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ABSTRACT

The goal of this work is to better understand the influence
of window U-factor and solar heat gain coefficient on resi-
dential space heating and cooling energy use in the United
States. We calibrated our simulation models with residential
energy use data and evaluated the affect of window U-factor
and solar heat gain coefficient on space heating and cooling
energy use. U-factor and solar heat gain coefficient have a
comparable impact on heating energy use, whereas U-factor
has a minor impact and solar heat gain coefficient has a strong
impact on cooling energy use. Homes in Madison, Wisconsin,
and Baltimore, Maryland, that have mechanical heating and
cooling show that total annual energy cost savings are compa-
rable with the different types of low-e glazing that are on the
market today for the same frame type. For homes without air
conditioning, the low-e windows with a higher solar heat gain
coefficient provide greater savings. In cooling-dominated
climates, like Phoenix, Arizona, and Miami, Florida, windows
with a low solar heat gain coefficient offer the greatest energy
savings. More work is required to obtain better agreement
between simulation models and actual cooling energy use,
especially for dry, sunny climates.

INTRODUCTION

Tobetter understand the impact of windows onresidential
energy use, it is important to have a good picture of the resi-
dential window market, housing in the United States, and how
homes use energy. In 1996, 53 % of the 45.9 million residential
windows sold were for remodels and replacement applica-
tions, and 47% were for new construction (Swanson 1997). In
1995 80% of the residential windows sold were double-pane
windows and 35% of all windows had low-e glass (AAMA
1996). ’

Wendy Hawthorne, P.E.

The references to regions in this paper are based on the
U.S. Census regions (Figure 1). Of the 96.6 million existing
homes (including single-family homes, apartments, and
mobilehomes), more than 60% of the windows are single pane
and 35% are double pane (EIA 1996). In the South, more
homes have single-pane windows than there are homes in the
Midwest or the Northeast.

In 1996, 1.1 million privately owned homes were built.
The greatest percentage of new homes were built in the South
(44%), followed by the West (24%), Midwest (22%), and
Northeast (10%). Housing starts in Florida, Georgia, and
North Carolinaaccounted for almost 20% of the housing starts
in 1996; California and Texas accounted for another 15%
(U.S. Census Bureau Statistics 1996).

The Energy Information Administration (EIA) conducts
the Residential Energy Consumption Survey (RECS) every
three years. In 1993, more than seven thousand households
were surveyed, representing the 96.6 million households
nationwide (EIA 1996). The accuracy of each estimate is indi-
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Figure 1 U.S. Census regions.
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‘thureZ Residential energy consumptton by end use
' (Cymbalsky 1995).

cated in the réport by the relative standard error’ (RSE). No
estimates were publistied that were based on fewer than ten
sample households or that had an RSE greater than 50%. A
nonlinear regression technique is used to dlsaggregate the
space heating and cooling cnergy use from the total electrrc
and gas energy reported in the survey. More information on the
regression analysis is available in the Household Energy
Consumption and Expenditures 1990 (E1A-1993). '

Figure''2 shows a breakdown of residential energy
consumption byend us¢ for thc US: (Cymbalsky 1995). Even
though 35%of the exisiing housing units are ]ocaled in the
more temperate South, space healing energy use is more Lhan
ten times that of encrgy used for cooling. EIA projects that
space heating use will decrease by the year 2010, and ¢ooling
energy ‘use will increase. Néverlhc!css. energy use for space
heating will still be almost téi times that for cooling. The cost
of energy use is a sironger indicator of consumer choices than
energy usc alone an(l is facltorcd into the amlysrs later in lhc
paper.” " y
B (1 exmmg hnusmg, ’14% nf homes haye warm- air
lurnaces (U.S, Censuq Bureau 1996) and in new consteuction,
67% of the homes havc warm air, t‘urmces (HUD 1994). The
percemage ol‘ homefs usmg natunl gas is ncarly identical.
Existing homes in 1he Northeast fiave steam or hot water heat-
ing (50, 5%) but thls is the only excepuon in the U.S.

. The,'1993 REGS '(EIA, 1996);.concluded. that' 68% of
homes use: air conditioning gnd 44% have:a central system.
The number of new-homes built with central. air condmonmg
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Figure3 Usage characteriStics' ' for  céntral  air-
condtttomng system.i' (EIA 1993 RE(,S )i

is 1ncreasmg This makes: Sense given that a relatlvely high
percentage of new homes are built in the South.

