
._\_ _+:+++__ ...o°..,.o.,++,..,,o,....,.o.,..,,..r.,.,....,....,,.r,,._++0++

+++++0++++ +
+ %

+p @

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

i,,,,i,,,,i,,,,i,,,,i,,,,i,,,,i,,,, j,,,,I,,,,I,,,,I,,,,I,,"l
1 2 3 4 5

Illii +Inche+, 1.0 ,5oIIl_ lUI_
,+.++Im_U+II_:# m+
';+ lilli_lilil Illllg

UlIINIIIllgIIIII'_

++P .,+, ++'e._,,,. _,,'_ +. --""
+o+ + +,+++

+ Ob I"lglNUFPlCTUREOTO STRNDRRDS ///_+mx.,,X+_q_>_}_,,.,///+_.- X,J

+_P nZZM
BY RPPLIED IMAGE, INC. _+ _°





LBL-34455

BS-319

ASHRAE Transactions 100(1 ) (1994).

Spectrally Selective Glazings for Residential Retrofits
in Cooling-Dominated Climates

Eleanor S. Lee, Deborah Hopkins, Michael Rubin, Dariush Arasteh, Stephen Selkowitz

Building Technologies Program
Energy and Environment Division

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

April 1993

This research was funded by the California Institute for Energy Efficiency (CIEE), a research unit of the University of

California. Additional related support was provided by the Assistant Secretary for Energy Efficiency and Renewable Energy,
Office of Building Technologies, Building Systems and Materials Division of the U.S. Department of Energy under Contract

No. DE-AC03-76SF00098. T_O_LrT[ON OF THIS DOCUMENT15 UI_,fLIMI

JA• 0 ,°,o.. ,



Spectrally Selective Glazings for Residential Retrofits
in Cooling-Dominated Climates

Eleanor S. Lee, Deborah Hopkins, Michael Rubin, Dariush Arasteh, Stephen Selkowitz
• Building Technologies Program

Energy and Environment Division
Lawrence Berkeley Laboratory

Berkeley, CA

ABSTRACT regions, about 24-31% of the building's total electricity
consumption and 40-43% of peak demand is due to solar

Spectrally selective glazings can substantially reduce energy gains for homes with single pane clear glazed windows,
consumption and peak demand in residences by significantly standard practice for pre- 1978 construction.
reducing solar gains with minimal loss of illumination and
view. In cooling-dominated climates, solar gains contribute Approximately 50% of the energy in sunlight is visible light,
24-31% to electricity consumption and 40-43% to peak with the remaining near-infrared energy contributing to solar
demand in homes with single pane clear glazing - standard heat gains. Spectrally selective glazings are a relatively new
practice for residential construction built before the imple- class of products that admit a high proportion of visible
mentation of building energy efficiency standards. The daylight while excluding most of the heat gain arising from
existing residential housing stock therefore offers a prime the solar infrared, with minimal loss of illumination and
opportunity for significantdemand-side management(DSM), view. Figure 1 represents the ideal spectrally selective glaz-
but the energy and cost savings must be weighed against ing which would have high transmission throughout most of
retrofit first costs in order for the technology to achieve full the visible portion of the solar spectrum and high reflection
market penetration. Using DOE-2. ID for numerical simula- in the ultraviolet and infrared. Some clipping of the red and
tion of building energy performance, we quantify the energy violet extremes of the visible region is acceptable because the
and peak demand reductions, cost savings, andHVACcapac- eye makes inefficient use of these colors. Although some
ity reductions using spectraily selective glazings for five color sensitivity is lost in clipping of the visible, a significant
cooling-dominated climates in California. The cost-effec- additional reduction in solar transmission can be achieved.
tiveness of various material and installation retrofit options is Too much clipping, however, can compromise the neutral
discussed. Glazing material improvements for retrofit appli- appearance of the light and view and may alter the color
cations that are needed to achieve a prescribed cost savings rendition of furnishings or artwork. If maximum daylight or
are also given, night view is not required, the height of the transmission band

can be lowered to further reduce solar heat gain.
INTRODUCTION

This selectivity is most effectively achieved by using silver-
The total 1987 primary electricity use in California for the based multi-layer thin films in a sealed insulated glass unit or
residential sector is 0.54 Quads (1.58xl0 _4 Wh), 7% or in alaminatedglass/film/glassconfiguration. Green or blue
37,800 GBtu (11,100 GWh) of which can be directly attrib- tinted monolithic glazings can have a sharp spectral response
uted to cooling electricity use by central, room, and evapora- but they absorb rather than reflect the solar infrared and, in
tive air-conditioning (CEC 1990). The existing residential single glazing applications, some of this absorbed radiation
sector offers a substantial opportunity for energy and peak will reradiate to the interior (Figure 2). An alternative to the
demand savings because 76% of the buildings were con- non-durable silver-based coatings is an all-dielectric .multi-

' structed prior to the implementation of the 1978 Title-24 layer coating without any metal layers. This has the potential
California building energy efficiency standards and 17% to achieve any desired level of optical performance but is
were built during the following ten years before spectrally prohibitively expensive at this time due to the large number

• selective glazings became available (Hen'era 1992). Spec- of layers required to make the coatings. Two approaches
trally selective glazings have the potential to significantly using polymer multilayers produced by coextrusion or se-
reduce energy consumption and peak demand by targeting quential evaporation are under development. Research is
the largest contributor to residential energy consumption in now underway to improve production equipment to make
cooling-dominated climates: solar gains. In moderate to hot such coatings competitive in the next few years. Another
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response of the eye to light.

promising approach involves vacuum deposition of transi- lower emissivity and increased thermal resistance. With
tion-metal and rare-earth oxides that would have optical optional gas fills, thermal resistance can be increased even

properties comparable to the silver-based coatings but with further. A cheaper alternative would be to add a second pane
improved durability. The deposition process involves ion- with a spacer to the existing window, although caulks or
assisted techniques which are suitable for low temperature sealants would need periodic maintenance and the appear-
deposition on plastic film (Rubin 1992). ance of this option may be objectionable to the homeowner.

