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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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SOLAR BUILDINGS RESEARCH AND DEVELOPMENT PROGRAM 
CONTEXT STATEMENT 

November 21, 1985 

In keeping with the national energy policy goal of fostering an adequate supply of energy 
at a reasonable cost, the United States Department of Energy (DOE) supports a variety of 
programs to promote a balanced and mixed energy resource system. The mission of the 
DOE Solar Buildings Research and Development Program is to support this goal, by pro
viding for the development of solar technology alternatives for the buildings sector. It is 
the goal of the program to establish a proven technology base to allow industry to develop 
solar products and desigris for buildings which are economically competitive and can con
tribute significantly to building energy supplies nationally. Toward this end, the program 
sponsors research activities related to increasing the efficiency, reducing the cost, and 
improving the long-term durability of passive and active solar systems for building water 
and space heating, cooling, and daylighting applications, These activities are conducted in 
four major areas: Advanced Passive Solar Materials Research, Collector Technology 
Research, Cooling Systems Research, and Systems Analysis and Applications Research. 

Advanced Passive Solar Materials Research. This activity area includes work on new aper
ture materials for controlling solar heat gains, and for enhancing the use of daylight for 
building interior lighting purposes. It also encompasses work on low-cost thermal storage 
materials that have high thermal storage capacity and can be integrated with conventional 
building elements, and work on materials and methods to transport thermal energy 
efficiently between any building exterior surface and the building interior by nonmechani
cal means.· 

Collector Technology Research. This activity area encompasses work on advanced low-to
medium temperature (up to 180 • F useful operating temperature) fiat plate collectors for· 
water and space heating applications, and medium-to-high temperature (up to 400 • F use
ful operating temperature) evacuated ~ubejconcentrating collectors for space heating and 
cooling applications. The focus is on design innovations using new materials and fabrica
tion techniques. 

Cooling Systems Research. This activity area involves research on high performance 
dehumidifiers and chillers that can operate efficiently with the variable thermal outputs 
and delivery temperatures associated with solar collectors. It also includes work on 
advanced passive cooling techniques. 

Systems Analysis and Applications Research. This activity area encompasses experimental 
testing, analysis, and evaluation of solar heating, cooling, and daylighting systems for 
residential and nonresidential buildings. This involves system integration studies, the 
development of design and analysis tools, and the establishment of overall cost, perfor
mance, and durability targets for various technology or system options. 

This report is an account of research conducted in the systems analysis and applications 
research area concerning the evaluation of daylighting systems in residential and non
residential buildings. 
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THE EXPERIMENTALLY MEASURED PERFORMANCE OF A LINEAR 
ROOF APERTURE DAYLIGHTING SYSTEM 

ABSTRACT 

Fred Bauman, Wayne Place, Brandt Andersfon, 
Thomas C. Howard, and John Thornton 

Building Systems Analysis Group 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

Illumination and solar radiation measurements have been made on a scale-model building 
containing sloped, south-facing, double-pane roof glazing (Figure 4). To control glare 
and properly disperse the beam sunlight over the work plane, a good diffusing glazing is 
used for the inside pane of the roof aperture. Measurements have been made in order to 
investigate the performance of this daylighting system under clear sky conditions in 
response to changes in a variety of interior design options. The results indicate that with 
modest glazing areas the roof aperture system provides a work-plane illuminance that is 
more than adequate in quantity and uniformity. Among the interior design options that 
are shown to have significant effects on the daylighting system performance are interior 
surface refiectances, overhead obstructions, and interior partitions. In this paper the out
door experimental facility and scale-model building are described. The results of the 
scale-model experiments are presented and discussed.* 

INTRODUCTION 

The potential for reducing energy consumption in commercial and industrial buildings 
through the use of daylighting is well recognized. Assessing the net benefit of a particu
lar daylighting design on the energy performance of a building requires reliable informa
tion on the illumination levels within the building and the thermal effects of the day
lighting aperture. Measurements in scale-model buildings are the most reliable source of 
illumination information, since data collected from a carefully constructed model can 
accurately represent the combined effects of many building and environmental parame
ters. Information from such experiments can be used as input to building energy analysis 
computer programs such as BLAST and DOE-2, to predict reductions in lighting electri
city consumption and the impacts on energy consumption for heating and cooling the 

t Current address if not at Lawrence Berkeley Laboratory: Fred Bauman, Building Science 
Laboratory, Department of Architecture, University of California, Berkeley, CA 94720; Wayne 
Place, Department of Architecture, School of Design, North Carolina State University, Raleigh, 
NC 27605; T. C. Howard, Synergetics, Inc., 122 Cox Avenue, Raleigh, NC 27605. 

*The major focus of this paper is on the measurement techniques and experimental results. Another 
paper being prepared by the authors [1] describes the roofing system and explains the rationale for 
various design decisions related to daylighting, electric lighting, structure, envelope detailing, and 
the HV AC system. 
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building. 

