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Project Facts

Daylighting systems in use world-wide rarely capture the energy-savings predicted by simulation tools
and that we believe are achievable in real buildings. One of the primary reasons for this is that window
and lighting systems are not designed and operated as an integrated system. Our efforts over the last five
years have been targeted toward 1) development and testing of new technological solutions that involve
a higher degree of systems integration than has been typical in the past, and 2) addressing current design
and technological barriers that are often missed with component-oriented research. We summarize the
results from this body of cross-disciplinary research and discuss its effects on the existing and future
practice of daylighting in commercial buildings.

Project Title Integrated Envelope and Lighting Systems
Research Category Energy and Sustainable Design

Funding Source/ Client California Institute for Energy Efficiency, Berkeley, California; U.S. De-
partment of Energy, Pacific Gas and Electric, Southern California Edison,
and the U.S. General Services Administration

Budget $1.5M

Start/ Finish Dates 1991-1997

Research Setting Laboratory, Field Studies, Showcase Demonstrations
Form of Final Products Reports, Design Guidelines, and Building Projects
Basis of Eligibility Funded Research

Bibliographic References See attached reference volume.
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Electric lighting comprises
515,000,000 MWh or 20% of the
nation’s electricity consumption. Of
this total, approximately 10-15% is
used to light a building’s perimeter
zone where daylight is already
present. For daytime-occupied com-
mercial buildings, research projec-
tions show that total electricity and
peak demand savings of 20-40% in
lighting and its associated cooling
energy can be achieved with the
proper use of dimmable daylighting
controls throughout the United
States.

Even with the availability of more
energy-efficient lamps, electronic
ballasts, and alternative control sys-
tems, the potential for daylighting is
substantial.
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Daylighting

Dynamic Systems

Light-Redirecting Systems

Design Assistance

Design Process

Daylighting Algorithms

Daylighting Controls

Design Tools

Dynamic System Performance
Light-Redirecting Systems Performance

Peak Demand Reductions

Environmental Quality

Acceptance and Satisfaction

Building Demonstration

Production Readiness

Conclusion
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In the realm of architecture, the artful use of “daylighting” requires imagi-
native and resourceful design capabilities, well demonstrated by Aalto,
Kahn, and Le Corbusier.

Aalto, Kahn, and Le Corbusier

As an energy-efficiency strategy, daylighting plays a more utilitarian role
by offsetting electric lighting with daylight.

Daylighting can be a sustainable and natural approach to energy efficiency
and, when done well, can yield reliable and substantial reductions in both
electricity consumption and peak demand throughout the perimeter zone
of commercial buildings with the use of lighting controls and the careful
specification of the window system. Economic benefits can be obtained
such as reduced energy bills and lower capital or first costs due to reduc-
tions in space conditioning capacity. Other non-economic benefits can be
attained such as greater occupant visual and thermal comfort (with pos-
sible productivity benefits), or greater design freedom to specify a larger
window area.



Mt. Angel Benedictine College
Library, Salem, Oregon.
Photo: M. Millet.




e problem

Despite the tremendous architectural interest and the large po-
tential energy savings, the actual number of effectively daylit

view

connection to outdoors

buildings that demonstrably save energy is very small. This is E;“?:;’:;es
due to numerous design, implementation, and technological bar- iIIu?nin AT
riers: glare
light distribution

A major barrier to the use of daylighting is technological. color rendition
Daylighting is unique in that it requires designers to solve not privacy
only complex technical issues on a case-by-case basis, but also diractsun

T ; solar heat
qualitative issues as well. There are a lack of good modular inte- e
grated building systems that perform well across energy-efficiency fresh air
and qualitative criteria and can be easily used in most buildings. infiltration
Concepts for innovative technologies need to be comprehensively _ ogrees
tested to determine if they are truly viable and acceptable. Evalu- flresi':lﬁf;on

ation methods are not well established.

An integrated design balances the cooling load of the window
against required daylight illuminance levels, thereby capturing
both cooling and lighting energy savings without creating dis-
comfort. A poor design imposes a substantial cooling load and
creates glare. Achieving this balance requires carefuland informed
design and engineering.

Daylighting requires the participation and cooperation of mul-
tiple disciplines—architecture, lighting design, mechanical sys-
tem design. Since the fenestration system is a predominant ele-
ment that defines the exterior architectural “character” of a build-
ing, windows are often designed without considering the com-
fort of interior inhabitants. Energy-efficiency standards may en-
courage designers to substitute conventional components with
new and better technologies, independent of whole building con-
siderations. Even when the proper components areselected, poor
design and commissioning practices often lead to unreliable per-
formance and uncomfortable work environments.

facade character

Design decisions for
commercial building
typically reflect bot-
tom-line economics
rather than environ-
mental quality.




Clerestory windows illuminate
the stacks and circulation core,
while individual windows daylight
reading carrels at the library’s pe-
rimeter. Graduate Theological
Union Library, University of Cali-
fornia, Berkeley, California.




Integrated Envelope and

Lighting Systems

Traditional approaches to creating energy-efficient buildings involve
selecting from long lists of efficient components. By taking an inte-
grated systems approach to combining disparate building envelope
and lighting components, we can attain greater energy savings and
improved occupant comfort compared to conventional energy-effi-
cient design practice.

Windows +Lighting +Mechanical

This integrated systems approach was the basis fora multiyear project
supported by the California Institute for Energy Efficiency with co-
support from DOE, to develop and promote advanced building sys-
tems integrating high-performance envelope and lighting technolo-
gies. Since the illumination and cooling of commercial buildings
accounts for the largest portion of electrical energy use and peak elec-
trical demand, the promotion of such integrated systems can become
a cost-effective, energy saving, demand-limiting option for both build-
ing owners and utilities. The research was structured to meet the
following goals:

develop cost-effective, near-term technological solutions

target peak demand reductions of 15-40%
in cooling-dominated climates

meet the full range of occupant requirements

promote an integrated whole-building approach
(in lieu of a piecemeal approach)
to daylighting design in commercial buildings

We addressed 1) future daylighting opportunities by developing reli-
able and high-performance integrated envelope/lighting prototypes
that can be used in most commercial buildings, and 2) current
daylighting opportunities by developing tools to promote integrated
design and solve interdisciplinary technological problems that are
often missed with typical component-oriented approaches.




