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ABSTRACT

Fenestration is the most significant envelope design determinant of energy use in nonresidential buildings.
This paper presents our assessment of energy use eflects of low-emissivity (low-E) versus conventional glaz-
ings for a range of window-to-wall ratios in a daylighted office building, in representative hot and cold cli-
mates. Low-E glazings transmit "cooler” daylight than their conventional counterparts because, for a
given visible transmittance, they reflect a much larger fraction of incident solar infrared radiation. We
thus use the ratio of visible transmittance to shading coeflicient, which we define as K,, to compare the
effect of representative glazing characteristics on component and total-building energy use, peak electrical
demand, and required cooling equipment sizes.

We conclude that insulated glazings with low-E coatings can provide lighting and cooling energy sav-
ings in both hot and cold climates. The most dramatic lighting, cooling, and total electricity energy sav-
ings are achieved for increases of K, within the range of 0.5 to 1.0; higher K,s provide diminishing savings.
The increased R-value of low-E insulated glass units provides significant benefits in cold climates and is
not a liability in hot climates.

Low-E glazings also help increase the mean radiant temperature of interior environments in winter
and reduce it in summer, and provide greater architectural design freedom without adverse energy conse-
quences. Further, the higher first costs of these glazings may be more than offset by savings from smaller
cooling equipment, energy and peak-demand cost savings, long-term financial gains from better rentals,
and inereased productivity due to improved occupant comfort.
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Fenestration is the most significant envelope design factor affecting energy use in nonresidential buildings.
In order to counter the negative energy impacts of cooling loads from large areas of glazing, architects and
engineers have typically used conventional tinted and/or reflective glazings and/or smaller window areas
in order to comply with energy codes. Energy use for these cases increases monotonically with interior
floor-to-ceiling window-to-wall (WWR) ratio and with the glazing's shading coefficient (SC) due to increased
solar gain (and associated cooling loads) (Johnson et al. 1984).

More recently, the energy benefits of daylighted perimeter zones have been explored. A significant
fraction of electric lighting (and some cooling energy) in these areas can be saved by dimming or switching
electric lights in response to available daylight. This strategy, if properly implemented, can reduce total
electricity consumption for a typical office building perimeter zone to less than that for one with no win-
dows (Figure 1) (Johnson et al. 1884). For such a daylighted zone, lighting energy requirements at first
decrease rapidly with increasing WWR. However, once daylight has satisfied the interior design illumi-
nance requirements for most of the occupied period, little additional lighting energy savings can be cap-
tured. At this point, additional glazing only adds thermal loads to the space with minimal further lighting
energy savings so that total electricity use rises as shown in Figure 1 (Johnson 1983, 1984, 1986). The .

degree to which daylighting can reduce lighting loads depends primarily on WWR and visible transmit-
tance (T,).



The thermal impact of fenestration in daylighted buildings can, thus, vary significantly with glazing
type. Different tinted or coated glazings will have different SCs for the same T,, or alternatively, different
T,s for the same SC. In this paper, we examine component and total building energy use, peak electrical
demand, and required cooling equipment sizes for a range of glazing characteristics in daylighted building
modules. We compare conventional clear, tinted, and reflective glazings versus low-E glazings. Low-E
glazings, originally developed to improve the insulating capabilities of residential glazings by reflecting
long wave infrared radiation, also often have high solar-infrared reflectances. With moderately high visi-
ble transmittances (0.60 - 0.80 on clear glass), low-E glazings are ideal for any daylighted or nondaylighted
building where high visible transmittance and reduced solar heat gains are desired. The selective
transmittance eflect of a low-E coating is shown in Figure 3, which presents the spectral transmittance of
representative low-E and conventional glazings.

The procedure used in this study is based on our previous analyses of energy use in nonresidential build-
ings (Johnson et al. 1983, 1984, 1985; Arasteh et al. 1985, Selkowitz et al. 1983). Using DOE-2.1C
(Curtis et al. 1984) as the energy-analysis tool, we examined lighting, cooling, heating, fan, and total
energy consumption in addition to peak demand and chiller size for a prototypical office building design
for two climatic extremes: Madison, WI (cold) and Lake Charles, LA (hot).