Utilizing beam sunlight for illumination has several advantages over more tradi
tional daylighting strategies employing only diffuse skylight as a source of illumination. 
First, beam sunlight is very intense, thereby allowing the collection of significant 
amounts of light through relatively small apertures. The thermal effects of conductive 
gains and losses through the daylighting aperture will therefore be minimized, along with 
the initial investment in glazing. Secondly, beam sunlight is composed of nearly parallel 
rays, thereby allowing it to be projected deep into the building using mirrors or lenses, 
which is particularly important for large, blocky buildings. Thirdly, beam radiation can 
help offset the heating requirements of a building.t 

Admitting beam sunlight into any space where critical tasks are performed, how
ever, is not normally an acceptable procedure. The possibility exists that, in the worst 
case, the incoming beam will hit someone directly in the eye, or the building occupants 
will at least experience visual discomfort associated with the high luminance of interior 
surfaces that are receiving direct-beam sunlight. Normally, the ratio between the lumi
nance of the brightest surface in the space and the luminance of the task surface should 
not exceed 20 [10]. In situations where direct beam sunlight is admitted to a space, this 
luminance ratio can exceed 100. 

The technique used in the current study for handling potential glare problems was 
to place a layer of diffusing glazing in the aperture to disperse light around the space. 
When highly diffusing glazing is used in a daylighting system, light emanating from the 
interior surface of the glazing does not reflect the highly directional nature of the beam 
sunlight incident on the exterior surface of the glazing. As a result, the pattern of illumi
nation within the space depends predominantly on the geometry and spacing of the aper
tures and the geometry· and reflectivity of the· interior surfaces, and only minimally on 
the direction of the beam sunlight incident on the external surface of the glazing. 

For such highly dispersing daylighting systems, we can define an index of perfor
mance for the interior space that indicates how effectively solar radiation admitted to the 
space is delivered to the work surface. To represent only the lighting performance of the 
system, a convenient choice for this index would be the ratio of useful daylight on the 
task surface to the total amount of daylight admitted to the space. This could be called 
the Solar System Coefficient of Utilization (SSCU) and would be analogous to the Elec
tric System Coefficient of Utilization (CU) used in the IES Zonal Cavity method for 
designing electric lighting systems [10]. 

Since the authors are interested in assessing the thermal impacts along with the 
lighting benefits of the daylighting system, we have chosen to present our results in 
terms of an index called the Solar System Luminous Efficacy (SSLE), defined as the ratio 
of the useful daylight on the task surface to the total solar radiant energy admitted to 
the space, expressed in lumens per watt (lum/W). We can define an analogous electric 
lighting quantity called the Electric System Luminous Efficacy (ESLE), which is the ratio 
of useful electric light on the task surface to the total amount of electrical energy input 

tFor further discussions of the illumination benefits of beam sunlight, see references [2-9j. 
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to the electric lighting system, also expressed in lumens per watt. Using these two quan
tities, along with information on the amount of solar radiant energy transmitted by the 
glazing, it is possible to perform building energy simulations that account for both the 
lighting electricity reductions and thermal impacts achieved by the daylighting system 
[9].* 

In addition to facilitating detailed building energy analysis, the SSLE is, by itself, a 
first-order indicator of daylighting system performance in some building types. 
Specifically, most commercial and industrial buildings are dominated by internal loads, 
meaning that in most climates. they have more severe cooling problems than heating 
problems. In such buildings, it is desirable to deliver the maximum amount of useful 
daylight with the minimum of solar heat gain. In other words, a high SSLE is desired. 
The SSLE represents the performance of the building portion of the daylighting system. 
By comparing the SSLE's for different daylighting configurations under identical solar 
conditions, the relative performance of alternate designs can be quickly evaluated 
without having to account for other external solar conditions. 

This paper describes an outdoor daylighting test facility and a series of experimen
tal techniques that can be used to evaluate the illumination behavior of various architec
tural daylighting configurations in scale-model buildings. The results of one such experi
mental investigation, dealing with the roofing concept depicted in Figure 4, are presented 
and discussed in detail. Results of measurements for a variety of interior design options 
are presented in terms of illuminance on the work plane {lux) and SSLE {lum/W). 

DESCRIPTION OF EXPERIMENTAL APPARATUS 

The outdoor experimental facility provides rapid data collection to simulate every possi
ble combination of building orientation, hour of day, day of year, and geographic lati
tude. During experiments, the building scale-model is mounted on a heliodon that can 
rapidly change the orientation of the model relative to the direction of the beam sun
light. An array of photometric and thermal radiation sensors are used to monitor illumi
nation and radiation conditions, both interior to and exterior to the model. A 
microcomputer-controlled data acquisition system rapidly scans the sensors to assure 
simultaneity within a given set of sensor readings. The experimental facility is described 
in more detail below. 

Seale Models 

Several scale models have been constructed for testing in the experimental facility. 
Each model has several easily interchangeable daylighting glazing configurations, surface 
color options, and interior design options. The scale model used in the current study is 
described in detail in a later section. 

*The SSLE and the SSCU are related to each other through the equation SSLE = SSCU x RFLE, 
where RFLE is the intrinsic luminous efficacy of the radiant flux entering the space through the 
apertures. For most glazing materials the RFLE will be in the range of 100-120 lum/W, which 
is the normal range for sunlight outside the building. 
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Heliodon 

Figure 1 is a photograph of one of the scale models mounted on the heliodon that 
is used to orient the model relative to the direction of the beam sunlight. 