As part of thc 1993 RECS (EIA 1996), qucstions were
asked as to how ofteén peopleicontrolled their space heating
and central air conditioning. An average of 44% of the house-
holds in the U.S. setback their thermostats at night during thc
heating season. As for air conditioning, 47% of the homeown-
ersrun their pir conditioning all summer, 22% run their system
quitea bit, and 31% only run the system a few times during the
summer. The response that the:air conditioning runs through-
out the,summer only dominates in the South where many. of
the cllmates are hot and humid (Figure 3). .« .
APPFIQACH ' Vi,

. In'order to-accurately assess the rmpact of windows on
resrdenuﬂl energyuse; we firstneeded space heating and codl-
ing cnergy usc data for homes to which to ealibraté ovr sititu-
lation models. The 1993 RECS (EIA 1996) contains such data
on a regional‘basis-and in-energy use per heating or cooling
degree day per ft? of conditioned floor ares. i '

. To :determine how- good the datai from.the 1993 RECS
(EIA 1996) is, space heating and’cooling energy use data were
collectéd from various sources. Table'1 compares findings for
space heating and coolingienergy use. Thecooling enetgy use
is that for homesiwith electric central air conditioriing, and the

of b ity

TABLE 1
Comparison of EIA 1993 RECS Data to Field Data

= 1%

__Space Heating Energy Use Space Heatmg Energy Use Coolmg Energy Use EIA| Cooling Energy Use
City , EIA 1993 RECS (therms/sf)| i Other (therms/sf) : 1993 RECS (kWh/sf) - Othéi ¢k Wh/sf)
Denver " | EN N D 0.6 (ERHC) R .03 (BRHO)
(Miami : : ' o 3  32(RO)
Orlando- = & - g 24 (SRC)
Phoenix - 18~ 1.8 (APS)
Sacramento. - 027 -0.18 (CEC) ~ - = g8 0.9 (CEC)
TO-98-10-1;



space heating energy use is for homes with natural gas forced-
air heating. The sources from which the data were obtained
include ERHC (1997), APS (1996), FSEC (1997a), Rose et al.
(1992), and the CEC (1990). Based on the limited data that are
available, the EIA predictions appear to be good indicators of
actual energy usé in homes. '

- ‘'We ‘uséd the DOE-2.1E building simulation program to
dvaluate the impact of windows, ‘insulation levels, internal
gains, infiltration, andriduct losses on a-1540 ftz, one-story
heuse. There are 0.58 air changes per hour (ACH) ‘and 10%
ductlosses to the attic in the summer-and winter. The house has
8 Ib/ft? of internal mass as specified by the 1995 Model Energy
Code. Internal gains are 56,000 Btu/day and are scheduled
according to. ASHRAE Standard 90.2. During the heating
season, the temperature setpoint is 70°F with.a 65°F setback
from 12 a.m. to 7 a.m. During the cooling season, the temper-
ature setpoint is 78°F with a 79°F setup from 8 a.m. to 4 p.m.
The furmace has an annual fuel utilization efficiency (AFUE)
of 78%, and the air-conditioning system has a seasonal energy
efficiency ratio (SEER) of 10. Natural ventllatron through the
windows is modeled as well. +

A factor of 0.7 is used to adjust winter solar lieat gain, and
afactor of 0.5 is used to adjust summer solar heat'gain through
windows. These adjustments simulate the effects of exterior
and interior shading on'windows, such as neighboring build-
ings, landscaping, overhangs, and interior shades. There are'a
number of altematives for handling shading, and there is no
agreement on the best approach. The next edition of the Model
Energy Code (ICC 1997) specifies adjustment factors of 0.9
for the winter and 0.7 for the summer. Others (CEC 1990;
FSEC 1997b) recommend greater adjustments andi are
discussed later. The annual heating and epoling energy ratings
being developed by the NFRC (199i7) currently include no
shading. .« Cw e L)

A worker at the FSEC (1997c) dlscovered that the. DOE-
2.1E part-load performance curve for air conditioners is inac-
curate and replaced, it with :a curve that reflects actual
measured equipment performance. The correction to the part-
load curve reduces coolingloads by as much as 40%: This new
curve was used in this work. We did not find anywhere else in
the lliterature ,.where the residential equipment performance
curves have been verified.

