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Introduction 

The objective of the Building Tech
nologies program is to assist the 
U.S. building industry in achiev

ing substantial reductions in building
sector energy use and associated green
house gas emissions while improving 
comfort, amenity, health, and productiv
ity in the building sector. We have fo
cused our past efforts on two major build
ing systems, windows and lighting, and 
on the simulation tools needed by research
ers and designers to integrate the full range 
of energy efficiency solutions into achiev
able, cost-effective designsolutions fornew 
and existing buildings. In addition, we are 
now taking more of an integrated systems 
and life cycle perspective to create cost
effective solutions for more energy effi
cient, comfortable, and productive work 
and living environments. 

More than 30% of all energy use in 
buildings is attributable to two sources: 
w indows and lighting. Together they 
account for annual consumer energy ex
penditures of more than $50 billion . Each 
affects not on! y energy use by other major 
building systems, but also comfort and 
productivity-factors that influence 
building economics far more than does 
direct energy consumption alone. Win
dows play a unique role in the building 
envelope, physically separating the con
ditioned space from the world outside 
without sacrificing vital visual contact. 
Throughout every space in a building, 
lighting systems facilita te a variety of tasks 
associated with a w ide range of visual 
requirements while defining the lumi
nous qualities of the indoor environment. 
Window and lighting systems are thus 
essential components of any comprehen
sive building science program. 

Building simulation models are key 
elements to any effort to improve the 
energy efficiency of the building sector. 
They are used directly by researchers (to 
better understand the relative benefits of 
technology options) and by government 
(to develop effectivecodes and standards). 
Simulation mod els form the technical 
basis for design tools that permit design 
professionals to fully evaluate the impact 
of design alternatives and ultimately to 
optimize their designs long before the 
first concrete is poured. These models are 
essential tools in any effort to formulate 
an integrated systems perspective on to
tal building performance. 
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Despite important achievements in 
reducing building energy consumption 
over the past decade, significant addi
tional savings are still possible. These 
will come from three complementary 
strategies: 1) developing advanced tech
nologies that increase the savings poten
tial for each building application; 2) inte
grating components into new building 
systems so that overall performance can 
be optimized while cost and risk can be 
minimized, and 3) developing advanced 
simulation and design tools so that build
ing professionals can effectively select 
and apply existing technologies, thus ex
tending market penetration of these tech
nologies, and can crea te new design solu
tions that optimize overall building sys
tem performance. 

Finally, all of these strategies must 
be embedded within a large set of imple
mentation and "market pull" programs 
to translate potentials into realized sav
ings. 

The Windows and D aylighting 
Group focuses on the technical aspects of 
understanding and improving the energy
related performance of windows, and then 
deploying energy efficient windows in 
buildings throughou t the country. If the 
flow of heat and light through windows 
and skylights can be properly filtered and 
controlled with new advanced technolo
gies, these building elements can outper
form any insulated wall or roof compo
nent and thereby provide net energy ben
efits to the building. The group's investi
gations are also designed to d evelop ac
cura te simulation models for predicting 
net fenestration performance in residen
tial and commercial buildings. Simula
tion studies, field measurements in a 
mobile field test facility, and building 
monitoring studies help us to understand 
the complex tradeoffs encountered in fen
estra tion performance. The research pro
gram is conducted w ith the participa tion 
and support of industry, utilities, univer
sities, design professionals, and govern
ment. The group' s three major project 
areas are advanced materials, fenestra
tion performance, and building applica
tions and design tools. 

In our studies of optical materials 
and advanced concepts, we develop and 
characterize thin-film coatings and other 
new optical materials that control radiant 
and thermal flows through glazings. In-

novative concepts for large-area enve
lope enclosures are studied . The group 
helped accelerate the development and 
market introduction of windows that in
corporate high-transmittance, low-emit
tance (low-E) coatings for R3-RS windows. 
If sales follow current trends, by the year 
2000 these coatings w ill save consumers 
more than $3 billion annually in the heat
ing bills alone. 

Our research on window perfor
mance aims to develop new analy tical 
models and experimental procedures to 
predict the thermal and solar-optical p rop
erties of the complex assemblies of glaz
ing materials and shading devices tha t 
compose complete fenestration systems. 
This activity directly supports the efforts 
of theN a tiona! Fenestration Rating Coun
cil to develop an accurate and fair system 
for rating and labeling the energy perfor
mance of windows. Thermal performance 
models are being validated using the 
Mobile Window Thermal Test Facility 
(MoW iTT), now collecting data at a field 
test site in Reno, Nevada. This unique 
facility combines the accuracy and con
trol of laboratory testing w ith the realism 
and complexity of dynamic clima tic ef
fects. LBL daylighting studies employ a 
24-foot-diameter sky simulator for test
ing daylighting scale models and new 
experimental facilities for measuring the 
photometry and radiometric properties 
of complex fenestration systems. 

Studies in the building applications 
and design tools area help us to under
stand the complex tradeoffs in fenestra
tion performance as a function of build
ing type and climate. In nonresidential 
buildings, major reductions in electric 
energy use and peak electric demand can 
be achieved if the tradeoffs between day
light savings and solar-induced cooling 
loads are understood . Results of these 
analysis studies are being incorporated 
into new computer-based tools that use 
multimedia techniques and expert sys
tems. 

The Lighting Systems Group focuses 
its research on three areas: ad vanced light 
sources, impacts of lighting technologies 
on productivity and health, and building 
applica tions. 

Our resea rch on advanced light 
sources is concerned primarily with de
veloping new technical concepts for effi
ciently converting electrical energy into 



visible light. The thrust of this research is 
the development of long-lived 
electrodeless lamps that use very high 
frequency (VHF) power to produce broad
band white light, potentially without the 
use of mercury. One of the most promis
ing light source developments, the sulfur 
lamp, was announced by DOE in October 
1994. By applying our expertise in RF
operated sources to the new sulfur lamp 
we are helping to push forward the date 
when end-users will be able to take ad
vantage of this exciting new light source. 

The building applications research 
concentrates on technical approaches 
leading to major advances in fixture effi
ciency via improved optical design and 
better thermal management of fluores
cent sources. We have developed several 
innovative, highly cost-effective ap
proaches for improving fixture efficiency 
up to20% that have recently been adopted 
by several major fixture manufacturers. 
Our study of advanced lighting distribu
tion systems focuses on improving the 
efficiency of novel fixture designs that 
can exploit the technical attributes of the 
new sulfur lamp. 

Stephen E. Selkowitz*, Program Head 
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Our studies in the impacts area ex
tend our research in electric lighting tech
nologies to include consideration of how 
lighting affects human performance, pro
ductivity and well-being. Using specially 
designed experimental chambers where 
the lighting can be carefully controlled 
and manipulated, we have used sensitive 
instrumentation to measure human re
sponse to different lighting situations. 
We have collected data on how lamp 
spectral composition affects visual func
tion and brightness perception. We are 
working with lamp manufacturers to as
sist them in the development of new light
ing products that will take advantage of 
this new research to produce light that is 
more visually effective per unit of power 
consumed. 

The primary contribution of the 
Simulation Research Group has been the 
development of DOE-2, a widely-used 
whole-building analysis program that 
calculates energy use and cost, given in
formation about a building's climate, con
struction, operation, HV AC and lighting 
equipment, and utility rate schedule. 
DOE-2 is used by consulting engineers 

for design of energy-efficient buildings, 
by researchers for impact analysis of new 
heating, cooling, and lighting technolo
gies, by utilities for design assistance, and 
by state and federal agencies for develop
ment of energy-efficiency standards. In 
collaboration with the Electric Power Re
search Institute, we are continuing work 
on Power DOE, a user-friendly version of 
DOE-2 that is easier and more cost effec
tive to use. 

This group also carries out funda
mental research into new techniques for 
simulating complex physical systems. The 
main result of this effort is an advanced 
simulation program, SPARK (Simulation 
Problem Analysis and Research Kernel), 
that allows users to quickly construct cal
culation models that are much more de
tailed than those in programs like DOE-2. 
SPARK users choose calculation compo
nents from a library and graphically link 
them together into networks that describe 
the building of interest. SPARK will al
low researchers to explore the dynamic 
behavior of complex systems with an ease 
and accuracy unachievable with conven
tional software. 
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Windows & Daylighting 

S.E. Selkowitz 
D. Arasteh 
F.A. Beck 
D.L. DiBartolomeo 
E.U. Finlayson 

The energy-related cost of windows 
in the U.S. building stock exceeds $20 
billion per year. Window performance 
also directly affects peak electrical de
mand in buildings; sizing of the heating, 
ventilating, and air-conditioning 
(HV AC) system; thermal and visual com
fort of building occupants; and human 
health and productivity. With more in
telligent use of existing technology and 
with development of new high-perfor
mance window materials, windows can 
be converted from energy liabilities to 
energy benefits. 