Photometric Sensors 

Thirty-five photometric sensors were mounted in the work plane of the scale-model 
building to measure the illuminance levels. The photometers were individually calibrated 
over an illuminance range appropriate for building applications. The largest root-mean
square (rms) error for any single sensor was 7 lux over the range of 3 to 3300 lux, with a 
large majority of the sensors having rms errors in the range of 1 to 3 lux. 

Radiometric Sensors 

An Integrating Window Pyranometer (IWP) was developed to measure the 
transmitted solar radiation at the interior surface of glazed apertures in scale-model 
buildings [13]. The IWP was mounted behind the double-pane roof glazing of the scale 
model, as shown in Figure 2. In the model, the roof structure extends beyond the edge of 
the exterior wall of the model to allow the IWP to be mounted behind the roof glazing 
without affecting the interior illumination measurements. 

Figure 3 presents a cross-sectional diagram of the IWP. The key element of the 
device is a 4-in (102 mm) square by 0.055-in (1.4 mm) thick thermal flux meter of the 
variety commonly used to measure conductive and convective heat fluxes in buildings. 
Solar radiation transmitted through the daylighting glazing is absorbed by the exposed 
surface of the flux meter, which is coated with a highly absorptive, fiat-black paint. A 
muffin fan blows air directly over the back side of the flux meter to increase the heat 
removal from that surface. With this design, a very large fraction of the solar radiation 
transmitted through the glazing is absorbed by the flux meter, conducted through it, and 
subsequently lost out the back side to the turbulent airflow. The millivolt signal from 
the heat fi ux sensor is calibrated to indicate the radiant energy transmitted by the roof 
glazing. The design and calibration of the IWP are described in detail in an earlier paper 
[13]. 

Measurements of the outside solar radiation conditions were made with a spectral 
pyranometer (PSP) and normal incidence pyrheliometer (NIP). These measurements 
allowed separation of the solar radiation into its diffuse and beam components. This is 
particularly valuable for two reasons: (1) these two solar components can have radically 
different effects on some daylighting systems, and understanding those differences is 
important, and (2) having both components allows the experimental results to be related 
directly to the solar data contained on standard weather tapes. In this manner, the total 
energy impact of the daylighting design can be simulated in any of the locations where a 
detailed weather record exists. The PSP and NIP were located in the immediate vicinity 
of the heliodon and experimental model. 

- 4 -
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Data Acquisition System 

The data collection processes were controlled by a microcomputer. The software for 
the data acquisition system was written in machine language to provide for rapid scan
ning of the sensors, thereby assuring simultaneity of the readings. Fifty sensors could be 
scanned in less than 20 milliseconds. 

A data discrimination mechanism was included in the acquisition system. Each 
time a data set was taken, the system cycled through the complete set of sensors five 
times in continuous succession. An average and standard deviation were then calculated 
for each sensor for the five readings taken from that sensor. If the standard deviation 
for any sensor exceeded a preset value, the assumption was made that one or more of the 
five readings for that sensor was defective and the entire data set was discarded and the 
sensors resampled. Shielding of the electronics proved to be very effective in rejecting 
noise, since only two of the several hundred thousand data samplings taken to date 
have been rejected. Both of those data sets had relatively small standard deviations (less 
than 5%). 

SCALE-MODEL EXPERIMENTS 

The Daylight Roofing System 

Measurements have been made of the illumination performance of a daylighting sys
tem consisting of a series of south-facing linear roof apertures containing diffusing glaz
ing. The system has been the subject of a previous building energy analysis study [9] 
and is shown schematically in Figure 4. The cross sections of the roof structural units 
form 3-4-5 right triangles, with the glazing tilted 53 • up from the horizontal. These 
structural units are 10-feet wide and extend across the entire width of the building. 

In the daylighting design, a clear distinction has been made between the view glaz
ing {mounted on the vertical walls) and illumination glazing (mounted in the roof aper
tures). In order to provide view but reduce cooling loads and glare, the view glazing is 
visually clear but has a relatively low transmissivity. This glazing is expected to provide 
illumination only to the area immediately adjacent to the windows. For purposes of 
illumination, another type of glazing is mounted in the roof apertures. To control glare 
and properly disperse the beam sunlight over the work plane, a diffusing glazing is used 
for the inside pane of the roof aperture. To further disperse the light and to improve the 
thermal performance, a translucent insulation could be placed between the two panes of 

·glazing. This daylighting design is expected to provide a fairly uniform illuminance level 
over the entire work plane . 

Experimental Model 

An office with dimensions of 30 feet by 30 feet (9.1 meters by 9.1 meters) and a 
height of 9 feet (2.7 meters) was modeled at 1/12th of full size (see Figure 1). All four 
walls of the scale model were opaque to permit the measurement of the interior illumina
tion levels provided by the roof aperture glazing alone. The daylighting roof apertures 
were double-glazed, with an outer layer of 1/Sth-inch clear acrylic plastic sheet and an 
inner vinyl diffuser typical of those used in luminous ceilings in commercial buildings. 
The height of the illumination glazing was 1.77 inches (45 mm). When mullions are 
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accounted for, the net aperture area was about 17% of the floor area being illuminated. 

