Home B, the home was rdtasaad
leakage in a variety of scenarios and the results are tabulated irdTabléese tests evaluate the
relative leakiness ohe primary window as compared to the storm window, to determine which window
forms the primary air barrier for the home and suggest the relativébemiain of each to any reduction in
whole-house air leakage. Blower door tests were performed in tlosvinj configurations:

e primary windows open and storm windows closed (storm window only),
¢ primary windows closed and storm windows open (primary window only), and
e primary windows and storm windows closed (both primary and storm window).

! Blower door testing equipment measures flow with an accuracy of +3%.
http://www.energyconservatory.com/products/automéiederdoorsystemsandaccessories
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Table4.1. Blower Door Test Results Prior to Storm Windows Inatalh

Baseline Lab Home A Experimental Lab Home B
95% Confidence 95% Confidence
Parameter Average Value Interval Average Value Interval
cfms0? 789.7 25.7 820.1 26.5
ACH50 3.80 0.12 3.95 0.13
ACH,"” 0.18 0.0L 0.18 0.0L

(@) Cubic feet per minute at 50 Pascals depressurization
(b) n=21.5, based on sing&ory home in climate zone ®&jth minimal shielding

It may be hypothesized thditg airleakage prformance of exterior low-e storm windows may be
able to bdurtherimproved by more careful sealing of the bottom edge of the window frame. Howeve
this is not recommended by the manufacturer due to the potential risk of skalimgap holes and
subsequent durability concerns from moisture intrusion. Manufacturerslails that the incremental
improvement in aiteakage performands not significant due to the location of the weep holes.
Specifically, since the weep holes are only located atdttem of the window, the generation of stack
and airflow within the gap is limited because the air has to go in and out taénedam Pressure
dynamics make significant air movement simultaneously into and out witdew cavity very unlikely.
To evduate this claim and the potential improvement inedkage performance resulting from sealing
the bottom edge of the low-e storm window, the air leakage of the storm windovponigrfy window
open and storm window closed) and the primary and storm window together (both slasedo
measured with a blower door after sealing the bottom edge of the storm window.

Table4.2. Blower Door Test Resultdtar Exterior Storm Window Installation

Bottom Lab Home B

Edge of Experimental Home
Primary Storm Storm Average Value 95%Confidence
Window  Window Window (cfm50 Interval
Closed Open Unsealed 842.0 31.4
Open Closed Unsealed 1,445.9 58.9
Closed Closed Unsealed 803.1 29.3
Open Closed Sealed 1,316.3 584
Closed Closed Sealed 841.8 41.9

The installation of the storm windows on Lab Home B reduced the air leakdgehorhe from
820.1 £26.5 cfm50 to 803.1 +29¢8n50, which is d.7.0 +25.2 ¢fm50, or 2.1 +3.1%, reductiofhis is
the reduction irair leakage for the entiteab Home just from the addition of storm windows; no other air
sealing measures were applied to the home. The decrease in air lesaggaisstically significant,
with 95% confidencéecausehe error in the measurementgiisater than the average difference
between the measurement#/hen the blower door test was run with the storm window as the primary air
barrierwith the main window operhe air leakage was measured445.9 +58.9 cfm50, which is much
higher than theneasured leakagd 842.0 £31.4 cfm5@ith only the primary window acting as an air
barrier and the storm windows open. With both the primary and storm windows thesetkasured air
leakage was 803 £29.3 cfm50, which is slightly lower than the value meastinezhly the primary
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window as the air barrier, but not significantly shis testingsuggestshat for Lab Home B the primary
window remains the primary air barrier and, dhesedstorm window providsno statistically significant
reduction inair leakage However,it should be noted that the Lab Honaes relatively airtight with less
than 4ACH50, whereas air leakage in older homes is commonighhigher. For homes that have
leakier windows, installing exterior storm windows could haveoeersignificant impact on the air
leakage than seen here.

Previous field studiesavedemonstrated significant reductions in air leakage from the apphaati
exterior storm windowslIn aprevious case study &ve Chicago weatherization homes, an average 7%
reduction in overall home air leakag@as observed from the addition of exterior storm windows
(Drumheller et al. 2007)In addition, anaverage 10% reduction in overall apartment air leakage was
observed for a field study of low-e storm windows on two large apartment IgsilidirPhilaelphia, and
an averagd7% average reduction in overall homelaakage was observed for storm windows used in
10 older weatherization homes near Atlanta (Culp et al. 2008 reduction inair leakagebserved in
these case studies was gre#tan reductions observed in Lab Homeaigst likelydue to thehigher
initial leakiness of th@rimary existing windows in these older buildings.

A blower door test was also performed with the bottom edge of the stodowvsealed to determine
if the uncaulked bottom sill was a significant source of air leak@ilge.bottom edge of the storm
windows and the weep holes were sealed with tape to simulate thengaflkihe bottom edge of the
storm window. With the bottorredge of the storm window sealed, Lab Home B had an air leakage of
841.8 £25.3 cfm50, which ®atistically the same as that measured with the bottom edge unse&hied
suggests that leaving the bottom edge and weep holes unsealed as recommendezhinfdiceurer
instructions does not have any significant detrimental effect on overkibkaageBecause there is no
statistical differencethe data derived from the experimental periods when the bottom edges ofrthe stor
windows were sealed can be candd with the data derived when the bottom edge was unsealed. This
has been done in the subsequent analysis.