The aim of the Windows and 
Daylighting Group is to develop tools 
and teclmologies necessary to accomplish 
this goal and to collaborate with the build
ing community to successfully deploy 
these technologies and strategies. We 
develop advanced technologies and cre
ate procedures to predict and improve 
the thermal and day lighting performance 
of windows and skylights. The group's 
work helps generate guidelines for de
sign and retrofit strategies in residential 
and commercial buildings and contrib
utes to development of advanced com
puter-based tools for building design. 
Although our primary focus is improv
ing energy efficiency, we seek solutions 
that also improve comfort, hea lth, and 

B.T. Griffith C. Lampert 
R. Jasek K. Papamichael 
G. Kelley M.D. Rubin 
E. Lee R. Sullivan 
J.H. Klems D. Turler 

amenity within buildings, and minimize 
undesired environmental impacts on a 
local, national, and international scale. 

Our program's strength lies in its 
breadth and depth: we examine energy
related aspects of windows at the atomic 
and molecular level in our materials sci
ence studies, and at the other extreme we 
perform field tests and in situ experi
ments in large buildings. We have devel
oped, validated, and now use a unique, 
powerful set of computational tools and 
experimental facilities which are also 
available for use by industry. Our scien
tists, engineers, and architects collabo
rate with researchers in industry, 
academia, utilities, and government to 
accomplish our objectives. 

To be useful, the technical data de
veloped by our program must be com
municated to design professionals, to in
dustry, and to others in the public and 
private realms. We publish our results 
and actively participate in industrial, pro
fessional, and scientific meetings and so
cieties (national and international) to en
sure that our research results are widely 
dis semina ted. These interactions also pro
vide feedback to our group to help guide 
future program design. Much of our R&D 
is well integrated with the deployment 
activities of the organizations and stake-

Investigators 

J. Warner 
G.M. Wilde 
M. Yazdanian 

holders that advance energy efficiency 
within the building community. 

Our overall strategy is to develop 
the knowledge base needed to maximize 
the energy efficiency of existing technol
ogy, to assist industry in the develop
ment of the next generation of energy
efficient window systems, and to help 
create and carry out deployment pro
grams that will accelerate market pen
etration of promising technologies in the 
marketplace. To carry out this effort, we 
have organized our research into three 
major areas: 

• Innovative Technology and Systems 
Advanced optical and thermal materials 
Advanced glazing systems and inte-

grated fenestration concepts 
New materials processing technologies 

• Fenestration Performance 
Window rating systems 
Thermal analysis 
Day lighting analysis 
Field measurement of performance 

• Building Applications & Design Tools 
Residential and nonresidential buildings 
Advanced design tools 
Deployment programs 
Market assessment 

1 
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Innovative Technology and Systems 

With the development and use of 
new high-performance glazing materi
als, buildings will consume significantly 
less energy than they currently require. 
The members of LBL's Windows and 
Daylighting group are therefore work
ing to identify, characterize, and develop 
promising new optical materials for these 
applica tions. By working closely with 
industry, we hope to accelerate the intro
duction of ad vanced fenestration sys
tem s to the market. Our work involves 
coordina ting scientific asp ects of DOE
funded research projects at universi ties, 
private-sector firms, and other national 
Ia bora tories. 

Changing the standards of practice 
in the building industry takes strong, 
consistent effort over time. Despite the 
difficulties, our program has made sig
nificant gains in bringing low-emittance 
(low-E) coatings to the market. They 
were introduced commercially in 1982 
after six years of DOE-funded research. 
By incorporating the coa tings into con
ventional double-glazed windows, we 
produced a lighter, more compact unit 
with better thermal performance than 
that of triple-glazed w ind ows. Today, 
low-E coa tings are used in more than 
40% of all residential windows. 

We next turned our atten tion to the 
d evelopment of hig hl y ins ula ting 
"superwindows." These combine low-E 
technology and gas fills. Our coopera
tive efforts with industry have led to 
several commercially available products. 
The glazings have such low rates of hea t 
transfer that they outperform even the 
best insulated walls in winter in any 
orientation and in any U.S. climate. 

For cooling-domina ted eli mates, we 
are developing improved spectrall y se
lective coatings-modified low-E coat
ings that transmit daylight but reject near
infrared radia tion. We develop improved 
coatings of this type and also help speci
fiers use them more effecti vely. 

The majority of our recent work has 
been focused on developing "smart win
dows." These are windows that incorpo
rate d ynamic ma terials and devices, 
w hich have optical properties that re
spond to a changing en vironmen t. The 
resulting w ind ow systems have compre
hensive energy managemen t capabili
ties. These and other optica l materials 
tha t can control incident daylight will 
allow the wind ows of the future to de
liver net energy benefits to all buildings 
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throughout the year in virtually any cli
mate. 

Spectrally Selective Coatings 

We have been working to develop 
improved spectrally selective coatings 
for windows and to promote their use for 
energy efficiency. Spectrally selective 
coa tings preferentially transmit visible 
light w hile rejecting the heat-bearing 
near-infrared component of sunlight. Al
though earlier research has shown that 
s ilver-based coa tings make effective 
"cool glazings," we are exploring the use 
of other metallic compounds known to 
be more durable than silver and to ha ve 
superior optical properties . This would 
ex tend the usefulness of "cool w indows" 
to applications requiring more durable 
coatings. 

Deposition with Ion-Beam Sources 

In FY94, we used ion-beam sources 
to deposit durable coa tings with supe
rior properties onto glass. These coat
ings included oxide films with metallic 
properties and dielectric multilayers. The 
drawback of ion-beam sources for oxide 
deposition proved to be extreme slow
ness. We also tested another type of 
plasma source, developed at LBL, w hich 
had very high deposition rates (Fig. 1). 

We are planning to adapt both types of 
sources to industrial coating systems and 
conduct test runs wi th industrial part
ners of our durable cool glazings. 

Retrofit Films 

Almost all homes in California and 
elsewhere have clear glazing, which ad
mits high levels of solar heat. In previ
ous work, we showed that replacing ex
is tin g r esidential windows with 
spectrally selective cool windows can 
significantly reduce energy costs and 
peak energy demand. The lowest cost 
retrofit strategy is to add a coa ted poly
mer film to the existing wind ow. In 
FY94, with co-sponsorship from the Cali
fornia Institute for Energy Efficiency 
(CIEE), we began to investiga te the po
tential life time of newly available retro
fit films and to explore solutions for in
creasing that lifetime. If the results are 
positive, we will work with utilities and 
manufacturers to promote the conver
sion of homes to this cool window tech
nology. 

Superwindows 

Highly insulating windows have 
long been considered important in virtu
ally all residential and some commercial 
buildings that have a sizable heating load. 

Figure 1. Hollow-anode ion source for enhanced deposition of durable spectrally selective 
coatings. (BBC-944-1995) 
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The building industry began marketing 
low-E, gas-filled windows with R values 
up to 4 hr-ft2-F/ Btu in the 1980s. At the 
same time, LBL researchers showed that, 
in a typical northern U.S. residence, win
dows with to tal R values grea ter than 6 
hr-ft2-F / Btu transmit more useful solar 
ga ins in winter even on a north eleva tion 
than they lose in conduction. These 
superwindows, therefore, would require 
less hea ting energy per square foot over 
a full hea ting season than would an insu
lated wall. This knowledge led us to 
develop the technology base for such 
highly insula ting windows. Since the 
manufacturing of window products in
volves diverse rna terials and designs, we 
focused our research on developing new 
generic design concepts and es tablish
ing new tools that would allow manufac
turers to ana lyze low -conducta nce 
glazings and alternative superwindow 
designs. 

LBL advancements in the past sev
eral years include the development of a 
design concept for a superwindow, which 
was quickly commercialized, and par
ticipation in utility-supported field tests 
to validate window performance claims. 
We also developed a rating system to 
accurately characterize the performance 
of highly insula ting windows. An infra
red (IR) thermography laboratory has 
been established at LBL to study two
dimensional heat transfer through insu
la ted window frames and edges (see 
Thermal Analysis). In FY93, we began 
design work on an integrated window I 
wall system that takes ad va ntage of 
superwindow technology. 