For the purposes of this experiment, no translucent insulation was used between the 
glazing panes. In the actual building, this translucent insulation would improve both the 
thermal resistance and the dispersion capabilities of the glazing system. However, 
measuring thermal resistances was not a goal of this experiment. Such measurements 
can be done better at full scale. It was determined that a single, interior layer of highly 
diffusing glazing dispersed beam sunlight sufficiently to produce quite uniform illumi
nance on the work plane. By leaving out the translucent insulation between two panes 
of glazing, a higher transmittance was achieved. Direct normal hemispherical transmit
tance of the illumination glazing was measured to be approximately 0.50, substantially 
higher than would be used in the -building. This had the advantage of achieving higher 
levels of solar radiation penetrating the glazing and higher levels of illuminance on the 
work plane, thereby enhancing measurement accuracy. All of the interior measurements 
presented in this paper can be scaled to apply to any other highly diffusing glazing sys
tem, if the transmittance of that glazing system is known. 

Two sensor arrangements were used for the experiments. The first sensor arrange
ment (shown in Figure 5) consisted of 17 photometers spaced at equal intervals along the 
north-south centerline of the building, and 9 photometers along both the west and east 
walls at a distance of 1.67 inches (42 mm) from the walls. In this way a detailed cross 
section of the lighting distribution on the work plane was obtained. 

The second sensor arrangement was representative of a design generated for a pro
totype office space having dimensions of 30 feet by 30 feet (9.1 meters by 9.1 meters) and 
subdivided by partitions into offices with dimensions of 10 feet by 10 feet (3.0 meters by 
3.0 meters) (see Figures 6 and 7). Thirty-five photometers were mounted, as indi
cated, at the work-plane level in the scale model, to measure the interior illuminance. 
The model was designed with several interior design options and one exterior design 
option. Each of these daylighting system design parameters was experimentally investi
gated (see Table 1). 

Experimental Procedure 

As indicated, the experimental apparatus allows very rapid data collection. In a few 
hours, enough illumination information can be acquired to perform a detailed simulation 
of the daylighting system performance throughout the course of a year for every U.S. cli
mate. To support such simulations, data would normally be taken for a large number 
of angles of incidence of beam sunlight on the model. However, for the purposes of this 
paper, we have chosen to present a select set of data corresponding to eight angles of 
incidence of beam sunlight on the architectural model. The angles were chosen to 
represent typical sun conditions for a middle U.S. latitude (36 •) during a summer day 
(June 21) and a winter day (December 21), plus a few points in between. Table 2 lists 
the experimentally investigated sun angles along with the approximate corresponding 
dates, solar times, and beam sunlight incidence angles with respect to the normal to the 
daylighting glazing. The last column of Table 2 indicates that the tilted roof glazing 
tends to maximize its collection of solar radiation during the wintertime, when solar 
gains can have a beneficial heating impact on the building. 

- 6-
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To improve the accuracy of the IWP measurements, particularly at lower radiation 
levels where signal variations can be a significant fraction of the measurement value, 
multiple measurements were taken and averaged over a 30-second time period. To avoid 
variations in the solar resource during the measurement period, data was taken under 
steady, clear-sky conditions. Repeated measurements over sequential periods indicated 
that variations in external solar conditions during the data collection period had a negli
gible effect on the measurement accuracy. 

RESULTS AND DISCUSSION 

All SSLE values reported in this paper are for the combined effect of beam sunlight and 
diffuse skylight, i.e., they are the weighted average of the two SSLE's that would result 
from the separate contributions of the beam and diffuse solar components. There are 
two major factors that would make the component SSLE's significantly different in 
value: {1) the intrinsic luminous efficacy of the two solar components and {2) the direc
tionality of each component as it enters the space, which can seriously affect the amount 
of light lost bouncing off of secondary surfaces before reaching the work plane. Since we 
are dealing with a highly diffusing glazing, both the transmitted beam sunlight and the 
transmitted diffuse skylight will be highly diffuse as they enter the space, so that there 
will be no significant differences in the SSLE's for the two components based on the way 
the light is scattered over the surfaces in the occupied space. 

The SSLE produced by diffuse skylight alone is expected to be slightly higher than 
the SSLE produced by beam sunlight alone, since the luminous efficacy of diffuse skylight 
is typically in the range of 110 lum/W to 130 lum/W, compared with a range of 100 
lum/W to 110 lum/W for beam sunlight. However, these differences are not significant 
due to the large fraction of illumination being provided by beam sunlight.* In fact, it has 
been demonstrated in another study that assigning a single, weighted-average SSLE to 
both the beam and diffuse SSLE's produces errors of less than 1% in the predicted 
energy consumption and energy operating costs for an office building outfitted with this 
roofing system [11]. 

The results of the scale-model measurements are· presented below. The experimen
tally investigated daylighting system design parameters are listed in Table 1. 