The cost of this retrofit technology must be scrutinized The two most important performance variables for spectraily
carefully. Glazing upgrades can be achieved fairly cheaply selective glazings are the visible transmittance and the shad-
with glue-on films or by replacement of the glass pane or, at ing coefficient. The shading coefficient (SC) a, a measure of
greater cost, by replacing the window sash or even replacing total solar heat gain including both directly transmitted solar
the entire window unit if the window, after 20-30 years, is in radiation and the indirect component of inward flowing heat
poor shape. Many manufacturers presently offer spectrally due to absorption by the glazing, is directly related to cooling
selective coated plastic substrates that can be glued on at energy consumption. The visible transmittance (Tv), a

about $1.25 to $2.00/ft 2 ($13.45 - $21.53/m 2) including measure of the percentage of visible light transmitted, is
installation, but some controversy still exists over the resis- unrelated to energy performance but can indicate how well
tance of these products to damage at the unsealed edges of the the glazing meets homeowner preferences; a high Tv usually
film. Coating failure, edge degradation, ordelamination after implies minimal alteration to interior daylight levels and
five years have been reported, particularly in wet or humid view, and a clearer rather than tinted or mirrored glazing
climates or in corrosive/abrasive environments. For glass appearance that some homeowners find architecturally de-
replacement, an advanced monolithic absorbing glass is tracting. In terms of these performance variables, optimum
available now at the material cost of $1.50/ft2 ($16.15/m2) for spectrally selective products have a high visible transmit-
tinted glass to as much as $3,75/ft 2 ($40.36/m 2) for coated tance and a low shading coefficient. The use of spectrally

glass (Means 1992). Additional materials research and selectiveglazingoverconventionalsinglepane, clear glazing ,
product testing are needed to develop coated or laminated will therefore result in four changes related to energy perfor-
replacement glass with better optical performance and dura-

a The transition to using thesolar heat gaincoefficient (SHGC)wasbility than currently available options. The best option, as
not made when the research was done for this study. SHGCwell as the most expensive, is to replace the window sash or
represents the solar heat gain through a glazing system relative to

entire window with a sealed insulating glass unit (IG). Proven incident solarradiation. Theshading coefficientrepresentsthe solar
coating technology with excellent optical characteristics can heat gain through a glazing system relative to a single light of
then be used in a sealed environment, well protected from double-strength sheet glass under the sameconditions. Totranslate
moisture and abrasion. The IG unit also offers the benefits of SC to SHGC, multiply SC by 0.87 (standard summer conditions).
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mance. (1) Cooling energy due to solar gains will decrease used for the base case and alternate prototypes is provided in
due to a lower shading coefficient. (2) Required heating Table 1. A more detailed description of the development of
energy will increase due to a reduction in solar gains. This these housing characteristics can be found in a study by the

may be offset, however, by a reduction in thermal conduc- Energy Analysis Program (1985).
tance due to possible reduced emissivity for some glazing

. configorations(e.g.,glue-onfilms). Sincethecostratioofthe Five California climates were selected based on population
heating fuel, typically natural gas, to electricity is low, the and the severity of the climate. Blythe was chosen to
significance of increased heating diminishes with respect to represent the extreme of the cooling-dominated climates in
total cost. (3) The summer peak demand due te cooling will California; the cooling degree days (CDD, base75*F(23.9*C))
also decrease due to a reduction in solar gains. (4) Since peak for this location are 2280. Red Bluff, Fresno, Riverside, and
demand is used to size the cooling equipment, a downsizing Sacramento all have CDD less than 700, but have a substan-
of capacity may be in order if the homeowner wishes to tial population. Other areas, such as the Los Angeles metro-
replace or upgrade the existing air conditioning system. In politan areas (coastal climate), all fall under 200 CDD and
some cases, this window retrofit option in conjunction with thus were not considered in this analysis; however, many
other simple retrofit strategies may even eliminate the need houses in these zones are air-conditioned and would benefit
for air-conditioning, from the use of glazing retrofits. Weather data have been

provided for these five cities in Table 2.
This study focuses on the potential energy and cost savings
that may result with the introduction of spectrally selective In 1982, the California Public Utilities Commission rede-
glazings to the residential retrofit market. Using numerical signed the tariff structure to include a _'baseline" allowance
simulation, we define the relationship of energy cost, peak based on demographic studies and a climatic zoning of the
demand, and chiller size to glazing performance characteris- utility territories (Doughty 1992). Houses in these territories
tics for various housing characteristics in five cooling-domi- are allowed a winter and summer allocation of energy use per
nated climates in California. We also invert the problem by day above which there is an additional charge. The electricity
determining what glazing characteristics (namely, SC) are and gas rates forthe associated utility areas (effective January
required to achieve a given cost savings to assist utilities in 1992) have been provided inTable 3. Initial simulations were
assessing demand-side management (DSM) potential, to aid run on the base case prototype to determine if and when the
homeowners or the architectural design team in weighing prototype exceeded this baseline allowance per climate. For
annual energy cost savings against variable first costs for all climates, the baseline was exceeded throughout the winter
materials and installation, and to inform the material scientist and summer billing months for a i2% window-area-to-floor-
and manufacturer of cost benefits given incremental glazing area ratio (3% WFR per facade) with a conservative SC of
material improvements. Glazing material improvements are 0.5. Therefore, we simplified the tiered seasonal rate struc-
also discussed with respect to cost and occupant preferences, ture by using a fixed electricity rate of $0.13/kWh that is

slightly higher than the baseline rate throughout the year.
METHOD

The performance analysis is comprised of three parts: (1)
We used numerical simulation to study the whole building multiple regression analysis to facilitate the computation of

energy impact of spectrally selective glazings. The DOE- energy for any arbitrary combination of building parameters,
2.1D Building Energy Simulation Program (Birdsall et al. (2) comparison of performance between alternate housing
1990) allows one to simulate the thermodynamic behavior of characteristics and the base case prototype, and (3) calcula-
a building, to determine hour-by-hour energy consumption, tion of the required SC in order to achieve a prescribed cost
and to test the sensitivity of this behavior to selected building savings.
parameters. A 1540 ft2 (143 m2) single story ranch style

prototype, derived from comprehensive building simulation The multiple regression analysis focused on the relationship
development work (Sullivan et al. 1992), was used as the of energy, peak demand and cost to three key parameters: SC,
basis of this analysis. The building has a single zone, 39.2 ft window orientation, and glazing area. A large database was

(l 1.9 m) square floor plan constructed of 0.5 inch (1.27 cm) created by parametrically simulating the full range of fenes-
stucco over insulated wood frame walls with 0.5 inch dry- tration characteristics for all five climates. Multiple regres-

, wall, a wood shingle roof, and a carpeted wood floor over a sion analysis was then used to correlate the key parameters to

crawl space. Internal loads of 53,963 Btu/day (15,804 Wh/ total building energy performance. This method of analysis
day) were modeled. The HVAC system consists of an air is well established and fully documented in a national fenes-

. conditioner with a peak condition COP of 2.2 and a gas tration study by Sullivan et al. (1992). The SC was varied by
furnacewithapeakefficiencyof0.74. Additionalparametrics increments of 0.25 for the full range from 0 to 1.0. Forty
were performed to capture the variety of building character- combinations of glazing area were modeled, varying from a
istics prevalent in California residential buildings, e.g., over- 0% to 12% window-area-to-floor-area ratio (WFR) or from
hangs, interior drapes, slab-on-grade construction, etc. A 0% to 60% of the exterior wall area per facade. All window
description of the geometry, construction, and equipment parameters represent total window values, including frame,
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sash, and divider effects. Four cardinal directions were used

TABLE 1 for window orientation. Hence, for each city, 200 prototype
Building Description of the DOE-2.1D configurations were correlated using the equation:

Simulation Prototype

E i ffi 61i.Ug.A i + [_2i.(Ug.Ai )2 + (1)

Building Geometry B3i'ZC'Ai + 64i'(SC'Ai )2 '