Our current work emphasizes col
laboration with the U.S. fenestra tion and 
fenestra tion component industry to ac
celera te the development and cost-effec
tive manufacturing of highly insulating 
windows. Given that there are many 
different ways to make windows and 
that consumers demand a variety of dif
ferent prod ucts, the s trategy is not so 
much to develop specific products but to 
use our expertise (our comprehensive 
know ledge of window heat transfer) and 
equipment (i.e., the IR laboratory and 
available simulation tools) to work with 
industry to make their product offerings 
as energy efficient as possible. 

In FY94 we collaborated with Aus
tralian (Universi ty of Sydney) research
ers on the development of an evacuated 
glazing system prototype, helping to 
identify the significance of two-dimen
sional thermal short circuits. The Aus
tralian team has developed a suitable 
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technique for fabricating the glass-to
glass vacuum seal. The glazings have a 
typical center-of-glass conductance of 
0.18 Btu / hr-ft2 F but there is significant 
thermal loss at the edge. Our analy tical 
and experimental s tudies quantifi ed the 
performance of several design strategies 
for incorporating the evacua ted glazing 
in a sash with red uced edge losses. 

We also documented design specif
ics for the integra ted window I wa ll sys
tem. The system with its recessed sum
mer shading devices and nigh t insula ti on 
replaces the conventional system shown 
in Fig. 2. 

LBL continued to participa te in the 
d evelopment of a national ra ting system 
for window thermal performance that 
accura tely represents the benefits of 
superwindows (see Window Rating and 
Labeling Systems). The development of 
window thermal/ optical simulation pro
gra m s tha t accura tely m o d el 
superwindows also progressed (see 
WINDOW Computer Program). 

In FY95, we will continue our work 
with Australian researchers to d evelop 
and tes t insulating edges for use with 

their evacuated glazing system and we 
will help U.S. window manufacturers 
evalua te this technology. We also plan 
to design, build, and test a prototype of 
our integrated window /wall system. In 
the coming year, we will present the 
proto type and di scuss its design with 
industry . We will continue to ensure 
that superwindows are properly trea ted 
by a national rating system and in our 
own wind ow thermal simulation pro
grams. 

Advanced Insulation 

We realized in 1990 that we could 
design a high-performance opaque insu
la tion with twice the thermal resistance 
of conventional CFC-blown foams by 
applying the same concepts used in high
performance windows. The result will 
be a more efficient, cost-effective insu
lated product. With financial support 
from the CIEE and the DOE, we began 
testing opaque panels composed of thin, 
low-emissivity coated polymer layers 
that hold low-conductivity gases. The 
primary use of these gas-filled panels 
(GFPs) is in residentia l refr igera tor I 

Figure 2. Infrared image shows the warm side of a standard 2 x 4 wall with an energy
efficien t double-hung window in the center. While the wall and center-of-glass areas are 
at constant warm temperatures (shown by red or yellow-red), other surfaces are colder 
(shown by blue, green, and violet), indicating thermal bridging through window frame 
and window fra ming materials. Current research focuses on the development of 
integrated window/wall systems which minimize two-dimensional framing effects and 
contain recessed night insulation and exterior summer shading devices . 

3 
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freezers, which account for 7% of elec
tricity usage na tionally . To avoid chang
ing the interior or ex terior dimensions of 
the appliance shell, new systems will 
need higher levels of insulation per unit 
thickness. 

Efforts during previous years focused 
on the d evelopment and testing of proto
type GFPs. Recent research, however, 
has shown that the thermal performance 
of a refrigera tor I freezer shell is also a 
strong function of the structure used to 
contain the insulation. As a result, we 
built several prototype refrigerator I 
freezer door systems that utilize low-con
ductance structural polymer shells (as 
opposed to standard designs which use 
high-conductivity steel shells) (Fig. 3). 
Conventional steel shells, where foam is 
required for structure, allow for only about 
50% coverage with GFPs by volume. In 
contrast, our polymer shells allowed for 
95% coverage by volume with GFPs. We 
tested a typical top-mount refrigerator I 
freezer with these advanced doors in
house and also began testing at indepen
d ent Environmental Protection Agency 
(EPA) and DOE laboratories. 

Our basic research on GFP panel 
development this year included studies 
of the gas permeability of barrier materi
als, the use of alternative gases, and baffle 
design and construction. 

In FY95, we expect to complete in
dependent testing of the refrigerator I 
freezer doors, which we started in FY94. 
We will present our results to the refrig
era tor I freezer industry and to polymer 
manufacturers that would be capable of 
manufacturing such doors. We also plan 
to evaluate the possibility of using the 
same technology for the entire appliance 
cabinet. 

Electrochromic "Smart Windows" 

Electrochromic glazings have great 
potential to improve the energy efficiency 
and occupant comfort afforded by archi
tectural windows. These smart windows 
can dynamically control light transmis
sion by windows in buildings, automo
biles, and aircraft. Electrochromic glazings 
are the most significant members of a 
family of chromogenic light-control tech
nologies that includes large-area dis
persed liquid crystals, dispersed particle 
windows, and photochromic and 
thermochromic materials. Electrochromic 
devices represent the most versatile win
dow technology of this type, exhibiting 
the best combination of switching prop
erties for chromogenic window applica
tions. 
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Figure 3. Advanced gas-filled panel insulation is used in prototype polymer refrigerator 
doors to be tested at Oak Ridge National Laboratory. (BBC 947-4249) 

Electrochromic glazings typically 
have a change in visible light transmis
sion from 10% to 70%, moderately fast 
switching times, and low de power con
sumption. These glazings have memory, 
so they only need power to make a change 
in transmission . Electrochromic technol
ogy can be coupled with smart control 
systems to give constant lighting levels, 
blending artificial lighting with 
daylighting for improved building en
ergy efficiency. Energy simulations of 
office buildings indicate that smart win
dows with lighting controls in arid cli
mates can provide 30-40% energy sav
ings over conventional windows. Savings 
are realized in cooling, lighting, and peak 
utility electric loads. Other benefits in
clude smaller heating, ventilating, and 
air-conditioning (HV AC) systems and 
grea ter thermal and visual comfort. Our 
FY94 work focused on the fabrication and 
performance of electrochromic devices 
and comparison to international smart 
window developments. 

In FY94, our continuing in-depth 
studies on the modeling of switchable 
glazing energy performance helped to 
better quantify the energy efficiency of 
switchable windows. We used our WIN
DOW 4.0 window simulation program to 
model the detailed optical properties of a 
range of electrochromic windows with 
real and hypothetical properties. The use 
of measured electrochromic window char
acteristics helps us to more realistically 

model these windows. We used the DOE 
2.1 building energy model to calculate the 
expected energy savings over conven
tional windows and investigated the ef
fect of alternative daylight control stra te
gies. We found that even greater energy 
savings could be obtained by using pre
dictive algorithms to optimize cooling 
control. We have just begun to explore 
the issue of increased visual and thermal 
comfort. In FY95 we will do more perfor
mance modeling to investigate comfort 
issues and control systems, and we will 
extend our studies to examine perfor
mance in residences. 

Our electrochromic device develop
ment concentrated on a lithium coloring 
device based on tungsten oxide as the 
active electrode. The device structure con
sisted of an active electrode beside an ion 
conductor next to an ion storage elec
trode, all laminated between 2 pieces of 
conductive glass. This device was made 
with doped and chemically modified a
PEO (polyethylene oxide) as the ion con
ductor. The coun terelectrod e was of 
lithium nickel oxide. Finished devices first 
cycled between 53% and 3% luminous 
transmittance, and after 7,000 cycles the 
devices swi tched between 55% and 10%. 
Figure 4 shows an example device with 
three conditions of coloration . We tested 
devices to SO 'C before we noticed bubble 
formation. To give higher stability, we 
will process the polymer to exclude the 
lower molecu lar weight products; this 
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should solve the bubbling problem. This 
and other device improvements will be 
made in FY95. 

We studied the various material lay
ers to improve the overall device proper
ties. We used reactive sputtering to make 
niobium oxide films. Such films have 
shown promise as possible substitutes for 

lB ... 