The building prototype, illustrated in Figure 2, is representative of current design and use practices;
it is described in detail in the above-referenced reports. It includes a 100-fi-square (30.5-m) core sur-
rounded by four identical perimeter zones. Each perimeter zone faces a cardinal direction and is com-
posed of ten 10-ft-wide (3-m) by 15-ft-deep (4.6-m) by 8.5-ft-high (2.6-m) closed offices. Shades, drapes, or
blinds (which reduce visible transmittance by 65% and solar heat gain by 409) are automatically
deployed inside the glazing whenever the directly transmitted solar radiation exceeds 20 Btu/hr-fi? (63
W/m?). This response simulates the use of shading to control thermal comfort and glare, not to conserve
energy.

We examined the Juminous and thermal transmittances of glazings using two approaches: (1) defining
energy performance in terms of two dimensionless parameters that cover the full range of glazing options
currently available and (2) characterizing performance of windows with specific glazings and WWRs.
Analysis results using these two options are detailed below:

(1) Previous studies (Johnson 1984, 1985) have defined a glazing aperture parameter (the effective
aperture, A,) and a glazing luminous efficacy constant (K,). The eflective aperture is defined as
the product of the WWR and the T,. Effects of mullions and other opaque elements can be
accounted for with the WWR term while a dirt depreciation factor can be incorporated into the
T,. This lumped parameter is particularly useful when analyzing daylighted conditions
because various combinations of WWR and T, that yield the same A, will generally have the
same influence on component and total building energy performance (Johnson et al. 1983,
1984). K, is the ratio of the T, to the solar thermal gains (SC) associated with a given fenestra-
tion system.

(2) Nine glazings are described in Table 1. These are representative of generic rather than specific
products. The energy implications of each glazing are presented in the context of three build-
ing envelop configurations, each characterized by a different WWR (Figure 3) and representa-
tive of the current stock of U.S. office buildings. The largest WWR (0.75) represents the large
glazed areas typical of many office buildings designed from the 1950s through recent years.
The 0.50 WWR represents a horizontal-band window that was commonly used in the years fol-
lowing the oil crisis. The smallest WWR (0.25) is typical of both U.S. buildings before the
1940s and some building designs of the 1980s.

Figure 4 shows visible transmittance plotted against shading coefficient for the nine generic glazings
listed in Table 1. (SC and T, were obtained from a survey of manufacturers’ literature.) Note that the
slopes for these families of glazings correspond to the index K,. (Reference lines are drawn for K, = 0.5,
1.0, 1.5, and 2.0.) Figure 2 shows that reflective insulated glass (IG) units generally have the lowest X,,
followed by bronze-tinted IG units, clear IG units, and green-tinted IG units. A low-E coating added to
the #2 surface (numbered surfaces starting from the outside), or a low-E film suspended in the airspace
of IG units improves the K, significantly. The maximum theoretical K, is 2.8; this corresponds to T, =
1.0 and T, = 0.36, no absorptance.
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Figure 1: Total electricity use for all four perimeter zones as a function of window-to-wall
ratio (WWR) for representative clear (C), tinted (T), reflective (R), and clear glazings
having low-E coatings (L) in Lake Charles. Use of dimming controls (D) vs. no dimming
controls (ND).
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Figure 2: Plan of representative building office module, also showing alternative window-
to-wall ratios (WWRs). The module consists of a 100 x 100-ft (30.5 x 30.5-m) core sur-
rounded by 15-ft (4.6-m) perimeter zones. The perimeter zones are divided into 10

modules, each 10 ft (3.1 m) wide.
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Figure 3: Spectral transmittance of representative glazing types and the photopic
response of the eye.
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Figure 4: Visible transmittance (Tv) vs. Shading Coefficient (SC) and K, values for
representative low-E and conventional glazings.
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In order to focus on the effects of A, and K, (or alternatively WWR, SC, and T,), we controlled the
electric light and daylight contributions in each perimeter zone office. We maintained the typically
required office illuminance of 50 footcandles (538 lux), used a continuous dimming system to control
electric lighting in response to varying daylight levels, and assumed a lighting power density of 1.7 W/ft?
(18.3 W/m?), typical for newer buildings. Other studies (Johnson et al. 1983, 1984) discuss the effects of
these parameters on daylighting energy savings. Under most circumstances, effective apertures between
0.2 and 0.3 provide nearly all the practical daylighting savings in the perimeter zones we modeled;
larger apertures only provide minimal extra savings on very cloudy days and in the early mornings or
late afternoons (Johnson et al. 1984).

