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ABSTRACT

This paper presents results of a parametric
study of the energy performance of a proto-
typical single-family ranch-style house.
The DOE-2.1B computer program was used to
analyze the varlation in heating, cooling,
and total energy requirements due to changes
in the following fenestration characteris—
tics: orientation, size, conductance, and
shading coefficient. These parameters allow
us to estimate the performance of hypotheti-
cal fenestration systems using advanced
aperture materials as well as commercially
available products. The work represents the
initial phase of a study in which the influ-
ence of other residential parameters such as
internal loads, infiltration levels, natural

ventilation, use of night insulation, shade
management, and overhangs will also be
investigated. Climate sensitivity was esta-

blished by considering results from Madison,
Wisconsin, and Lake Charles, Louisiana. To
simplify the analysis, multiple regression
techniques were used to generate a simpli-
fied algebraic expression that relates
energy use to the parameters varied. This
representation could form the technical
basis for simplified design tools for
selecting optimal fenestration parameters.

1. INTRODUCTION

Many studies have been performed in recent
years documenting the effect of window
characteristics on residential energy use.
The wusual objective has been to attain a
better understanding of window systems and
their interaction with a building. Whereas,
at one time, windows were considered detri-
mental to the goal of reduced energy use,
with the advantageous use of non-renewable
sources, improved design strategies, and the
advent of new window technologies, this is
no longer the case. Of particular useful-
ness has been an adequate tool for analyzing
window and ©building energy performance.
Building energy simulation computer programs
such as DOE-2 have meant that many different
aspects of building enmergy use can be confi-
dently investigated with relative ease.

Windows influence the thermal environment of
buildings in a manner that is unusual among
the major elements of the building envelope.
Windows are characterized by
convective/conductive heat transfer, radiant
transfer, and mass transfer. Research in
new window systems has concerned itself with
changes to one or more of these properties.
The introduction of double- and triple-pane
glazing 1s an example in which both the con-

ductive. and radiant characteristics are
affected. Recent studies (Refs. 1,2,3)
indicate other, more complicated/multi-

disciplined approaches to the same objective
of dimproved performance. Windows having
extigmely low U-values (on the order of 0.6
W/m““C) plus high solar and visual transmis—

sion have been produced (Ref. 1). In this
system, a double-pane glass 1is used with
low-emittance coatings on plastic inter-

layers and different gas mixtures in the air
gap. Low emissivity coatings are also being
used to reduce the radiative component of
thermal losses while maintaining high solar
transmission. Control of optical and ther—
mal characteristics and mass transfer
(infiltration/air leakage) can be provided
by insulating shutters/movable insulation.

Systems such as these have added to the com-
plexity of analyzing window performance.
One way of circumventing the specific nature

of many window system improvements is to
perform a parametric analysis that encom—
passes many of the characteristics. The

work reported in this document represents
such an approach. It is part of an on-going
study being conducted by the Windows and
Daylighting Group of the Applied Science
Division at Lawrence Berkeley Laboratory. A
prototypical gingle~family, ranch-style
house was selected for analysis using the
DOE-2.1B energy analysis program (Ref. 4).
The 1initial intent was to investigate
effects arising from variations in orienta-
tion, size, conductance, and shading coeffi-
cient of the fenestration. Selection of an
appropriate range for each variable insured
coverage of most window systems. This
allows us to determine the potential value
of conceptual window systems having
hypothetical performance characteristics.



Follow—up analyses will be concerned with
the use of night insulation, shade manage-
ment, overhangs, and other aspects of
residential energy use such internal heat
gains, infiltration levels, envelope conduc-
tance, and size and type of building.

Multiple regression techniques were used to
analyze the data from the parametric runs.
The work reported in Ref. 5 shows the versa-
tility of using such procedures to analyze
large amounts of data resulting from studies
of this kind.
tistical analysis procedure in which rela-
tionships between variables are established
mathematically using a least squares method.