Figure 4. LBL electrochromic window. 
Shown are the bleached condition, 
intermediate coloration, and fully colored 
(top to bottom). The window is constructed 
of thin fi lms of tungsten oxide and Lithium 
nickel oxide Laminated with a polymer ion 
conductor. The visible transmittance range 
is Tv = 0.68-0.10 and solar transmittance 
range is T

5 
= 0.47-0.07. 
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tungsten oxide. Niobium oxide is more 
chemically stable than tungsten oxide. For 
this electrode, we were able to obtain a 40% 
change in visible transmittance. We also 
studied sol-gel processing to make ion con
ductors and ion storage electrodes. Sol-gel 
is a unique process that allows solid ceram
ics and glass layers to be made by low
temperature processing. The goal of the 
sol-gel work was to develop processes that 
were potentially less capital intensive than 
conventional coating processes and thus 
reduce coating costs. We successfully made 
lithium niobate ion conductors as a substi
tute for a-PEO. We were also able to make 
niobium oxide as an active electrode by 
sol-gel deposition. In addition, we used a 
thin tantalum oxide sol-gel coating to im
prove the electrochemical efficiency and 
chemical stability of tungsten oxide. 

During FY94, we continued our on
going collaboration with Dow Chemical 
on the application of their proton 
fluoropolymer in tungsten oxide devices. 
We helped Dow evaluate some of the 
more basic materials science issues con
cerning the layers used in their device. 

Our research in FY95 will be directed 
at creating larger electrochromic devices 
with improved cyclic durability and opti
cal performance. We also intend to better 
quantify the energy efficiency and hu
man factors properties of electrochromic 
windows. DOE will launch a cost-shared 
initiative with industry in FY95 to de
velop prototype windows for niche mar
kets in three to five years. We expect to 
apply our materials and device develop
ment expertise to help industry meet those 
goals. 

Fenestration Performance 

Achieving greater energy efficiency 
in buildings through improvements in 
w indow technology involves more than 
d eveloping new components and sys
tems. Obtaining reliable information 
about their energy performance is equally 
important. With such data, a designer 
can match fenestration systems to archi
tectural needs. To make this possible, 
one must be able to determine window 
energy performance under various con
ditions. Assessment of fenestration per
formance forms a vital link between de
velopment of new technology and its 
effective use in buildings. 

Our work in this area aims to assess 
fenestration components and whole sys
tems over the entire range of operating 
conditions tha t may exist in any climate 
or building type. We are developing and 
refining analytical models and tech
niques for determining heat transfer and 
solar optical properties of window sys
tems; we are validating them in field test 
faci lities and in occupied buildings. This 
experience helps us to improve the accu
racy of our predictions. In addition, it 
lets us predict the performance of new 
window systems and architectural de
signs. Hour-by-hour building energy 
simulation programs, like DOE-2.1, com
prise many new algorithms and data 
sets. Our window standard and labeling 
activities take advantage of other data. 
Providing theN a tiona I Fenestration Rat-

ing Council (NFRC) with performance 
characterization procedures and techni
cal support has been the main thrust of 
this program. This assistance helps the 
NFRC in the development of its window 
energy ra ting systems. 

Window Rating and Labeling Systems 

As highly efficient window systems 
have evolved during the past decade, the 
need for better ways to assess the ther
mal performance of these systems has 
grown. A single fair, accurate, and inex
pensive rating and labeling system that 
could be used to compare all types of 
fenestration would have many benefits. 
Consumers, architects, and engineers 
would have access to reliable informa
tion, and utilities would be assured of 
real energy savings . State energy offices 
would be spared the need to develop 
their own rating systems, and manufac
turers would have to mee t only a single 
standard . 

The National Fenes tra tion Ra ting 
Council (NFRC) was founded in 1989 to 
answer this need. The council brings 
together manufacturers, architects, en
gineers, builders, state regulators, utility 
incentive programs, and consumers . To 
meet the requirements of the Energy 
Policy Act (EP ACT) of 1992, the council 
hopes to complete the development of a 
basic window rating and labeling sys
tem in 1995 (Fig. 5). 

5 
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CERTIFIED 

National Fenestration 
Rating Council 

AAA Window Company 
Manufacturer stipulates that these ratings were determined 

in accordance with NFRC 100-91. SM 

U-value AA 5' x 3' 0. 40 Model #1500 Horizontal Slider 

U-value BB 6' x 4' 0. 38 0.5" Air Space, Low-e 0.2 

NFRC ratings are determined for a fixed set of environmental conditions 
and may not be appropriate for determining seasonal energy performance. 
For additional information contact: NFRC, 1300 Spring Street, Suite 120, 
Silver Spring, MD 20910; Tel: (301) 589-NFRC, Fax: (301) 588-0854. 

Figure 5. Sample NFRC label showing U-value data for two standard window sizes. 

Researchers at LBL are assisting the 
NFRC in this task. LBL staff members 
chair or are actively involved in all the 
council's major subcommittees and are 
responsible for coordinating the devel
opment of many NFRC procedures. Sev
eral NFRC standards for simple win
dows are based on our WINDOW 
computer program and its supporting 
research, and the Annual Energy Sub
committee has used our RESFEN com
puter program to study issues relating to 
the annual energy effects of windows. 

In 1994, we worked with NFRC to 
improve the accuracy and cost-effective
ness of the U-value procedure, which 
NFRC implemented in 1991, and to ex
tend it to opaque doors. We also worked 
to finalize NFRC procedures for deter
mining solar heat gain and infiltration 
for simple window systems. Continuing 
efforts were made to educate manufac
turers about how an annual energy rat
ing system for residential buildings 
would work. 

In 1995, we expect to finish the imple
mentation of the solar heat gain and infil
tration procedures. We will expand our 
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efforts to improve the accuracy of the U
factor and solar heat gain procedures for 
complex products (i.e., skylights and 
other projecting windows). Work is also 
planned to help NFRC complete a draft 
of the first annual energy rating method
ology for residential windows. We will 
strive to make sure that it is consistent 
with the work of other groups (i.e., 
ASHRAE) that are developing other re
lated annual energy estimating method
ologies. 

WINDOW Computer Program 

In the mid 1980s, we developed a 
computer program to evaluate the ther
mal performance of window systems. 
This program, WINDOW, calculates ther
mal performance properties such as U
values, shading coefficients, solar heat 
gain coefficients, and various optical 
properties. It has been used by manufac
turers in the design development pro
cess; by the American Society of Heat
ing, Refrigerating, and Air Conditioning 
Engineers (ASHRAE) to calculate tables 
of representative U-values for the 1989 
and 1993 editions of the Handbook of 
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Fundamentals; and most recently and 
most significantly, by the NFRC to de
velop certified ratings for fenestration 
product U-factors and solar heat gain 
coefficients (see Window Rating and 
Labeling Systems). 

Our goal is to ensure that the WIN
DOW software meets the needs of the 
fenestration industry and market in de
termining product thermal performance 
parameters. It will provide information 
for both design development and consis
tent product rating. We continually strive 
to improve upon program capabilities so 
that advanced products can be designed 
and rated accurately. Such improve
ments include adding databases and ca
pabilities to evaluate component perfor
mance. We also hope to improve the 
program's ease of use so that it reaches a 
wider audience. 

This year, we released an upgraded 
version of WINDOW 4, version 4.1 . This 
upgrade incorporates many procedural 
changes and was intended to meet the 
needs of the NFRC's recently imple
mented U-value rating system. We be
gan development of a two-dimensional, 
finite element analysis (FEA) heat trans
fer module for WINDOW. The current 
version of the program uses a one-di
mensional algorithm to evaluate glazing 
system heat transfer and then uses data 
from the Canadian FRAME program to 
evaluate two-dimensional frame/ sash 
effects. The new Thermal Resistance 
Modeler (THERM) module will allow 
the user to directly import CAD draw
ings or scanned images of window 
frame/sash profiles and easily model 
their true geometry (Fig. 6) . This code is 
being developed in collaboration with 
colleagues at the University of Massa
chusetts. Much of the effort has focused 
on obtaining an automeshing code so 
that no input from the user on mesh 
levels is required. This is necessary if the 
program is to be used by the window 
industry as well as by heat transfer ex
perts. Planning continued on the devel
opment of WINDOW 5.0 which will fea
ture a new window-based user interface, 
new databases, and links to other soft
ware modules. 

Next year, we will release the two
dimensional FEA hea t transfer module 
as a stand-a lone tool. Its output will be 
usable by WINDOW 4.1 to calculate total 
product properties. The module will 
also be capable of analyzing two-dimen
sional heat transfer effects through other 
building components . A beta version of 
WINDOW 5.0 will be completed. 
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mensional effects for comparison with 
THERM and other computer programs. 
This will help us to prioritize future im
provements to THERM. 