We chose to compare Albuquerque, New Mexico, and
Baltimore, Maryland, because they have similar heating and
cooling degree days and temperature profiles, but Albuquer-
que receives more solar radiation and Baltimore is much more
humid in the summer. In Albuquerque and Ealtimore, the
house has an uninsulated basement, R-13 wall insulation,
R-30 ceiling insulation, double-pane clear windows with
aluminum frames (U=0.75 Blu/h fi2 °F, SHGC = 0.62), and
a 2.5, ton air condmoner yeis

Phoenix, Arizona, and Miami, Florida, are both cooling-
dominated climates, but also have very different solar ‘and
humidity conditions. In Miami and Phoenix, the house is on an
uninsulated siab and has R-11 wall insulation and R-19 ceiling
insulation. In Miami, the house has single-pane windows with
aluminum frames (U = 1.3 Btw/h-f®-°F, SHGC = 0.73) and a
2.5 ton air conditioner. In Phoenix, the house has doublc-pane
clear windows with aluminum frames (U = 0.75 Btu/h-fi2-°F,
SHGC = 0.62) and a 3.5 ton air conditioner.

CALIBRATION

., We attempted to calibrate the DOE-2. lE burldmg simu-
lation models to predict within 50% of the space heating and
coohng energy use estimated in the 1993 RECS (EIA 1996).
We found good agreement with, the space heating results, but
had difficulty with the cooling results (Table 2). Energy use
has been shown to vary considerably from household to
household however the models should predict average
encrgy use in order to give some validity to the conclusions
drawn from the results. :

Table 2 shows the percentage difference belween the
simulated and the EIA RECS results, The simulated space
heating energy use predictions are acceptable, whereas the
simulated cooling energy use prediclions are asimuch as 131%
higher. Miami is the most humid ol the four climates and Balli-
morealso is relauvely humid, and these two cities give the best
agrecmcnl in terms of cooling encrgy usc. The simulated cool-
ing energy use for the two dry’ climates, Albuquerque and
Phoenix, are more than 100% off. Albuquérque and Phoenix
receive more solar radiation and are lessthumid than Baltimore
and'Miami;: which leads us to question the shading assump-
tions and the impact of:humidity on occupant behavior.

Work by the FSEC (1997b) and the CEC (1990) to

4 TABLE 2 iy 4
DOE-2 1E Results Compared to EIA Data

‘DOE-2.1E Space EIA Space i A & . 'DOE-2.1E EIA Cooling
Heatmg Energy Use Heating Energy % Difference in Cooling Energy Energy Use % Difference in
City (MBtu) Use (MBtu) Heating Energy Use|  Use (kWh) (kWh) Cooling Energy Use
Albuquerque 49.0 436 12% 1902 824 1 131%
Baltimore 69.8 -76.1 ~8% 1696 1243 -~ 36%
Miami L7 ~ el -45% 5434 4620 o 18%
Phoenix " 11.0 13.9 —21% 5972 2772 == 115%
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compare cooling energy use with model predictions found that
models typically overpredict cooling energy use. To address Duct loss
this discrepancy, FSEC determined the correct pait-load ratio *Window SHGC %
curve to use in DOE-2.1E and used a default window shading 23% ' ;
coefficient of 0.45 for a single-glazed aluminum window to
includc the cffect of blinds, screens, and framing. This shading
coellicient is adjusted for seasonal conditions using 4 mulli-
plier of 0.9 in the winter and 0.7 in the summer. The resulting
winter shading coefficient is 0.41, and the Summer shading
coefficient is 0.32 (Fairey 1997). '

Wilcox:compared »mpnitored energy use data with simu- 13%
lations and found that, on average, the simulations predicted
heating use was 20% higher than actual use and cooling use
was 50% higher than aciual use (CEC 1990). They recom-
mend assuming a window shading cogﬂ“iciem of 0.57 when Walls. Hoot
the drapes are closed and scheduling the cooling thermostat to ’ Base'mem !
operate lhe air condilioning only three days per week (40% £, .. 4%,
conditioned). ’ '

*Internal Gains.
15%

Figure 4 Breakdown of space heating energy use into its

Previous work in this area often overpredicted solar gain components for Albuguerghie.

because center-of-glass solar heat gain coefficients rather than
total window values were used. The simulation models used
Con (hie worke sanploy total window oesfirmunes indiceg he
correction to the part-load curve, and the-adjustments to solar
heat gain for the winter and summer. We did not schedule the Duct loss
g : . £ nel *Window SHGC i

use of the heating and cooling systems with the exception ‘of 16% %
the night setback in the winter and the day setup inthe summer.

