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ABSTRACT 

tfULTIPLE REGRESSION TECHNIOUES APPLIED TO FF.NESTRATION, 
FFFECTS m1 COtmERCIAL RU!LDU;G E~"EPGY PERFORtfANCE 

R. Sullivan and S. Nozaki 

Applied Science Division 
Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

Multiple regression statistical methods are used in the analysis of 
fenestration effects on space conditioning requirements of com~ercial 
buildings. The procedure permits the quantification of changes in 
energy usage due to certain factors that influence the selection of 
fenestration, namely, the basic window properties of size, conductance, 
and shadin~ coefficient. In addition, the usefulness of daylighting and 
overhangs was examined. A representative range of climatic zones, 
orientations, and installed lighting power, in addition to the primary 
parametric on glazing properties (area, U-value, shading coefficient), 
were considered during the course of the study. The roF.-2.1B energy
analysis simulation program was used to define the thermal response of a 
prototypical building module, which was used to create a data base for 
the regression analysis. 

INTRON!CTION 

Defining a building's energy performance has become an integral part of 
today's design process. The tools available for performing such a task 
cover the spectrum from the very sophisticated and complex hour-by-hour 
energy analysis simulation programs to very simple methods based on 
rules of thumb gathered over years of experience. \-lhile large simulation 
programs, such as DOE-2.1B (Lawrence Berkeley Laboratory 1980), are 
responsive to most aspects of a building's thermal environment in hour
by-hour detail, these programs, in spite of the speed and power of 
present day computers, are expensive to run and time consuming to set 
up. Testing more than a few building parameters through a parametric 
analysis is prohibitively expensive to most users. The multiple regres
sion technique described in this paper utilizes the power of the DOE 
2.1B program t~ reduce the problem of design energy calculations to a 
set of simple algebraic expressions. Factors influencing building space 
conditioning can be defined relative to the external and internal 
environment of the building. Externally, climatic variables such as 
solar radiation, wind speed, air temperature, and humidity ratio have a 
significant effect. Internally, usage patterns, building envelope 
parameters, and the HVAC system greatly influence the energy reauire
ments between buildings. For the multiple regression approach to be 
applicable to all building configurations in all climates, simulation 
runs would be required where each of the aforementioned factors was 
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parameterized. The present study restricted attention to various window 
property variations, including the use of daylighting and overhangs. 
Since these factors are relatively independent of the internal building 
configuration variables, the sample of parametric runs could therefore 
be limited to a reasonable number. Further work is in progress to 
expand the data base, thus increasing the dimensions and applicability 
of the regression results. 

HETHODOLOGY 

The procedure used in the study consisted of the creation of a large 
data base on which a multiple regression was performed. l!ultiple 
regression allows the researcher to study the linear relationship 
between a set of independent variables and a dependent variable while 
taking into account the interrelationships among the independent vari
ables. The basic goal of multiple regression is to produce a linear 
combination of independent variables that will correlate as highly as 
possible with the dependent variable. This linear combination can then 
be used to "predict" values of the dependent variable, and the impor
tance of each of the independent variables in that prediction can be 
assessed (Nie et al. 1975). 

The data base was constructed from a series of DOF.-2.1R hour-by-hour 
simulations. Four base climates (Crow 1980) consisting of Hadison, WI; 
Washington, DC; Seattle, WA; and Lake Charles, LA, were selected for 
analysis. The configuration modeled for use in the DOF.-2.1B program 
consisted of a module representative of a single floor in a commercial 
office building (figure 1). Four perimeter zones consisting of ten 15 
ft (4.57 m) deep and 10 ft (3.05 m) wide, each facing one of the primary 
orientations of north, south, east, and west, surrounded a core zone of 
10,000 ft2 (929 m2) floor area. Floor to ceiling height was 8.5 ft (2.6 
m). Heat transfer surfaces consisted of the perimeter zone exterior 
walls and the core/perimeter wall interface. No heat transfer was per
mitted between perimeter zones and through the floor and ceiling. 