Optical Performance 

Standard procedures for determin
ing the optical properties of window 
materials are vital in any effort to im
prove energy efficiency. Consistent, re
liable characterization provides feedback 
for developing new materials, da ta for 
calculating energy performance, and the 
basis for rating and labeling. 

Procedures for Determining Optical 
Properties 

In FY94, we completed a procedure 
for determining several solar optical 
properties of glasses and coatings. This 
proced ure was thoroughly tes ted 
through the NFRC and the International 
Energy Agency. 

Figure 6. Sample output screen from THERM showing temperature contours at edge of 
window. (For false-color visualization, see cover photo.) 

To implement this procedure and 
one we had developed earlier for deter
mining emittance, we drafted a plan for 
verifying data supplied by manufactur
ers. Efforts to harmonize these proce
dures with national and international 
standards organiza tions have been gen
erally successful. At the request of the 
manufacturers, who must measure the 
optical properties of their products, we 
developed two methods to simplify and 
reduce the costs of these measurements. 
One method allows the properties of 
glazings with applied films (Fig. 7) to be 
calculated from the measured properties 

Thermal Analysis 

Advanced optical coatings, gas fills, 
and insulating edges and frames are be
ing used in more and more windows, 
leading to a proliferation of available 
window configurations. Methods of ther
mal analysis for windows have had to 
keep up with the fast pace of change. We 
are advancing the thermal analysis field 
by developing computer tools and ex
perimental facilities to evaluate thermal 
effects (i.e., conduction, convection, and 
radiation) in fenestration products. 

Our efforts in this area focus on im
proving the WINDOW program's treat
ment of heat transfer. This year, we 
concentrated on developing THERM, the 
FEA engine for WINDOW (see WIN
DOW Computer Program). We also up
graded the measurement capabilities of 
our IR thermography laboratory. This 
facili ty helps manufacturers examine 
specific high-performance fenestration 
products they have under development. 
It uses infrared imaging to visualize and 
quantify the thermal strengths and weak
nesses of window systems. Prototype 
windows are mounted in a chamber so 
that one side is exposed to room-tem
perature air and the other is exposed to 
cold air. With the upgrade, we have 
more precise control of warm- and cold
side temperatures and air flow. Thus, 
our thermography results can be better 
compared to those obtained with stan-

dard hot-boxes used to measure total 
product U-values. 

In 1995, we will conduct prelimi
nary research on adding convective and 
three-dimensional hea t transfer capabili
ties to the THERM module. We also plan 
to finish improvements to the IR ther
mography laboratory. The upgraded 
laboratory will be used to develop a da
tabase of two-dimensional and three-di-

Figure 7. Measurement of optical properties of an applied film using variable-angle 
spectroscopic ellipsometry. 

7 
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of the components. The other method 
allows the properties of products of d if
ferent thicknesses to be calculated from 
the measured properties of one product 
in the series . We have written a com
puter program to execute these meth
od s, and it is now under testing. 

Now that procedures for d etermin
ing optica l properties of simple glazing 
ma terials and windows are completed 
(or at least under way), the next step is to 
develop analogous procedures for com
plex glazings and shading systems. In 
FY94, we took the first steps toward de
signing and constructing an appara tus 
for quick and accurate measurement of 
the spectral and directional optica l prop
erties of component materials. We also 
began work on a general computer model 
for complex window systems. 

Solar Heat Gain 

The fraction of the incident solar 
energy let into a building by a window 
(called the solar heat gain coefficient) 
contributes greatly to the window's en
ergy impact on the building. Our work is 
concerned with developing accura te and 
efficient ways of determining this im
portant window property. 

Properties of Window Systems 

Two properties of a window sys
tem, its transmission and absorption, 
control the admission of incident solar 
energy. But only a part of the energy 
absorbed by the window reaches the 
building's interior. For this reason, a 
third property, termed the inward-flow
ing fraction, must also be considered . 
Because energy absorbed by the window 
flows inward by the ordinary processes 
of hea t transfer, the usual method of 
d irectly measuring the solar hea t gain 
coefficient has been to use a calorimeter. 
This is both slow and inaccura te. Much 
more rapid and accura te methods of 
measuring transmission and absorption 
alone are available, and they could be 
used if one could separately determine 
the inward-flowing fra ction. Find ing a 
good way to do so is the research chal
lenge. 

Simple Windows 

While these observa tions are true of 
windows in genera l, the problem is es
sentially solved for simple windows con
s is ting of pl a ne-pa ra ll e l, specul ar 
glazings. For these, reliable method s of 
calculating the inward-fl owing fraction 
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exist, transmission and absorption can 
be measured on small glazing samples 
by available spectrophotometric equip
ment, and the solar heat gain coefficient 
can be calculated with a high degree of 
confidence. Therefore, our work in this 
area now centers around d eveloping 
user-friendly calculation programs, sys
tematizing the data and the assumptions 
used in the calculations, checking the 
calculation results, and encouraging the 
formation of organiza tions (such as 
NFRC) and the use of industry practices 
that utilize the calculations in consistent 
ways. This is an ongoing effort. In FY94, 
we made substantial progress in system
atizing data and standardizing proce
dures. 

Complex Windows 

For complex glazing systems- win
dows that are not both geometrica lly and 
optically simple-the current methods 
for measuring the inwa rd-flowing frac
tion have been inadequate. Such win
dows include those with blinds, shades, 
drapes, or sun screens (in short, all win
dows that have fea tu res allowing control 
of privacy, solar gain, or daylighting) . In 
FY94, we finalized several years' work 
on the d evelopment of a new method 
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and demonstra ted tha t it could be used 
for complex glazing systems (Fig. 8). This 
m e th od empl oys an autom a ted 
gonioradiometer ("scanner") to deter
mine the optical properties of glazing
system Ia yers. The scanner averages over 
relatively large sample areas, such as the 
many slats of a venetian blind. The layer 
data are then combined by calcula tion to 
yield the performance of the glazing sys
tem. Inward-flowing fraction values, 
determined by s tandard calorimetric 
measurements for particular geometries, 
are used . (The calorimetric measure
ments were obtained systematically by 
using the MoWiTT facility, d escribed 
under Field Measurements of Fenestra
tion System Performance. ) In FY95, we 
plan to apply this method to making 
economical determinations of solar hea t 
gain for a wide variety of complex sys
tems. 

Day lighting 

Lighting accounts for a huge share 
of the electrical energy consumed in com
mercial buildings. But energy-efficient 
daylighting (substituting daylight for 
electrical lighting) can eliminate 70% of 
this consumption. To achieve energy
efficient day lighting design, one must be 
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Figure 8. Calculated Solar Heat Gain Coefficient. Utilizing the layer method, the 
measured bidirectional photometric properties and inward-flowing fractions were utilized 
to calculate the directional solar heat gain coeficient (for downward-sloping incident 
directions), which is displayed here as contours of constant SHGC in a polar plot where the 
radius is the incide11t angle, 8, and the azimuth is the incident azimuthal direction, If!. 
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able to predict the quan tity and quality 
of light in the environment. Over the 
years, we have developed a range of 
tools for making such predictions. We 
continue to expand our modeling and 
measurement capabili ties and improve 
the accuracy of our calculations. 

SUPERLITE Development 

Our daylighting software, SUPER
LITE 1.01, is an analysis tool that oper
ates on personal computers. Users enter 
data about the geometry of a space, the 
surrounding windows, and the sky con
ditions and obtain information about the 
illumination level of the space. We con
tinue to upgrade the modeling capabili
ties of SUPER LITE 1.01 . SUPER LITE 2.0, 
which added electric-lighting analysis to 
the capabilities of Version 1.01, was 
widely distributed in 1994. Version 3.0 
will be available in 1995, adding com
plex fenestration systems and shading 
devices to the current daylighting
analysis capabilities. 

SUPERLITE Integration with ADELINE 

In FY94, SUPERLITE 1.01 was inte
grated with ADELINE 1.0, the product 
of a multinational daylighting research 
effort sponsored by the International 
Energy Agency (lEA) as part of its Solar 
Heating and Cooling Task 12 efforts. 
ADELINE 1.0 links a three-dimensional 
computer-aided design (CAD) program 
with SUPERLITE and RADIANCE, an 
LBL program that generates graphic im
ages of lighted spaces. (See the Lighting 
Systems section of this report for more 
information on RADIANCE.) Integration 
of these programs offers a DOS-based 
graphical interface tha t lets users crea te 
a design through the CAD program, ana
lyze the design with SUPERLITE, and 
then display the results through RADI
ANCE. During FY94, ADELINE 1.0 
reached the limited-distribution phase. 
Development of ADELINE 2.0 will con
tinue in FY95 with integration of 
SUPERLITE 2.0 and improvement of 
the user interface. 