Ranch Floor Area (ft2) 1540

Two-Story Floor Area (ft2)* 3080 where,

Building Width (ft) 39.2 E ffi Annual incremental cooling or heating energy con-
Building Depth (ft) 39.2 sumption (kBtu/h) or
Floor-to-Ceil ing Height (ft) 8.0 Incremental cooling or heating peak demand (kBtu)

Crawl Space Height (It) 2.75 due to the glazing;
Concrete Slab on Grade Thickness (in)* 4.0

B ffi Regression coefficients for the energy performance

Construction variable;

Wood frame with stucco exterior and drywall interior SC ,- Shading coefficient of the window;

Low insulation level: R6 walls, R l I roof, R0 floor Ug ,- U-value of the window, Ug--1.3 Btu/h.ft2.*F;
Medium insulation level: R l 1 walls, R30 roof, A ffi Area of the window, 0-185 ft2;

R5 floor* i -- North, east, south, or west orientation of the

Glazing window.
Shading Coefficient (increments of 0.25) 0 to 1.0
Visible Transmittance 0.88 The incremental cooling or heating peak demand or energy
U-value, single-pane (Btu/h.ft2.OF) 1.3 consumption due to the glazing area can be determined for
U-value, double-pane* (Btu/h.ft2.*F) 0.5 any orientation and for any combination of glazing area and
Area: 0 to !2% WFR, 40 combinations for the four SC using the equation above. Incremental is defined as the
cardinal orientations difference in energy use or demand between the prototype
Area: 14% WFR, distributed equally on all four building with windows and the same building without win-
orientations* dows. The regression coefficients, B1 through 84, are pro-

vided for each city in Tables 4a and 4b. Correlation of the
Obstructions energy consumption calculated by the DOE-2.1D simulation

Built-up Area: 39.42 ft wide x 8 ft high adjacent program to that predicted by the above equation is very good
residences spaced 20 ft away from each facade* (r2-0.9997).
Interior Shade Management: Reduce solar heat gain
by 40% when direct solar gain exceeds 30 Btu/h.ft 2. In order to study the range of energy performance for various

Overhang: 2 ft projection at head of window matching housing characteristics present in pre- !978 construction, we
the exact width of the window* ran a second set of parametric simulation runs where we set

a base case condition and then varied one building parameter.
Other Loads and Mechanical Equipment The relationship of an alternate prototype to a base case

Internal Loads (Btu/day) 53,963 prototype is known to be linear with changes in geographic
Occupant Loads (Btu/h) 10,163 location (Sullivan et al. 1986). To establish this proportional
Infiltration, Average, Sherman-Grimsrud relationship, we simulated a subset of the combinations
(% of total floor area) 0.0005 studied for the base case prototype. For the base case
Gas furnace and central air conditioning prototype, we assume a fixed glazing area of 3.5% WFR per

Heat pump* orientation. The energy savings were calculated based on a
reduction of SC from 1.0, the prevalent single pane clear

Electricity Rate (S/kWh) $0.13 glazing type in most existing pre-1978 homes, to SC-,0.5,
Gas Rate ($/MBtu) $6.00 representative of the best clear spectrally selective glazing

that is currently available. The total energy use and peak
• These parameters were varied individually over the base demand were determined for the alternate characteristics and
case prototype configuration for a !4% window-area-to- then related to the base case energy performance for each of .
floor-area ratio, 3.5% WFR per orientation, the five climates.



TABLE 2

Weather Data for Five Ca!ifomia Climates

Location BLY RBL FRE RIV SAC

' _ Latitude 33.6 40.2 36.7 33.9 38.5

( Longitude 114.6 122.2 1i9.8 1!7.2 121.5

' 'x, RBL" Altitude (ft) 390 342 326 1543 17
CDD (75°F) 2280 679 417 252 191

_,,, sac, \ HDD (65°F) 1065 2904 2685 2103 2764
_,_ N,,, No. Days Max. Temp. > 90 °F 168 97 94 80 69

\ Avg. Annual Dry-Bulb Temp. (°F) 74 62 62 62 60

Avg. Annual Wet-Bulb Temp. (°F) 55 51 52 52 52

"___ Avg. Daily Tot. Vert. Solar (Btu/h.ft2):

FRE.

RIV. _ North-facing Surface 403 411 410 444 423
East-facing Surface 1009 936 986 942 972

--,._, ( South-facing Surface 1228 !226 1180 1290 1232
"-" _-, B West-facing Surface 1000 963 965 1027 994

BLY Blythe, RBL Red Bluff, FRE Fresno, RIV Riverside, SAC Sacramento

TABLE 3

Energy Rates for California Utility Districts for Residential Customers
in Single-Family Dwellings with Gas Space Heating

Electricity Baseline Over Baseline Billing Baseline
Cost Baseline Allowance Months Allowance

S/kWh S/kWh kWh/day kWh/mon

BLY $0.106 $0.141 39.3 Jun - Sep 1179
$0.106 $0. i 41 10.9 Oct - May 327

RIV $0. i 06 $0.141 10.9 May - Oct 327
$0.106 $0.141 9.2 Nov - Apr 276

RBL/FRE $0.111 $0.139 15.7 May - Oct 471
$0.111 $0.139 11.8 Nov - Apr 354

SAC $0.081 $0.127 23.4 May - Oct 702
$0.074 $0.118 20.7 Nov - Apr 621

Natural Gas Baseline Ove_ Baseline Billing Baseline
Cost Baseline Allowance Months Allowance

$/MBtu $/MBtu MBtu/day MBtu/mon

BLY/RIV $4.676 $6.726 6.2 May - Oct 186.3
$4.676 $6.726 16.6 Nov - Apr 497.1

. RBL/FRE $5.040 $8.242 5.0 May - Oct 150
$5.040 $8.242 24.0 Nov - Apr 720

SAC $5.040 $8.242 6.0 May - Oct 180
$5.040 $8.242 24.0 Nov - Apr 720
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TABLE 4

Regression Coefficients for the Basecase Prototype

BLY RBL FRE RIV SAC

t

Cooling Energy (kBtu)
i

_1N U x A !3.7787 5.6414 2.6724 3.4989 3.0048
|

82N (U x A) 2 -0.0140 -0.0108 -0.0076 -0.0125 -0.0086
83N SC x A 31.5829 18.6651 16.1687 11.4808 11.7771

B4N (SC x A)2 0.0123 0.0218 0.0227 0.0617 0..0367

81E U x A 13.3012 4.5822 2.3699 2.7404 2.8855

132E (U x A)2 -0.0178 -0.0103 -0.0103 -0.0137 -0.0118
B3E SC x A 76.8262 53.3981 39.8068 33.7779 35.0205

B4E (SC x A)2 0.0060 -0.0070 0.0246 0.0804 0.0498
BlS U x A 13.7254 5.5770 3.3952 3.1675 3.7812

B2S (U x A) 2 -0.0187 -0.0152 -0.0131 -0.0146 -0.0139
B3S SC x A 69.0528 50.7779 34.5168 32.9458 31.4650

B4S (SC x A)2 0.0640 0.0706 0.0796 0.1547 0.0923

131W U x A 13.7949 5.9691 2.7314 3.1147 3.3264

132W (U x A) 2 -0.0202 -0.0172 -0.0117 -0.0141 -0.0140
63W SC x A 108.1789 63.1605 58.0782 41.1238 46.1771