4.3 Low-E Storm Window Energy Performance

After retrofittingLab Home B with exterior low-e storm windovexperimentatiata were collected
from August 16 toSeptembed 1, 2013, to characterizéhe energy and thermal performance of the
windows during theoolingseason and Janua2f toMarch 25 2014 to characterize performance
during the heating seasohleating season performance was s&stedrom March 14 to March 28,
2013,and those data amecluded in the heating season performance descinb@ettion 4.3.2.

To compare and assets® performance of thexterior stornwindowsrelativeto the baseline
windows, enggy use andnteriorand glass surface temperatures were compared on an adeilsige
basis This comparison shows significant whdh@use energy savings in thab Home with the low-e
storm windowsnstalled(Lab Home B). Te overall wholehouse savingare10.5 £1.2% in the heating
seasorand 8.0 £0.% in the cooling season

1 To conduct this short term experiment, the bottom sill of the storm windeves sealed witpainters tape. For a
more permanent installation, caulk or other more durable mateaaldsbe used.
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4.3.1 Summer Cooling Season Results

Cooling during the summer was provided by a 2.5-eassnaenergy-efficiency ratio (SEER)13
heat pump. During the cooling season the exterior ssnaows resulted in a daily energy savings of
3,623 £349Nh (Table4.3), which is an 8.0 £0.5% reduction in whole-hocselingenergy use. These
savings ar@rimarily due to thelecrease in Hactorand the redced SHGOrom the lowe storm
windows.

To determine the incremental impact of blinds on thedastorm window savings, the blinds in Lab
Home B were closed for a portion of the cooling season experiment. ClosinghtdseiblLab Home B
increased thereergy savings to an average of 5,680 +@4¥d. This is expecteldecaus¢he blinds
furtherreduce the amount of solar heat gain inside the roordaderease thé&)-factorof the window by
about 01 Btu/hr-ft*-F (Curcijaet al.2013). If the blinds in both Lab Homes had been closed, one would
expect both théotal energy use arehergy savings tdecreaseompared to if the blinds were left opain
all times By closing the blinds in both homes the effects of solar heat gain would be elosihated,
thus lowering total energy use, and Lab Home B’s advantage of having windtwes kwwer SHGC due
to the low-e storm windows would be reducee@lminated thus reducing the energy savingithough
the benefit of lower Uactor would remain

Table 4.3. Average Daily Energy Savings and 95% Confidence Interval fromE&torm Windows
Without and With Blinds

Average 95% Confidence Average 95% Confidene

Savings Interval Savings Interval
Operating Scenario (Wh) (Wh) (%) (%)
With StormWindowsin LabHome B 3,623 349 8.0 0.5
With Blinds Closed 24r/din Lab Home B 5,680 647 12.0 15

4.3.2  Winter Heating Season Results

Heating during the winter was provided solelyabfprcedair electric resistanctirnace. Althougha
variety ofheating systems and fugpes areusedin homes using electric resistance heating allows
precise direct measuremaritthermal energy impact of the lesvstorm windowsn theLab Home
experimentsbecause the electric resistance elemarg 100% efficientThese results can then be easily
extrapolated to other heating system types based on the relative efficienayyfstem.

The energy performance of the l@storm windows was initially evaluated from MarcH' td
March 28" during the 2018referred to as thimitial 2013 heating seas@valuation) During ths initial
2013 heating seas@valuation, averagaaily whole-house energy savings of 5,404 +1,678 Wh, or 10.3
+2.3%, were observed with 95% confidendde average outtbr air temperature during this
experimental period was 46.9 £38 The percent savings seen in thiéial 2013 heating seasamne
statistically the same #@ise savings seen in the main heating season experiasestiowrin Talle 4.4.

During thefull heating seasoavaluation from January 25 to February 11, 2@id exteriodlow-e
storm windows resulted in a daily energy savings of 14,251 +2\it2@s shown iTable 4.4 which is a
10.5 £1.26 reducton inwhole-house energy use. The magnituddaify whole-houseenergyuse and,
thus, energgavings ar@rimarily driven by the very low outdoor air temperatur@heaverageoutdoor
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air temperature during the heating season evaluatio2838s:3.9F, which led to high energy
consumption and commensurately high energy savings, in Wh/d, during this partxgiehiment. This
high energy consumption is highlighted when comparing the average daily sasmghit period to the
initial 2013 heating sesonevaluation. The percent savings from the initial ftid2014heating season
evaluations (March 14 to 28, 2013, and January 25 to February 11, 2014, respectively) weee tdser
be statistically the same despite the fact thettverage outdooemperature was about Zdower in the
2014 heating season experimental period, which resulted in approximately an atiéjgoa Wh/d of
savings.