Technological Solutions

Dynamic envelope/
lighting systems re-
spond in real-time to
temporal changes in
sun and sky condi-
tions in order to con-
trol daylight intensity
and solar heat gains,
and provide a more
uniform, comfortable
interior work environ-
ment.

Light-redirecting enve-
lope systems reflect
daylight flux from the
window or skylight ap-
erture and distribute it
more uniformly and at
greater depths through-
out the interior. Light-
redirecting systems

concept implementation

performance environmental
evaluation quality

acceptance &
satisfaction

production
readiness
industry input

sensors energy use
hardware peak demand
software control performance

maximize the efficiency light shelves energy use lighting quality full-scale

of daylight distribution light pipes peak demand distribution demonstration

so that solar heat gains skylights illuminance room luminance

are minimized for each distribution

element of electric light

that is displaced.

Design Solutions design design daylighting design tools
assistance process models

On-going provision of
design assistance for
numerous showcase
building demonstra-
tions provided a real-
world basis for ex-
tended use of emerg-
ing technologies and
the development of
design tools. These
improvements to the
dysfunctional process
for new and retrofit
building design enable
designers to take an
integrated approach to
daylighting design.

hands-on
"how-to" approach

new and retrofit
construction

simulation tools;
daylighting control
commissioning tools

showcase
demonstrations and
real-world buildings



For commercial office buildings in moder-
ate climates, choosing glazing materials to
optimize energy use and electric demand
may be viewed as a trade-off between low-
ering the solar heat gain coefficient to reduce cooling while
maintaining the visual transmission of the glass to capture
daylight savings. However, harnessing daylight in a build-
ing poses a significant technical challenge because of the great
variability in daylight intensity. Achieving higher energy
savings under these conditions requires looking beyond static
systems to dynamic systems that respond to changing climatic
or occupant conditions. By linking a dimmable electric light-
ing system with daylighting controls to a fenestration system
that can automatically modify the transmission of daylight,
we can get real-time control of the cooling and lighting en-
ergy balance while addressing glare and thermal comfort.

European automated louver system

We investigated this dynamic systems concept using an au-
tomated blind system as a substitute for as yet unavailable
electrochromic “switchable” glazings, working towards an
occupant-responsive system that can be linked to the build-
ing HVAC system by a network of sensors and operated by
intelligent energy management controls. The position of the
blind system is coupled actively to variable external and in-
ternal conditions—the sun going behind a cloud or changing
functional needs in a room, for example. The system accom-
modates occupant preferences for controlling view, glare, pri-
vacy, and task lighting levels when the space is occupied, and
could switch to a minimum energy consumption mode when-
ever the occupant left the office.

Our performance evaluation can be found on page 20.

“Smart” electrochromic glazings now under development offer the best long-term
potential for dynamic control. The technology consists of a multilayered, thin-film
device that changes from a clear to an increasingly dark, colored state when low-
voltage current is applied. By employing electrochromic glazings in a curtain wall, we
can dynamically alter daylight levels and visual privacy in the space and control ther-
mal energy flows in the entire building envelope. Good progress is being made in
R&D labs, but it will be several years before a specifiable product emerges from glass
companies.

We developed new
sensors and algo-
rithms to implement
integrated control
cost-effectively.
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User
Proferenses

We used components that are available today, but
we assembled, linked and operated them in an en-
tirely new way. The resulting systems display a
degree of flexibility that might best be called adap-
tive intelligence.

12:00

The control system is the hub about which this con-
cept of adaptive intelligence revolves. There is an
emerging effort to develop “intelligent” building
systems to control start/stop times for optimal HVAC
operation, monitor electrical and HVAC power con-
sumption, and provide a diagnostic history of the
zone interior environment. Little has been accom-
plished in developing control algorithms to optimize
window and lighting operation in real-time with re-
spect to energy and occupant comfort.

13:00

An optimum control system must be able to bal-
ance numerous energy and occupant parameters
in real-time. Local task-based and room-based con-
trols can be tied to whole building systems to facili-
tate powerful demand limiting capabilities in future
buildings that use real-time pricing and distributed
generation strategies.

15:00

RADIANCE ray-tracing visualization software was used
to model the lighting environment of a dynamic
electrochromic glazing in a west-facing window.
Falsecolor luminance maps show the magnitude of
window glare and task-to-surround luminance levels
of static and dynamic glazings.

16:00



ylight-redirecting systems

Conventional windows provide daylight in the outer 10
to 12 ft (3.0-3.7 m) of a perimeter space. New daylighting
technologies can extend this daylit area by redirecting
sunlight further from the glazing aperture, reducing elec-
tric lighting and cooling energy within a larger floor area.
The challenge of successful daylighting design is to col-
il ¥ lect sunlight from a source that varies in both intensity
Daylighting system on a Eu- and position and to distribute the luminous flux comfort-
ropean bullding ably with minimal glare and thermal impacts.

The basic light-redirecting systems we developed consists
of a window wall divided into an upper daylighting and
alower view aperture. The lower view aperture incorpo-
rates spectrally selective glazing with a shading device to
control glare, direct sun, heat gains, and view for those
occupants adjacent to the window. The upper daylighting
aperture incorporates a prototype light shelf or light pipe
technology to redirect or transport direct sunlight to
depths of 30 ft (9.1 m) from the window wall; supplemen-
tal daylight is contributed from the lower view window
for the first 15 ft (4.6 m) from the window. We developed
light shelves based on this window configuration, then
light pipes and skylights based on variants of this con-
figuration. All these daylighting technologies use a cus-
tomized geometry developed from the solar path ata given

tion and diffusion of the daylight.

Our performance eva!_gg_tion—‘cﬁﬁﬁl;é:found on page 22.

