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We define a comprehensive approach to integrated envelope and lighting systems design as one that balances
energy efficiency with an equal regard to the resultant environmental quality. By integrating envelope components
(glazing, shading, and daylighting), lighting components (fixtures and controls) and building HVAC/
energy management control systems, we create building systems that have the potential to achieve significant
decreases in electricity consumption and peak demand while satisfying occupant physiological and psychological
concerns.

This paper presents results on the development, implementation, and demonstration of two specific integrated
envelope and lighting systems: (1) A system emphasizing dynamic envelope components and responsive electric
lighting systems, that offer the potential to achieve energy efficiency goals and a near optimum comfort environ-
ment throughout the year by adapting to meteorological conditions and occupant preferences in real time, and
(2) perimeter daylighting systems that increase the depth of daylight penetration from sidelight windows and
improves visual comfort with the use of a small inlet aperture. The energy performance of the systems was
estimated using the DOE-2 building energy simulation program. Field tests with reduced scale models were con-
ducted to determine daylighting and thermal performance in real time under actual weather conditions. Demonstra-
tions of these integrated systems are being planned or are in progress in collaboration with utility programs to
resolve real-world implementation issues under complex site, building, and cost constraints. Results indicate that
integrated systems offer solutions that not only achieve significant peak demand reductions but also realize
consistent energy savings with added occupant comfort and satisfaction.

Introduction

In a survey of existing large office buildings in California
using utility bill data, on-site surveys, and end-use
metered data, 43-49% of the total annual electricity
consumption was estimated to be due to electric lighting,
while 15-19% was due to mechanical cooling (Akbari
et al. 1989). Commercial office building floor area is
projected to represent 26% of the total California
commercial floor area stock by the year 2005 (CEC
1991), with a total projected electric demand of 6.0 GW.
We believe it is possible to reduce this projected demand
by 20% to 4.8 GW if all new and 10-30% of existing
commercial office buildings are retrofit with advanced
building envelope and electric lighting technologies by the
year 2005 (Sullivan et al. 1992). Achieving these market
impacts will require not only these potential technological
advances to save energy but new high performance build-
ing systems that improve the overall quality of the
resultant indoor environment.

In the narrowest sense, the goal of incorporating window
and lighting systems in commercial buildings is to provide
occupants with an adequate level of daylight or electric
lighting to perform visual tasks in a productive manner.
Occupant surveys reveal some of the shortcomings of con-
ventional design practice and broaden the definition of an
acceptable office environment. In a study of office
workers in the Pacific Northwest region (generally an
overcast and cool climate), slightly over 40% of the
occupants said they experienced the sun as too bright at
least sometimes, and 60% of the occupants said that the
window was a primary source of glare and interfered with
their work. In addition, 55-60% of occupants along the
east, west, and south walls said it was too warm at least
sometimes despite the provision of space conditioning
(Energy Edge 1991). Yet while visual and thermal dis-
comfort frequently occur at perimeter office zones, over
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50% of the occupants in several high-rise office buildings
in Tokyo preferred to have seats nearer the window, cit-
ing advantages of brightness, outside view, wide visual
range, and open feeling—with only 6-8% preferring seats
further away (Inoue et al. 1988).

By taking a systems approach to combining disparate
envelope and lighting components, higher energy savings
can be attained with improved occupant comfort over
conventional design practice. This integrated systems
concept is based on two approaches: (1) The large varia-
tion in solar radiation due to diurnal and seasonal changes
of sun position, daylight availability, and cloud cover
conditions is a major cause of both high energy use and
occupant discomfort. However, there is an optimum cool-
ing and lighting energy balance between the envelope and
lighting system that can be used to advantage to reduce
this large variation. Dynamic systems that meet this
balance on an active basis can substantially reduce energy
usage and peak demand, while increasing occupant
comfort. (2) Direct sun and the poor distribution of
daylight resulting from sidelight windows are a major
source of glare discomfort and eye fatigue. When occu-
pants adjacent to the window control interior shades to
increase visual comfort, potential electric lighting savings
from daylighting controls is reduced throughout the entire
perimeter space. By redirecting the daylight to the ceiling
plane, surrounding wall surfaces, and core areas, as
opposed to the floor area immediately adjacent to the
window, the lighting quantity and quality in the space can
be improved while increasing lighting energy savings.
This is now particularly relevant since most work environ-
ments make extensive use of partitioned workstations
without direct access to windows, view, and daylight. We
present current findings from two related parallel efforts
to develop integrated envelope and lighting systems:
(1) dynamic envelope/lighting systems that actively modify
both daylighting and thermal characteristics of the building
envelope to balance lighting and cooling energy use; and
(2) daylighting envelope/lighting systems that extend the
depth of daylighting penetration and increase the uniform-
ity of its distribution throughout a 9.14 m (30 ft) deep
perimeter space. We briefly describe the methods used to
develop these designs from concept to full realization in
buildings. We present estimates of electricity consumption
and peak demand savings resulting from these systems
compared to conventional systems. In our evaluation, we
focus on how well the designs achieve both energy-
efficiency and environmental quality. Finally, we discuss
practical considerations and our plans for future develop-
ment of this concept.