Generally, sets of independent variables
(e.g., U~value) are defined, from which a
dependent  variable (e.g., energy) 1is
predicted. Once an equation for energy per-

formance has been defined, it is possible to
manipulate the equation to directly deter~
mine optimal performangce values. Upon com-
pletion of the model description below, a
more detailed discussion of the regression
procedure and sample results is given.

2. MODEL DESCRIPTION

The building modeled in the DOE-2.1B pro-
gram is presented in Fig. 1. It
corresponds, with certain modifications, to

the slab-on~grade ranch-style house reported
on in 1983 (Ref. 6). The configuration is a
16.76 m by 8.53 m, one-zone structure with
window sizes fixed on three sides at 15%Z of
the wall area. The size of the fourth or
primary side window varies from 0O to 60% of
the wall area (0 to 17.1% of floor area).
Single, double2 triple, and high-resistive
(U = 0.534 W/m“°C) conductive values as well
as shading coefficients of 0.4, 0.7, and 1.0
were used.

Wood frame construction was used, and the
wall framing corresponds to 5.1 em x 10.2-cm
wood studs on 40.6-cm centers which occupy

25% of thf wall area and has a U-value of
0.824 W/uboc. The roof stud U=-value is
0.227 W/m“°C and occupies 10% of the roof

area. Insulation levels of the non-stud
portions of the wall and roof were set at R
= 1.76 and R = 5.28. The slab-on—grade floor
consisted of a carpet covered 10.2-cm con—
crete slab with insulation restingé on a
gravel bed. A U-value of 0.415 W/m °c was
used for the floor, which had an effective
area equal to 67.6 m* . The effective area
was derived from a two-dimensiomal, finite-
element representation of the slab model,
which yielded equivalent values of conduc—
tion gain/loss.

Scheduling for occupants, lights, and appli-
ances was modified from Ref. 6. 1In that
study, a composite process heat gain input
was defined for all three internal loads.
Saturation 1levels of 23.2 occupants per
household and 28 W/n for lighting and

Multiple regression is a sta-.

appliances were used. This corresponds to a
maximum heat gain dinput of 10,721 KJ/hr,
which equals a heat input of 56,931 KJ/day
sensible and 12,825 KJ/day latent.

Infiltration levels were defined wusing an
algorithm based on the work reported in Cob—
lentz and Achenbach (Ref. 7). The method
accounts for changes to a base level of
infiltration due to variations in hourly
wind speed and temperature difference
between the outside air and room air. An
average winter rate of 0.7 air changes per
hour (ach) for window sizes equal to 15% of
the wall area was used in the study.

Natural ventilation of 10 ach was imple-
mented by simulating openable windows when
all of the following conditions occurred: a.
the windows were opened if opening the win—
dows provided more cooling than would be
provided by the mechanical system with the
windows closed; b. the enthalpy of the out—’
side air was less than that of the inside
air; c. the outdoor air temperature was
less than 25.5°C for October through May and
21.1°C for June through September.

A dual~setpoint thermostat was used to con-—
trol the space conditioning. Heating was
set at 21.1°C from 7am to llpm with a night
setback to 15.6°C. Cooling was set at
25.5°C at all hours. A direct—expansion,
air-cooled air conditioning unit was used
for cooling and a forced—air gas furnace for
heating. Cooling system coefficient of per-—
formance was 2.174 and furnace steady-state
efficiency was 0.74. System equipment was
sized based on a design cooling temperature
of 25.5°C and heating temperature of 21.1%.

3. DISCUSSION

Multiple regression techniques were used to
generate a simplified algebraic expression
relating  residential  window ~ parameters
(independent variables) to annual energy use
(dependent variable). Regression analysis
uses the method of least squares to charac—
terize the relationship between variables.
Energy use for the model can be predicted
for each orientation by explicitly defining
the conductive and solar radiation effects
of the fenestration system, as shown below:

E = Bl(UgAg) + 32(2 UgoAgo) + conductance

2
By(sc Ag) + B, (sC Ag) + BS(Z SCOAgO) solar
+ Bé other

where :



B = regression coefficients
U = primary glazing U-value
AE = primary glazing area
& = primary glazing shading
& coefficient
U = off-primary glazing U-value
AB0 = off-primary glazing area
Ség = off-primary shading coefficient