Field Measurements of Fenestration 
System Performance 

In conducting field measurements 
of fenestration system performance, we 
measure the energy flows through win
dow systems under realistic weather and 
application conditions. For most of this 
work, we use the LBL Mobile Window 
Thermal Test (MoWiTT) Facility, a 
unique, highly-instrumented double 
calorimeter currently situated in Reno, 
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Nevada. We conduct studies ranging 
from how new or improved window 
technologies perform to whether com
puter models effectively calculate win
dow performance in a building. 

Exterior Heat Transfer Coefficients 

A study of exterior heat transfer co
efficients completed in FY94 illustrates 
the practical importance of this work. 
The exterior heat transfer coefficient is a 
part of the overall thermal transmittance, 
or U-factor, of a window or a wall and 
encapsulates much of the information 
about exterior weather conditions (for 
example, wind speed). Published win
dow U-factors are based on labora tory 
measurements under worst-case condi
tions. For improvements in window 
energy efficiency, however, calculating 
the cost savings by comparing worst
case conditions produces a biased result: 
savings are overestimated, sometimes 
by as much as a factor of two. Our new 
research on exterior hea t transfer coeffi
cients, when included in the standard 
calculations, produces for the first time a 
reliable calculation of average savings. 
It has also improved the accuracy of 
cooling-load calculations in building 
simulation programs such as DOE-2. 
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Selective-Glazing Systems 

Our work in FY94 included a study 
to determine how effective commercial 
selective-glazing systems are at reduc
ing summer solar heat gain (Fig. 9). These 
glazings, which appear to be identical to 
clear double glazing or to be lightly tinted, 
were shown to admit 40-45% less solar 
energy. This result confirms our expec
tations based on calculations and makes 
the glazings an attractive option for re
ducing air-conditioning loads. 

DOE-2 Building Simulation Tool 

We also began detailed tests of DOE-
2 calculations for glazings and perimeter 
spaces. These tests will be important to 
the use of this simulation tool by the 
NFRC as a basis for voluntary energy 
ratings. Our other work includes study
ing systems with actively controlled in
terior venetian blinds (see Envelope and 
Lighting Technologies to Reduce Elec
tric Demand in Commercial Buildings) 
and both fixed and active between-pane 
blinds. During FY95, we plan to con
tinue the testing of DOE-2 and the study 
of active smart window systems and 
highly insulating superwindows. 

9/10/93 9/11/93 9/12/93 9/13/93 

Figure 9. Summer Performance of Selective Glazing Compared with Clear Double. 
Mo WiTT measurements of the net heat flow through a glazing system consisting of a 
spectrally selective tinted glazing combined with a low-emissivity glazing (striped bars) are 
added up over 24-hour periods and compared with simultaneous measurements of clear 
double glazing (solid bars). Both glazing systems were measured without frames. 
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Building Applications and Design Tools 

We incorporate the knowledge 
gained in our basic research studies into 
tools that help building designers select 
appropriate window design solutions. 
In this way, new knowledge about glaz
ing materials and fenestration system 
performance is consolidated into the 
window selection criteria of architects, 
engineers, and builders. These efforts 
are furthering the development of better 
tools for window selection in both resi
dential and nonresidential buildings. We 
work with other national and regional 
groups to understand market trends and 
to encourage use of efficient window 
products in new buildings as well as in 
existing ones. We also develop tools that 
will allow us to track market trends and 
to predict the impacts of new programs 
on national energy consumption. 

Market Analysis 

To better understand the energy im
plications of the existing window stock 
and the forces that will affect this market 
in the future, we recently began an in
depth market analysis. An important 
goal of this program is to assess the de
mand for windows and to what degree 
energy efficiency is part of that demand. 
Another factor studied is the supply of 
windows to the market and how that is 
changing and can change over time with 
regard to energy efficiency. With such 
information, policy makers will be able 
to know what the changes in supply will 
do to regional and national energy de
mand. It should also help to focus re
search efforts on developing products 
with maximum potential energy savings. 

In FY93 and FY94, we pulled to
gether data a bout the existing residential 
building stock with a focus on window 
parameters. From this data, we created a 
Window Assessment Model (WAMO), 
which allowed us to compute the energy 
impact of residential windows nation
ally. This tool also allows us to estimate 
the national energy impacts of advanced 
technologies, implemented at various 
penetration rates, in any future year. It 
showed for example that the use of tech
nologies now available in all existing 
buildings and all new construction could 
lower the national energy impact of win
dows from about 2.2 quads to about .8 
quads. 
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In the coming year, we will develop 
a similar model for the commercial sec
tor. We will also revise our residential 
model to reflect new market and perfor
mance data. 

Nonresidential Building Simulation 
Studies 

Task 18 Advanced Glazing Materials 

We continued our participation in 
Task 18 of the International Energy 
Agency's Solar Heating and Cooling pro
gram (IEA/SHC). This five-year task 
focuses on advanced glazing materials. 
Seeking to realize significant energy and 
environmental benefits, participants 
from 13 countries are developing the 
scientific, engineering, and architectural 
basis for the use of these materials in 
buildings. 

Task 18 comprises two subtasks, A 
and B. Those engaged in Subtask A 
analyze potential glazing materials to 
identify their building applications and 
their energy and environmental benefits. 
Subtask B participants characterize 
glazings and daylighting-component 
materials in the laboratory. 

The United States leads the Model
ing and Control Strategies Activity asso
ciated with Subtask A. The objectives of 
this activity are: 
• To evaluate the potential performance 

of advanced glazing systems and dy
namic control strategies. Systems and 
strategies to be evaluated include 
high-performance and wavelength
selective glazings, chromogenic opti
cal-switching devices, and light-trans
port mechanisms. 

• To evaluate the ability of simulation 
tools to properly characterize the per
formance of glazing systems and im
prove these tools as necessary to cre
ate common technical approaches for 
simulation. 

• To develop models that can meet the 
simulation needs of groups, such as 
the International Standards Organi
zation (ISO), CEN, and NFRC, that 
are developing national and interna
tional window-rating systems. 

Electrochromic Simulation Studies 

We completed a simulation study on 
the use of various controls for 
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electrochromic "smart windows" in a 
prototypical commercial office building 
(see earlier section on electrochromic coat
ings). Electrochromic windows are made 
of materials that switch their molecular 
state when changes in a predetermined 
control parameter occur (for example, an 
increase in incident solar radiation). 

We analyzed strategies for control
ling these windows based on the follow
ing parameters: daylight illuminance, 
incident total solar radiation, and space
cooling load. Our results showed that 
when a day lighting strategy was used to 
reduce electric-lighting requirements, 
control algorithms based on workplace 
daylight illuminance resulted in the best 
overall annual energy performance. If 
day lighting was not a design option, con
trols based on space-cooling load yielded 
the best performance through reductions 
in solar heat gain. The performance of 
control strategies based on incident total 
solar radiation varied as a function of the 
switching setpoints. For small to moder
ate window sizes, which result in small 
to moderate solar heat gains, a large 
setpoint range was best, because it pro
vided increased illuminance for 
daylighting without much cooling pen
alty. For larger window sizes that admit 
adequate daylight, a smaller setpoint 
range was best to reduce unwanted solar 
heat gains and the associated cooling 
requirement. 

Reductions in peak electric demand 
were found to be independent of the 
type of control strategy used for 
electrochromic switching. This is true 
because the electrochromics are gener
ally in their most colored state under 
peak conditions, and the mechanism for 
achieving this state is not important. 

Envelope and Lighting Technologies 
to Reduce Electric Demand in 
Commercial Buildings 

In commercial buildings, the full 
benefit of energy-saving lighting and fen
estration technologies d epends upon 
their being designed and packaged as 
integrated systems. The design work 
must be supported by appropriate tools. 
Since 1991, we have been developing 
and promoting advanced building sys
tems that integrate high-performance 
envelope and lighting technologies. This 
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multiyear project is supported by the 
California Institute for Energy Efficiency 
(CIEE), major California utilities, and the 
DOE. Because lighting and cooling ac
count for the largest share of the peak 
electrical demand in commercial build
ings, promoting such integrated systems 
can be a cost-effective, demand-side 
management option for utilities. 