Dynamic Envelope and Lighting
Systems: Active Control of Incident
Daylight and Solar Heat Gain

Dynamic systems offer the potential to achieve a near
optimum physiological and psychological environment
throughout the year by responding to meteorological
conditions and occupant preferences in real time. Dynamic
envelope components, such as automated venetian blinds
or electrochromic glazings, are operated in synchroniza-
tion with the electric lighting and daylighting controls
system via an intelligent control system. The solar-optical
properties of the envelope system, or related thermal and
daylighting properties, are first used by the control system
to predetermine the position of the envelope system that
best fits the design criteria, then the electric lighting is
dimmed in response to the resultant available daylight. By
working as a system, tradeoffs can be made between
decreases in electric lighting energy use and cooling due
to electric lighting heat gains versus increases in cooling
due to solar radiation through the building envelope. In
addition, the system can be designed to accommodate
occupant preferences for view, glare control, and task
lighting levels.

In California climates and for cooling-dominated commerc-
ial buildings, daylight variability is the predominant
meteorological variable requiring control at the window.
In the Los Angeles climate, for example, the clear sky
horizontal exterior illuminance levels from sun and sky
vary from 10,000 to 90,000 lux (1,000 to 9,000 fc) from
morning to noon hours at the equinox, and 110,000 to
15,000 lux (11,000 to 1,500 fc) from summer to winter at
noon, with only moderate changes in outdoor average air
temperature from 20° to 12°C (68° to 54°F) throughout
the year. The dynamic range of the solar-optical proper-
ties of the building envelope system is therefore critical to
achieving control over both the variability of daylight
levels within the space and the heat gains introduced by
solar radiation that contribute to occupant discomfort.

The automated venetian blind, for example, is one such
envelope system that meets both energy and occupant
criteria. The system has the ability to control daylight
levels and, to some degree, its distribution within a large
range through the choice of surface reflectance and the tilt
angle of the individual louvers. By achieving a more uni-
form daylight level throughout the day, eye fatigue and
discomfort glare caused by excessive daylight or the
brightness of the window plane can be decreased. View
and privacy can also be controlled by the degree of louver
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openness or by full retraction of the blind during periods
of low daylight availability and night time occupancy. The
blind is also capable of variable thermal control to reflect
and block direct solar radiation, which causes thermal
discomfort through radiant asymmetry. If the blind is
placed between two panes of glazing, the absorbed and
inward flowing fraction of solar radiation heat gains can
also be minimized. Airflow windows, where return air is
circulated between the panes of glass, can be used to
further reduce the thermal load, as can exterior blind
systems.

Other envelope systems can be used to provide similar
control. Of particular note, the electrochromic glazing
provides an elegant and unobtrusive solution. Laboratory
prototypes already possess excellent solar-optical proper-
ties which will hopefully be commercially available within
the next three to five years. The electrochromic glazing is
a multi-layer coating that can be applied as a thin film to a
glass or plastic substrate. It uses an electrochromic layer
and counter-electrode separated by an ion-conducting
electrolyte. A small applied voltage moves ions from one
layer to the other, inducing a reversible color change.
This chemical reaction changes the appearance, and solar-
optical properties, of the glazing from a clear to darkly
colored state—typically blue or bronze (Lampert and Ma
1992). This envelope system has the distinct practical
advantage over many systems commercially available
today, in that it has no moving parts, although the long
term durability of an electrically active coating remains a
research challenge.