B4W (SC x A) 2 0.0384 0.0597 0.0722 0.1339 0.0976

Peak Cooling Energy (kBtu/h)

BIN U x A 0.0159 0.0183 0.0080 0.0077 0.0064

132N (U x A) 2 0.0000 0.0000 0.0000 0.0000 0.0000
83N SC x A 0.0180 0.0180 0.0163 0.021 ! 0.0181

84N (SC X A) 2 0.0000 0.0000 0.0000 0.0000 0.0000

B1E U x A 0.0151 O.0162 0.0075 0.0074 0.0065

B2E (U x A)2 0.0000 0.0000 0.0000 0.0000 0.0000
B3E SC x A 0.0203 0.0330 0.O197 0.0331 0.0200

B4E (SC x A)2 0.0000 -0.0001 0.0000 0.0(03 0.0000
B1S U x A 0.0154 0.0177 0.0076 0.0079 0.0084

B2S (U x A)2 0.0000 0.0000 0.0000 0.0000 0.0000
B3S SC x A 0.0192 0.0397 0.0221 0.0296 0.0110

B4S (SC x A)2 0.0000 0.0000 0.0000 0.0000 0.0001

B1W U x A 0.0160 0.0191 0.0079 0.0073 0.0083

B2W (U x A)2 0.0000 0.0000 0.0000 0.0000 0.00(K)
83W SC x A 0.0905 0.0778 0.0821 0.0424 0.0696

B4W (SC x A)2 0.0000 0.0000 0.0000 0.0000 0.0000

An equation for determining the required shading coefficient SCi.r = (-b + (b 2- 4ac )0.5) / 2a (2)
to achieve a desired cost savings per year for a given orien-
tation and area of glazing can be derived using the quadratic a = E.64i.Ai2+ G.l.l.4i.Ai2

equation with the regression equation provided above. This b = E-133i.Ai + G.l.t3i.Ai
relationship can be used todefine the cost-effective boundary
conditions of the required shading coefficient per climate and c = E.(Bli.Ug.Ai + 132i.(Ug.Ai)2)+

may assist material scientists/manufacturers, homeowners, G.(l.tli.Ug.A i + la.2i.(Ug.Ai)2) - Ci.A i
or utility DSM planners in determining the cost benefits for
an incremental gain in material improvements. Ci = Ci.sc=- Cd



TABLE 4 (continued)

Regression Coefficients for the Basecase Prototype

BLY RBL FRE RIV SAC

Heating Energy (kBtu)

B1N U x A 53.3276 109.6819 97.2862 90.5839 107.2567

B2N (U x A)2 -0.0103 -0.0241 -0.0174 -0.0209 -0.0246
133N SC x A -33.4958 -49.8654 -52.2192 -66.8644 -55.6066

B4N (SC x A)2 0.0997 O.1021 O.1169 0.2205 0.1 i 02

B1E U x A 54.9042 110.9435 99.7590 93.4927 109.2633

B2E (U x A)2 -0.0198 -0.0316 -0.0321 -0.0309 -0.0358
B3E SC x A -84.9665 -110.2062 -139.8577 -140.8216 -139.9845

B4E (SC x A)2 0.2242 0.2489 0.3285 0.4125 0.3241

B1S U x A 55.5375 113.1868 101.6543 93.7543 111.8666

132S (U x A) 2 -0.0200 -0.0354 -0.0327 -0.0279 -0.0394
B3S SC x A -131.2264 -185.3336 -193.1663 -205.1931 -210.1960

134S (SC x A)2 0.4101 0.4642 0.5623 0.7212 0.5655
BlW U x A 53.6839 110.8239 98.4168 89.9917 109.2561

B2W (U x A)2 -0.0104 -0.0287 -0.0179 -0.0170 -0.0274
B3W SC x A -52.2802 -76.0575 -75.7731 - 107.2468 -76.9391

B4W (SC x A) 2 0.1558 0.1959 0.2024 0.3613 0.1775

Peak Heating Energy (kBtu/h)

B1N U x A 0.0450 0.0455 0.0359 0.0361 0.0311

132N (U x A) 2 0.0000 0.0000 0.0000 0.0000 0.0000
B3N SC x A 0.0057 0.0095 0.0537 0.0571 O.1023

B4N (SC x A)2 0.0000 0.0000 -0.0003 -0.0004 -0.0006

131E U x A 0.0449 0.0449 0.0325 0.0343 0.0284

132E (U x A) 2 0.0000 0.0000 0.0000 0.0000 0.0000
133E SC x A 0.0064 O.0130 0.0645 0.0731 O.1049

134E (SC X A) 2 0.0000 0.0000 -0.0004 -0.0004 -0.0007
131S U x A 0.0454 0.0459 0.0363 0.0395 0.0325

132S (U x A)2 0.0000 0.0000 0.0000 0.0000 0.0000
133S SC x A 0.0057 0.0150 0.0595 0.0657 0.1161

B4S (SC x A) 2 0.00_ -0.0001 -0.0003 -0.0004 -0.0007

131W U x A 0.0457 0.0469 0.0508 0.0443 0.0653

132W (U x A)2 0.0000 0.00IX) 0.0000 0.0000 -0.0001
133W SC x A 0.0235 0.0316 0.0869 0.0863 0.1769

134W (SC x A) 2 -0.0001 -0.0001 -0.0004 -0.0005 -O.0010

where, G ,_ Gas cost ($/MBtu) / 1000;

SCi.r _ Required shading coefficient of the retrofit 13 -_ Regression coefficients for the incremental
• glazing for a desired energy cost savings and cooling energy due to the glazing;

orientation; bt _ Regression coefficients for the incremental

SCe _ Shading coefficient of the existing glazing; heating energy due to the glazing;
• Cd -_ Desired incremental annual energy cost Ug - U-value of the glazing (assumed to be the

savings ($/ft2.gl); same for the existing and retrofit glazing),

Ci.scc _ Annual incremental heating and cooling U_l.3 Btu/h.ft2.*F;
energy cost savings for the existing glazing ; A _ Area of the window (ft2);

(SCe) and orientation ($/ft2.gl); i -_ North, east, south, or west orientation of the
E m Electricity cost (S/kWh) / 3.414 (kBtu/kWh); window.
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DISCUSSION ss,oo] Blythe& Sacramento .J
, ., j f

-ol/.- I ..
have the most significant impact on the feasibility of spec- _ s4.oo][ • so_ [
trally selective glazings. All energy and cost results are ,,.,"
presented on a per square fot)t of glazing area per year basis s3.5°t / * w_._. [ ,." ,-,

_" t j I

($/ft2.gl.yr) bto facilitate direct comparisons to material and _ .,,' ,,-f,, " _ '

$3.00 1 " " _ "installation costs. The incremental cost and energy is defined .-.. ,, ,. ,._.,,,as the additional energy or cost required for the window over "_ '*"
" szso-] ,' ,,'f" ,- .