Overall exterior wall/window U-values were held fixed at values related 
to the particular geographic location. The values varied from a low of 
U

0
=.17 Btu/ft2 hr °F (.96 W/m2 °C) for ?-1adison, WI, to a high of .27 

P,tu/ft 2 hr °F (1.53 W/m 2 °C) for Lake Charles, La. Fenestration proper
ties parameterized were window/wall ratio (0.0,0.15,0.3,0.5)~ type (sin
gle 1!=1.02 Btu/ft2 hr °F (5.79 W/m2 °C), double U=.49 Btu/ftL hr °F (2.8 
H/m2 °C), triple U=.2R Btu/ft2 hr °F (1.59 W/m2 °C)), and shading 
coefficient/visible transmittance (varied according to climate, i.e., 
for Lake Charles, SC=.2,.4,.6 and VIS=.l3,.27,.4). Additional internal 
shading was provided using a shading coefficient multiplier of 0.6. 
This shading was implemented hased on a preset quantity of direct solar 
radiation. 

Parametrics were also obtained on the effect of overhangs, sized to the 
sun position in t~y/July at each location. Overhang width to window 
height ratios varied from a low of 0.18 in Lake Charles, LA, to a high 
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of 0.52 in Seattle, WA. Daylighting was analyzed through a recent addi
tion to the DOE-2.1R program (Winkelmann 1983). A continuously dimmable 
system in which lighting output varied linearly and continuously with 
input power was used. The illuminance set point was set to 50 footcan
dles (538 lux) and a minimum light output of zero footcandles (lux) at 
10 % input power. Daylighting illuminance levels were calculated at two 
reference points in each zone at a height above the floor of 2.5 ft 
(0.76 m) and at depths of 5.0 ft (1.52 m) and 10.0 ft (3.05 m). 

Internal loads arising from occupants and equipment were scheduled 
according to the Standard Evaluation Technique (Fleming and Associates 
1982). These amounted to an average heat gain input of 24.56 Btu/ft 2 
day (280 YJ/m2 day) for occupants and. 10.35 Rtu/ft2 day (118 KJ/m2 day) 
for equipment. Lighting heat gain was a distinct parametric varying 
from 31.32 Rtu/ft2 day (357 KJ/m2 day) to 57.46 Btu/ft2 day (655 KJ/m 2 
day) •. 

Fach zone was equipped with its own variable temperature constant volume 
air-handling unit with economizer. Thermostat setpoints were 72 °F 
(22.2 °C) and 78 OF (25.5 OC). These were changed to 63 Of (17.2 OC) and 
90 °F (32.2 OC) during unoccupied hours. The design supply air flow 
rate per square foot of floor was 0.7 cfm/ft2 (0.031 1/s m2). Hinimum 
amount of outside air per zone occupant was 5 cfm (2.36 1/s). The 
economizer limit temperature (outside air above which the economizer 
returns to minimum outside air operation) was 62 °F (16.67 °C). Air 
infiltration was fixed at an equivalent value of 0.6 airchanges per 
hour. 

FOR~ CF THE REGRESSION E0CATIONS 

The dependent variables to be predicted in the study were annual build
ing heating energy and cooling energy. The independent or predictor 
variables were functions of the parameters varied in construction of the 
data base, namely, orientation, window/wall ratio, shading coefficient, 
lighting wattage, use of daylighting, and presence of overhangs. Glaz
ing U-values were eliminated fro~ consideration because of the fact that 
the product of shading coefficient and window/wall ratio yielded approx
imately the same thermal load value regardless of glazing type. This is 
a direct result of the fixed overall exterior wall/window U-value used 
in the study for each climate. Additional work to be reported at a 
later date will reflect influences due to changes in these overall U
values. 

A decision was made to run separate regressions for each climate, since 
four locations were considered an inadequate number from which to draw 
general conclusions based on climatic variables. After experimenting 
with the regression fit using different forms of the independent vari
ables, the final regression expression was of the form: 
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Ei in GJs = Cooling or Heating Fnergy for the ith orientation = 

bOi 

[b1i(SC ~rn)2 + b2i(SC ~TR)] 

b4 (WSOM) + 

IOV [b5i(SC ~7R)2 + b6i(SC \-JWR)] + 

IDL (\-.1S0~') [b7 (SC \>.T\-.1R)2 + b8(SC WWR)] 

constant 

solar 

lighting 

overhang 

daylighting 

where the b's are solved for regression coefficients, SC is the shading 
coefficient, ~~R the window/wall ratio, and WSOH is the lighting wattage 
per square meter of floor area. The variables IOV and IDL are either 1 
or 0, depending on whether overhangs and daylighting are used or not 
used respectively. Note that the constant term, bO, represents the 
energy contribution from all sources held constant in the study (i.e., 
equipment and occupant load, wall conductance, and 
infiltration/ventilation). The daylighting effect enters only in rela
tion to lighting wattage as would be expected. Also, the daylighting is 
not a function of orientation - the regression analysis rejected the 
variation as statistically insignificant. 