The impact ofnterior blinds on wholeiouse energy use was also evaluated in the heating season
from Febrary 18" to March &', 2014. In this experimenthe blinds in both homes were closed to
determine how blinds wouldfact or mitigate the observed savings due to thedastorm windows.

When the blinds were closed in both homes, the average daily i@eswdugy savings decreasiedm

14,251 £2,720 Who 11,819 +1,70Wh, in partcaused byhe decrease in beneficial solar heat gain

which offsets heating demaniout alsccaused byan increase in the average outdoor air temperature
during this period. Thaverage outdoor air temperature for when the blinds were closed was 422 +3.5
Due to the impact of varying outdoor air temperatures on the observed Whigssénarpercent energy
savings is a more appropriate metric for comparing energy savings betweemitds. p&he percent

energy savings observed with the blinds closedMak+0.9%,which is not statistically different than

the energy savings measured with the blinds fully open (10.5 £1a2%hown in Table 4.40ne would
expect the percent savings to increase when the blinds are closed because tha ketafireat gains to

the conditioned space would be blocked and Lab Home A with the clear-glass windodd$oseuhore

free heating from the sun compared to Lab Hone&ause the SHGC of the clear glass is higher than
that of thdlow-e storm windows However, these results indicate that the SHGC of theelstorm

windows, which is relatively high for a low-e window, still allows for gngficant amount of beeficial

solar gain and, thus, the impact of pulling blinds is similar between the hitimew-e storm windows

and the home withoutWhenfully closed,the blinds are expected decreas¢he U-factorof the window
opening by approximately 0.07-0.B8u/hr-ft2-F (Curcijaet al.2013), which should decrease the

observed energy use in both homegwever, this impact was not observed to be significant based on the
data collectedSince the change in théfactorof the window opening was the same for both Lab

Homes, any differenceseen between the Lab Homes would still be caused by the low-e storm windows.

Table4.4. Average Daily Energy Savings and 95% Confidence Interval fromE&torm Windows
Without ard With Blinds

Average 95% 95%
Savings Confidence Average  Confidence
(Wh) Interval Savings Interval
Operating Scenario (Wh) (%) (%)
Initial 2013Heating Season, With Storm Windows 5,404 1,678 10.3 2.3
With StormWindowsin Lab Home B 14,251 2,720 10.5 1.2
With StormWindowsin Lab Home B andlinds Closed 11,819 1,707 111 0.9

in both Lab Homes
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4.3.3 Dependence on Outdoor Air Temperature and Solar Insolation

Savings were also analyzed with respect to daily weather varigtitungling outdoor air temperature
and degree of cloud cover. In both the cooling and the heating season, the magnitale-bbuse
energy savings showed significant dependence on these wathtibertes.

Energyuse ofthebaseline and experimentadmesboth show a linear dependence on outdoor air
temperature, as shownhigure4.2. A relationship between whdt@use energy use and the outdoor air
temperature is expected because the temperature difference between the irsidsidend the primary
driver for HYAC energy use, which accounts for approximateBs @@ wholehouse energy use the
measured datan Figure4.2,Lab Home A (LHAblue diamonds) exhibits slightly greater average
energyuse (higher points) than Lab HoBgLHB-red squares)The dataalsoshowsgreater temperature
dependence of heating season energy use versus cooling seaspnuse This is expectedecausef
thelower efficiency of the forcedir electric resistandeeating systemompared to the heat pump
cooling system
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Figure4.2. WholeHouse Energy Use (Wh/d; left axis) and Whbleuse Energy Savings (%; right
axis) Versus Outdoor Air Temperature (°F)

The wholehouse energy use in the heatingss® also demonstrates a stronger relationship to
outdoor air temperature due to the larger temperature differentialzetdsuringthe 2014heating season
experimental period. Witthe thermostat set poisét at70°F in the cooling and5°F in the heahg
seasonthe average difference between the indoor and outtlolyrtemperatures wa& 1°F and 35.8F
during the cooling and heating seasaaspectively During the heating season, thaximum average
daily temperature differentialas62°F and theninimum wasl3°F. During the cooling seasothe
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maximum average dailgmperature differentialas11°F and on the coolest days, minimal or no
cooling was neededue to the lower temperature differential, as well as the more efficieingad

the HVAC equipment, the relationship between whualese energy use and outdoor air temperavase
not as dramaticWhile not observed in the average daily temperature differeritied® diurnal swings in
temperature lead to much more significant tempesatifferentials in the dttest parof the day
generally the midafternoon, when outdéemperatures regularly reached o9eftF.