The coanductance is linear with respect to U
and A and is represented by the Bl and Bz
coefficients. The solar influence 1is qua-
dratic with respect to SC and A and is
defined by the B3,B4, and B. coefficients.
Coefficient B, contains the other load com—
ponents: the wall, roof, and floor conduc~
tance; infiltration; interior loads; and
natural ventilation. Follow-up studies will
attempt to separate the B, values into these
parts. Also of importance, but not treated
in this paper, is the distinct separation of
the above components into heating and cool-
ing energy requirements and the introduction
of different energy costs related to such a
separation, i.e., gas versus electric. The
development of a nomograph—-type device is
planned to permit the calculation of costs
based on configuration changes as well as
type of enmergy used.

The regression fits for both climates were
extremely good. The squared multiple corre-
lation coefficient, r, the proportion of
variation explained by the independent vari-
ables, was 0.998 for Madison and 0.995 for
Lake Charles (a value of 1.0 would mean per—
fect correlation). The standard error of
the estimate, which can be interpreted as
the standard deviation of the residuals (the
difference between the actual and predicted
values) was on the order of 1% for both cli-
mates. Figure 2 shows the numerical values
of the coefficients as a function of orien-
tation for the Madison WI data. Similar
curves were also generated for Lake Charles.
Immediately appareat is the amount of sym—
metry with respect to orientation. Also
obvious 1s the sign difference between the
conductance and solar terms, indicating the
ability to trade off the two window proper—
ties. Madison and other heating-dominated
climates yield such results, whereas Lake
Charles, ©being cooling-dominated, yields
coefficients that are all the same sign.
The B, coefficient was independent of orien-—
tation at values of 113.45 for Madison and
59.97 for Lake Charles. Although one may be
tempted to attach specific physical signifi-
cance to the regression coefficlents (i.e.,
the B, and P, could be interpreted as tem
peratures), a note of caution 1s warranted
because a climatic correlation was not car~
ried out. Further studles will enable a
more precise definition of the physical sig-
nificance of the results.

In the case of Madison, it 1s a easy to
define optimum window size using the above

expression. Taking the derivative with
respect to primary window area and setting
the equation to zero yields:

ey

The optimum 8ize of course varies with
orientation through the regression coeffi-
cients, but is also a function of the ratio
of glass conductance to shading coefficient.
This simple example indicates the versatil-
ity of regression approach. It should be
mentioned that the methodology is valid only
for the configuration under study; however,
the general trends should also apply to
other residential models. We will briefly
discuss particular characteristics associ-
ated with some of the parametric runs.

Ay = 1./(2.% By) [-B,~B,*(U,/50)]

Figure 3 presents typical results for the
configuration in HMadison WI. Total energy
use versus primary window area 1s presented
for a south orientation. The figure shows
four distinct data groupings as a function
of window conductance, and within each
grouping are the data for varying shading
coefficient. As expected for this heating-
dominated climate, it 1s possible to reduce
energy use by increasing the window size,
provided the resistance and solar gain are
large enough. In this examf%e, conductance
values less than U = 1.7 W/m" C yleld essen-
tially no change in energy use regardless of
the size of the window. For primary orien-—
tations of north, east, and west, this value
changes EP high-resistance glazing (U =
0.534 W/m“°C). Figures 4a and 4b show the
component breakdown for the two extreme con-
figurations on Fig. 3. The lighting, appli-
ance, and fan energy are the same for each
case. Cooling increases with size and with
increased shading coefficient. The reduced
conductance does not affect cooling appreci-
ably, but a change in the shading coeffi-
cient ylelds approximately a three-fold
increase in cooling. However, cooling lev-
els 1n Madison are low and therefore do not

change the overall energy use picture.
Heating 18 the major contributor and is
affected dramatically by window size and

conductance. A zero window size energy use
value of 113 GJ/yr rises to 145 GJ/yr at the
largest silze for the single-pane or high-
conductance glass in Fig. ba. This
represents a 27% increase in total energy
use. The high-resistive glazing zero level
is about 72 GJ/yr, which decreases to 50
GJ/yr at the large size (Fig. 4b). This
amounts to a 15% decrease in total energy
use (the zero levels for the two figures are
different because the off-primary glass pro-
perties have also changed).