The discrepancy between the simulation results and-the: 1993

" Windaw %olur heat gati und irternal'gains offsct hicating energy use, so comiparison
is to house with nu‘solnr gain and no internal gains.

I '

+ *Internal Gains

RECS (EFA 1996) data for cooling energy use in the sunny, dry i 15%
climates is alarming and requites further investigation before:
any other modifications are'made. beowt 1 Window U '

2, ALEETCHCIE S Y i - -14% 3 e
IMPACT OF WINDOWS' ON ENERGY USE - b .

., Elimination parametrics were performed to .assess the
impact of each, compopnent, on -space heating and cooling infiltration
energy use. The paraynetriqs entail, rynning the standard case 20%
and then changing each companent individually so there are . T - ; R 3
no losses (or.gains) associated with that component. The wall, .., Walls, Roof, : :
ceiling, and basement R-values are all set to R-100, and the Basement A
absorptance of thg opaque surfaces is set.to zero to nggate o= 25% L g
losses or gains through the opaque surfaces. The window U- Figure 5 Breakdown of space hehiting energy use into its '
fagior apd solar heai gain coefficieni also are set 0 zero. ' v eomponentsfor Baitimore: .. . . . oo
Because internal gains and window solar heat gains offset. - o . . z
. . ) : Window solar heat gain and internal gains offset heating energy use, so compar-
space heating loads, the house is assumed to have no window ison is to house with no solar gain and no internal gains.
solar heat gain and no internal gains in order to assess the *-'©
impact of each building component. A The authors ran the model in Miami where the simulated
Figures 4 ‘.in,d 5 show the 'percghiégg‘:éacli;;b{_y;lildifirg cooling energy "u'sp is only 18% higher th'ﬁr‘iv\yhg:]EyIA estimate !

component centributes to space heating-energy-use for-Albu-  (Figure 6). Solar-heat gain through the windows has the-great-

querque and Baltitnore, respectively. In both cities, less than ekt influence on”codling’ energy use, followed by. fntéfnal
15% of the space heating energy use is attrihutable to the gains. Window U-factor is relatively insignificant in terms of*
window U-=factor; ‘and more”than 15% 'is attributable” to ooling enero; Solar heat eain will have a mu y
window solar hieat gain, A common belief is that-U-factor has
a greater impact on space heating than solar heat gain coeffi-
cient. These results show they are equally important and solar The results presented above do not answer the question of
heat gairt coefficient can have a greafer impact than U-factor. ~ which window to select for a given home in a given climate.

. cooling energy!ﬁ-sé: Solar heat. gain will have a much: greater
; impact on cooling energy use thap U-factor in any, climate.;

4 T0-98-10-1
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Figure 6 Breakdown of cooling energy use in Miami, Fla.

Figure 7 Compariéon of .annual _spacé heating and
cooling energy costs based on 1 993 REQS data.
The pie charts show the split between
residential space heating and cooling energy

* costs for a number of cities. '

The following addresses the driving forces behind selecting
the appropriate product from an energy efficiency perspective.

WINDOW SELECTION

Determining which window is-best suited for a particular
application depends on many factors. If enérgy use is of
primary concern, the following indices reflect the perfor-
mance of a window:

If you compare space heating and cooling energy use
alone (Figure 2), space heating considerations would domi-'
nate the wiridow selection process.in most U.S. climates: Indi-
vidual climates need to be considered, as well as the cost of
energy.