The effect of solar heat gain on heating system operation is clearly d&guoried.3, whichshows
theaverage hourlyhole-house energy use in Lab Home A (blue) and Lab Home B (red), as well as
interior temperatures in both homes (purple and green lines) and outdeonérature (turquoise line)
on a clear, sunny dag the winter Data fromJanuary 30, 2014are showtior the Lab Homes with a
75°F set point. The outside average temperature on this day WasH®iis graph is illustrative and
conclusions shown iit are applicable to other similar sunny dayshe heating season

During thenight time,Lab Home Bshowedlower heating energy use thaab Home Adue to the
reduced heat loss resulting from the addition of low-e storm wind®tws.significant decrease in energy
use in the middle of the dayéaused by solar heating, whishexperienced in both homes, and a higher
outdoor air temperatureinterestingly, both homes had similar energy consumption during the daytime
under sunny conditions. This can be explaibpgthe facthat the addition of love storm windows
reduces the SHGGf the primary window somewhat, so the benefinofeasedR-valuefrom the storm
window isoffsetby the small decrease in beneficial solar heat gain during the dayisw.the HVAC
systems operalessfrequently during the sunny daytime, whichueés observed energgvingsfrom
the lowe storm windows due to overall reduced energy use of the HVAC sysiémg those hours in
general. Specifically, some hours in the afternoon no HVAC operation was necessatiyuecho
savings were observed thy those hoursHowever ,significant savings are achievedLab Home B
during the cold night time temperatures, leading to decraagdlldaily heating energy when compared
to Lab Home A
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Figure4.3. Whole-House Energy Use and Indoor Temperature for the Experimental Hoeeuil
green lines) and the Baseline Home (red and purple linesCoidaSunny Day

Figure4.4compares the cumulative enenggeof Lab Home Ato that ofLab Home B on the same
day (January 30, 2014A whole-house savings of @6was achieved on thisold, sunny day (the 45°
red line represents equal enertgpe by the two homesY.he impact of solar heat gain is evident i
Figure 4.4as well The slope is nearly constant until about 55,000 Wh, which corresponds to 10:00 a.m.,
indicating that the savings is occurring at a constant rate. At 55,000 Wbgke&the blue line
increaseslue totheforcedair furnaceturning offin Lab Home Awith clearglass windows because
solar gains are sufficient to offset most or all of the required heatilg while the furnace has to remain
on in Lab Home B for another hour. During this period, the blue line in pamtle¢ red 45fine,
indicating no energy savings are observed during this period. In the evening, around\i), @dine
returns to the slope it had before 55,000 with both HVAC systems operating agavings continue to
accruefor the rest of the day.
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Figure4.4. Cumulative Energy Use of Lab Home B (Experimental Home) Versus Lab Home A
(Baseline Home) on @old, Sunny Day.

Figure4.5 present a similar depiction of the whblmise engy use and indoor temperatusa
representative cold, cloudy day during the heating season (February 6, 2014). Dsidlagy,tRH\VAC
use is much more consistent throughout the 24 hour period and sadrgbigvedn Lab Home B
consistentlythroughot the day Similarly, Figure4.6 shows a much more uniform slopelicatinga
constant rate of energy savings. This is because the solar heidirgagh the windows is not present to
offsetthe HVAC energy use in the middléthe day and, thus, redeior eliminate the observedvings
during that period This can be seen by comparkigure4.3 where there is a significant reduction in
energy use from 10:00 a.m. to 5:00 p.m., Wijure4.5, where there is only a slight change in the
energy use because there is no sunlight providing solar heat during thia dalglition the lowe storm
windowsblock somewhatmore solar heajainthan tle clearglass windows, which leads an increase
HVAC energy use that mitigates some of the energy savings acligvld improved Uactor on sunny
days.

On cloudy days this effect is not observed and the energy savings are @mgéiscold, cloudy
day, Lab Home A consumed 196,525 Wh and Lab Home B consumed 18®&,38214.1% reduction.
On the previous sunny day, Lab Home A consumed 90,158 Wh and Lab Home B consume@/8114
9.1% reduction.Also note the overall increasdhole-house energy use on cloudy days, which is
appaentwhencomparingrigure4.6 with Figure4.4. This dramatically reduced overall energy use
and percent savings on the sunny day is due to both the higher outside temperatisionyt day
(Figure4.3 andFigure4.4) and beneficial solar heat gain offsetting some of the heating requirements.
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Figure4.5. Whole-House Energy Use and Indoor Temperature for the Experimental Homauil
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Figure4.6. Cumulative Energy Use of Lab Home B (Experimental Home) Versus Lab Home A
(Baseline Home) on @old andCloudy Day.

The difference irsolar insolation transmitted through thlass of thevestfacingwindow in Lab
Home A (LHA) andcorresponding window in Lab Home(BHB) can be seemm Figure4.7. The
measured solar insolatioransmittedhrough the window in Lab Home B is 543.3% less than
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through window in Lab Home A.This measured reduction in transmitsadar in®lation is larger than
the expected reduction based on modeling presented in section 3.2.1. In the Lab Hoows #tern
window was observed to decrease solar gains #ydfinparedo a cleaiglass,double-pane window,
while the modeling predicted a reduction of only 25%he difference between expected and measured
valuescould be due to the fact that SHGC is reported at normal incidence, bdalteesere measured at
the real solar anglefReflectance increases at higher angles and this effect may b@mmooeincedor

the lowe coated glas$ién clear glasswhichmaybe the cause of the higher than expected reduction in
solar insolation through the window. Additionally, SHGC also includes thet effedsorbed solar heat
that is then transmitted into the building via conduction, conveatiomdiation, whereas this secondary
effect is not measured in direstilar insolation measurements.
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Figure4.7. Solar Insolation througiWestFacingWindow during the Heating Season