Base Case 

Work-plane illuminance and Solar System Luminous Efficacy (SSLE) results for the 
completely open plan with white walls (base case) are presented for two beam sunlight 
incidence angles in Figures 8 and 9. These two beam sunlight incidence angles bracket 
the range of eight angles investigated, with Figure 8 reporting the results for the smallest 
angle between the solar beam and the glazing normal (solar altitude = 30 o, azimuth = 
0 o; noon on December 21), and Figure 9 reporting results for the largest angle between 
the solar beam and the glazing normal (solar altitude = 10 o, azimuth = 60 o, 

*Measurements using a shade technique to separate the beam and diffuse components of solar 
radiation found that, for all eight sun angles investigated, the beam sunlight portion of the total 
illumination ranged from 85% to 91%. 
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corresponding to 4:00 p.m. on December 21). The results represent the total illumi
nance {from the combined source of beam and diffuse sunlight) and corresponding SSLE 
values on the work plane of the scale model. Also included in the two figures are the 
solar radiation levels (in W jm2

) measured by the PSP, NIP, and IWP. 

In examining the total illuminance {in lux) on the work plane in Figure 8a and 9a, 
the first observation is that the illuminance levels provided by the roof monitors under 
bright, sunny conditions are significantly higher than the commonly accepted minimum 
work plane illuminance of 540 lux (50 footcandles) for office spaces, even at 8:00 a.m. on 
December 21. This "saturation" of the lighting levels on the work plane at an aperture 
area of 17% of the floor area is in agreement with the earlier computer simulation results 
of Place et al. [9], which indicated that optimum energy savings could be obtained at 
relatively modest aperture areas--on the order of 5% of the floor area, for a glazing 
transmissivity of 50%.t 

The relative uniformity of the lux measurements demonstrates the advantage of 
supplying natural lighting on the work plane through closely spaced apertures in the roof 
of the building. In both figures, the illuminance along the back two thirds of the center
line of the model varies by less than ±8%. The greatest variations of illuminance along 
the centerline occur in the southern third of the model, where the low illuminance levels 
from the roofing system would be supplemented by light from the view glazing. As 
expected, the walls absorb some light, causing the lux values along the walls to be 
approximately 15% lower than the corresponding centerline values. 

As expected, the results for noon on December 21 (solar altitude = 30 o and 
azimuth = 0 o) (Figure 8a) are symmetrical about the north'-south axis of the model. At 
the beam-sunlight incidence angle representative of 4:00 p.m. on December 21 {solar alti
tude = 10 o and azimuth·= 60 o ), the lux levels along the east wall are only 7% to 8% 
higher than those along the west wall. (Even at a solar altitude of 30 o and azimuth of 
60 o, where the beam contribution is both strong and substantially "off-axis," the 
difference between the east-wall and west-wall lux levels was less than 12%.) These 
results indicate that the diffusing glazing in the daylighting aperture, combined with the 
high interior surface reflectiviti~ of the building, effectively distributes the "off-axis" 
beam sunlight over the work plane. 

The average SSLE for the illuminated space is calculated using the following for
mula: 

SSLE -
Average Work-Plane Illuminance {lumjm2

) x Work-Plane Area (m2
) 

Transmitted Radiant Flux (W jm2
) x Aperture Area (m2

) 

tu conductive losses through the glazing are neglected, a daylighting system with an aperture area 
that is 17% of the floor area being illuminated could achieve the same optimum performance with 
an overall glazing transmissivity of only 0.15. In the current daylighting system design, a lower 
allowable glazing transmissivity is an advantage, since the large area induces us to take steps to 
improve the thermal resistance of the glazing. Normally, improving thermal resistance can be 
achieved only at the price of lowering the transmissivity. 
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For an aperture area that is 17% of the floor area being illuminated, this formula reduces 
to the following: 

SSLE-
Average Work-Plane Illuminance (lumjm2

) 

Transmitted Radiant Flux (W/m2
) x 0.17 

The SSLE results for the two sun angles on the base-case model are shown in Figure 8b 
and 9b. The SSLE values reflect the same distribution characteristics as the lux meas
urements already discussed. With the exception of the southern third of the model floor 
plan (the area within ten feet of the south wall in the full-scale building), and a few 
points along the west wall, all SSLE values are above 80 lum/W, and most centerline 
values are above 90 lum/W. 

The most notable observation from the SSLE results is the relative insensitivity of 
the average SSLE to changes in the angle of incidence of the beam sunlight on the model; 
the SSLE was 85.8 lum/W for FigJ.Ire 8b and 80.5 lum/W for Figure 9b. Table 3a lists 
the average base-case SSLE's for all eight beam-sunlight incidence angles tested for Sen
sor Arrangement 1 (SA 1). With the exception of one angle (altitude = 30 o, azimuth 
= 60 o ), all average SSLE's are within 6% of the overall average of 82.6 lum/W. Table 
3a also lists the base-case SSLE values for a series of measurements that were taken with 
the photometers mounted in the prototype office plan (SA 2). Again, the insensitivity of 
SSLE to changes in beam-sunlight incidence angle is demonstrated. In subsequent 
parametric studies discussed below, only a single, overall SSLE value, averaged over all 
eight sun angles investigated, is presented. 