RESULTS
Thermal Effects in a Cold Climate (Madison, WI)

Figure 5a shows annual cooling energy as a function of effective aperture with continuous dimming of
electric lights for the southern zone in our prototypical office building module. General results are
presented for four K, values (0.5, 1.0, 1.5, and 2.0) for both R 2 hr-ft? °F/Btu (.35 m*° C/w), typical
insulated glass, and R 3.6 hr-ft*>- °F/Btu (.63 m? °C/w), a three-layer insulated glass unit with a low-E
middle layer, glazing options. Glazings options with an R-value,of 3 hr-ft* °F /Btu (.53 m* *C/w), low-E
double-glazed units, lie closer to the R3.6 than the R2 lines . Specific results for the nine glazing
options in Table 1 are shown and are also presented by number in Table 2. While the overall magni-
tude of cooling energy in this climate is small, 3-8 kBtu/ft>-yr (35-90 MJ/m?), note that the eflect of K, is
important, especially between K, of 0.5 and 1.0. During daytime hours, perimeter office zones, especially
on the south side, must almost always be cooled. Therefore when the outdoor temperature is lower than
the interior (and the economizer is not meeting the cooling load), a glazing with a higher R-value will
inhibit free cooling by conduction. Conversely, when the exterior temperature is higher than the inte-
rior, the same glazing will reduce the cooling load in the space. In Madison, for glazings with the same
solar-optical properties, the overall annual effect is that a higher R-value will result in slightly higher
cooling loads. However, low-E products compared with their uncoated counterparts show cooling load
decreases (due to their increased K,) that more than compensate for this small increase. Furthermore,
with higher-K, glazings, the control of solar gains is not as important and use of larger effective aper-
tures is possible. Note that as K, increases, energy savings diminish; changing from low to moderate K.s
(e.g., from bronze to bronze with a low-E coating) is much more effective than going from moderate to
high K,s (e.g., from green to green with a low-E coating).

Our findings for the north zone (see Table 2) show a smaller rise in cooling energy with increasing
A, or WWR and less dependence on either K, or R-value. Also, the cooling energy used by fans, which is
generally proportional to cooling energy for each zone, can be expected to drop similarly. On an annual
basis, east and west zones will fall between north and south.

Figure 6 presents the same information for heating energy (natural gas) in Madison. Glazings that
transmit the most solar gain (those with the lowest K,s) have the lowest heating energy. However, even
on the south, glazing R-value is more important than K,. For the same nine products discussed earlier,
we see that low-E windows with a higher R-value (#4,5,8,9) outperform their conventional counterparts
(#1,2,3,6) even though their Ks are generally higher. For the north, east, and west orientations, the
effects of solar gains on heating energy will be less noticeable and R-value differences will be even more
important.

Glazings with a higher R-value also have the advantage of keeping glass temperatures closer to
interior temperatures (Table 1). Under winter conditions this will lead to a much more comfortable
environment and less condensation on the interior glazing.

Fan electricity for heating follows the same trends as heating energy, as seen in Figure 7 and sum-
marized in Table 2. Note that large fan heating energy savings, up to 1 kWh/f2 (10 kwh/m?), can be

achieved by using a glazing with a higher R-value. This is because the fan size is based on peak winter
or summer conditions.

—m
Note that, for Figures 5 and 6, to model different R-values in a general analysis, a WWR must be specified. We choose
WWR=0.75 in order to show the maximum eflects. The differences between glazings with different R-values for the
WWR=0.50 and WWR=0.25 cases will be proportionately less. Thus for these graphs, the wall’s overall U-value only
changes with glazing R-value and not with WWR.