The dependence ohergy use and energy savings on outdoor air temperature and solar ingolation
the cooling season is illustrated by comparing two representative dayst 24gd613 and September 7,
2013. August 24 was much hotter than September 7; the average tidalgrair temperature was 77°F
and the maximum temperature in the afternoon wals B8&rsus an average temperature Feand an
afternoon maximuntemperatur®f 78°F. Figure4.8 shows the whole-house energy use in Lab Home A
(blue) and Lab Home B (red), as well as interior temperatures in both homele @@ud green lines) and
outdoor air temperature (turquoise line). Whiatetse energy use tracks well with outdoor air
temperature, as expected, but is reduced in Lab Home B compared to Lab Home Athdriiating
seasomwheremost of theenergy savings ocawed during the night, the energy savings occurs during the

! Note that the solar heat gain measurement reported here is in situ ugrag@meter and does not represent or
replicate the measurement of the SHGC calculation from computer modelsdFRC window rating.
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daywhen theemperature difference between inside and outsidiesolar gains are greategts one can

see inFigure4.9 the energy use in both homes is approximately the same until around 15,000 Wh, which
corresponds to aroundd® A.M., when the outside temperatureginsincreasingdramatically and the

sun is rising higher in the sky. The slope of the line changes again around 44,000 Wh, é&sgonds

to around 10:00 P.Mat which time theun has set and tlo@tdoor temperature is cooling down and
approaching the indoor temperature. On this hot, sunny day, Lab Home A used 47,260 Wyairehe

Lab Home B used 43,430 Wh, a savings of 8.1% in Lab Home B.

Whole House Energy Consumption
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Figure4.8. Cumulative Energy Use of Lab Home B (Experimental Home) Versus Lab Home
(Baseline Home) on a Hot Day.
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Figure4.9. Cumulative Energy Use of Lab Home B (Experimental Home) Versus Lab Home A
(Baseline Home) on a Hot Day.

The energy use and savings on Augussz®mpared to a day with a milder daiyeptember 7, to
describe the impact of outdoor air temperature on the observed tresmds gy use and savings.
Becausdeattransfer and thudHVAC energyuse in a house, is dependent on the difference between
indoor and outdoor temperatuysgnificantly greater sawgs are observed on hotter days when more
energy is used by the cooling systemculnulativeenergyuse plot of wholdrouse energy use in Lab
Home B versus Lab Home Aigure4.10) showsa profilesimilar toFigure4.9but when comparing
the xaxes of the twdiguresthe total energy use the Lab Homes on a mild day is about 20 percent less
than the energy use on a hot ddyst like on the hot day, the energy savings occurs during the day
when the sun is out and there is a larger difference in outdoor and indperatumeand direct solar
gains On September 7, Lab Home A used 38,593 Wh of energy and Lab Home B used 34,732 Wh,
resulting in total daily energy savings of 7.6% in Lab Hom& Be snall spike in energy use in Lab
Home A inFigure4.11at 600 P.M.is due to HVAC system cycling and off. The peak is prominent
in Lab Home A (around:80 P.M)) primarily due tahe relativelylow amount of overakknergy use o
this mild day.
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4.4 Average Annual S avings

Measured data were extrapolated to estimate annual energy savings based omthdduyrat days
(HDD - base 65°F) and cbog degree days (CDB base 6%F). Energy savings, in kilowatt-hours, were
scaled based on HDD and then extrapolated & éminual heating season savings based on the number of
HDD in a typical year (TMY3 file) in Pasco, Washington. A similar analy&s done for cooling
savings measured during the summer experimental period and typical CRDTiM¥8 file. This
calculaton is shown in the following equations:

Measured Savingsyeating Test Period (KWh)

Annual Heating Savings (kWh) =

X HDDppy3(°F)

HDDHeating Test Period (°F)

Measured Savingscooling Test Period (KWh)

Annual Cooling Savings (kWh) = X CDDqpy3 (°F)

CDDCooling Test Period (°F)
Annual Savings (kWh) = Annual Heating Savings (kWh) + Annual Cooling Savings (kWh)

The sum of the measured savings, 256.5 kwh/d, is divided by the total HDD obsehed in t
experimental period (660 HDD) and that value is multiplied by the annual HDD d¢o,R&sshington
(4916HDD) to estimate the annual heating savirig910.7 kWh/yr). The same method was used to
calculate the annual cooling savings and these values are shown id. balBamming the estimated
annuaized heating and cooling savings gives a total annual saving2b6 +31.3 kWh, or 10.11+4%,
based on the measured data.