Commercially-avail-
able European pris-
matic and louver sys-
tems
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light shelves

Four light shelf designs were developed to fit within an articulated building facade. The reflector consists of segmented
surfaces that, based on the window orientation and site latitude, redirects incoming sunlight to the ceiling plane deep
within the space. The devices were designed to provide consistent illumination throughout the daily and seasonal
range of solar position. Slimmer 1.5 ft (0.5 m) wide designs were created to minimize intrusion into the interior.

| ’
Diffuse light . e

Light pipe

"_"iighl pipes

Four light pipe designs were developed to fit within the plenum with its aperture set flush against the glazed spandrel of
a flush or articulated facade. The light pipes were constrained to fit with other building subsystems within the ceiling
plenum. Variants of the cross-section and reflector design improved illumination efficiency and distribution.

Compound
Reflective Film

Speculur
Reflective

Diffusing Film

skylights

A skylight was designed to redirect sun to both the north and south sides of the skylight. A reflector array beneath a
small skylight opening reflects diffuse light to the ceiling, as well as distributes diffuse light to the area directly below
the reflector.



Design Assistance

This multi-year project provided a mechanism for inves-
tigating advanced daylighting technologies, strategies,
commercial prototypes, and demonstrations in collabo-
ration with designers, manufacturers, owners, and re-
searchers.

Guidance was provided to industry to ensure that their
market perspective was sufficiently broad—we found that
many material or technology developers were solving
problems from either a lighting or windows discipline
and therefore had a limited approach. In general, we
provided detailed analyses of product performance; e.g.,
holographic glazings, advanced skylights, angular-selec-
tive glazings, etc. In one case, we worked with a skylight
manufacturer to develop and evaluate new skylighting
systems, to be demonstrated in a new “green” depart-
ment store. Our approach emphasized not only control
of heat gains and light intensity but also improving the
flux distribution for better visual quality. Retail sales were
purported to be higher in the daylit area of the store. In
another case, we advised developers of electrochromic
windows to tune the material’s solar-optical properties
for visual comfort as well as energy-efficiency—a previ-
ously unexplored design criteria.

With designers, we dispensed quick assistance on dem-
onstration projects (depending on their schedule) or con-
ducted detailed analysis when we felt our involvement
would advance the science and application of daylighting
in the real-world. In most cases, we were able to influ-
ence the perspective of the developer or designer to en-
compass integration issues. For example, we contributed
to the conceptual design of the Sacramento Municipal
Utility District’'s New Customer Center, which was built
using a broad array of daylighting strategies, including
skylights, spectrally selective glazing, light shelves, exte-
rior overhangs and fins for shading, atria, an “articulated”
building form, integrated task and ambient lighting, and
daylighting controls.

10

SMUD Customer Service Center

Palm Springs Chamber of
Commerce

LADWP Canoga Park Service
Center

Tahoe Forest Hospital
US Coast Guard, San Francisco
Wal-Mart, Kansas City, Kansas
Port Hueneme, California
New Tucson Courthouse
Sacramento Post Office
Oakland Federal Building
New Las Vegas Courthouse
Carson City Courthouse

California Automobile Association,
Antioch

California Museum of Science and
Industry, USC
Jack Davis Building, Victoria,
British Columbia
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We contributed to the in-
tegrated daylighting de-
sign of the Sacramento
Municipal Utility District's
New Customer Center.
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Design Process

While there were less tangible products resulting from the design as-
sistance and demonstration activities of this research, we better under-
stood the process of achieving integration in the real-world. We found
today’s process of designing the envelope and lighting system for most
new and retrofit construction to be dysfunctional.

To achieve success in this work:

a) the concept of an integrated approach must be introduced at the
start of new projects when design solutions such as building orien-
tation, articulated floor plans, or exterior shading systems can still
be considered. For retrofit projects, a proactive systems approach
must be taken when upgrading building components for energy-
efficiency in order to achieve cost-effective solutions that improve
workplace comfort.

b) final design choices must incorporate value for human factors
and amenity.

Design decisions baked on bottom-line first cost may ultimately cost
more because of the large cost of altering or modifying the building
envelope once a foreseeable problem is identified after occupants move
in. If not altered, occupants and building owners will have to contend
with the design solution, since envelope systems last at least 15 to 20
years.

A 1.2 Mft? office building erected in Oakland in 1987 is a typical ex-
ample. The design team considered advanced low-E glazing, but ulti-
mately selected monolithic single-pane lightly-tinted glass, presumably
on the basis of first cost. After occupancy, the facility manager has had
to address the constant complaints of heat and glare from building oc-
cupants. Heat-absorbing window film would increase the thermal dis-
comfort of those situated near the window, while reflective window
film was unacceptable on the grounds of aesthetics. The added in-
stalled cost for the films of $3-5/ft2-glass or $400K for the building could
not be justified on the basis of energy-efficiency alone. Expensive win-
dow coverings ($2/ft2-glass) have been purchased by individual ten-
ants. No long-term solution has been reached.

12




An earlier retrofit of this Sacramento building re-
sulted in a truncated window header, reduced
daylighting, and a lighting circuit layout that will
not accommodate the future use of daylighting con-
trols. The building owners then tried to build a
cost-effective, energy-efficiency case for replacing
the single-pane clear glass windows.

With retrofit applications, the process is dysfunctional primarily be- typical retr

cause facility managers are n_ot as well mformef'i, having less resources T12s repkicad with
than an A/E team. Economic and process barriers frustrated even the T8s & electrpnic ballasts
most well-intentioned facility manager. The order of retrofits is based (3-5 year|payback)
on system breakdowns or approved alterations (lobby upgrades, en- HVAC upgrades
ergy-efficiency, etc.). Mechanical and lighting systems are usually re- CFC phase-out

(7-8 year|payback)

placed first, since they are not as long-lasting and energy-efficiency
upgrades of such components (VFDs, T8 lamps) usually require less
total capital and have a shorter payback than envelope systems. Often,
advanced windows cannot be implemented as a retrofit because the
energy-efficiency cost-benefits of recently upgraded lighting and me-
chanical systems (downsized capacity) cannot be folded in.