an insulated wall. The glazing area is expressed as a ratio of _ ] ,," ,, -, ,-' j.

the fixed floor area of 1540 ft2 (143 m2). For reference, g_s2.0o. ,,, ,,,',,¢_. ,_r'.,"annual energy consumption and peak demand for a base case
condition of 3.5% WFR per orientation is given in Table 5. _ s_.5o. ," _ ¢-"

The orientation of the glazing has the most significant influ- st.0o, , ",,'__ • ...- -""
ence on the cost-effectiveness of using spectrany selective _ " -$0.50

glazings because of the impact of solar radiation on cooling
energy consumption (Figure 3). Variable incident solar so.0o.
radiation (Table 2) and the thermal lag due to the capacitance o.oo o.25 o.5o 0.75 _._
of the building mass contributes to these differences in s_ingcoemc_ent
cooling energy with orientation. For all climates and for all
values of SC, the incremental cooling energy cost due to a Figure 3. Incremental cooling electricity cost ($1fte.glazing.yr)for
west-facing window is approximately 40% more than that a 1540flz(143m2)residenceinSacramen;._(solidlines)andBlythe
required for a south- or east-facing window. The energy cost (dotted lines), California with aglazing area of3.5%window-area-
of the south and east windows is approximately the same and to-floor-area ratio per orientation. Incremental is defined as the
the energy cost of a north-facing window is 50% less than for difference in energy cost between a windowand an insulated wall.
the south or east windows. Homes in all cities except Blythe

yield a cooling electricity savings of $0.40 to $ ! .50/ft2.gl.yr _.o......
Blythe

for an SC reduction of 0.50. For the hot climate of Blythe, 0.9....
these savings range from $0.50 for a north-facing window to s s3 ........

s3 _.,,,,.___..--..:.--._-::-'"_"". .......$2.15 for a west-facing window, o._......
W$4 ,,,,,,,,,

a,e, _Q''m°,_.0 e

Cooling energy cost is slightly sensitive to the area of glass 0.7.... N_ :. ........
used. For all orientations except north in Blythe (Figure 4), ,

. ..the slope of the lines is nearly horizontal, indicating insensi- ws3 ....... "_........ ' ........

tivity of cost to changes in window area. Small energy _ ss2 ' ' - ...... , ..... I'"" --
differences are due to window and non-window factors such ,_ _s2 • .... "..... -

as glass conductivity and interactive energy effects due to ] 0.4. r .. ......
: higher loads from increased glazing area. For window areas

.......,.,_.,.._,_,, ,_m _,_ _-- ....
W$2 ....,...,.-

ranging from 2% to 12% WFR (SC-0.50), the incremental 0.3. Ns_ ...... -""
cooling energy cost decreases from $1.98 to $1.88/ft2.gl.yr
(5%) for south-facing glazing and from $2.09 to $1.92 (8%) 0.2. -ss_
for east-facing glazing. Cooling energy cost savings, how- Est __Tr_'vr__'" ...... _mm_mamm _ m'_ea''m_ _am_am_aaa

ever, are dependent on glazing area and orientation. Thiscan o._ wst "-'" .......
be visualized by comparing the difference in slope between 0.() .-

the $3 and $1/ft2.gl.yr cost lines for south-facing glazing as o.oo o.02 0.04 0.o_ _,.o_ o.._ o._2
opposed to the same cost line slopes for east-facing glazing. Window-Area-to-Floor-Area Ratio
Note that the south lines converge as window area is in-

creased, whereas the east lines remain nearly parallel. For an Figure 4. Incremental cooling electricity cost (z-axis: $/
SC reduction from 1.0 to 0.5, the cooling energy cost savings ftLglazing.yr ) given variable window areafor a 1540fl2 (143 m2)
increase from $ 1.37 to $1.66/ft2.gl.yr (21%) for 2% to 12% residence in Blythe. California. Notation on graph is: N=North,
WFR for south-facing glazing and $1.47 to $1.50/_2.gl (2%) E=East, S=South, W=West window orientation.
for east-facing glazing.

bTo convert from $/ft2.gl.yr to $/mLgl.yr, multiply by 10.76.



TABLE5

Annuallnc_mental Cooling and Heating Energy Consumption

• Cooling Energy(kWh) Heating Energy(kBtu)

SC N E S W N E S W
w

Blythe *5300 "22,010
0.00 263 247 255 254 3686 3750 3793 3711
0.25 388 551 531 683 3253 2646 2099 3035
0.50 515 855 813 1116 2856 1623 554 2415
0.75 642 1160 !103 1553 2495 682 -842 1852
1.00 772 1465 1399 1995 2170 -178 -2089 1345

Fresno "1226 *45,850
0.00 44 34 51 39 6732 6833 6963 6808
0.25 109 192 191 272 6049 5008 4462 5824
0.50 176 353 340 513 5409 3302 2165 4913
0.75 246 517 498 761 4812 1716 72 4076
1.00 319 683 663 1018 4257 248 -1816 3312

Red Bluff "1703 "54,610
0.00 100 79 93 98 7568 7619 7757 7625
0.25 175 290 297 350 6914 6179 5344 6636
0.50 252 499 508 609 6298 4830 3100 5718
0.75 332 708 728 874 5719 3570 1024 4871
1.00 413 916 954 1146 5177 2402 -884 4095

Riverside "811 *34900
0.00 54 36 44 44 6245 6400 6433 6222
0.25 102 174 182 213 5384 4577 3799 4843
0.50 158 320 337 397 4603 2904 1426 3594
0.75 219 475 508 595 3902 1381 -684 2477
1.00 288 638 696 807 3282 8 -2532 1491

Sacramento *658 *50,080
0.00 49 42 58 48 7395 7481 7645 7521

0.25 98 183 187 236 6666 5653 4915 6517
0.50 150 329 326 433 5976 3943 2391 5577
0.75 206 481 474 642 5327 2351 72 4701
1.00 267 638 633 860 4718 877 -2042 3890

Incremental annual energy consumption given for a 1540 ft2 (143 m2) residence
with a glazing area of 3.5% WFR or 53.9 ft2 per orientation.

* Incremental energy consumption is defined as the difference in energy use
between a window and an insulated wall. To determine total energy use add the
above base line values shown in boldface italics to the incremental energy use per

• window, e.g., the total cooling energy for four 3.5% WFR windows facing

N,E,S,&W with a shading coefficient of 1.00 in Blythe is
5300+772+ 1465+ 1399+ 1995_ 10,931 kWh/yr.
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Figure 5. Incremental peak demand due to cooling (W/ft2.glazing) Figure 6. Totalpeak demanddue to cooling (W/ft2.glazing)versus
for a 154Oft2 (143 m2) residence in Sacramento (solid lines)and cooling capacity of air.conditioning equipment for a 1540fl2 (143
Blythe (dotted lines), California with a glazing area of 3.5% m2)residenceinfiveCaliforniaclimateswithaglazingarea'of 3.5%
window-area-to-floor-area ratio per orientation, window.area.to-floor-area ratio per orientation. Datapoints in-

clude the base case prototype and all alternate housing character-
istics for glazing shading coefficient values of O.5and 1.0.