The control system design is critical to the proper satisfac-
tion of energy and comfort criteria. The central focus of
the research conducted in this project was to investigate
operational control algorithms and to evaluate the resultant
energy performance against conventional static systems.
Anticipatory or predictive control algorithms can be used
to determine the optimal energy balance between envelope
and lighting components prior to actuation of the system.
However, this is very difficult to accomplish in both
building energy simulation programs and in real-world
implementation due to the complex relationship between
instantaneous heat loads, characterization of the cooling
and air distribution system, and the thermal lag introduced
by the building mass. Most research has concentrated on
control strategies designed to minimize instantaneous and
measurable loads such as workplane illuminance (Warner
et al. 1992), room air temperature (Rheault and Bilgen
1987), or transmitted direct solar radiation (Inoue et al.
1988). We have made a preliminary investigation into the
incremental energy benefit of using predictive control
algorithms (Lee and Selkowitz 1995).

Likewise, development of control strategies based on
physiological and psychological criteria such as discomfort

glare, view, and privacy defy simple solutions. Visual and
thermal comfort indices combine a number of occupant-
based parameters, such as occupant view position, task
being performed, activity and clothing level, that would be
very difficult to measure with conventional sensors and to
hard-code into a control algorithm. In our study, an
accommodation of occupant comfort is thus an indirect
product of meeting energy performance criteria. Similar to
the provision of a thermostat, we propose a system that
ensures energy savings through active control, yet offers
the occupant the option to override the system if personal
preferences are not met.

In the growing demand for intelligent building systems
(Geissler 1989), we see the potential to tie envelope and
lighting components in on a whole building scale; e.g.,
integrating with mechanical system operation and utility
real-time pricing schedules, or working with centralized
energy management control systems for environmental,
security, and life safety control.

Integrated Daylighting and Lighting
Systems: Extending Daylighting to
Deep Perimeter Zones with Light
Shelves and Light Pipes

Daylighting technologies can extend the area daylit by
conventional sidelight windows by redirecting sunlight
further from the window wall. This serves to reduce
electric lighting energy within a larger floor area and to
reduce cooling due to lighting, without increasing solar
heat gains, if properly designed. What constitutes an
acceptable perimeter lighting environment? Standards for
electric lighting set minimum task lighting levels, define
the acceptable contrast gradient between the task surface,
surrounding surfaces, and the background, and give
guidelines to limit sources of brightness glare from
windows and electric lighting. Temporal changes in
daylight levels are desirable from the perspective of
psychological relief and maintaining some tangible contact
with the outdoors. Under certain conditions, direct sun is
viewed favorably. In the Pacific Northwest, 86% of the
occupants liked direct sun in their workplace somewhat or
very much—possibly due to the predominant overcast
conditions (Energy Edge 1991).

The challenge of successful daylighting design is again
caused by the large variation in meteorological conditions,
i.e., solar position and daylight availability. Optimally, the
design would (1) redirect daylight to a fixed location as
the sun moves in its diurnal and seasonal cycle,
(2) distribute the daylight flux uniformly throughout the
ceiling and wall surfaces of the room, (3) maintain a
relatively narrow range of interior daylight levels as the
exterior daylight levels fluctuate with season, and
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(4) prevent the penetration of direct sun and direct source
glare. With actively tracking heliostats coupled to an
efficient distribution and light level control system, these
design objectives can be fulfilled subject only to daylight
availability. One such system uses rooftop active-tracking
Fresnel lenses to collect sunlight and fiberoptic cables to
transport the daylight to any location within the building.
While these systems can provide daylighting to core areas
of buildings, the few that have been built to date are very
expensive and may require special skills to maintain.
Another approach is to use static systems, such as pris-
matic glazings, reflective louvers, and light shelves, to
passively redirect daylight from the window wall. Flat
glazing technologies under development include holo-
graphic diffractive structures and laser cut light deflecting
panels.