*  U-factor: thermal heat transfer Figure 7 applies the cost of natural gas to space heating

*  Solar heat gain coefficient (SHGC): solar heat gain
¢ Airleakage: air infiltration through the window

Of these three indices, air leakage has been shown to have

and the cost of electricity to cooling energy use from the 1993
RECS (EIA 1996) data for a number of cities. The cost data are
from NARUC (19963, 1996b). This figure shows the:influence
climate has on energy use in terms of annual energy costs.

a minor impact on energy use. in heating-dominated climates,
U-factor and SHGC are both important. In cooling-dominated
climates, SHGC is of primary importance and U-factor has a
minor effect.

In comparing Albuquerque and Baitimore, it is clear that
window solar heat gain has g significantimpact on space heat-
ing (Figure 4) and cooling’ energy use. The higher the solar
heat gain is, the lower the space heating ehérg_y use is. The
lower the solar heat gain is, thé lower the Coo)'ihg energy use
is. So, the ideal window would have a high solar heat gain in
the winter and a low solar heat gain in the summer. None of the
commonly sold windows on the inarket today has these prop-

Because eleciricity costs more than natural gas per unit of energy,
cooling has a swonger influence on decisions concerning reduc-:
ing energy use than if energy use was considered alone.

" The breakdown of énergy use into its builditig compo-
nents indicates the relative importance of the different compo-
nents. It does not reveal how to selectbetweeti two comparable
windows, siich as one with a higher U-factor and higher solar’
hehit‘gain coefficient than the¢ other."We simuléitéd a range of
window types in Madison and Balltimore where the simulation
results agree to within 50% of the 1993 RECS datd. Table 3
lists the properties of the windows. All windows have a 0.5 air'
spacé betweeil the glazing: layer'sl and afstandéid aluminurn

erties, spacer. p e
Il e s el g gl
TABLE 3,
Window Properties
Glazing Framie U-Factor Btwhft?°F SHGC
Clear IG ) Thermally Brokeri Aluminum , 0.62 0.64
(1) Clear IG . . Viny! © 047 0.60
(2)'Clear’and Low-e (e = .15) Vinyl 037 | ' 056
(3) Low-e (e:= .08) and Clear' Vinyl i 0.38, . lpegmzt 0.46
(4) Low-¢ (e =.04) and Clear: Vinyl ' 034 - | b 0.33

TO-98,10-1 5



In Madison, the simulated space heatmg energy. use is
18% higher and the simulated cooling energy use is 44%
higher than the 1993 RECS data (EIA 1996). The simula-
tion model used for Madison has R-19 walls, R-38 ceiling,
and R-11 basement insulation and the windows have clear,
double-pane glazing with thermally broken-aluminum frames
(U = 0.64, SHGC = 0.62). U-tactor,and SHGC account tor
15% of the space heating energy use, similar. to Baltimore.

The space heating costs are twelve tlmes the cooling
energy costs in Madison and five times as much i in Baltimore.
A window with a low U-factor and a high solar heat gain coef-
ficient would be the optimal choice for a climate where it is
clear that space heatirig costs domirnate the windows selection
process, such as Madison. Itis not clear what type of window
would have syperior performance in Baltimore.

Figure 8 shows the annual energy cost savings [orhcating
and coolirig fof Mddison and Baltimore for windows (1) and
(4), as comparéd to the cléar insulating glazing unit with a
thermally broken aluminum frame (Table 3). Keep in mind
that solar heat gain has less of an effect in both of these loca-
tions as compared to  Albuquerquc and oth¢r sunnicr
climates. The greatest heating energy savings are achieved
with the low-e window (2} 1hat has a high solar heal gain coef-
ficient. A surprising resuit is that the fow-e window (4) with

the low solar heat gain coefficient, SHGC =0 33 lias lower

hcatmg encegy cost savings than the clear 1G wilh a vinyl
frame, window (1), in Baltimore. In terms of cooling energy
savings, the low-e window (4) with the lowest solar Heat gain
coefficient, SHGC = 0.33, saves the greatest amount, as
expected. TR inehy

The total gost savings are greatest with the low-¢ window
(2) with the htghpr solar heat gain coefftcncnt qllhough the
low-¢ wmdow (&) has nearly the same tolal savmgs Noucc.
though, that the difference in total energy cost, savings
between all three low-e windows (2, 3 “and 4) is fa:rly insig-
nificant. It ¢an be concluded that a homc in Baltithare or
Madison would realize comparable energy cost: sangs with
any of the three low-e windows. * " % Ly