The fact that the overall average SSLE for SA 2 (82.4 lum/W) is almost identical to 
that for SA 1 (82.6 lum/W) is noteworthy, particularly when the external solar condi
tions that existed during the two separate tests are considered. Although both tests were 
performed on clear days, the average external solar radiation levels, as measured by the 
PSP and NIP, were significantly different, reflecting the fact that one test was performed 
near noon and the second around 2:30 p.m. The consistency of the overall average 
SSLE's for the two sensor arrays is expected for a system with highly diffusing glazing. 
Table 3 does show some differences between the SSLE's for the two sensor arrays at 
some beam-sunlight incidence angles. These differences are generally less than 10% and 
can be attributed to a combination of factors, including inaccuracies in the integrating 
window pyranometer measurements; differences in the sky distributions that existed d ur
ing the two experiments; and differences between the two sensor arrangements. The 
more uniformly distributed sensor arrangement of SA 2 probably provides a slightly 
more representative overall average SSLK 

For comparison with the results from SA 1, Figure 10 presents the measured illumi
nance and SSLE values for the base-case prototype office plan (SA 2) for noon on 
December 21 (solar altitude = 30 o and azimuth = 0 o ). The lux values again demon
strate the uniform distribution of illuminance provided by the roof monitors on the work 
plane, with the exception of the front (southern) portion of the model. With SA 2, it can 
be clearly seen that the higher illuminance and SSLE values associated with the center
line sensors of SA 1 extend over a large portion of the total floor area; i.e., the tendency 
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of the illuminance to diminish as the sensor gets closer to a wall occurs fairly close to 
the wall, and most of the space is illuminated at a level closer to the illuminance along 
the center line than to the illuminance very close to the wall. 

Interior Surface Reflectivity 

The maximum effect of interior surface reflectivity was investigated by repeating 
measurements in the model with the completely open plan, but using black interior walls 
(reflectivity = 3.6%) instead of the white walls (reflectivity = 84%) used in the base 
case. The average SSLE for all eight sun angles tested is presented and compared with 
the average base-case SSLE in Figure 11. The results indicate that the performance of 
the daylighting system is highly sensitive to interior surface reflectivity. In this worst
case scenario, a reduction in performance of over 30% has occurred. Designers using sur
face colors between the extremes of black and white can estimate performance impacts by 
interpolation, using the reflectance of their candidate surface treatment. 

Overhead Obstructions 
1/" 

Due to the limited plenum space in a building containing a roof monitor daylighting 
system, one of the interior design options could be to suspend either the lighting fixtures 
or the HVAC ductwork from the ceiling. Depending on the size, position, and color of 
these overhead obstructions, the performance of the daylighting system could be 
significantly affected. Figure 12 shows a perspective drawing of one such design option in 
which cylindrical electric lighting fixtures have been suspended under each roof monitor. 

Three overhead obstruction configurations, were studied in the scale model with 
white walls and SA 1. In the first configuration studied, white, 1/2-inch-diameter wood 
dowels (representative of 6-inch-diameter cylindrical light fixtures were placed in the 
model in the same positions indicated in Figure 12. In the second configuration studied, 
white, 1.5-inch-diameter tubes (representative of 18-inch-diameter, suspended ducts) were 
placed in the positions indicated in Figure 12. In the third configuration studied, the 
color of the 1.5-inch-diameter tubes was changed from white to red. 

The average SSLE values for these three configurations are shown in Figure 11. 
The small cylindrical light fixtures are seen to have an insignificant effect on the perfor
mance of the daylighting system (78.3 lum/W compared with 82.6 lum/W in the base 
case). However, both of the larger sized ducts produce substantial reductions in the sys
tem performance. The average SSLE for the model containing the white ducts shows a 
21% reduction compared with the base case. When the ducts are painted red, the results 
show an additional reduction of 20% in system performance. The results indicate that 
both the size and color of overhead obstructions are important design considerations. In 
fact, it is seen in Figure 11 that placing large red ducts in an overhead position is poten
tially a more serious daylighting design error than painting all interior walls black. 
Based on these results, other design options are being explored for the ductwork. These 
include putting the ducts in the troughs on the roof or under an elevated floor. 

Figure 13 presents the measured total illuminance and SSLE values at each sensor 
location (SA 1) for the model configuration with the large red ducts. The results are 
presented for the sun angle representative of noon on December 21 (solar altitude = 30 • 
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and azimuth = 0 • ). Again, the measured illuminance levels are high due to the large 
daylighting aperture of 17%. The interesting features of the illuminance and SSLE dis
tributions are the peaks and valleys associated with the shading effect of the ducts, 
which are clearly visible along both the centerline and near-wall cross sections. 

Office Plan 

Several interior design options (listed in Table 1) were studied for the office plan 
prototype (SA 2) shown in Figure 6. Figure 14 presents the average SSLE results for the 
five different configurations tested and compares them with the base-case SSLE. Internal 
partitions in a completely open office plan adversely influence the performance of the 
daylighting system: the 5-foot 10-inch-high partitions produce an 11% reduction and the 
7-foot-high partitions produce an 18% reduction. A second important parameter in this 
office plan is the effective reflectivity of the wall. When wood shelves were attached to 
the internal partitions and external walls (above the desks), the effective reflectivity of 
those vertical surfaces was reduced, and additionally, the shelves acted as obstructions to 
light reaching the working surfaces. Adding shelves to the 7-foot-high partitions pro
duced a reduction in system performance in the range of 17-22%. The addition. of a 2-
foot glazing panel above the internal partitions (extending the partitions from a height of 
7 feet to a height of 9 feet) had a fairly minor effect on the performance of the daylight
ing system, producing reductions in the range of only 3-9%. 