The system we propose consists of a south, east, or west-
facing perimeter window wall divided into an upper day-
lighting aperture and a lower view aperture. The lower
view aperture incorporates spectrally selective glazing
with an operable shading device, perhaps the automated
venetian blind system proposed above, to control glare,
direct sun, heat gains, and view for those occupants
adjacent to the window. The upper daylighting aperture
incorporates the daylighting technology—a light shelf or
light pipe—to efficiently redirect or transport direct beam
sunlight to depths of 9.15 m (30 ft) from the window
wall, with supplemental daylight contributed from a lower
view window for the first 4.57 m (15 ft) from the window
(Figure 1). The light shelf was constrained to fit within a
0.61-1.52 m (2-5 ft) deep articulated facade. The light
pipe was designed to be used within a 0.61-0.92 m (2-
3 ft) high ceiling plenum, with its input aperture placed
flush with the building spandrel and its overall dimensions
constrained to accommodate
within the plenum.

Each component of the design
meet our performance needs

other building subsystems

was carefully considered to
(Beltriin et al. 1994). The

input aperture for both prototypes evolved into reflectors
that block direct sun to prevent direct source glare and
redirect sun according to the altitude angle of the sun
throughout the year. The input aperture area was con-
strained to reduce solar heat gains. For the light shelf,
highly reflective daylight films with selective angles of
outgoing reflection were used to redirect incident flux to
the ceiling plane 7.62-9.15 m (25-30 ft) from the window.
Interreflections off the ceiling plane and walls distributed
daylight to the workplane surface. For the light pipe, the
same light shelf reflective daylight films and geometry
were used to redirect daylight along the longitudinal axis
of the pipe, minimizing interreflections and daylight
losses. The transport section of the pipe was designed
with an inclined ceiling plane and a combination of highly
reflective films on all surfaces. The distribution section
used a transmissive/ reflective film to redirect light
downwards to the workplane surface.

Method

The development of both system designs required an itera-
tive approach: starting from a general design concept
using rough, quick evaluation methods to gain insight into
the general performance, then progressing toward more
accurate evaluation methods to fine-tune the design.
Rough daylighting evaluation methods included scale
model visualization using lasers, ray tracing calculations,
and outdoor scale model testing. More accurate estimates
of energy usage throughout the year were obtained by
running DOE-2.1D (Simulation Research Group 1989)
building energy simulations. Experimental measurements
under laboratory conditions were combined with the
daylighting algorithms (Papamichael and Beltrán 1993) in
DOE-2 to more accurately predict the daylighting perfor-
mance of the optically complex window systems, i.e., the
venetian blinds and the light shelf/light pipe designs. The
hour-by-hour mathematical models used in DOE-2 cannot
accurately estimate the time-dependent heat transfer
through the optically complex, dynamically operated

Figure 1. Ray Tracing Schematic of Sun Angles at Noon for Light Shelf and Light Pipe Designs
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venetian blind system. Therefore, we used the LBL
Mobile Window Thermal Test (MoWiTT) facility to
compare the heat gain of the dynamic system against a
conventional static system and to characterize the differ-
ences in load shape and peak demand (Klems et al. 1994).
Lighting quality was investigated using the RADIANCE
ray-tracing simulation software (Ward et al. 1986) and
through direct observations of physical models.

The systems were further developed using reduced scale
prototypes to resolve practical implementation issues, such
as sensor design and placement or hardware/software
design of the control system, and to evaluate the system
performance under realistic sun and sky conditions
(Rubinstein et al. 1994). These systems will be further
tested and developed in a full-scale testbed facility to
make the transition from reduced-scale field tests to whole
building applications. To better understand the market
potential and barriers associated with these concepts, we
conducted meetings with manufacturers and design firms
to introduce the general concept of systems integration and
to discuss the viability of specific prototype systems.

Demonstrations in real-world buildings were also pursued
throughout the duration of the project with the objective to
promote the concept of integrated systems in commercial
buildings, and to field-validate their performance.
Demonstrations with comprehensive end-use metering and
user feedback can be invaluable to convince the risk-
averse building industry to adopt new demand-side
management (DSM) measures and to satisfy utility savings
verification needs. We worked with several utility
demonstration projects, providing in some cases a general
level of design assistance while promoting our concept, or
in-depth full design and evaluation analysis for the cases
when we were offered an opportunity to build and test our
specific prototype systems (Lee and Selkowitz 1994).