At would be revealing to'run the same simulation in Albu-
querque where the heating engrgy. costs areronly two times the

_Annual Energy Cost Sav_lugs )

S P
f ﬁ '#‘#\ ‘f ey; f\ f ﬁ CIELIRS YA N
"thure 8/ Amzua{ heam:g and cool:pg energy r‘cli.lsr é&\*b.lés
" as compmed to the clear I1G with a rhemmHy
i \broken: ahominwm’ frame in ‘Madrson ch i
Baltindore. +

oM H e i 00 e

P el

cooling energy cpsts. If the simulation resulls gave better
agreemenl with the EIA data, the conclusion may be the same
as with' Madison and Baltimore. However, because the simu-
lations overpredict cdolifig energy use by’ mlore'than 100%,
any conclusions drawn from such results would be suspect.

In hot climates, like Miami and Phoenix, clearly the
window with the lowest solar heat gain: coefficient will-have
the greatest energy cost savings because cooling energy, costs
dominate in these climates. For climates w1th a ratio of space
heatmg to cooling energy ‘eosts closer to 1.0, itis difficult to
identify the nfost appropridite wihdows from an eneigy effi-
ciency perspective. We did not calibrate the simulation models
for any such climates. This is an area that deserves further
work.

CONCLUSIONS Lo T s

The goal of this work was to better understand the influ-
ence of window U-factor and solar heat gain coefficieni on
residential space heliting and cooling energy use in the U.S.
The-energy used for residential space heating istentimes that
used for cooling in the U.S., so one would conclude that heat-
1ng considerations should drive the window selection process.
However, homes are being built all over the country with the
greatest number being built in the South where cooling energy
use is significant. The replacement window market is equally
important as.the new construction market, although we did ngt
find regional w‘ind‘Qw, sales data for the repllggeluent market.

- Toagsess the influcnce of windaw U-fagtor and solar heat
gain coefficient on space hcatmg :md cooling gnergy use ina
home, we collected data on actual encrgy use m homes and
calibthted the sifulation modcls. We ‘show that thé 1993
RECS ‘datd”(EIA '1996) gives ‘good agreement with field dala
collected by various gources.: pve

" We wete able 'to’ ‘match the: 1993 RECS: (EIA 1996 space
heatmg energy use data for-a number of climates to’within
50%. Onthe cooling side, we obtained good agreement :in
humid climates but overpredicfed the EIA cooling energy pse
by more than 100% in dry, sunny clmwtes like Phoepix.and
Albuquerque Furthermore, the simulations eonsnstcnlly over-
predict cooling energy usc, so potential cooling energy
savings also could be overpredicted. More research is needed
on cooling energy use behavior in order to improve the sirfiu-
lationmodels. Anatlonal laboratory is monltormganumberof
houses in"which they aré cbmparmg diffétent'windows. This
wotk should be available in the next few months and should
provide valuable insight into questions sugrounding. eooling
loads and shadmg

Ay

Wc found that U- factor and solar heat gam coeffucnent
have a comp1rable unpau on heatmg energy use, whereas U-
factor has a minor impact and solar heit'g; gain coeffidient has
a.strong impact on cooling. energy use..To reduce: hedting
energy. use;a higher solar heat gain coefficient.is preferable.
To reduce cooling energy use, a.lower solar heat gajn coeffi-
cient is prcferablc No window on the market today has both.

T0;98-10-1



’ Co‘r'nparin!g the energy cost savings from windows avail-
able on the market today, we found that for homes with gas
heating and elect_ric cooling, the three low-e products (Table 3)
have almost: equal total energy cost savings in Madison and
Baltimore. They differ in space heating and. cooling energy
cost sayings, but the total savings'are comparable. ‘

A homeowner withno coolmg would be better off with a
low-e wmdow w1th a higher solar heat gain caefficient. There
are other consrderatlons as well, A.such as solar exposure, occu-
pancy behavior, comfort, and price. These considerations may
drive the selection process in another direction.

Future work is needed to address the discrepancy in cool-
ing energy use between the simulations and field data, espe-
cially in dry, sunny climates. Also, it would be useful to
investigate climates that have a space heating to cooling
energy cost ratio closer to one to determine window selection
criteria.
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