Table 1

Glazing Properties

Generic Glazing Products R-value* Emittanceon  SC Tv Ke Interior surface
hr-ft2-OF/Btu  coated (#2) temperature*
(m2-9C/W) surface+ . Of ©c)
1) Reflective I1G (bronze) 2.5 - (0.44) 0.40++ 0.20 0.10 0.5 49 (9.4)
2) Tinted 1G (bronze) 2.0 (0.35) --- 0.57 0.47 0.8 45 (7.1)
3) Clear I1G 2.0 (0.35) --- 0.82 0.80 1.0 45 (7.1)
4) Low-E IG (bronze) 3.0 (0.53) 0.15 0.42 0.41 1.0 52 (11.3)
5) Low-E 1G (clear) 3.0 (0.53) 0.15 0.66 0.72 1.1 52 (11.3)
6) Tinted IG (green) 2.0 (0.35) .- - 0.56 0.67 1.2 45 (7.1)
7) Low-E monolithic (green)** 0.9 (0.16) 0.35 0.53 0.65 1.2 12 (-11.1)
8) Triple glazing; IG (green)
with low-E coated polyester
film suspended in airspace*** 3.6 (0.63) 0.15 0.47 0.58 1.2 53 (11.8)
9) Low-E IG (green) 3.0 (0.53) 0.15 0.41 0.61 1.5 52 (11.3)

" ASHRAE winter conditions (T, = OC°F; T = 70°F; 15 mph wind speed; nighttime)
** Estimated (Ts=0.35; Tv=0.65)
***  Gap widths assumed 5/16" (8mm); optimum R-value of 4.3 hr-ft2-F/Btu
(0.70m2-C/W) with 1/2" (12mm) gap widths
+ Surfaces numbered from outside to inside; ail other surfaces uneoated (emittance = 0.84)
++ Emittances will vary slightly with type of reflective coating
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Figures 5a and 5b: Cooling energy use as a function of effective aperture, A, (or WWR
and T ) and K_ in Madison (Figure 5a) for both R2 hr-ft-F/Btu (0.35 m§ C/W) and
R3.6 hr-ftQ-F/Btu (O 63 m2-C/W) glazings and in Lake Charles (Figure 5b) for both R1
hr-ft2-F /Btu (0.18 m?C/W) and R3 hr-ft%-F /Btu (0.53 m%-C/W) glazings. South zone,
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m“-C/W) glazings. South zone, use of continuous dimming controls. The performance of
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Table 2

Perimeter Zone(s) Energy Use for
Representative Glazings & Window/wall Ratios
(use of daylighting controls assumed)

Generic Glazing Products % Electric  Cooling Heating Total Peak
LigSaved KBTU/f12* KBTU/ft2* KWH/f12"" W/f12+
N S N 8 N S N S allzones
Madison, Wi

1) Reflective |G (bronze) 20 33 3.0 35 325 285 B89 86 3.3
8) Triple glazing; G (green)

with low-E coated polyester

film suspended in airspace 68 68 34 50 243 172 64 6.9 2.6
2) Tinted IG (bronze) 57 60 35 45 365 305 79 79 2.9
4) Low-E IG (bronze) 53 58 28 35 265 215 70 6.8 2.5
6) Tinted IG (green) 65 65 27 3.7 390 320 71 7.0 2.5
8) Triple glazing; IG (green)

with low-E coated polyester

film suspended in airspace 61 63 28 38 245 200 6.8 6.7 2.5
9) Low-E IG (green) 62 63 25 35 27.0 224 6.7 6.3 2.4
3) Ciear IG 53 58 25 36 392 342 80 73 2.7
5) Low-E IG (clear) 51 56 27 34 265 238 75 7.0 2.5

Lake Charles, LA

1) Reflective 1G (bronze) 20 33 80 90 43 38 93 86 3.6
2) Tinted IG (bronze) 57 60 9.0 115 53 35 80 9.0 3.7
4) Low-E IG (bronze) 55 58 75 84 35 24 74 78 3.5
6) Tinted IG (green) 65 65 B2 105 57 40 72 83 3.5
7) Low-E monplithic (green) 64 64 76 99 95 70 7.1 8.3 3.5
9) Low-E IG (green) 63 63 75 94 35 25 70 75 3.4
3) Clear IG 53 58 75 80 58 45 73 76 3.4
5) Low-E IG (clear) 59 56 71 85 35 30 74 75 3.3