The same form of the regression expression was used for both heating and 
cooling energy. In all climates analyzed, the regression fit was 
extremely good. The squared multiple correlation coefficient, r2, the 
proportion of variation explained by the variables included in the 
regression equation, was 0.94 or greater with the exception of heating 
in Lake Charles~ LA. The r2 value in this location was O.R9, which can 
be attributed to the very low heating energy values. The standard error 
of the estimate for the regressions, which can be interpreted as the 
standard deviation of the residuals (the difference between the actual 
value and the regression value), was on the order of 5 %. Tables 1 and 
2 present the regression coefficient values for the perimeter zones for 
cooling and heating energy. Also shown are the mean, the squared multi
ple correlation coefficient, the standard deviation, and the standard 
error of the estimate. These coefficients were generated from a data 
set of 1368 points by the methodology previously described. 

USF OF THF RFGRFSSICN FOUATION 

Example 1 

The regression coefficients given in Tables 1 and 2 can be used in 
the following way. Suppose a building designer is interested in deter
~ining the appropriate window size in a south-facing zone in Lake 
Charles, LA. Considering a window/wall ratio of 35 i,, a shading coeffi
cient of 0.4 and a lighting wattage of 1.85 W/ft 2 (20.0 W/m 2), the 
predicted cooling energy use with no daylighting and no overhang would 
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be: 

E (C) = 22.55 + 
[146.5*(.4*.35)2 + 124.02*(.4*.35)] + 
1.05*(20.0) 

= 63.78 CJ 

base 
solar 
lighting 

Now suppose the designer is interested in the energy savings resulting 
from the addition of an overhang. The predicted cooling energy savings 
would be: 

= [-34.2*(.4*.35)2- 43.86*(.4*.35)] = -6.81 CJ overhang 

Similarly, if one wanted to estimate the energy savings using daylight
ing, the regression equation yields: 

= 20.0*[11.30*(.4*.35)2 -5.83*(.4*.35)] = -11.89 CJ daylighting 

~ote that while the base cooling energy of 63.78 CJ is dependent on the 
constant coefficient of the regression expression (i.e., other internal 
gains, conductance gain, infiltration and ventilation), the change in 
energy usage due to the addition of the overhang and the use of day
lighting is independent of these quantities and can be considered a more 
general phenomena. 

Example 2 

Consider that one is interested in the effect of increasing lighting 
wattage from 1.39 W/ft2 (15.0 W/m2) to 2.31 W/ft2 (25.0 W/m2) in 
}ladison, WI, for varying shading coefficients and window/wall ratios on 
a south-facing orientation. Also of interest is the change due to day
lighting. For the no-daylighting situation, the incremental cooling 
energy is: 

F (C)= [103.86*(SC \--'WR)2 + 104.28*(SC \-.1\.'F)] + 
0.50*(25.0 - 15.0) 

or in tabular form: 
SC WWR E (C) 

• 1 16.47 
.2 30.13 
.3 45.63 
.4 63.33 

When using daylighting, an additional term is required, i.e.: 
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= (25.0- 15.0)*[3.36*(SC \<lWR) 2 - 2.34*(SC ~.'WR)] daylight ing 

The change in the above tabular values would be: 

SC WWR E (C) 

• 1 -2.01 
.2 -3.34 
.3 -3.99 
.4 -3.98 

The above examples give sorne indication of the usefulness of the 
procedure developed. The technique can be generalized for any arbitrary 
floor area by dividing the results by 139.35 m2, which is the floor area 
of the module used in the study. In this manner, values are obtained 
per square meter which can then he applied to the desired area. 