Performance Evaluation

Dynamic Envelope and Lighting Systems:
Smart Coatings and Automated Blinds

Building energy simulations using DOE-2 confirmed
substantial annual electricity consumption savings and
peak demand reductions over conventional design practice.
Figure 2 shows the incremental electricity consumption
savings over an insulated wall for a conventional spectral-
ly selective low-e insulating glazing (IG) glazing with and
without shades, a hypothetical broad-band electrochromic,
and a hypothetical selective narrow-band electrochromic. 1

The automated venetian blind system was operated to
block direct sun and not exceed the design workplane
illuminance level. The electrochromic glazing transmit-
tance was modulated to meet the design workplane illumi-

nance level. The operation of the shade was designed to
emulate manual operation; operating from fully open to
fully closed if the threshold for glare (glare index <20)
and/or direct solar radiation (<94.5 W/m2 (30 Btu/h·ft2))
was exceeded for that hour. Electric lighting control was
based on the available daylight illuminance level at a
distance of 3.05 m (10 ft) from the window wall and at a
workplane height of 0.76 m (2.5 ft) above the floor. The
design workplane illuminance level was set at 538 lux
(50 fc). The prototypical commercial office space was
3.05 m wide by 4.57 m deep by 2.59 m high (10 x 15 x
8.5 ft). Results are presented for the inland Los Angeles
climate.

Note that the solar-optical properties of the dynamic
envelope system have a significant effect on energy
savings. For the same control strategy, the narrow-band
electrochromic (shading coefficient (SC) = 0.11-0.50,
visible transmittance (Tv)=0.09-0.71)2 performed better
than the broad-band electrochromic (SC=0.26-0.84;
Tv=0.09-0.70) for all window orientations and range of
glazing areas because it had a lower range of shading
coefficient. Note also that the automated venetian blind
provides a viable near term energy-efficient alternative to
the electrochromic glazing, since the broad-band electro-
chromic, indicative of prototype systems that may become
available in the next three to five years, performed only
slightly better than the automated venetian blind. 3 The
performance of the venetian blind might also be improved
to exceed the performance of the broad-band electrochro-
mic. The venetian blind was modeled with discrete louver
tilt angles at 15° increments and thus approximately met
the design workplane illuminance level, whereas the
electrochromic system was modeled with continuously
variable transmittance and thus provided the exact design
workplane illuminance level.

The conventional glazing system, a spectrally selective
low-e IG glazing (SC=0.41, Tv=0.61) with manually
operated diffusing shades, performed nearly the same as
the broad-band electrochromic system for glazing areas
less than 50% window-to-wall ratio,4 and worse for
glazing areas greater than 50% due to its inability to
control increases in cooling due to solar heat gains for all
orientations. While in the ideal case an occupant will
operate the shades to control direct sun and glare, it is
unlikely that the occupants will operate the shade as
modeled in DOE-2 on an hourly basis, if at all. This
argument can be substantiated by observations of how
occupants control shading devices. In a study investigating
the frequency and nature of venetian blind operation by
the occupant, it was found that about 60% of the blinds in
several high-rise Tokyo office buildings were never used
during the day (Inoue et al. 1988). In a separate study
using data in part gathered from active badges monitoring
occupant whereabouts, it was found that individuals
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Figure 2. incremental Electricity Consumption (kWh/yr) for a 139.4 sq.m. (1500 sq. ft. ) Commercial Office Building Zone
in Los Angeles

typically spent 3.5 hours away from the office on excur-
sions lasting 30 minutes or longer (Elrod et al. 1993).
While these observations indicate that active shading
systems may not substantially improve the comfort of an
(absent) occupant, energy savings can be ensured over
manually operated systems. For example, occupancy-
based envelope and lighting control strategies may
improve the projected energy savings by shutting off the
lights and drawing the shades when the occupant is not in.

The diurnal and seasonal variations in peak demand are
also presented for the dynamic and conventional systems
for the west-facing orientation (Figure 3). Peak demand
data for the venetian blinds are not given since the DOE-2
thermal model for this system is not accurate at the hourly
level. Measured results of the venetian blind performance
using the MoWiTT facility are presented below. Note
again that because the narrow-band electrochromic has a
superior solar-optical range, the peak demand is nearly
half that of all other active systems throughout the year.
This decrease in the variation of electric demand and,
necessarily heat loads within the space, may result in
increased occupant thermal comfort. In an occupant
survey of the effects of weather and the time of day on
thermal comfort, researchers found that warm discomfort
was more common when the sun was out, especially in

late afternoon and in the summer, even though the space
was air-conditioned (Energy Edge 1991). Other comments
included, “In the summer, they turn on the air conditioner
and it’s too cold.” While this may be an indication of a
poor mechanical system design, if the perimeter space
loads are decreased, thermal discomfort arising from
either central control of the environment or inadequate
control of individual zones may be decreased.