We encountered several such situations. In Sacramento, a previously
naturally-ventilated 1932 office building was upgraded with a new me-
chanical system. The ceiling height was reduced by 3 ft (1 m) to accom-
modate new ventilation ducts, blocking daylight from the upper third average
of the window. The entire building was upgraded with new finishes continued
(window shades, painting, etc.). New light fixtures were installed with
multi-level switching. Two years after this complete renovation, the
building managers turned to the upgrade of the exterior of the build-
ing, including replacement of the single-pane, clear glass windows but
found their cost-effective energy-efficiency options limited.

If an integrated perspective had been taken initially, the facility man-
ager may have been able to a) reduce the capacity of the chiller and
possibly the depth of the air distribution ducts, b) design the layout of
the lighting zones to accommodate future installation of daylighting
controls (parallel to the window wall, not perpendicular!), and c) de-
sign the window-to-ceiling detail to admit more daylight and reduce
the visual contrast in brightness between the interior and window. Ret-
rofits must not be conducted piecemeal as events come about, rather
with a proactive perspective of what is to come. We conveyed this ap-
proach in a document on spectrally-selective glazings to federal energy
managers. Institutional changes in policy or design approach could
also affect the way retrofits are conducted in businesses that manage a
large number of facilities.

13



Daylighting algorithms

The tools for describing the performance of daylighting
systems are limited, in part because there is currently
little research activity within industry and the business
community to advance the science of daylighting with
“advanced” window systems, such as automated blinds
or holographic glazings.

Anew approach was devised that combined experimen-
tal measurements with simulation tools to produce an
accurate characterization of interior illuminance levels.
This method is combined with an energy simulation

Venetian blinds scatter

daylight in a complex, ; ;
un:rgdiclable mﬂ,?ne,.. engine such as DOE-2 to produce estimates of annual

energy usage. The work provided a basis for more flex-
ible daylight modeling tools that can ultimately be used
by conventional engineering consultants.
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Bi-directional daylight
coefficients are used
to characterize com-
plex window systems.
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A physical model of an office space with a venetian blind (left) is rotated relative to a fixed sun source (right).
The resultant daylight coefficients can be used to predict interior illuminance levels for any sun and sky condition.
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Daylighting Controls

Daylighting controls in the U.S. have fundamental design flaws that
simplify installation and reduce cost but decrease reliability. This
unreliable performance is a significant barrier to its widespread and
satisfactory use in buildings. Daylight from sidelight windows pro-
duces an illuminance pattern that changes with time of day and
season, while fluorescent top lighting produces a predictable pat-
tern. The simple control system is unable to adjust for these differ-
ences in lighting patterns so interior illuminance levels are often
too low. To avoid occupant complaints, facility managers will de-
crease the sensitivity of photoelectric sensors so that the electric light-
ing is dimmed very conservatively, but this adjustment can severely
undermine the energy-efficiency of the system.

Technological solution: The performance of closed-loop proportional
control systems can be improved substantially at no added cost by
using existing information from the control system to separate the
electric lighting illumination contribution from the daylight contri-
bution. This solution was tested at full-scale for over a year and
was found to perform very well. Monitored workplane illuminance
levels did not fall below 90% of the design level for 90% of the year,
and when it did, the discrepancy occurred only an average of 13
minutes per day within a 12-hour day. Market adoption of our re-
finements will need a solid commitment from U.S. manufacturers
to redesign their systems.

Commissioning solution: Past daylighting controls research has been
devoted to control improvements such as photosensor design and
placement to reduce the occurrence of insufficient illuminance.

Taken from a cross-disciplinary approach, we have characterized

how windows affect the performance of the daylightipg control sys-

tem. This work enabled us to add to the fairly spase guidelines

given to installers on how and when to commission daylighting

. control systems. Guidelines were developed on how to position
h :\:& the venetian blinds, whether to commission with or without direct
&,5 _ sun, and whether to comsﬁﬁjﬁ:q&ﬂx}hgwn in or out of the plane

d\%‘f the wmdow Ful;frmvfésearch is requ‘l‘red to determine whether

at'ion is truly generalizable to other daylighting con-

tre‘xsystems and interior spgges—mﬁ‘ce fhis work Bﬁﬂ%lsarmase-spe“
cific monitered daa-taken in a full-scale testbed facility. * =
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The “gain” of a typical closed-loop proportional system varies with the spatial distribution of daylight in a space. This
critical parameter is set once upon the daylighting control system’s installation then left to control the lighting for all
electric and daylighting conditions within the space over the entire year. Occupants will complain and even sabotage
the system if the lights are too dim—a result of improper commissioning. We show above how this gain parameter
varies with venetian blind angle and solar condition.
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Design tools

TIPS FOR DAYLIGHTING A concise “how-to” document was produced to enable

= 7| 4 designers to implement key window and lighting inte-
gration design concepts. The eleven-section document
was designed with rules-of-thumb and short calcula-
tions to quickly determine if daylighting is a viable strat-
egy, with additional pointers to more detailed tools and
resources.

The tool targets the work style of the majority of archi-
tects who conduct business within the context of tight
fees, insufficient resources, and multiple design consid-
LA ARERCRE  erations. More importantly, it reminds designers of the
far-reaching effects of merely specifying the style of a
window—from the capacity of the mechanical system
and comfort of the occupants to its impact on the envi-
ronment. Since the design of windows with daylight
involves knowing how to balance solar heat gains
against the admission of useful light, this tool informs
designers of this complex balance point and enables
them to assess design trade-offs sensibly within these
energy-efficiency boundaries (e.g., larger glazing area
with acceptable comfort is possible with spectrally se-
lective glass). The document can be read or downloaded
from the World Wide Web and has also been distrib-
uted to participating utilities, universities, and interna-
tional research institutions.