C0NCLPSI0NS 

This paper has presented a brief discussion of a simple algebraic tech
nique to analyze the effects of various fenestration parameters on the 
space-conditioning heating and cooling requirements of commercial office 
buildings. The parameterized variables included window size, shading 
coefficient, space lighting requirements, and the presence or absence of 
overhangs and daylighting. The intent has been to demonstrate that 
regression analysis can provide a useful tool for analyzing energy 
requirements and energy changes when the data base includes variations 
in the parameters of interest. As this data hase is expanded, the 
regression technique can be used to predict both qualitative and quanti
tative changes in energy usage not limited to fenestration effects. 
Continuing studies will focus on envelope construction (variable U
values), internal load variations (usage patterns for lighting, equip
ment, and occupants), overhang width variations, and different HVAC sys
tem types. 
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TARLF 1 
Regression Coefficients: Cooling 

~1Af\ISON WASH D.C. SEATTLE LAKE CHARLES 

RASF 
N 5.57 10.58 1.47 19.33 
s 7.25 12.85 3.28 22.55 
E 7.17 12.55 2.64 22.97 
t-1 6.96 12.34 2.93 22.01 

SOLAR 
< sc wt-no2 N 39.58 63.44 20.96 81.17 

s 103.R6 102.28 70.45 146.50 
E 101.33 104.28 60.98 113.89 
tol 108.72 109.56 77.20 99.11 

( SC W\-.1R) N 35.99 46.86 22.86 78.74 
s 104.28 81 .85 35.37 124.02 
E 49.29 74.94 30.87 128.24 
w 49.82 78.53 33.58 127.29 

LIGHTING 
(W/m2) 0.50 0.69 0.32 LOS 

OVERHANG 
( SC \-.rtolR)2 N -15.09 -16.47 -9.73 -22.27 

s -32.09 -26.59 -16.86 -34.20 
F -40.43 -25.01 -27.11 -18.15 
w -38.63 -20.58 -30.35 -8.87 

( sc wt..'R) N -2.85 -3.38 -1.78 -2.01 
s -30.72 -44.65 -25.79 -43.86 
E -18.47 -29.77 -23.32 -35.89 
w -20.48 -31.45 -15.50 -37.36 

DAYLIGHT 
W/m2(sc \-!WR)2 3.36 5.32 2.32 11.30 
W/m2(sc 1-.'WR) -2.34 -3.38 -1.60 -5.83 

STATISTICS ~ 

~·ean 19.79 29.93 10.83 4 7.19 
R Square .980 .979 .974 .965 

t' 
Std flev .867 1.22 .676 2.02 
Std ErrorCO 4.4 4. 1 6.2 4.3 
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TABLE 2 
Regression Coefficients: Heating 

'il 

NADISON WASH D.C. SEATTLE LAKE CHARLES 

BASE 
N 37.81 22.26 20.79 7.15 
s 35.66 20.80 19 .1 ~ 6.49 
E 36.(,3 21.59 19.61 6.66 
w 36.98 21.94 19.92 6.96 

S0LAR 
( SC \-.1\-.TR ) 2 N -7.91 -8.55 3.60 -0.84 

s 13.40 19.20 13.29 8.76 
E -22.1(, 0.63 2.55 4.22 
w -2F>.48 -0.32 0~02 5.17 

(SC WWR) t-~ -21 .94 -14.03 -16.90 -6.33 
s -57.70 -36.41 -29.92 -12.77 
E -31.65 -26.38 -24.06 -10.23 
w -30.81 -26.69 -24.49 -10.97 

LIGHTING 
(W/m2) -0.45 -0.30 -0.33 -0.11 

OVERHANG 
( sc "'".JR) 2 N -0.32 0.68 -4.62 0.95 

s -27.22 -26.06 -21.50 -7.81 
F. -3.06 -14.03 -11.39 -5.80 
w -6.96 -13.61 -13.32 -5.28 

(SC WWR) N 2.53 1.48 3.62 0.0 
s 25.32 18.25 17.18 5.06 
F. 13.40 11.82 11.62 3.48 
\.J 12.55 10.76 13.32 3.38 

DAYLIGHT 
WI m 2 ( S C WlolR ) 2 -1.29 -1 .19 -0.50 -0.33 
W /m2 ( SC Wlo.'R) 0.84 0.66 0.34 0.18 

• STATISTICS 
He an 23.54 12.89 10.72 3.85 
R Square .941 .939 .941 .893 
Stci Dev .928 .631 .558 .282 
Std Frror(%) 3.9 4.9 5.2 7.3 
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FlGURE 1 - BUILDING MODULE DESCRIPTION 
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