During the first and second phases 
of this research, the major focus of the 
project was on designing, developing, 
implementing, and evaluating two ad
vanced envelope and lighting systems. 
We accomplished this through a series of 
computer simulations, field tests, indus
try consultations, and building demon
strations. With a series of energy simu
lations, we explored the performance of 
intelligent control systems designed to 
efficiently and comfortably link an ad
vanced lighting system with a dynamic 
envelope system (i.e., automated vene
tian blinds or electrochromic glazings). 
In parallel, the control system for an 
automated venetian blind was bread
boarded and tested in real time in a 1:3-
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scale outdoor test facility to evaluate its 
logic and to test its robustness in imple
mentation. The testing helped us resolve 
pragmatic issues such as sensor design 
and placement, control stability under 
variable sun and sky conditions, etc. This 
was accomplished in cooperation with 
manufacturer representatives from the 
controls, shading, and lighting indus
tries. Using the MoWiTT facility, we 
measured a 50% reduction in the heat 
gains caused by solar radiation and elec
tric lighting for a smart automated vene
tian blind system over a typical static 
bronze glazing system (Fig. 10). Sepa
rate designs for deep perimeter 
daylighting systems, a light shelf, and a 
light pipe were developed iteratively 
through advanced ray-tracing simula
tions, outdoor physical models, and a 
comprehensive day lighting analysis tool 
that combines experimental measure
ments from the LBL scanning radiom
eter with analytical computer routines . 
These advanced designs increased the 
depth of daylight penetration to 10 m 
throughout the year, increasing the day-

light uniformity in an open-plan office 
space while comfortably increasing day
light illuminance levels at the workplane. 

The focus of the third phase of re
search, in 1994, was deployment. We 
conducted showcase demonstration 
projects in partnership with California 
utility sponsors and expanded the re
duced-scale field tests to full-scale de
velopment and evaluation in an occu
pied testbed office building. The primary 
goal of this strategy was to demonstrate 
current conceptual designs in order to 
accelerate their adoption by building pro
fessionals. In addition, the process pro
vided valuable feedback to the R&D ef
forts and enriched our understanding of 
how the designs could be improved to 
address pragmatic issues such as con
struction, design engineering, cost, user 
acceptance, and occupant comfort. 

Partnering with Southern Califor
nia Edison, we demonstrated the con
cept of integration in a renovation of the 
Palm Springs Chamber of Commerce 
building. In addition to employing ad
vanced energy efficiency measures that 
are available commercially (e.g., ther
mally broken storefront frames, s tate-of
the-art spectrally selective glazing, di
rect/indirect lighting with daylighting 
controls and occupancy sensors, and two
stage indirect evapora tive cooling), we 
built a skylight prototype based on de
sign concepts developed for the light 
shelf. The skylight was designed to split 
and redirect incoming daylight to the 
ceiling plane in two separate window
less offices throughout the year (Fig. 11). 
Considerable first-hand experience was 
gained by working with the manufac
turer of special optical films, the build
ing contractor, the architect, and the util
ity. Occupants reported that the skylight 
provides lively bright daylight through
out the space. During some periods, 
though, it was too bright for VDT tasks). 
Work is in progress to ameliorate the 
outstanding issues of visual comfort and 
to measure the system's performance 
under occupied conditions. 

Figure 10. Closeup of Mo WiTT facility with sample A, 
static bronze tinted glazing, in the right-hand chamber 
and sample B, motorized venetian blinds, in the left-hand 
chamber. The two day lighting models have been set on top 
of the Mo WiTT facility above each corresponding chamber. 
Note that the two sun angle sensors (being checked by Guy 
Kelley) have been set on top of the venetian blind 
daylighting model to detect solar position. 
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Figure 11. Design of the reflector system used in the prototype skylight for the Palm 
Springs Chamber of Commerce. This reflector system was designed to split the incoming 
daylight flux and redirect it to the ceiling plane of two separate rooms . The central reflector 
(center) optimizes daylight redirection for the noon hour throughout the year. The side 
reflectors (left and right "wings") optimize daylight redirection for late afternoon and early 
morning hours. The system uses a combination of several different 3M reflective fi lms to 
maximize daylight reflection and redirection. 

As part of our testbed demonstra
tion effort, negotiations are continuing 
to form a collaborative partnership with 
Pacific Gas and Electric and a large U.S. 
commercial developer with a high-rise 
office building in downtown Oakland. 
This collaboration has the additional 
objective of showcasing advanced 
day lighting and lighting concepts to com
mercial building clients. 

In 1995, we will continue to focus on 
deployment through demonstration ef
forts and further R&D on the two proto
types, tempered by feedback from indus
try and the demonstrations. Additional 
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work on tools for integrated design, com
menced in 1994, will continue to progress 
in the direction of quick, accessible refer
ence materials for designers. 

Residential Buildings 

Window Rating Methodologies 

With NFRC members in the private 
and public sectors, we are working to 
create an annual energy rating system 
for residential windows. Our goal is a 
simple, easy-to-understand system that 
yields accurate information about the 
heating and cooling energy performances 
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of windows and their cost. We are trying 
two approaches, each suited to decision 
makers at different levels of technical 
sophistication. 

The first approach, a simplified 
methodology, rates windows on rela
tive seasonal energy performance using 
two numbers, a fenestration heating rat
ing (FHR) and fenestration cooling rat
ing (FCR). These nondimensional num
bers establish how well a window 
performs relative to other windows. A 
higher FHR or FCR means more energy 
savings can be expected. The number 
which is intended to be used through
out the United States represents a per
centage of the total house energy sav
ings a particular window provides 
compared to a baseline window under 
the same conditions. We are substanti
ating the FHR/FCR approach through a 
study of the sensitivity of windows to 
parameters such as geographic location, 
wall insulation level, founda tion type, 
floor area, window type, distribution, 
and size. 

The second approach is a more de
tailed procedure that will calculate the 
energy performance of windows in a 
specific home. This methodology is a 
follow-up to our RESFEN program, 
which has now been in use for three 
years (Fig. 12). Users can enter any com
bination of window orientation, size, U
factor, shading coefficient, air leakage, 
and exterior or interior shading and ob
tain the amount of energy used annually 
for heating and cooling and its cost. In 
addition, RESFEN calculates the peak 
heating and cooling increments due to 
the windows. A new version of RES FEN 
incorporating the most recent NFRC de
fault parameters and a window-based 
interface will be released in FY95. 

RESFEN Kiosk 

We also developed a user-friendly 
version of RES FEN that could be used by 
homeowners at a building supply store as 
they purchase windows. Built into an 
interactive kiosk, the program calculates 
the heating and cooling energy use of 
windows, helping homeowners in their 
evaluation of alternative window prod
ucts. 

The kiosk was evaluated for three 
months in a retail window store located 
in the San Francisco area. When a cus
tomer approached the kiosk, the store 
manager would discuss its purpose and 
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Figure 12. Screen image showing the input/output user interface of a res idential 
fenestration performance analysis tool. Input consist of House Data and Window Data. 
The output shows numerical and graphical heating and cooling energy usage values . 

guide them through a complete run. A 
series of runs might be made, using dif
ferent parameters to answer specific ques
ti ons by the customer. The evaluation 
showed that such a kiosk is a very good 
poi nt-of-sa le tool but probably requires 
staff assistance to help exp lain results 
and place the energy performance in a 
broader contex t. 

This type of kiosk could also be used 
for comparing the performance of ge
neric window prod ucts in locations where 
users are not subject to sa les pressure, for 
example, in museums, lobbies of public 
buildings, or conference booths sponsored 
by nonprofit organiza tions. We p lan to 
improve future versions of the kiosk by 
adding other factors of interest to pur
chasers, for example a method for evalu
ating thermal and visual comfor t. In loca
tions w ith a mild climate, these issues can 
be m ore important window-selection cri
teria than energy concerns. 

Window Design Guidelines 

We have been working w ith writers 
at the University of Minnesota to revise 
and finalize the d raft Window Design 
Guidelines developed in p revious years. 
The Guidelines will provide fenestration 
design information to archi tects, engi
neers, buil ders, and homeowners, includ
ing 

• An overview and historical discussion 
of residential windows . 