18
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design approach thatemphasizes teamwaork, Ahigh

performance, cost-effective, comfortably daylighted

building requires the design team to practice inte-
gration:

« Adoptaholistic design approach, where the build-
ing is viewed as a whole and not just a collection
of parts. Common practice often fails to address
the critical interactions between the building fa-
cade (which admits heatand light) and the electric
lighting system, resultingin an uncomfortable and
inefficient building that is expensive and difficult
to retrofit,

« Share appropriate decisions across disciplines,

« Regularly evaluate decisions for any building-
wide ramifications,

B What is a high-performance building?
One that

*» Meets design objectives,

* Maximizes occupant comfort and productivity.
occupant complaints and terant turn-

.
over.

o Maximizes building value to the owner.

* Yields a lifetime of energy efficiency and lower
operating costs,

* Pleasant, comfortable daylighted spaces may in-
crease occupant and owner satisfaction and may
decrease absentecism. Productive workers are a
valuable business asset,

« Comfortable, pleasant, daylighted spaces may
lease at better-than-average rates,

P o ' () 'i ;. ¢ wirllhamm'
tenant lrnover rates.

* Lighting and its associated cooling energy use
constitute 30 to 40% of a commercial building's
total energy use. Daylighting is the most cost-
effective strategy for targeting these uses. Both
annual operating and mechanical system first
costs can be substantially reduced.

« The Uniform Bullding Code, BOCA, and State
Energy Codes regulate the "proper* use of win-
dows in buildings.

« Energy-efficientbuildings generally provide higher
returns on developerinvestment and yield higher
cash flows.

* Smart decisions up front save retrofit dollars later.

* Energy-efiicient, daylighted buildings reduce ad-
verse envi limpacts lucing the use
and need for power generating plants and their
polluting by-products,

» Daylight contributes lo a more sustainable design
approach,

B Why pursue daylighting? M How do these guidelines work?
Daylighting is the use of light from the sun and sky Quick tips, tools, and procedures are supplied here
to complement or replace electric light. Appropii i t dasi toward aj iate declslons and

ate fenestration and lighting controls are used to
madulate daylight admittance and to reduce elec-
tric lighting, while meeting the occupants lighting

lolrzeip the d'ésisn team stay focused on integration,
Infe tion io daylighting issues; broader

building concerns are left to the designers,
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hutomated venetian blind system coupled to a dimming
lighting system was designed, built and tested for use
in typical office spaces. Venetian blinds, widely used in U.S.
commercial buildings, can control thermal loads and
daylighting intensity by varying slat angle. The system was
designed to balance cooling loads and daylight admission in
real-time by preventing direct sun penetration, actively man-
aging daylight and electric light to provide 50 fc (500 lux) on
the workplane, and permitting view whenever possible.

The system was built from readily-available components, which
might be interchanged later with more advanced technologies.
The work permitted testing of basic research premises at full-
scale, enabling us to examine the validity of advanced material
concepts (such as those for electrochromic glazings) that can-
not be tested until large prototypes can be built.

Energy, control status, and illuminance data were collected for
over a year in both reduced-scale and full-scale field test facili-
ties. Occupant response studies were also conducted. Hourly
DOE-2 building energy simulations predicted that 16-26% an-
nual energy savings and peak demand reductions could be ob-
tained with the automated venetian blind | lighting system com-
pared to an advanced spectrally-selective window system in
Los Angeles for all window exposures except north. Moni-
tored daily lighting energy savings averaged 35% in winter and
ranged from 40-75% in summer, when compared to a similar
static partly closed blind system with the same daylighting
control system. If compared to a non-daylighted space, daily
lighting energy savings ranged from 22-86%. Summer daily
cooling load reductions were measured to be 5-25%, while peak
cooling load reductions were even larger. The control system
met all design objectives over widely varying conditions to
within 10% for 90% of the 14-month monitoring period in full-
scale.
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Fnamic system performance

Side-by-side tests were
conducted in full-scale un-
der real sun and sky con-
ditions for a 14-month pe-
riod.
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compared to a static 45" blind system. Here,
the daily cooling load and peak cooling load
reductions were more modest, 4% and 8%,
respectively, compared to this partly-closed
blind; but daily lighting energy savings were
46%. These two examples show that irre-
spective of whether the static blind is hori-
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zontal or partly closed, the dynamic system

wins in the reduction of total energy and peak 7
demand.

Monitored Daily Lighting Electricity, Cooling Load, and Peak Cooling Load Reductions

Static Season No. of Lighting No. of Cooling No.of Peak Cooling

Blind Days Electricity Days Load Days Load

Angle

45° Spring 9 27 + 5% 4 15 £+ 7% 8 1 + 6%
Summer 8 52 = 9% 8 6 + 6% 8 6 + 8%
Autumn 18 37 = 12% 13 7 + 3% 16 8 + 5%
Winter 4 19 + 4% 0 — 4 15 + 1%

15° Spring 12 14 £ 8% 7 28 +16% 11 22 + 6%
Summer 14 22 £17% 12 183 + 5% 13 18 +10%
Autumn 3 7 £ 2% 3 22 1% 3 21 = 6%
Winter 4 1 £ 1% 0 — 1 28 + 0%

0 Spring 18 -1 = 4% 10 32 = 16% 11 25 + 8%
Summer 11 14 +19% 11 17 £ 6% 11 24 + 7%
Autumn 6 11 £+ 10% 5 17 +10% 6 18 + 1%
Winter 5 -1+ 3% 0 — 3 32 + 3%

Base case static blind angle defined as downward angle from horizontal, occupant view of ground.
Static settings (0° and 15°) may allow direct sunlight to penetrate the room.
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Distributing admitted daylight flux poses a critical technical prob-
lem. Spreading daylight evenly to attain a functional and com-
fortable lighting environment for a wide range of sun positions
and sky types requires ingenuity.