Due to the complex optical properties, geometry, and
dynamic operation of the venetian blinds, we have not yet
developed a venetian blind algorithm within the hour-by-
hour mathematical models used in DOE-2 so, at present,
we cannot accurately estimate the time-dependent heat
transfer through this complex window system under
realistic conditions. For the DOE-2 building energy
simulations described above, we used shading coefficient
data calculated for a non-specular louver system between
two glass panes for variable louver tilt angles and two
average solar incident angles: summer and winter. There
is, however, a significant dependence of heat transfer on
solar incident angle as it varies throughout the day with
both season and orientation. The LBL Mobile Window
Thermal Test (MoWiTT) facility, consisting of accurate,
twin room-sized calorimeters, is designed to simul-
taneously measure the time-dependent net heat flow
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Figure 3. Total Electricity Demand for Typical Peak Days for a 139.4 sq.m. (1500 sq. ft.) West-Facing Commercial Office
Perimeter Zone in Los Angeles

through two fenestration systems of any complexity under
realistic conditions. We used the MoWiTT facility to
compare the heat gain of the automated venetian blind and
dimming electric lighting system to a conventional static
glazing and the same electric lighting system.

Results for a clear day indicate that the automatically
controlled interior blind coupled with a selective glazing
system was more than twice as effective at reducing solar
heat gain as a commonly-used, single-pane tinted (bronze)
glazing, while providing approximately the same level of
useful daylight. The large differences in the heat flow
between the two samples were driven principally by the
admittance of direct sun into the base case chamber.
Because the solar heat gains were so high, we conclude
that the tinted glazing does not represent a satisfactory
design for the space. The solar gains could be reduced to
the level of the blind system if, for example, a lower
shading coefficient tinted or reflective glazing is used.
However, during periods of low daylight availability or
cloudy conditions, the static glazing system would result
in inadequate daylighting, resulting in higher electric
lighting loads.

Integrated Daylighting and Lighting
Systems: Light Shelves and Light Pipes

Results given for Los Angeles indicate that for the south-
facing light shelf prototype in a 6.10 m wide by 9.15 m
deep by 3.05 m high (20 x 30 x 10 ft) workspace, the
workplane  illuminance level in the back of the room at a
distance of 8.38 m (27.5 ft) from the window wall is over
300 lux (27.9 fc) throughout the year for surface solar

are given for the direct sun contribution only, since the
clear sky contribution was relatively small: less than
24.6 lux (2.3 fc) throughout the year. For east or west-
facing light shelf prototypes, the workplane illuminance

±90°. These daylight levels are achieved for an aperture
that is only 0.18 m (0.6 ft) high across the width of the
room, with a total input aperture area of 1.11 m2 (12 ft2).
These results were determined using experimental meas-
urements and integrating mathematical algorithms
(Papamichael and Beltrti 1993).
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The distribution of daylight in the 4.57-9.15 m (15-30 ft)
workplane area from the window wall is fairly uniform
under clear sky conditions. For the south-facing light shelf
at noon, workplane illuminance levels are between 398-
451 lux (37-42 fc) for the winter solstice, 212-245 lux
(19.7-22.8 fc) for the summer solstice, and 430-894 lux
(40-83 fc) for the equinox. Less uniformity occurs for sun
angles that are not directly in front of the window since
redirected sunlight falls on the upper side wall surfaces for
very oblique sun angles. In open plan offices, where there
are no side walls to obstruct redirected daylight, distribu-
tion will be more uniform for oblique sun angles. In indi-
vidual offices, side wall reflectors at the light shelf may
improve light output efficiency.