Table4.5. Annual Energy Savings Generated by Exterior Low-E Storm Windows

Energy
Savings per Calculated
Measured Measured Degree Day ™Y Annual Energy
Savings (kwh)  HDD/CDD (kwh/DD) HDD/CDD* Savinggkwh)
Heating Season 256.5 660 0.389 4,916 1,910.7
Cooling Season 40.5 94 0.431 708 305.2
Total 2,215.9

4.5 Cost Effectiveness of Exterior Low -E Storm Windows

The energy savings achievedditeriorlow-e storm window# the PNNL Lab Homes have
demonstrated the potential of this technologgigmificantly improve the energy efficiency of homes.
However, thanarket viability of anyenergyefficiency measurevill typically dependon theenergy
saving potentiatelativeto the cost to purchase and install the measure.

To describe the cost effiveness of lowe storm windows, a simplepbackperiodanalysis is
performed, with no discounting. This simple calculation provides a sti@igtard comparison of the
energy savings and capital costs for the eneffjgiency measure. For the caldiden of payback

1 HDD and CDD data retrieved from NRELNational Solar Radiation Data Bas€an be accessed at
http://rredc.nrel.qgov/solar/old _data/nsrdb/198105/tmy3/by state and_city.html#W
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period, annual energy savings reported in Seetidare used. The estimated annual savings
extrapolated based on the measured data and typical HDD and CDRI&&VEZh/yr or10.1%. The
annual utility bill cost savings are determined by multiplying the annualesawings in kWh by the
2013 nationaaverage cost of electricity estimatedlat12¢/kWh (EIA 2014). This results in an annual
savings of 869yr.

The window manufacturdr.e., LarsonManufacturing estimatedhe cost of théow-e storm
windows for the Lab Homes be approximatel$1,900(i.e., $969ft?) for 196 ff of window area. Té
costpe square foot for the Lab Homesis slightly higher thanhte typicalstorm windowcostsper square
foot at home improvement storeshiah ranges from $6.91 to $8.08t” becauseseveral of the windows
for the Lab Homes had to be custom made and the twe leWding glass doors were more expensive
thantypical lowe storm windows: Using the median cost for this range (i.e., $8.30/ft2) would result in
a lower total cost of $1,627 and would result inyeéfpaybackperiodbased on thannual savings of
$269(see Table 4.6)Using high and low estimates for the costheflow-e stormwindows (shown in
Table 4.6), thgpaybackperiod ranges from 5 to 7 years. Note that no installation costs are included in
this analysis, as low storm windows are designed to be-gwtalled by the homeowner—in most
cases—and professional instaliah is not required.

Table4.6. CostEffectiveness Calculationsif Low-E- Storm Windows

SimplePayback

Window Area (sf) Cost ($/sf) Total Cost Annual Savings (Years)
196 6.91 $1,354 $269 5.03
196 8.30 $1,627 $269 6.05
196 9.69 $1,900 $269 7.06

4.6 Interior Temperature Distributions

The exterior storm windowaslso had some impaoh indoor temperaturdistribution within the
homes. Indoor temperatgréor every room ireach homgthe average interior temperature, and the
thermostaset pointareshown inFigure4.12 andrigure4.13for the heating seas@nd cooling season,
respectively Comparing the temperature profiles of the Lab Homes on a sunny day in the heating sea
(Figure4.12) one can see thab Home Bexperiences a smaller swing in temperature in the afternoon
(hours 13 to 18) when the hens experiencing the most solar heat gain.

Figure 413 shows overcooling occurring in some rooms in both homes during the cooling season,
probably due to the location of theermostat (in the hallway adjacent to the kitchen in both homes).
Temperatures as low as 62°F are observed in both Lab Howed B in the rooms closest to the air
handler—the bathroom, west bedroom, and east bedmweive the most air becausesbbrter duct
runs.

! Costs for Larson love storm windows were retrieved from Lowetdtps:/ivww.lowes.com) and Menards
(https://www.menards.com/
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5.0 Thermal Comfort

Mean radiant temperature (MRT) was meadungwo rooms in both Lab Homes. The MRT sensors
are located ithe master bedroom and in the northwest corner of the living room. MRT igsaured
proxy for thermal comfort/discomfort resulting from the radiant heat exehbeigveen an occupant
(a baly) and surrounding surface temperatusegh as the surface temperature of a window or a wall
Figure5.1 andrigure5.2 show the MRT in both Lab Homes in the winter and sunmagpgctively. In
the winter during the night when the radiant heat loss is the gretitestverage MRT of both the master
bedroom and the living room in Lab Home B are on averadg€& tudrmer than in Lab Home A. The
MRT in Lab Home B is more consistent in both the winter and summer and daeganence swings in
temperatur¢hat are as large as those experiencadiimnHome A, leading to potentially higher comfort
levels for occupants with the uselofv-e storm windows.