Peak demand due tocooling is largely dependent on the solar - and hence large differences in temperature across the

gain loads that occur during that hour and from previous cooling coil - increases the efficiency of the chiller. The
hours due to the thermal lag of the building and, to a lesser sizing of the supply fan can also impact chiller size. For a
extent, the glazing conductance gains associated with the given peak demand, Blythe, Red Bluff, and Fresno (CDD >
elevated outdoor air temperature. Orientation, again, is the 417) require nearly the same cooling capacity, whereas
most significant factor affecting cooling peak demand. For Sacramento and Riverside (CDD < 252) require a slightly
example, for a west-facing window in Blythe, the percentage larger cooling capacity (Figure 6). The first cost savings for
of the total cooling peak loads due to solar gains is 27% and HVAC replacement can help reduce the payback period of
the percentage due to glazing conductance is 10%. For a the retrofit (assuming capacity reductions result in a lower
north-facing window, the percentages are 7% and 11%, standardequipment size). ForexampleinBlythe, areduction
respectively (SC-1.0, 4% WFR). West-facing windows in SC of0.S reduces the total cooling peak demand from 33.2
produce two times the incremental cooling peak demand of to 27.6 W/ft2.gl (357 to 297 W/m2.gl, 3.5% WFR per orien-
south, east and northwindows for all five climates (Figure 5). tation). This translates to a decrease in cooling capacity of
Foran SC reduction of0.5, incremental cooling peak demand 0.67 tons (12.37 MW) of refrigeration or $3.1 l/ft2.gl (at
reductions for hot climates range from 24% to 41% depend- $1000 per ton). Added to an annual total electricity sav_ngs

ing on orientation; for moderate climates, reductions range of $1.38/ft2.gl.yr, the first year savings is $4.49/ft2.gl. For
from 31% to 43% (3.5% WFR). For demand side manage- Sacramento, the first year savings is $3.64/ft2.gl. Note the

ment programs, this may aid in leveling loads today and difference between total (Figure 6)and incremental cooling
reducing the need for future peak capacity, peak demand (Figure 5). Incremental cooling peak demand

is due to a single window orientation relative to an insulated

Cooling peak demand reductions are directly related to the wail, total is the cooling peak demand of the entire building
sizing of the air conditioner or chiller. If peak demand is with four windows (3.5% WFR per orientation). Both
reduced, additional first cost savings to the homeowner may quantities are normalized by glazing area.
be obtained by downsizing the air-conditioning equipment.
For many of the older homes, this equipment is often due for

replacement after 15-20 years; these savings may then be
captured upon system upgrades. Several factors can contrib-
ute to the differences in cooling capacity reductions per
climate; for example, a higher outdoor dry-bulb temperature
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Figure7. Totalcoolingelectricitysavings($/ftZ.glazing'yr)dueto Figure8. Peakdemand(WlftZ.glazing)forglazingshadingcc .ffi-
a reductionin glazingshading coefficientof 0.5 for alternate cient valuesof O.5(dottedlines)and!.0 (solidlines)foralternate
housingcharacteristicsinfiveCaliforniaclimates.Glazingareais housingcharacteristicsin five Californiaclimates. Base case
3.5%window.area-to-floor-arearatioperorientation, prototypeglazingshadingcoefficientis 1.0. Glazingareais3.5%

window.area-to-floor-arearatioper orientation.

Alternate Housing Characteristics Biytbe, from $1.48 to $0.89/ft2.gi'yr (SC reduction of 0.5).
All other housing characteristicssuch as double-pane glaz-

Alternatehousing characteristics can often significantly ira- ing, increased insulation levels, or a heat pump cause less
pact predictions for cost savings attributable to glazing, than a12% reduction incoolingenergysavings fromthe base
Accordingto aCaliforniasurvey(CEC 1990b), the computer case forall climates. Combinations of housing characteris-
model used todeve!opand update stateenergystandardsand tics, such as a house with an overhang in a built-up area,

used by building designers to demonstrate compliance with would furtherreduce energy saving estimates.
standardsfornew residentialconstruction typicallyoveresti-
mates cooling energyconsumptionby 50% because of inac- The same conclusions can be made for reductions in total
curate modelingof occupancy patterns and site conditions, cooling peak demand. Overhangs and interior shades or
Although the CEC study pertains to new construction and drapes are the two most significant factors that affect total
does not conclusively correlate cooling energy due to the cooling peak demand. All other housing characteristics

" small sample size, we acknowledge that a wide range of affect total cooling peakdemand to a smaller degree (Figure
housing characteristics and occupant preferences do exist 8). Forexample, for an SC reduction of 0.5, the total cooling
and will, therefore, impact energy saving estimates, peak demand of a building with a 2 ft (0.61 m) overhang in

Sacramento decreases from 17.12to !4.52 W/ft2.gl(184.28

To understand this impact, we have established a base case to 156.29W/m2"gl)or 15%; inRedBluff, from 28.76 to25.42

prototype and alteredone building characteristic at a time to W/ft2.gl (309.57 to 273.62 W/m2) or 11%. For a building
quantify changes in window energy savings. Total cooling without overhangs, these reductions are larger: in Sacra-
energy savingsfor an SC reduction from 1.0 to0.5 are given mentofrom 19.85to 16.00W/ft2.gl(213.66 to 172.22W/m2),
for alternative configurations of the base case prototype in or 19%, and in Red Bluff, from 33.72 to 27.64 W/ft2-gl

' Figure 7. Housing characteristics that reduce solar gains (362.96 to 297.51 W/m2),or 18%. To simplify comparison,
either insideor outside the building decrease the cost-effec- we have assumed in these cases that the total cooling peak
tiveness of spectrally selective glazings for all climates: loads for the alternate housing characteristics occur at the

• exterior overhangsor awnings reduce base case cost savings same time in the summer. Residential loads aredominated by
estimates by41-47%,interior d:apes orshades by 24-29%,or theenvelopeof thebuilding, sothe particular ambientweather
siting inbuilt-up suburban areas by 14-15%. Forexample, a conditions duringwhichthe different peaksoccur do notvary
2 ft (0.61 m) ovenhang in Se,cramento reduces the total significantly.
cooling energy savings from $0.79 to $0.44/ft2.gl.yr, in