The light pipe designs performed less consistently
throughout the year than the light shelf designs, primarily
due to the smaller aperture area studied (0.15-0.37 m2

(1.6-4.0 ft2)) and the point versus linear input aperture
opening. Multiple light pipes or enlarged and redesigned
collector apertures would improve this performance. For
the south-facing light pipe prototype with an input aperture
area of 0.15 m2 (1.6 ft2), the workplane illuminance level
at a distance of 8.38 m (27.5 ft) from the window wall is

> ±60°, the workplane illuminance contribution from the
light pipe was insignificant. The distribution of daylight in
the workplane area 4.57-9.15 m (15-30 ft) from the win-
dow wall is not uniform over the full 6.1 m (20 ft) wide
space due to narrow spread of daylight from the 0.61 m
(2 ft) wide outlet aperture. The inefficiency of the light
pipe for oblique sun angles is due to the increased number
of interreflections within the transport section of the light
pipe when the admitted daylight is not collimated along
the longitudinal axis of the light pipe. To improve effi-
ciency for oblique sun angles, the geometry of the light
pipe side walls will need to be altered from the current
design.

Practical Considerations

Dynamic Envelope and Lighting Systems:
Automated Sensors and Controls

We built the dynamic envelope and lighting system to
determine whether control of the venetian blind and
electric lighting system could be practically implemented
using a few simple sensors and controls. While dimming
ballasts and control photosensors for electric lighting
systems are commercially available (although currently
expensive), control sensors that automatically adjust
venetian blind tilt angles according to solar position or
other criteria are not available off-the-shelf. In addition,
control systems that optimally integrate operation of both

the fenestration system and the lighting system are not
available.

We used a computer-based data acquisition and control
system to implement the control algorithms in software.
Off-the-shelf motorized venetian blinds, lighting system,
cornrnercially-available photosensors, sun position sensor,
and other sensor monitoring components were tested for
suitability and extensively modified to meet the control
criteria. We concentrated on achieving control at the local,
office-by-office scale as opposed to the global whole
building scale. At this time, our solution requires multiple
sensors for proper control. Global control would increase
the cost-effectiveness of our solution by spreading the cost
of the sensors over a greater floor area, but may result in
a loss of individual control. We will continue to investi-
gate sensor designs that perform multiple functions.

We tested the system outdoors using a one-third reduced
scale model to evaluate how well the venetian blind/
lighting system satisfied defined control strategy goals in
real-time, under variable sun and sky conditions. Resolv-
ing issues, such as how often to actuate the system under
rapidly changing cloudy sky conditions or how much
precision is necessary to control the blind tilt angle, will
impact daylight illuminance levels within the space,
realized lighting energy savings, product costs, and an
occupant’s acceptance of the system. Field testing for a
west-facing orientation indicated that the control system
can successfully satisfy the control algorithm: block direct
sun and maximize view. During consistently sunny
conditions, we found that the system performed well. The
blind angle was correctly tracking the solar position
throughout the day to exclude direct sun, the workplane
light level (daylight + electric lighting) remained rela-
tively constant throughout the day, and the electric
lighting power reduction followed the daylight levels in
inverse proportion as expected. Data from a hazy, still
sunny day indicated that the workplane light level had
slightly larger deviations from the design setpoint, but in
all other respects, performed comparably to the sunny test
conditions.

Through product research and discussions with manufac-
turers, architects/engineers, and other research facilities,
the interest and trend toward sophisticated intelligent
dynamic systems was confirmed. Several utility DSM
programs have specified or installed envelope systems
with automated envelope/lighting systems; e.g., the PG&E
ACTT work with a dynamic skylight/electric lighting
system in a CSAA building in Antioch, CA;6 and the SCE
Headquarters in San Dimas, CA with a motorized
shade/lighting system. 7 A corporation outside of the
building industry has developed and installed sophisticated
occupant based lighting control systems in their commer-
cial space, to be tied in eventually with envelope controls,
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with the expressed sole purpose to save energy in their
buildings throughout the nation (Elrod et al. 1994).
Numerous European manufacturers have created lighting
management systems based on an advanced networking
technology to facilitate distributed control and reconfigura-
tion (Maniccia 1993). Further development of intelligent
microprocessors and energy management control systems
will continue to drive costs down in the future.

Integrated Daylighting and Lighting
Systems: A Novel Skylight System

One specific building demonstration, the SCE Palm
Springs Chamber of Commerce, gave us an excellent
opportunity to prove the concept of integrated design and
to test out the concepts developed for the daylighting
technologies (Figure 4). We worked extensively with the
architectural and engineering team to design and evaluate
integrated envelope and lighting solutions for the entire
building. Our work focused on developing a skylight sys-
tem to daylight two windowless offices. Through an itera-
tive series of ray-tracing calculations, outdoor physical
model tests, and RADIANCE/CADD modeling, we devel-
oped a single aperture skylight design that splits and
redirects incoming daylight to the ceiling plane in two
separate rooms. The design of this skylight system grew
out of our experience, described earlier, with the light
shelves and light pipes on vertical facades.