In the left graph oFigureb5.2,there is a significant increaseMRT in Lab Home A from about 4:00
to 8:00 in the afternoon. This peak in MRT is a regular occurrence in thegeehlson in Lab Home A.
This spike in MRT occurs later in the afternoon when sunlight is shining thtbegvindownext to the
MRT sensor.The sunlight coming through the window of Lab Home A would contain more energy, due
to the higher SHGC of the windows without low-e storm windows covering theanyauld thus heat up
the surface of the MRT sensamd the area around the MRT sensor that the sunlight is striKimg
more consistent MRT could be indicative of higher levels of comfortdoumants with the use tww-e
storm windows.
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6.0 Interior Low -E Storm Windows

In addition to evaluating the energgving potential ofxterior low-e storm windows, this project
performed a preliminary comparison and evaluation oféawnteriorstorm windows panels, whichare
installed on the inside of the home instead of the outdidgallation from the interior can be particularly
advantageous when the primary windows are outswing casement windows, dled aptatment
buildings where installation from the exterior is difficudther than that, interigtorm windowsserve
much the same purpose of exterior stavindows and,Hus, similar results are expecteb evaluate
low-e interiorstorm windows, low-énterior panels from Quanta Technologigere installed in Lab
Home A on March 9, 2014, and datarecollected for 16 daysDetails on a typical installation process
for interior storm windowsre given irAppendix B.

Because the lowe exterior stormvindows werestill installed in Lab Home Bthis experiment
compared the performance of the interior low-e storm window to that efktedor storm window, both
installed oer the same primary window$lowever, interior lowe stormdoorsare not available for
sliding glass doors and, thubere were néow-e stormsliding glass doors installemer the sliding glass
doors in Lab Home Aldeally, exterior lowe storm doorsvould also have been installed Lab Home A to
allow a more direct comparison of the exterior and interior low-e storm windmthese were not
available for this short test timeframe. The two sliding glass doorsawsitinface area of 8% fcompse
40.9% of the total window area of a Lab Home. This lack of I@hging glass doors on Lab Home A
would be expected teeduce the magnitude of the savings when compared with the sdemmgsd from
the exterior storm windowsT he savingslerived fromthe interiorlow-e storm windowsnstalledis
33.3% lower than the saving®m the exteriodow-e storm windows, which corresponasll to the
40.9% reduction imetrofittedwindow area.Therefore, we hypothesize that the savings from interior
storm windows are roughly equivalent to those achieved by exterior stoaows on a per square-foot
basis. The energy savings generated are mostly due to the impbfactorof the windowsso the
savings would be linearly related to the window dhed is coveedbecause both homes are experiencing
the same outdoor temperatufBo calculate the savings associated with the intstamm windowsa
somewhat more complicatedhalysis is needdaecausehere is no longer eontrol (primary clear, glass
windows withno low-e storm windowsyith whichto compare the energy us€o calculate the savings
derived fromusinginterior storm windows, the energy use in Lab Home B was manipulated to determine
the “estimated” wholdouse energy use if Lab Home B had only clgfass primary windows installed
to act as a control, or baselinewtbich we can compare the measured energy use of Lab Home A with
interior low-e panelsnstalled This way, the confounding weather and occupancy effects are still
controlled against ahthe benefits of a sidey-side evaluation are retaine@o derive the daily energy
consumption of Lab Home B with no storm windows instalted average savings per HDD in Lab
Home B, calculated from previously collected data, is multiplied by the ewaiHDD experienced on
that day and that numbisradded to the daily energy consumption in Lab Home B. Thus, by adding the
energy saved by the exterior storm windows to the energy actually used in Lab HoenesBrhated
consumption of the baselinere without theexteriorstorm windows is calculated. By this method, the
low-e interior storm windowsare estimated tsave an average 0945 Wh/d Table6.1) during the
heating season with an average outdoor air temperaturéfef 47

! nterior low-e storm windows are often also referred to aséopanels.
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Table6.1. Average Daily Energy Savings and 95% Confidence Interval fromEdmterior Storm

Windows
Average 95% Confidence Average 95% Confidence
Savings Interval Savings Interval
Operating Scenario (Wh) (Wh) (%) (%)
With Interior Low-E Storm Windowgbut no 4,975 1,188 7.0 1.53

storm doors on the sliding glass doors)

Overall, this is only a preliminary study of losvinteriorstorm windows with a much shorter testing
period and higher outdoor temperatures than with the exterior storm windows, smatithsting is
required to provide more robust estimates of energy savings. Nonethieldaste exterior lowe storm
windows, interior lowe storm windowsshow the potential forignificant energy savings in improving

the performance of existing windows.
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7.0 Conclusions

This experiment usd two sideby-sideLab Homes on the PNNL campusn@asurehe potential
energy savings arttiermal comfort impacts @xteriorlow-e storm windows (and patio doors) in the
Experimental Home compared to the baseline home equipped with standard doultlegrayiass,
aluminumframewindowsand sliding cleaglass patio doors. The windowsthe baseline home are
representative ahany existing homeacross thé&acific Northwesand much of the United States.
Testing was conducted during the 2013-2014 winter heating and summer cooling seaduoms and t
collected data showed that exteiimwv-e storm windowsesult ina 10.5£1.2% and 8.Gt0.9%reductio
in whole-housenergy useéluringthe heating and cooling season, respectivElyese savingeesulted in
a simple paybackeriod betweeb and 7Ayears, using low and high estimates for the price of the exterior
storm windows, which suggest losvstorm vindows may be a costffective retrofit option for many
existing homes in the Pacific Northwest and, potentially, the nation. In additionrffy saeings, the
mean radiant temperatgref the home interior wergarmerand showed less temperature swing during
the heating season for the Lab Home with low-e storm windehish indicates that the use of leav
storm windows could lead to potentially higher comfort levels for occupants.