The SSLE's presented in Figure 14 are in the range of 51 to 83 lum/W. These are 
on the order of twice as high as the Electric System Luminous Efficacy (ESLE) for a 
highly efficient, general fluorescent lighting system used in similar interior design situa
tions [14]. This indicates a potential, with properly sized apertures, for reducing cooling 
electricity consumption, along with eliminating the bulk of the lighting electricity con
sumption [9]. If we outfit the aperture with a dynamic shading mechanism that will 
limit the amount of transmitted solar radiation to the minimum that will still satisfy the 
lighting requirement on the work plane [1], then we can have an even more beneficial 
effect on cooling electricity consumption and peak electric demand [15]. 

Measured illuminance and SSLE values for the 7-foot partitions with shelves is 
shown in Figure 15. The results again demonstrate that the front third of the· model, 
without the benefit of view glazing, has substantially lower illuminance levels than the 
middle and back sections. It can also be seen that within a typical ten-foot- by-ten-foot 
office module, the illuminance on the work plane is higher toward the north and lower 
toward the south where the partitions act as shades to the light coming from the sloped 
glazing. This indicates the potential benefits of using bi-directional glazing (e.g., glazing 
facing both north and south) or using a ceiling treatment that bounces some of the light 
from the glazing back in a southerly direction. 

Roof Surface Reflectivity 

The measurement of the solar radiation transmitted through the daylighting glazing 
also permits an analysis of the effect of external design options on the amount of solar 
radiation entering the building, and hence, the amount of light provided to the work 
plane. In this example, the influence of roof surface reflectivity has been investigated by 
performing two series of measurements, one with a white roof and one with a black roof. 
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Table 4 presents the results of this study, expressed in terms of a transmission ratio (the 
ratio of transmitted solar radiation, measured by the IWP, to external direct normal 
beam radiation, measured by the NIP). At low solar altitude angles (30 • and below) no 
beam sunlight was incident on the large slanted roof surfaces facing the daylighting glaz
ing, and not surprisingly, little change is seen in the transmission ratios presented in 
Table 4. At higher solar altitudes, a significant reduction in transmission ratio (12-20%) 
is observed for the black roof in comparison with the white roof. The results are evi
dence that in this daylighting design, the roof-reflected component of solar radiation 
makes an important contribution to the performance of the system. Of course, the con
tribution of the reflected component comes during the warmer parts of the year, and 
may not be particularly desirable. On the other hand, the cooling benefits of reflecting 
sunlight off the opaque portions of the roof would favor using a fairly reflective roof. 

CONCLUSIONS 

Outdoor experiments have been performed on a scale model to investigate the illumina
tion performance of a folded-plate roofing system having south-facing roof monitors. 
Measurements were made of (1) illuminance levels on the work plane (both the average 
values and spatial variations), (2) solar radiant flux transmitted through the roof glazing, 
and (3) beam· and diffuse radiation external to the scale model. Using the first two of 
these measured quantities, an index of interior performance called the Solar System 
Luminous Efficacy (SSLE) was also derived. The SSLE is defined as the ratio of useful 
daylight on the work plane (in lumens) to the solar radiant flux entering the space 
through the roof glazing (in w.atts). The daylighting performance of the roofing system 
has been analyzed for a variety of interior design options through the comparison of the 
measured SSLE values. 

The beam daylighting system studied has several advantages over other more con
ventional daylighting designs. 

1. The south-facing apertures provide more than adequate work-plane illuminance at 
modest glazing sizes. These results indicate that the roofing system is capable of 
saving the bulk of the electricity that would normally be expended for electric light
ing. Also, the lighting electricity savings achievable with this roofing system have 
the potential to significantly reduce the peak demand for electrical utilities that 
experience their peak demand when the solar resource is strong (e.g., on bright sum
mer days). 

2. The roof monitors with diffusing glazing provide a quite uniform illuminance distri
bution over the entire work plane. The lowest observed illuminance values occurred 
in regions where the view glazing would be expected to provide significant supple
mental illumination. 

3. Due to the highly diffusing roof glazing, the SSLE is quite insensitive to beam
sunlight incidence angle. 

4. Interior surface reflectivities, overhead obstructions, and interior partitions 
significantly affect the system performance (SSLE). 
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5. The observed SSLE's ·are on the order of twice the Electric System Luminous 
Efficacies for highly efficient, general, fluorescent lighting systems under comparable 
interior design situations. This suggests that there is substantial potential to realize 
savings in lighting electricity and cooling electricity consumption and to reduce peak 
electric demand on summer-peaking utilities. 
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Base Case 
Interior Surface 
Reflectivity 
Overhead 
Obstructions 