A different perspective on window perfor-
mance 18 presented in Fig. 5, which shows
the net annual useful flux (e.g., the solar
gain that contributes to a reduction in
heating load) in Madison for a south orien-
tation. This plot shows the effect only of



heating energy; results are sho for the
largest primary window area (24.5m"). Posi-
tive flux values Are obtained for U-values
less than 3.0 W/w*°C at shad%&g coefficients
of 1.0, and less than 1.7 W/n““C for shading
coefficients of 0.4. The curves tend to
shift left for smaller windo& areas. For
example, for an area of 6.13 m”, the 3.0 and
1.7 values change to 4.4 and 2.0, respec—
tively. This implies that, per square
meter, the smaller window is more effective;
however, the amount of wuseful f£flux is
greater for the larger window. Also shown
are values typical of current glazing pro-
ducts, extracted from Ref. 9.

Plots comparable to Figs. 3 and 4 for Lake
Charles cannot be presented within the scope
of this paper; however, the data indicate a
reversal of the influence of shading coeffi-
cient. Energy use decreases with decreasing
shading coefficient, which results from the
increased cooling associated with
Charles. Also, the grouping of the data as
a function of conductance 1is not as
straightforward as in Madison. Solar
effects dominate and the changes caused by
shading coefficlent are more relevant than
conductance varlations. No optimum primary
area 1s definable other than the smallest
area.

4. CONCLUSIONS

This paper has discussed results of an on-
going study whose objective 1is to analyze
the effects of fenestration on residential
energy use. The work was undertaken as a
parametric study covering a range of window

properties: orientation, size, conductance,
and shading coefficlent. The intent has
been to ©bracket each variable so that

current and/or future glazing characteris-—
tics can be conveniently analyzed. Several
conclusions can be ascertained from the work
accomplished thus far:

a. Results clearly indicate the viability
of using regression~derived equatioms to
perform such analysis. In this study, a

simple algebraic expression was defined that
predicted energy use as a function of the
abovementioned window properties.

b. The regression coefficients (in addition
to the window properties) also give insight
into the window performance associated with
specific geographic locations. For example,
in Madison, the energy reduction associated
with increased solar gain 1s apparent in a
negative sign attached to the solar radia-
tion coefficient; in Lake Charles, the signs
of all regression coefficient are positive.

c. The magnitude of the regression coeffi-
cient arising from other residential charac-
teristics such as internmal 1loads, infiltra-
tion, etec., is of sufficient magnitude to
warrant further breakdown of the governing

Lake

equation into such components. This pro-
cedure will increase the understanding of
all aspects of residential energy use.

d. A substantial reduction in energy use in
both Madison and Lake Charles for a
residence using single—pane glazing can be
achieved for all orientations by using
increased window area and reduced conduc—
tance. The reduction in Madison can be as
great as 50% when using high-resistive, high
gsolar transmittance glazing, and as much as
16Z in Lake Charles.

of window orientation

The on

e. impact

arising from the other window parameters.
Also, these orientation 1nfluences are
reduced still further by decreased window
conductance and shading coefficient.

f. Further studies will concentrate on the
heating/cooling energy components in addi-
tion to the total energy. This 1s particu-
larly important when dealing with climate
extremes such as Madison and Lake Charles as
was done herein. The energy costs associ-
ated with such a breakdown could alter con-

clusions regarding specific fenestration
products.
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Figure 4a. Annual residential
energy use components in Madison WI,
for a primary window orientation due
south as a function of window area.
(SC = 0.4 UG = 5.713 W/m?°C).

Figure 4b. Annual residential
energy use components in Madison WI,
for a primary window orientation due
south as a function of window area.
(SC = 1.0 UG = 0.534 W/m?°C).

Figure 5. Net annual useful flux in Madiso&

for a primary window area of 24.53 m
for an orientation due south.
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