Cost-Effective Boundaries of SC TABLE 6

Required Shading Coefficient for a Given Glazing Area
We can define the cost-effective boundaries of required arid Desired Heating arid Cooling Energy Cost Savings
glazing characteristics by inverting the problem from deter-
mining the cost savings for a fixed SC reduction to determin- Cooling and heating cost savings ($/ft2.glazing.yr)
ing the SC required to yield a defined cost savings (see over SC-I.0 for base case prototype:
Equation 2). For these calculations, heating and cooling WFR $0.50 $1.00 $1.50 $2.00
energy costs have been used to define total energy cost Sacramento
savings. Heating energy costs have been included, since, for E 2% 0.2184% 0.394
the climates of Sacramento and Red Bluff (HDD at 65"F 6% 0.516
(18.3"C) - 2764 and 2904, respectively), increases in these 8% 0.601
costs due to reduced solar gains can be significant. Fan 10% 0.661 0.147

energy decreases insignificantly with reductions in SC and, 12% 0.707 0.291
therefore, has not been included in the cost savings calcula- S 6% 0.397
tion. Electricity due to plug loads and appliances do not 8% 0.620
change. For example, in Blythe, the total building energy 10% 0.717 0.07212% 0.773 0.435
savings of $1.38/ft2.gl.yr for an SC reduction from 1.0 to 0.5 W 2% 0.687 0.334
consists of+$ 1.48 due to cooling, -$0.15 heating, and +$0.05 4% 0.742 0.424 0.070
fan (3.5% W'FR per orientation). In Sacramento, however, 6% 0.787 0.501 0.176

the total savings of $0.5adft2.gl.yr consists of +$0.79 due to 8% 0.823 0.567 0.27 !
cooling, -$0.27 heating, and +$0.02 fan energy savings. If 10% 0.852 0.621 0.354 0.026
HVAC equipment replace,_._ent is necessary, there may be 12% 0.876 0.667 0.426 0.130

Riversideadditional economic savings, as noted above, which can
significantly improve total cost savings. We have not, N 10% 0.393 Example:Mr.Joneshasaneast-
however, included these savings here. 12% 0.536 facing window that will cost

E 2% 0.235 $1.OOpersquarefoot of glazing
4% 0.471 to retrofit. Thearea of theglaz-

These cost-effective boundaries are illustrated in Figures 9a 6% 0.604
ing is 8%of the floor area. His

and 9b for Biythe and Sacramento for varying desired energy 8% 0.686 _i_ home is in Riverside. The re-
savings and a pre-retrofit SC of 1.0; data are given in Table 10% 0.741 0.383
6. For a homeowner to recover material plus installation 12% 0.779 0.492 quired glazing shading coeffi-cient is 0.212 ifcosts are recov-
costs of $150 (at $2.50/ftE-gl) for a 60 ft2 (5.57 m2) glazing S 4% 0.475 ered in the first year.
area within 5 years, a spectrally selective glazing with an SC 6% 0.6928% 0.779 0.464
of 0.39 for the east and 0.74 for the west would be required 10% 0.828 0.609 0.241
forSacramento;SCof0.47fortheeast,0.21 for the south, and 12% 0.859 0.689 0.461

0.79 for the west for Fresno; and SC of 0.55 for the north,0.81 W 2% 0.632 0.156
for the east, 0.79 for the south, 0.89 for the west for Blythe 4% 0.747 0.357
(missing orientations indicate that this cost could not be 6% 0.825 0.508 0.097
recovered within this payback period). These material and 8% 0.881 0.617 0.28710% 0.921 0.698 0.427 0.044
installation costs are reasonable for glue-on film options. For 12% 0.952 0.760 0.531 0.231

the more expensive options of glass or window replacement, Fresno
the payback period would need to be extended or the required N 10% 0. !3 I
SC decreased. If the building has any of the alternate housing 12% 0.246
characteristics such as an overhang or interior shades/drapes, E 2% 0.377
the required SC would need to be further reduced. Glass or 4% 0.469
window replacement costs are difficult to assess due to 6% 0.542
regional differences in labor rates, the extent of the retrofit, 8% 0.600 0.051
type of window/wall construction, and other factors. Using 10% 0.647 O.166I2% 0.684 0.262

building construction cost data (Means 1992) typical for new S 4% 0.2 !1
construction and large scale projects, it is estimated that glass 6% 0.529
replacement will cost $6-8/ft2.gl (including materials, labor, 8% 0.659
overhead and profit), glass plus sash replacement will cost 10% 0.732 0.308
$17-20/ft2.gl, and window replacement will cost $14-16/ 12% 0.779 0.474
ft2.g]. Retrofit costs can often cost 50% more. For the W 2% 0.758 0.490 0.215
example above, if the homeowner decided to replace the 4% 0.792 0.541 0.278 0.O016% 0.822 0.588 0.338 0.070
windows at $15/ft2.gl, the simple payback period would be 30 8% 0.849 0.630 0.394 0. !36
years if the required SC was met for each orientation. 10% 0.872 0.667 0.444 0.199

12% 0.892 0.700 0.491 0.259
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Material Improvements
TABLE 6 (continued)

Required Shading Coefficient for a Given Glazing Area The most cost-effective retrofit solution for all orientations

and Desired Heating and Cooling Energy Cost Savings and climates is the glue-on film option if durability is not in
question. Although existing products available today can

Cooling and heating cost savings ($/fl2.glazing.yr) give SC values from as low as 0.15, decreased interior
over $C- 1.0 for base case prototype: daylight and night views due to the low visible transmittance
WFR $0.50 $1.00 $I .50 $2.00 $2.50 (Tv) of these products will typically discourage even the best

intentioned homeowner. In addition, the minored appear-

Red Bluff ante of some films may be architecturally detracting, unless

N 4% 0.003 it is part of the design aesthetic.
6% 0.106
8% 0.200 Data on the optical and thermal properties of available
10% 0.282 spectraily selective products were taken from product litera-
l 2% 0.352 ture, measured in our laboratory, or calculated using WIN-

E 2% 0.653 0.298 DOW 4.0 (Windows and Daylighting Group 1992) from raw
4% 0.667 0.321 data supplied by manufacturers (Figure 10). Ideally, glazings
6% 0.681 0.344 should have a low SC and a high Tv, meaning that they should

8% 0.693 0.367 0.017 be as close to the lower right comer of the graph as possible.10% 0.705 0.388 0.044
12% 0.716 0.409 0.071 Because daylight also carries heat, it is not possible to have

S 2% 0.539 zero shading coefficient with a finite visible transmission.
4% 0.637 0.181 Thus, there is a "forbidden zone" in which no glazing can
6% 0 ",03 0.332 exist. We also define a somewhat subjective"color zone" in
8% 0.751 0.443 which there is no possibility of creating a glazing which is
10% 0.785 0.526 0.171 colorless. In the "neutral zone" glazings may but do not
12% 0.812 0.588 0.297 necessarily have a neutral color.