We designed prototype lightshelves, lightpipes, and skylights to
1) extend the daylighted area of the perimeter zone of buildings
from approximately 15 ft to 30 ft (5 to 10 m), and 2) to provide
more brightness in the back of typical spaces without the associ-
ated high light levels near the windows. While the research was
devoted to solving the optics problem of redirection with a vari-
able sun source without introducing direct sun or creating glare,
we also restricted the window aperture size to minimize solar
heat gains. Prototypes were developed, simulated and tested in
scale-model rooms, both outdoors and within indoor simulators.
Both light-redirecting systems were designed without moving
parts to reduce costs and maintenance. A full-scale demonstra-
tion of the skylight design at the Palm Springs Chamber of Com-
merce (discussed later) enabled us to solve critical fabrication
issues and to evaluate the final daylit environment.

Our reduced-scale testing revealed the potential for substantial
energy savings with improved lighting quality. Hourly DOE-2
simulations predicted annual energy savings of 10-20% with
improved lighting quality compared to a clear glazed window
(no interior shades) with daylighting controls. Performance was
best for sun azimuth angles that were within +45° of the window’s
outward surface normal, but a side reflector geometry improved
performance for more obtuse surface solar azimuth angles. Al-
though their benefit is greatest in sunny climates, we believe these
systems show enough promise to pursue further development
and testing activities.
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The light-redirectinglight shelf
(B) illuminates ceiling and up-
per wall surfaces, creating a
brighter quality space for the
same workplane illuminance
level.
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Clear Glass, 7' h None 16.47 4.21
Clear Glass, 7' h 0-18' 14.47 2.68 0% 0%
Clear Glass, 7' h 0-30' 12.72 1.36 12% 49%
Light Shelves
Base case 0-30' 13.09 1.79 10% 33%
Single level 0-30' 11.88 1.89 18% 29%
Single level, side refl.  0-30' 11.92 1.92 18% 28%
Bi-level 0-30' 11.72 1.91 19% 29%
Multi-level 0-30' 13.03 2.06 10% 23%
Light Pipes
Base case 0-30' 13.22 1.70 9% 36%
Light Pipe A 0-30' 13.20 1.53 9% 43%
Light Pipe B 0-30' 13.80 1.50 5% 44%
1-Light Pipe C 0-30' 13.80 1.50 5% 44%
2-Light Pipes C 0-30' 14.66 1.50 1% 44%
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Total Demand {GW)
=

454

Projected demand reductions
with integrated envelope and
lighting systems adopted for
all new construction and par-
tial retrofit construction com-
pared to business-as-usual
practice.

Peak Demand
Reductions

When daylight availability and summer outdoor
temperatures are high, daylighting can substan-
tially reduce peak electric loads due to cooling
and lighting. This will result in monthly savings
in demand charges, but it also reduces pressure
on the utility to add new generating capacity (e.g.
hydroelectric, nuclear, etc.). In the case of a ret-
rofit of an existing building, it provides new
available capacity for other needs. Some utili-
ties are still willing to “purchase” these
“negawatts” with upfront rebates that help off-
set the building owner’s first cost. Conceptu-
ally, the glazing system becomes an energy
source (relative to a conventional alternative) and
the utility makes an investment in this “energy
system” as if it were a new power plant. These
payments can range from $0.50 to $5.00 per
square foot of glazing. As the electric utility in-
dustry is restructured state by state, distributed
generation options and real time pricing will pro-
vide additional incentives to manage electric
demand carefully.

In the state of California, conservative estimates :
of this potential for new and retrofit office build-
ing stock alone translates to an electrical demand
reduction of 500 to 800 MW. Integrated and in-
telligent solutions will provide utilities with flex-
ible load management options that not only
achieve greater energy and peak demand sav-
ings but also more reliable solutions with sus-

tained performance

pancy and component depreciation.

-
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Sunny - A, Tinted
hronze glazing

B. Selective
glazing with
automated
venatian
blind

At-controlled to

‘3 block direct
sun and

¢ m:mir;j::

Heat Flow {(Watts x 100)

Results from a dual-chamber calorimeter test for a clear day indicate that the automatically-con-
trolled interior blind coupled with a selective glazing (B) was more than twice as effective at reduc-
ing solar heat gain as a commonly-used non-operable system, single-pane tinted bronze glazing
(A), while providing approximately the same level of useful daylight, The large differences in the
heat flow between the two windows were driven principally by the admittance of direct sun into the
base case chamber.




There have been unsubstantiated claims that daylighting benefits the health,
satisfaction, and even productivity of humans. Both daylighting prototypes
were designed to improve comfort as well as increase energy-efficiency. With
this research, we began the process of quantifying the qualitative benefits of
dynamic and light-redirecting window /lighting systems using simulation tools,
reduced-scale field tests, and full-scale demonstrations. Some of our arguments
for quality improvements compared to conventional systems were made based
on meeting well-known design constraints, thresholds set by experimental field
data (e.g., glare or thermal comfort indices), or industry guidelines (e.g., IES
RP-1 for visual comfort). These methods only partially describe the fitness of a
design solution to meet qualitative criteria because a) daylighting is constantly
changing with solar position and sky conditions and b) one’s complete experi-
ence of the daylit environment cannot always be reduced to “measurable” terms.
Indeed, we found our understanding and evaluation methods of human fac-
tors most enriched by our full-scale demonstrations.

For example, we demonstrated light-redirecting concepts at the Palm Springs
Chamber of Commerce and took simple lighting spot measurements on site to
confirm that design criteria were met. Direct experience with the daylit space
was ultimately more compelling. Occupants spoke of the visual interest, the
unique connection to the outdoors conveyed by the passive skylight system,
and the bright or soft mood created by the color and intensity of daylight. A
lighting designer, however, was not pleased with the system saying that the
bright patches of daylight on the ceiling contradicted (electric) lighting stan-
dards which require shielding of bright luminous sources.