1 kBtw/ft? = 11.4 MJ/m?
1 kWh/t2 = 10.8 kWh/m2

+ 1 WHZ = 10.8 W/m2

++ 1 ton/1000 #2 = 37.9 W/m2

-

Chiller
ft2/ton++
all zones

667

555

588
689
645

667
714

689
714

546

465
546
476
500
562

540
588



Figure 8a compares total electricity consumption for cases with dimming (D) and no dimming (ND)
of electric lighting. The results illustrate both the effect of replacing some electric lighting energy con-
sumption with daylighting and the relationship between cooling energy and K,. With lower K.s, cooling
energy rises more steeply with A, and the range of optimum effective apertures is much narrower. The
greatest savings occur as K, increases from 0.5 to 1.0, with diminishing returns for K.s above 1.0. A
northern orientation would show even less of a difference between K, since the total solar gain is
reduced. Total electric consumption for the nine generic glazing products studied are shown by WWR in
Table 2. Note that there is a large drop in cooling energy, but small increase in lighting energy, when
changing from an uncoated product to the same product with a low-E coating. This is because the SC
has dropped significantly while the T, has decreased only slightly. Thus, in this case, the optimum WWR
can be larger than for the case without a low-E coating. The data shown in Figure 8a is for R2 glazing.
Higher-R-value glazings will decrease total electricity slightly because the fan heating electricity
decreases with increasing R-value, slightly more than the increase in cooling electricity due to higher-R-
value glazing.

Peak electricity demand for the perimeter zones for cases with and without daylighting controls is
shown in Figure 9a. Because this is a total building peak, we must look at all four perimeter zones
together (the core zone has been factored out). As in the case of net annual electricity consumption,
dimming plays an important role in reducing peak demand (Selkowitz et al. 1983); further reductions
can be achieved with high-K, glazings. Note that for a typical effective aperture of 0.3, changing from a
conventional reflective glazing with K,=0.5 and no dimming of electric lights to a glazing with K,=1.0
and dimming controls, the peak demand is reduced more than 50%, from about 5 W/ft? (53.8 W/m?) to
less than 2.5 W/it? (26.9 W/m?). For both the generic glazings and the specific glazing products (see also
Table 2), we see trends in peak electric demand that are similar to those seen for total electricity con-
sumption. The data shown in Figure 9a are for R2 glazings. Because the peak occurs in summer when
the outside temperature is greater than the inside, higher R-values will add small additional peak
demand savings.

Previous studies have also addressed the savings in chiller sizes due to the use of dimming controls
(Johnson et al. 1986). Figure 10a shows the added importance of K, in sizing chillers. Increasing K,
from 0.5 to 1.0 produces the largest reduction of chiller size, but substantial additional reductions are
obtained with higher K. for higher values of A,. Note that for an A, of 0.3, the required chiller size can
be cut by approximately 40%, 1 ton per 1000 ft? (40 W/m?), by going from a glazing of K,=0.5 to one of
K.=1.5 (i.e., low-E on green). Given that installed cooling equipment costs approximately $2000/ton
($570/kw), large first-cost savings can accrue through the use of high-K, glazings.

] | Effects in 2 Hot. Cli (Lake Charles, LA)

Figure 5b shows the effects of K, and A, on annual cooling energy in the same southern daylighted per-
imeter zone, modeled for Lake Charles, LA. The same general trends prevail as for Madison (Figure
5a); the absolute magnitude of cooling, however, is much larger (by a factor of 2.5) and so are the
potential savings. Again, from Figure 5b and Table 2 we see that the largest savings in cooling energy
are achieved by changing from low to moderate K,. Higher K,s may offer comparatively smaller cooling
savings; however, when used with larger effective apertures, greater lighting savings are possible with
minimal solar gain penalties. The trends in heating energy in Lake Charles are similar to but amount
to only 10-15% of those for Madison.

Figure 8b shows total electricity consumption for the south zone in Lake Charles, for cases with
dimming (D) and no dimming (ND) controls. The importance of a high K, is seen again. Since cooling
energy is a more significant portion of total electricity use than in Madison, the shape of the curves
takes on more of the shape of the cooling curves. Comparisons of the generic product options (Table 2)
again show that to maximize total electricity savings, WWR must often be increased when a low-E coat~
ing is used in place of the same uncoated glass (to maintain the same lighting energy savings). A north-
ern orientation will exhibit similar trends, but because solar gains are not as significant, the K, effects
will be slightly smaller (see Table 2).