W 2% 0.776 0.532 0.283 I).030

4% 0.803 0.57 ! 0.331 t).083 By comparison to Figure 11, which shows products mainly
6% 0.827 0.608 0.378 0.136 intended for new construction, the retrofit products are shifted8% 0.849 0.641 0.421 0.187
10% 0.869 0.672 0.462 0.236 away from the ideal. Until recently, in the transmission range
12% 0.887 0.700 0.499 I}.282 0.044 above 0.5, no laminate products were available with high

Blythe selectivity. In order for spectrally selective glazing products
N 2% 0.527 0.036 to be fully adopted by the residential retrofit market, the

4% 0.548 0.068 cheaper glue-on film materials must be developed with Tv
6% 0.568 0.100 characteristics that more closely approximate their new coun-
8% 0.587 0.131 terparts in construction.
10% 0.605 0.162

12% 0.622 0.192 Two factors are involved in this technology gap. First,
E 2% 0.802 0.600 0.397 0.193 coating on plastic film is more difficult than coating on glass

4% 0.808 0.612 0.413 0.211 0.006 because of problems with adhesion, temperature range of the
6% 0.814 0.623 0.429 0.230 0.026 substrate, diffusion, and bending stress. Second, the edges of8% 0.820 0.634 0.444 0.248 0.046
10% 0.825 0.645 0.459 0.266 0.065 the coating in a retrofit installation are prone to damage from

water vapor and corrosive agents in the atmosphere. The12% 0.831 0.655 0.473 0.283 0.085
S 2% 0.764 0.519 0.263 materials used in highly selective coatings are especially

4% 0.791 0.569 0.332 0.078 prone to this type of damage. Furthermore, most laminate
6% 0.813 0.6 ! ! 0.394 0.154 manufacturers have been content to produce lower transmis-
8% 0.831 0.648 0.448 0.225 sion, less spectrally selective coatings such as aluminized
10% 0.846 0.678 0.495 0.290 0.051 polyester, because of lower cost, ease of handling, and the
12% 0.858 0.705 0.536 0.347 0.126

¢

WFR $0.50 $ 1.00 $1.50 $2.00 $2.50 $3.00 $3.50 $4.00

Blythe
W 2% 0.879 0.751 0.622 0.492 0.362 0.232 0.101

4% 0.888 0.762 0.635 0.507 0.379 0.250 0.119
6% 0.896 0.773 0.648 0.523 0.396 0.268 0.138 0.007
8% 0.905 0.784 0.66 ! 0.538 0.412 0.285 0.157 0.027
10% 0.913 0.794 0.674 0.552 0.429 0.303 0.176 0.046
12% 0.920 0.804 0.686 0.566 0.444 0.320 0.194 0.065
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existence of a ready market. These manufacturers now 2. Coolingpeak demandreductionsforhotclimatesrange
perceive, however, thatplastic laminatesmust catch up to from 41% for west-facing glazing (SC-I.0 to 0.5, 3.5%
theirglasscounterparts.Severalglasscompanies havedevel- WFR)to24%fornorth-,east-,andsouth-facingglazing.For
oped a new type of laminatecoating thathas spectralselec- moderateclimates,reductionsrangefrom43%to33%0.Total
tivity nearlyequalto the best coatingson glass butwith less cooling peakdemandreductionsrangefrom17%inBlytheto
durabilityoutside a sealed environment. 22% in Fresno(SC-I.0 to 0.5, 3.5% WFRall orientations). 0

Until cheaperalternativesto thecurrentlyavailableproducts 3. Downsizing of HVAC chiller capacity due to reduced
are developedwith highertransmissioncharacteristics, spec- peak demandcan result in added first-cost savings if the
trally selective glazings can be used cost-effectively for mechanical system is due forreplacement. Utility programs
selected orientationsandclimates. Utilityincentiveorrebate could providecombined incentivesto retrofit windowsand
programsshould be designed to reconcilethe disparitybe- upgradeair-conditioningsystems at the same time. For hot
tween the cost of the retrofit and the realized cost savings, and moderateclimates, this can add-first cost savings of
Homeownersdo notmakebuyingdecisions on energysay- $3.1l/ft2.gl (SC-I.0 to 0.5, 3.5% WFR per orientation)or
ings alone. Amenities such as improvedthermalcomfort, more forhigherglazing areas.
reduced fading of interior furnishings,a more streamline
window appearance,and glarecontrolareonly some of the 4. To achieve the highest market penetration,spectrally
reasons why the currentlyavailable and less than perfect selective glazing products must offer the highest glazing
productsarewidely used today.These realworldqualitative transparencywith minimal coloration. Homeowners typi-
benefits shouldbe emphasizedinmarketingspectrailyselec- cally object to color distortion of the view outdoors, de-
tive glazing products, creased interior daylight illuminancelevels, a reflective or

mirroredappearanceof the glazing, and perceptiblegreen/
SeveralCalifornia utilitiesare beginning to offer incentives blue glazing coloringfor architecturalor aesthetic reasons.
orrebatesthat will encouragethe'aseof these technologiesin Double-pane, insulatingglass units that protect selective
residences. OneCaliforniautilityis consideringaresidential coatingsand films frommoistureand abrasionofferthe best
programthatwiI:offershadingcoe_cientincentivesfornew appearanceand optical/ thermal properties. Replacing a
construction;e.g., foran SCbetween0.51 and0.65, there is window unit or the glazing and sash, however, can lead to
a $1.00/ft2.gl incentive; for an SC between 0.41 to 0.50, long paybacktimes,on the orderof i0 to 20 yearsor longer
$2.00/ft2; and for an SC less than 0.41, $4.00/ft2. Other dependingon orientation. Glue-onfilms are the most cost-
Californiautilities are offering similar incentives. These effective solutionbuttheirappearance,optical/thermalprop-
incentivesare intendedto helpovercome themarket barriers erties, andin some casesdurability,are inferiortothoseof the
and may be effective in spurringadoption of these new new IG options. Developmentof new materialsand im-
technologies, provementsin productionequipmentmust be madebefore

spectrallyselective glazings can be fully adopted by the
CONCLUSIONS retrofitmarket. Additionalwork must be accomplishedto

test and demonstrate new productsin the field.
Based on thehigh proportionof existing residences built with
clear single-glass windows and the results of our perfor- 5. Utility incentive andrebate programs canspur the adop-
mance modeling, we conclude that there is a large potential tion of existing spectrally selective glazing products by
to save energy in the cooling-dominated climates of Califor- making them more cost-effective to the homeowner. These
nia through theuse ofretrofitted spectrallyselectiveglazings, programs should be designed to incorporate differences in
These results can be summarized asfollows: materialandinstallationcosts for thevarious retrofitoptions.

These programs can also be designed to target hot climates,
1. For hot California climates, such as Blythe, a west- west orientationsand/or orientations without exteriorshad-
facing window retrofit with spectrally selective glazing ing. Combining these incentives with air-conditioning sys-
(SC-,0.5) will savea totalof $2.00-$2.25/ft2.gl.yr,increasing tern upgrades can further reduce simple payback periods.
with area of glazing; south windows $1.00-$ !.60, east win-
dows $1.25-$1.40, and north windows $0.50-$0.60. For Further work should be performed to investigate the impact
moderate climates such as Sacramento, however, a west- of glazingconductance on energy savings. For the climate of
facing window will save $0.75-$1.25/ft2.gl.yr, south win- California, the U-value of the glass had insignificant impact
dows $0.00-$0.80, east windows $0.00-$0.75, and north ontotal energy savings; for other climates, this effect may be
windows $0.00. Since orientation, window area in some larger. Demonstrationswith utilities have been started for
cases, and exterior overhangs/awnings significantly impact several homes in the Sacramento region to testdurability and
energy savings, retrofit of west-facing windows, large area to verify energy savings under conditions of occupancy.
windows, and unshaded windows will normally be the most Additionaldemonstrations may be useful in other regions of
cost-effective solutions. California.
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