The experimental protocol also included limited evaluation of intémere storm windows during
the heating season only. Based on the measured data, the intemostann windows were found to
have a similar level of energy savings as the exteriorl®torm windows. Howeverdditional testing
of the interiolow-e stam windows in the Lab Homes shouwtsobe undertaken. This further testing
would featurethe interiorstorm windows installed in the Experimentairbe and the baseline home
operating without any alterations and encompass the heating and cooling segeaerate more robust
data to characterize the energy and thermal comfort performance oiintieei®e products

This experiment also evaluated the impact of blinds on the energy savirljagdésam exterior
low-e storm windows and found that thendk further decreased HVAC energy use in the cooling
season, due to reduced solar gains, but did not significantly impaartenfage savings from the lewv
storm windows in the heating season when the blinds were drawn uniformhhihdroges.Additional
experiments coulturtherevaluate the performanceldfnds orother window attachment technologaes
individual energyefficiency measureis the same, detailed manner

This evaluation has added to the body of knowledge about low-e storm wind@nesbnting
measureable energy savings in a controlled setting. Results from this stulyystiearthatow-e storm
windows are viable energy retrofits in singgenily residenceand should be explored further across a
variety of building types and dfiate zones.
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Appendix A

Installation Process for Low -E Exterior Storm Windows

Installation of exterior lowe storm windows is a relatively easy home improvement project that can
be accomplished by most homeowners who are handy with a screw-driver or poweddrdlik.
Unlike primary window replacemerdonstruction experience or expertise is not required for a successful
installation. Seé&igureA.1 for reference. The important elements of a successfuélet@rm window
installation include the following:

1. Positioning the sirm window in the opening to check for a proper fit and orientatian.an
“overlap” or “outside mount” installation, the storm window should completehgrcthe window
and overlap the window trim on the top and sides of the window opening and the bottom expander
should be flush against the silfor a “blind stop” or “inside mount” installation, the storm window is
installed in the same way, but sized to fit inside the overall window op€dfdngnstance, mounting
onto the woodambinside ofsurrourding masonry).

2. Caulking and securing the window in place: When the proper fit is confirhmedutface on which
the storm window will be mounted should be caulked to decrease air leakatye atmm window
should be screwed in place. Note, the bottom expasteuld not be caulked or screwed to the
bottom sill to allow proper drainage through the weep Roles

OVERLAP INSTALLATION OVERUMF ] cautx
[ /|

OPENING WIDTH m

A S
OVERLAP | = i

3-THACK UNIT SHOWN

Figure A.1. Top View Horizontal (left) and Side View Vertical (right) Sectioreof Exteior Storm
Window

! Typical storm windows will come with a window sill expander, which igaak that allows the bottom of the
storm window to expand (around %2 inch) to meet the angled sill of tidowiopening.

?In typical installation, he bottom edge of an exterior storm window is left unsealed and coweépsholes to
provide drainage for any water that accumulates between the storm aadypximdow to prevent mold growth and
water damage
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Appendix B

Installation Process for Low -E Interior Storm Windows

Installation of interior lowe stormwindowsis also a relatively easy home improvement project that
can be accomplished by most homeowners who are handy with adsoremner powerdrill. Typically
caulk is only needed to fill in gaps caused by out of square window frames. Untilegypwindow
replacement, construction experience or expertise is not required foreasfutmstallation. The
important elements of a successhikrior lowe storm panel installation include the following:

1. The interior panel is placed into the main windapeningand installed againstblind stop. The
blind stop prevents the interior panel from being pressed against theymwimdow andalso
acts as a thermal brebktween the panel frame and primary window frariea window frame
doesnot have an existing blind stop, one must be put in place

2. The panel is then secured to the frame by mounting screws through the témeanainframe,
as fiown inFigureB.1. It is very important that the panel is installed square to ensure prope
sealing and operation and that the screws are notigieened as this will cause the seal on the
opposite side to pull away.

3. Once thepanel is in place, the edges are checked for gaps between the seal and door fiame. An
gaps should be filled with caulk to complete the seal.

4. A trim stop can also be installed to secure the interior panel in place ardioe seal from view.
The trimis mainly aesthetiand can be finished to match the color and texture of the existing
jamb. This was not installed in the Lab Homes experiment, as it does notlaéfecergy

performance of the lowe storm window.

i Upper Sash Track
% Mounting Hole Location

N Lower Sash Track

11/4"
Screen Track

QuantaPanel IGS Mainframe
Cross-Section Detail

FigureB.1l. CrossSection of QuantaPanel Interior Panel
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