This raises the issue of the extent to which standards set for electric lighting
quality can be applied to daylight. Prior studies suggest that occupants are
more tolerant of glare from windows because the lighting source is accompa-
nied by a view. For dynamic window | lighting systems, will users find the
improved control in daylight intensity “unnatural” and less desirable despite
its benefits in controlling glare? Would the provision of user-operated controls
cause the dynamic system to be more acceptable? Long-term human factors
studies with a sufficient sample size are necessary to better understand the
basic underlying concepts of occupant response to daylighting systems. In
addition, full-scale demonstrations play an important part in assessing the
market acceptance of new technological solutions.
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The basic functional goal
of incorporating window
and lighting systems in
commercial buildings is to
give occupants an ad-
equate level of daylight or
electric lighting to perform
visual tasks productively.
Occupant surveys reveal
some of the shortcomings
of conventional design
practice and broaden the
definition of an acceptable
office environment. In a
study of office workers in
the Pacific Northwest re-
gion, slightly more than
40% of the occupants said
the sunlight in their offices
was too bright at least
some of the time, and 60%
of the occupants said the
window was a primary
source of glare and inter-
fered with their work. Yet
more than 50% of the oc-
cupants in several Tokyo
high-rise office buildings
preferred to have seats
nearer the window, citing
the brightness, outside
view, wide visual range,
and open feeling as advan-
tages.



base case dif-
fusing skylight
distribution ver-
sus the light-re-
directing sky-
light

“l like the feeling of sunlight... To me, the light gives me the feeling of my home environment because | have patches of
light at home. | like this interplay of natural light. What I like most about the skylight is that it doesn’t seem artificial. |
feel like I'm outdoors but under the canopy of a tree.”

“] like to trace the angles and think about how the sun angles are caught by the angles of the reflectors. I find the
complexity pleasant. |like looking at how the light is reflected—it’s fantastic. | don’t understand the physics of it but 'm
amazed at how the light is diverted to the ceiling and walls and how the angles are working with the sun...”
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eptance & Satistaction

By far the largest economic factor in commercial buildings is the cost of employee
time. All other first costs and operating costs are but a tiny fraction of this cost—a
person whose annual salary and benefits total $60,000 and who occupies a 120 ft?
office costs $500 per square foot of space per year. Design solutions that improve
productivity by even a small amount are thus highly cost-effective. While there is
little hard data that shows a direct relationship between energy-efficient daylighting
designs and productivity, there is anecdotal evidence that views of the outdoors,
connections to the outside, and a glare-free and thermally comfortable environ-
ment all contribute to a more satisfied worker—who is likely to be more productive
than an unhappy, uncomfortable worker.

We evaluated the occupants” acceptance and satisfaction of their work environ-
ment in a limited full-scale test with the automated blind | lighting system. A small
number of occupants performed a limited set of visual tasks. These occupants re-
ported that they were generally satisfied with the performance of the automated
system. Although their satisfaction increased when they were given more control
over the system, they also reported more dissatisfaction with specific problems
with glare. They also indicated a desire for lighting levels above those typically
provided (500 lux).

The incremental cost of the automated venetian blind/ lighting system should be
approximately $3-5/ft?-glazing for the motor, computer chip, power source, sen-
sors, installation, commissioning, and maintenance. Considering energy and peak
demand savings alone, we estimate that the technology has a simple payback of
about ten years for the Los Angeles climate (at $0.09/kWh). An assigned value for
qualitative benefits would make this system more economical. Few technologies
have such an immediate impact on the quality of the inhabited environment and
the comfort of its occupants. Aside from energy-efficient qualities, window and
lighting technologies can change the mood of the interior, the comfort of occupants
sitting beside it, and the character of the building. Demonstrating value for the
amenity these systems deliver could increase market viability. As an example, the
market growth popularity of low-E window glazing may have been partly due to
its improvement in thermal comfort, not simply to its increased energy-efficiency.
Correlating increases in worker satisfaction and productivity would build an even
stronger economic argument but will require a significant R&D investment.
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Survey Findings (N=14)

A: Strongly Disagree (%)

B: Disagree (%)

C: Neither Agree Nor Disagree (%)
D: Agree (%)

E: Strongly Agree (%)

F: N/A (%)

A B C D E F
Overall lighting comfortable?
Automatic 0 29 14 57 0 0
Semi-control 0 21 0 71 7 0
Manual-control 0 7 7 64 21 0
Lighting uncomfortably bright for tasks?
Automatic 43 50 7 0 0 0
Semi-control 21 71 7 0 0 0
Manual-contro! 29 71 0 0 0 0
Lighting uncomfortably dim for tasks?
Automatic 21 21 29 29 0 0
Semi-control 7 71 14 7 0 0
Manual-control 14 79 7 0 0 0
Lighting poorly distributed?
Automatic 21 36 7 36 0 0
Semi-control 21 57 7 14 0 0
Manual-control 21 64 7 7 0 0
Lighting caused deep shadows?
Automatic 21 50 29 0 0 0
Semi-control 21 57 14 7 0 0
Manual-control 29 71 0 0 0 0
Reflections from light fixtures hindered work?
Automatic 36 43 7 0 0 14
Semi-control 36 50 14 0 0 0
Manual-control 21 64 7 0 0 7
Lighting fixtures too bright?
Automatic 29 50 7 0 0 14
Semi-control 36 57 0 0 0 7
Manual-control 14 64 0 14 0 7
Glare from ceiling lights bothersome?
Automatic 29 43 7 0 0 21
Semi-control 43 43 7 0 0 7
Manual-control 14 71 0 7 0 7
Glare from windows bothersome?
Automatic 21 71 7 0 0 0
Semi-control 36 57 7 0 0 0
Manual-control 8 69 8 15 0 0
Preferred more daylight for tasks?
Automatic 0 21 7 64 7 0
Semi-control 0 29 21 43 7 0
Manual-control 14 29 29 21 7 0
Amount of daylight sufficient for work without additional electric lighting?
Automatic 0 50 14 21 14 0
Semi-control 0 43 7 21 29 0
Manual-control 0 21 29 29 21 0
Dimming of lights bothersome?
Automatic 7 21 21 21 0 29
Semi-control 7 43 21 7 7 14
Manual-control 14 29 21 0 0 36
Preferred more artificial lighting for tasks?
Automatic 14 29 29 29 0 0
Semi-control 7 43 21 29 0 0
Manual-control 21 36 43 0 0 0
Lights being turned on and off not bothersome
Automatic 0 21 21 29 7 21
Semi-control 0 14 29 36 7 14
Manual-control 0 7 14 29 7 43
Sound from the movement of the blinds bothersome
Automatic 0 64 21 14 0 0
Semi-control 7 36 29 21 0 7
Manual-control 7 57 21 14 0 0
Intermittent opening and closing of the blinds bothersome
Automatic 7 64 7 7 0 14
Semi-control 7 29 50 0 0 14
Manual-control 7 29 29 7 0 29
By controlling the blinds, able to satisfactorily adjust the amount of light for work.
Automatic 0 7 7 7 0 79
Semi-control 7 21 7 29 14 21
Manual-control 0 7 0 57 21 14
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g Demonstration