Office Plan 

Roof Surface 
Reflectivity 

TABLE 1 
Experimentally Investigated Daylighting System Design Parameters 

Interior Design Options 
Completelv ooen olan w /white ceiline: (88% reflectivity), white walls (84% reflectivity) 
Same as base case except w /white walls replaced by black walls 
(3.6% reflectivity) 
1. Base case wfoverhead, cylindrical, white light fixtures (69% reflectivity) 
2. Base case w /overhead white ducts (69% reflectivity) 
3. Base case w/overhead red ducts (8% reflectivity) 
Base case w/5-ft-10-in-high white partitions (83% reflectivity) 
Base case w/7-ft-high white partitions (83% reflectivity) 
-w /overhanging shelves and 2-ft glazing panels extending above the partitions 
-w /overhanging shelves but w fo glazing panels 
-w /glazing panels but w fo overhanging shelves 
-w/o overhane:ing shelves and w /o glazing panels 

Exterior Design Ootion 
Base case w /white roof (84% reflectivity) 
Base case w/black roof (3.6% reflectivity) 

TABLE 2 
Experimentally Investigated Sun Angles 

Direction of Beam Beam-Sunlight Incidence 
Sunlight with Respect 

Date2 Solar Time2•3 
Angle with Respect to 

to Scale Model Normal to Daylight 
Altitude Azimuth Glazine.: 

10 60 Dec 21 4:00pm {8:00am) 60 
20 30 Dec 21 2:00pm {10:00 am) 31 
30 0 Dec 21 12:00 noon 7 

50 80 Jun 21 3:00 pm (9 am) 57 
70 40 Jun 21 1:00 pm {11:00 am)· 39 
80 0 Jun 21 12:00 noon 43 

30 60 Mar 21, Sep 21 3:30pm (8:30am) 50 
50 30 Mar 21 Sep 21 1:00 om (11:00 am) 25 

1. Azimuthal angles were measured clockwise from due south. 

2. For 36 degrees north latitude. 

3. Due to the symmetry of the scale model, the collected data (representative of afternoon hours) can be 
easily translated to their corresponding morning values. 
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TABLE 3 
Average Solar System Luminous Efficacy (SSLE) and External Solar Conditions for Base-Case Model 

(a) (b) 

Average SSLE (lum/W) 
Solar Solar 

Average External Solar 
Sensor Conditions During Tests(W/m~ 

Altitude Azimuth SA 1* SA 2** SA 1* SA 2** 
10 
20 
30 
30 
50 
50 
70 
80 

Average 

60 80.5 
30 84.4 
0 85.8 

60 73.3 
30 78.7 
80 87.8 
40 84.8 
0 85.6 

82.6 

82.4 PSP 853 
84.1 NIP 902 
80.7 
85.2 
81.7 
83.5 
83.3 
78.3 
82.4 

*SA 1: Sensor Arrangement #I (Figure 5) 
**SA 2: Sensor Arrangement #2 (Figure 6) 

TABLE 4 
Transmission Ratios (IWP /NIP) for Different Roof Surface Reflectivities 

Solar Solar White Roof Black Roof 
Altitude Azimuth (o = 0.84) (o- 0.036) 

10 60 0.28 0.27 
20 30 0.53 0.53 
30 0 0.65 0.62 
40 60 0.46 0,37 
50 30 0.66 0.58 
60 80 0.32 0.33 
70 40 0.52 0.43 
80 0 0.49 0.41 
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FIGURE 1: HELIODON FOR ORIENTING MODEL 
(Electronic circuits are in box beneath the model) 

- 17 -



False Roof Roof Overhang n 

L---. A 
Side View of Scale Model Section A-A thru Scale Model 

XBL 873-=\146 

FIGURE 2: INTEGRATING WINDOW PYRANOMETER (IWP) 
MOUNTED BEHIND GLAZING IN ROOF OVERHANG 

Roof 

~~~~m!~~-Pyranometer Housing 
~~~-Muffin Fan Blade 

Opaque Roof of Model 

Air Flow to Remove Heat from Back of Flux Meter 

XBL 862-547 

FIGURE 3: CROSS-SECTIONAL VIEW OF 
INTEGRATING WINDOW PYRANOMETER 
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FIGURE 4: SAWTOOTH ROOF STRUCTURE WITH TIL TED GLAZING 
(Desk plan shown in this drawing is not the one investigated experimentally) 
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FIGURE 7: INTERIOR OF MODEL OUTFITTED WITH 
DESKS AND SENSORS (SENSOR ARRANGEMENT #2) 
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Average SSLE (Lumens/Watt) in Each Space: 
Front Middle Back 

44 60 68 
Average SSLE (Lumens/Watt) for All Sensors: 

54 
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A) TOTAL ILLUMINANCE ON THE WORK PLANE (LUX) B) SOLAR SYSTEM LUMINOUS EFFICACY (LUMENS/WATT) 

Summary of Solar Radiation Data (Watts per Square Meter): 

IWP = 558. PSP = 757 NIP = 878 
Sun Angles Relative to Model (Degrees): 

Altitude = 30 Azimuth = 0 

XBL 873-1154 

FIGURE 15: RESULTS FOR SA 2 FOR MODEL WITH WHITE 
WALLS, 7-FOOT PARTITIONS (NO GLAZING ABOVE), AND 
SHELVES 
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This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable . 



'• ' li __ .... t._ 

LAWRENCE BERKELEY LAB ORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

.. 

"-

_:; 