Peak electric demand for the perimeter zones in Lake Charles is shown in Figure 9b; the magni-
tudes are slightly larger than those in Madison because the peak day (hot, humid, sunny summer day)
in Lake Charles is more severe than in Madison. Note that peak demand resulting from the use of con-
ventional tinted or reflective bronze glazing can be cut by 30-40% by using dimming controls and a
high-K, (low-E) glazing.
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Figures 8a and 8b: Total electricity use as a function of effective aperture, Ae’ (or WWR
and T ) and K_ in Madison (Figure 8a) and in Lake Charles (Figure 8b); south zones.
Energy use does not vary noticeably with glazing R-value. Use of continuous dimming
controls (D) vs. no dimming controls (ND). The performance of each of the nine represen-
tative glazings in Table 1 is indicated by the position of its respective number.
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Figures 9a and 9b: Peak electric demand as a function of effective aperture, Ae, (or WWR
and T ) and K in Madison (Figure 9a) and in Lake Charles (Figure 9b); all perimeter
zones. Peak demand does not vary noticeably with glazing R-value. Use of continuous
dimming controls (D) vs. no dimming controls (ND). The performance of each of the nine

representative glazings in Table 1 is indicated by the position of its respective number.
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Figures 10a and 10b: Chiller size as a function of eflective aperture, Ae, (or WWR and
Tv) and Ke in Madison (Figure 82) and in Lake Charles (Figure 8b); all perimeter zones.
Energy use does not vary noticeably with glazing R-value. Use of continuous dimming
controls. The performance of each of the nine representative glazings in Table 1 is indi-
cated by the position of its respective number.
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Finally, Figure 10b shows the effects of chiller sizing in Lake Charles. The solar gain effects are
more pronounced in Lake Charles than in Madison; thus chiller sizing is more sensitive to K, variations.
For equivalent A, and K, both the magnitude and slope of the curves for Lake Charles are greater than
for Madison. Note that significant chiller (and peak) savings are still possible in going {rom moderate to
high K.

I IS

Low-E glazings can be used in conjunction with dimming controls on electric lights to reduce energy use
in nonresidential daylighted buildings. The use of too much glazing area with too high a solar transmit-
tance can, however, compromise the savings by increasing solar heat gain (and thus required cooling
energy). Cost savings can include reductions for heating, cooling, peak electric demand, and reduced
cooling equipment sizes. Specific results discussed in this paper concerning the use of daylighting and
different glazing materials in an office building module lead to the following conclusions:

1) Cooling energy requirements can be reduced by using glazing materials that transmit less solar
radiation than conventional (i.e., reflective or tinted) glazings for the same visible light transmit-
tance. We define an index (K.=T, /SC) to characterize the efficacy of a glazing system in transmit-
ting visible light versus solar gains. Glazings currently used in office buildings typically have K,
between 0.5 (reflective glass) and 1.0, depending on tint. Low-emittance glazings, with a wide
range of shading coefficients and with K.s between 1.0 and 1.5, will admit more daylight and pro-
duce lower cooling loads than conventional glazings. The maximum theoretical X, is 2.8.

2) The largest cooling energy and total electricity reductions with perimeter zone daylighting are gen-
erally achieved with increases in K, from 0.5 to 1.0 (i.e., going from reflective or tinted glazing to
tinted or clear glazings with low-emittance coatings). (Higher K,s can, however, provide additional
energy savings at larger effective apertures and further reduce peak demand and cooling equipment
size requirements.)

3) A low-E IG unit in place of a similar conventional IG unit (for a given WWR) will reduce T, and
thus slightly reduce the lighting energy savings with dimming. Cooling loads from the higher K.s
will, however, usually be reduced to more than offset this effect. Lighting energy savings through
dimming can be increased by increasing the WWR or changing the glass type.

4) In cold climates, the increased resistance of low-E IG units significantly reduces heating costs and
condensation risk and increases thermal comfort.

5) The greater insulating capabilities of low-emissivity IG units with high K.s are not detrimental to
their overall cooling energy performance. While higher R-values may cause slightly higher cooling
loads during some winter months (even with an economizer), they will reduce cooling loads during
summer months and peak conditions. In addition, heating loads and corresponding fan electricity
will be greatly reduced.

6) With dimming controls and high-K, glazings, large first-cost savings are possible compared to con-
ventional glazing choices. The reduced chiller and HVAC system first costs in many cases may pay
for some or all of the increased glazing and lighting-control costs.
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