A full-scale demonstration of a light-redirecting skylight was conducted in the
Palm Springs Chamber of Commerce. Because cooling loads are a major prob-
lem in this climate and sunlight is almost always available, we designed a
solution around a small skylight that admits and redirects direct sunlight to
the ceiling of two separate interior rooms. The geometry of the internal sky-
light reflector was designed to provide daylight under all seasonal solar con-
ditions, without allowing direct sunlight penetration to the task areas. The
optical materials (reflectors and diffusers) were selected to provide good opti-
cal efficiency throughout the year. Initial surveys of the occupants indicated
that they enjoyed the variability intrinsic in such a system and that it met their
lighting needs well even during the winter.

Significant time and resources by all parties went into determining how the
manufacturer’s products could be used properly for the final construction.
No single party had the ability to design, engineer, and construct the skylight
systems. For example, to facilitate construction of the lightwell, the architect
envisioned a process to laminate the specular film to some lightweight sub-
strate material that the contractor could cut at the job site, place on an inclined
ceiling plane, and fasten easily. The film is very thin (0.0025") and requires
careful lamination onto a smooth non-porous substrate. Before the construc-
tion bids were awarded, we discussed the idea of cutting the substrate (masonite
or acrylic) to the final job site conditions, placing the pieces to verify fit, lami-
nating the film to the substrate, then screwing the panels into place. We later
learned that the lamination required special mechanical equipment, the cut-
ting could not be accomplished using typical job site tools, the substrate had to
be aluminum to accommodate differences in coefficient of expansion, and that
one could not drill or cut the panels after the film has been applied.

To obtain a mass-marketable product that can be installed easily in the field,
close cooperation by the manufacturer(s) will be essential. For this project, the
manufacturer contributed substantial staff time and re-
sources by furnishing product specifications, samples,
cost data, and design assistance. The manufacturer re-
mains interested in collaborating on projects at a level
where a mass-manufactured product could be realized.
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A great deal of effort was expended
by the contractor, manufacturer, ar-
chitect, and ourselves to build the
first full-scale installation of this
light-redirecting skylight system.
Tolerances were difficult to meet in
this non-ideal work setting, espe-
cially with the sawzall approach of
the contractor. This may have con-
tributed to the slightly off optics of
the final system. We expect that a
manufactured solution will greatly
improve the accuracy and ease of
installing the final end-product.
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Production Readiness

We progressed toward market adoption by developing, build-
ing and testing prototype systems using numerical simula-
tion tools and field tests, by working with industry and manu-
facturing partners, and by demonstrating the technologies in
full-scale commercial buildings. This provided abroad, highly
defensible record of documented performance.

Prototypes were developed in cooperation with industry part-
ners to speed commercialization and to work out market bar-
riers to full-scale adoption. Industry partners in glazing, win-
dow systems, shading systems, controls hardware and light-
ing were solicited to participate. Feedback through trade as-
sociations, conferences and industry associations helped to
identify potential obstacles such as difficulties with cross-dis-
ciplinary design, operation and maintenance concerns and
manufacturing processes.

Because these systems cross traditional component bound-
aries, marketing and commercializing integrated products
pose unique challenges; i.e., will it be sold by a windows or
lighting systems manufacturer? Perhaps the best solution
would be to define a new sub-industry where envelope and
lighting systems could be tailored and assembled for indi-
vidual clients by “system integrators.”

Issues surrounding intelligent building systems—such as con-
trol-system protocol, control linkages from the zone level to
whole building scale and hardware-to-software heuristics—
are being addressed by the research, engineering and manu-
facturing communities. Skepticism abounds when actively-
controlled systems are proposed, primarily due to poor build-
ing operation and maintenance practices in the United States.
The light-redirecting systems provide static solutions, but for
the large variability in exterior and interior building condi-
tions, dynamic systems promise optimum solutions on a real-
time basis throughout the year.
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Conclusion

Daylighting strategies can provide large reduc-

| tions in lighting and cooling-related energy use,
" as well as improved amenity, satisfaction, and

perhaps occupant performance. But the success-
ful adoption of daylighting in the marketplace re-
quires an integrated approach to the design, speci-
fication, and implementation of envelope and
lighting technologies. Through this research
project, we believe we were able to take a small
but important first step to change how architects,
facility managers, and industry perceive the no-
tion of daylighting commercial buildings by sup-
plying design tools, credible energy performance
data, demonstrations of future daylighting con-
cepts, and commissioning protocols that address
key window and lighting interactions. Clearly, the
simple conceptual solution of manually switch-
ing off the lights when sufficient daylight is avail-
able from an unmanaged window in a naturally
lit space doesn’t work. We have developed sys-
tems that save energy consistently and reliably
while delivering amenity, satisfaction, comfort,
and health to its occupants through sensitive con-
trol of daylight intensity and distribution.

Despite the technical and organizational obstacles
to the comprehensive integration of building en-
velope, lighting, and HVAC systems, these dy-
namic facade and light-redirecting concepts hold
considerable power to stimulate the architectural
imagination. It suggests a fundamentally differ-
ent approach to optimizing the energy perfor-
mance of buildings with new fenestration tech-
nologies while also improving the quality of the
indoor environment, and displaying ina very tan-
gible way the ever changing relationship between
the products of human ingenuity, the local envi-
ronment, and the imperative for sustainable de-
sign solutions.
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