Our design was constrained by the building geometry,
construction, and building code considerations. We found
that while our design worked well to redirect daylight and
improve its distribution, the design was perceived as
rather cumbersome and impractical by the architect for
this particular retrofit application. Further work will be
required to develop a robust mass-manufacturable system
that can fit in with generic building types, such as new
one-story commercial developments.

Conclusions

Significant reductions in energy use can be accomplished
with increases in occupant comfort. To many occupants,
energy-efficiency is secondary to environmental quality.
Conventional building system designs that ignore this fact
may find their energy-efficiency measures being overrid-
den or dismantled. If economic value is placed on the
potential increased comfort and productivity associated
with an occupant’s satisfaction with the visual and thermal
environment, the drive toward more efficient, quality
building environments can be further justified.

The approach we are developing requires a more involved
design process. Simplistic approaches to increase energy-
efficiency, such as swapping out components in exchange
for more efficient components, must by necessity be
replaced by a more sophisticated performance based
approach. Integrated design requires a more sophisticated
building designer, aware of the interactive effects of
energy use and occupant comfort, and more powerful
design tools that assist the building designer to make
informed decisions on complex multi-variable problems
(Papamichael and Protzen 1993). Utility programs,
recognizing this as a market barrier, have set up design
assistance programs emphasizing systems integration.

Our integrated approach will also require more forward
thinking from manufacturers of envelope and lighting
systems. Manufacturers will be required to expand the
boundaries of their expertise from the component level to
the whole building systems level when developing new
product lines. This again requires an understanding of
how specific components play into whole building system
energy-efficiency. For the specific integrated envelope and
lighting systems proposed here, advances in control sys-
tems and additional developments in sensor technologies

Figure 4. Ray Tracing Schematic of Noon Sun Angles for the Skylight Design
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will be required before advanced dynamic control can be
cost-effectively implemented. Close work with manufac-
turers will also be needed to develop a practical
daylighting/lighting technology.

In future work, we will continue to develop the integrated
envelope and lighting systems with less emphasis on
theoretical simulation models to verify performance and
more emphasis on addressing the practical concerns of the
manufacturer and the designer. We will set up a testbed
facility to further develop and evaluate the systems in full
scale and under occupied conditions. Demonstrations in
real-world buildings will also continue.
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Endnotes

1. Spectrally selective glazings are a relatively new class
of commercially available products that admit a high
proportion of visible daylight while excluding most of
the heat gain arising from the solar infrared, with
minimal loss of illumination and view. The hypotheti-
cal broad-band electrochromic coating switches from
transmitting to absorbing over the entire solar radia-
tion spectrum. The hypothetical narrow-band electro-
chromic switches from transmitting to reflecting in the
visible portion of the solar spectrum only, with a
minimum fixed transmittance and high reflectance in
the infrared portion of the solar spectrum (Selkowitz

2.

3.

4.

5.

6.

7.

et al. 1994). Electrochromic coatings will not be
commercially available for three to five years.

Shading coefficient (SC) is a measure of total solar
heat gain including both directly transmitted solar
radiation and the indirect component of inward flow-
ing heat due to absorption by the glazing. The visible
transmittance (Tv) is defined as the percentage of
visible light transmitted through the glazing.

Because of the time-consuming experimental methods
used to define daylighting performance, we were able
to measure only one glazing area, 50% window-to-
wall ratio, for the venetian blind.

The glazing area, or window-to-wall area, is repre-
sented as a percentage of the floor-to-floor wall area,
where the 70% window-to-wall value is equivalent to
100% floor-to-ceiling glazing area.

Surface solar azimuth is defined as the angle between
the surface outward normal of the window and the
solar azimuth angle.

Personal communication with Grant Brohard, ACTT,
Pacific Gas and Electric, San Rarnon, CA, December
1993.

Personal communication with Gregg Ander, Southern
California Edison, San Dimas, CA, January 1994,
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