• Speci fic design recommendations re
garding view, lighting, ventila tion, 
insula tion, solar hea l gain, condensa
tion, and acoustics. 

• Information on material selection and 
ins talla tion, including glazing p rod
ucts and framing. 

• Regional cl imate guidelines on energy 
performance. 

We began pro totyping an electronic 
multimedia version of the Guidelines tha t 
will include graphics, animation, and 
video as well as text. We also plan to 
integrate the Guidelines with the most 
recent version of RESFEN to facilita te 
ca lcula tion of the hea ting and cooling use 
associa ted with w indows. 

Advanced Design Tools: Building 
Design Advisor 

FY94 marked the start of a project to 
develop a new computer-based building 
design tool, Building Design Ad visor 
(BDA). With funding from Pacific Gas & 
Electric and Southern California Edison 
through the CIEE, as well as from DOE, 
BDA w ill initially focus on schem atic 
phases of building design . It grew out of 
ea rlier efforts to develop a comprehen
sive tool for op timizing the design of 
build ing envelopes. 

BDA allows building designers to 
eva luate and compare va rious desig n 
solutions wi th respect to multiple design 
considera ti ons. It lets d esigners look 
beyond energy efficiency to comfort, cost, 
aes thetics, and any other quali ty tha t can 
be enhanced through the use o f analy ti
ca l computational models. BDA is de
signed to link to ana ly ti ca l modeling p ro
gra ms such as PowerDOE. Through a 
simple interface that incorpora tes two 
sophis tica ted graphica l user interface 
(CUI) elements, BDA hides the com pli
ca ted building representa tion of analyti
ca l models whil e allowing designers to 
take ad vantage of their p rediction power 
through a single, object-based represen
tation of the build ing and its compo
nents (Fig. 13). In addition to Power DOE, 
BDA links to a multimedia case studies 
database, manufacturers' product ca ta
logs, a day lighting-analysis module, and 
a schematic graphic editor. The initia l 
version of BDA is scheduled for release 
in late 1995. 

Electronic Media for Technology 
Transfer 

The Wind ows a nd Daylighting 
Group has often been recognized for its 
long-term, effecti ve collabora ti on w ith 
industry . Effective communica tion about 
our acti viti es is essential. We stri ve to 
reach a di verse audience of researchers, 
professiona l a nd ind us trial socie ties, 
manufac turers, consumers, and educa
ti onal ins titutions th rough a va ri ety of 
med ia, including trade journals, network 
and utili ty-based television, electronic 
pu blica tions, and exhibits. We also spon
sor workshops to exchange ideas w ith 
m anufac turers, design firms, educa tors, 
and utiliti es. 

In addition to working with tra di
tional media, much of our explora tory 
communications effort has centered on 
electronic media-particularly CD-ROM 
publishing and point-of-purchase infor
mation systems. These media can poten
tially reach larger decision-making aud i
ences than paper-based media, with a 
lower cos t-per-person investment. FY94 
brought a new opportunity for electronic 
communica ti ons via the "informa tion 
superhi ghway." We developed a World 
Wide Web home page on the Internet. 
Users of the Internet may view this re
port, abstractsof curren tpapers,and user
facility info rmation (includ ing graphics) 
through Mosaic or other Web browsers. 
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Figure 13. A screen snapshot from a design session with the Building Design Advisor where the user compares three alternative 
design solutions. 
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Lighting for buildings, housing, 
signage, and streets accounts for 25% of 
all electrical energy consumed annually 
in the United States. New, efficient light
ing technologies and strategies have the 
potential to reduce lighting energy use 
from 515 BkWh to 260 BkWh-a 50% 
savings equal to 20 billion dollars annu
ally-while increasing productivity and 
comfort. These savings would allow for 
the forecasted doubling of commercial 
floor space by the year 2020 without an 
increase in the total annual energy bud
get. By avoiding the need for additional 
power plants, these savings would free 
$100 billion of capital to be used for other 
purposes. 

To help achieve this more energy
efficient economy, the LBL lighting re
search program combines research ac
tivities with an effective technology 
transfer program, assuring that the tech
nology base and concepts developed at 
the laboratory are transferred to the light
ing community in a useful and timely 
manner. This program, which repre
sents a unique partnership between a 
national laboratory-university complex 
and industry, facilitates technical ad
vances, strengthens industrial capability 
and competitiveness, and provides de
signers, specifiers, and the end-user with 
much-needed information on the perfor
mance of energy-efficient lighting sys
tems and concepts. 

A major thrust of the lighting pro
gram has been the development of more 

16 

Lighting Systems 

W. Ferguson 
C. Greene 
G. Gabor 
O.C. Morse 

T. Orr 
M. Packer 
C. Praul 

energy-efficient light sources that oper
ate at very high frequencies (VHF) with
out electrodes. Electrodeless, VHF-op
erated light sources offer the promise of 
significantly higher efficiency, longer 
equipment life, and improved environ
mental quality. In addition, the program 
is developing comprehensive strategies 
to capitalize on the performance at
tributes of these new light sources by 
working with industry to produce highly 
efficient lighting distribution systems 
that could replace genera l lighting in 
many applications. The program devel
ops innovative technical solutions that 
enable lighting fixture (luminaire) manu
facturers to incorporate better thermal 
management, thereby improving the 
performance of their compact fluores
cent and full-size fluorescent product 
lines. In its study of the relation between 
lighting variables and visual function, 
the lighting program is identifying vi
sual responses to lighting conditions
research results that are leading to inno
vative new lighting products that 
improve both energy efficiency and 1m
man productivity. This interdisciplinary 
program encourages innovation in the 
industry and accelerates the societal ben
efits obtainable from a more cost-effec
tive and energy-efficient lighting 
economy. 

Since its inception in 1976, the LBL 
Lighting Program has produced over 180 
reports and publications documenting 
research on solid-state ballasts, opera-
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tion of gas-discharge lamps at high fre
quency, scotopically enhanced lighting, 
energy-efficient fixtures, advanced light
ing simulation and visualization, light
ing control systems, and visibility and 
human productivity. In addition to its 
research activities, the internationally 
recognized staff is actively involved in a 
variety of professional, technical, and 
governmental activities . 

Lighting, or illuminating engineer
ing, is a surprisingly complex field with 
a bewildering assortment of different ap
plications each requiring different solu
tions. Consequently, we believe that 
there is no one "magic bullet" for light
ing-a single lighting technology that 
could improve lighting energy efficiency 
in all applications. To be effective, our 
program must be multi-disciplinary and 
have breadth. To realize this broad-based 
agenda, our strategy is threefold: (1) to 
assist industry in the development of the 
next generation of energy-efficient light 
sources and luminaires; (2) to develop 
techniques for manipulating lighting 
spectral content and spatial distribution 
that improve visual performance and 
comfort while reducing energy require
ments; and (3) to accelerate the deploy
ment of new and emerging efficient light
ing technologies into the commercial and 
residential sectors . To carry out this pro
gram, our research is organized into three 
major project areas: advanced light 
sources, impacts on visual performance, 
and building applications. 
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Advanced Light Sources 

The advanced light source project 
seeks to develop the basic engineering 
science that would form the basis for new, 
highly efficient light sources that contain 
no toxic materials. To put this project in 
context, note that the most efficient white 
light source in general use today- the 
electronically-ballasted fluorescent 
lamp-has a luminous efficacy of approxi
mately 90 lumens per watt; that is, every 
watt of power used by the lamp produces 
90 lumens of light. Although this is 25% 
more efficient than the fluorescent lamp 
of 15 years ago, and much more efficient 
than typical incandescent lamps (17lpw), 
significantly greater efficacies are pos
sible. Theoretically, pure white light can 
be produced at 220 lumens per watt and 
a "whitish" light at over 350 lumens per 
watt. Thus, the physics allows for much 
more efficient light sources, possibly with
out the use of mercury. (Currently, all 
efficient white light sources use mercury, 
which is undergoing increased environ
mental scrutiny because of its perceived 
toxicity.) The advanced lamp technology 
program is developing the engineering 
science that will help achieve a target 
lamp system efficacy of 150 lumens per 
watt within the present decade. 

Our lamp technology research has 
concentrated on high-intensity discharge 
(HID) lamps, which could be made both 
more efficient and dimmable if operated 
without electrodes. High-frequency op
eration is required to excite the lamp 
plasma in an electrodeless mode. 
Electrodeless operation allows the use of 
compounds that produce a desirable light 
spectrum and gas fills that do not require 
mercury. Presently, the use of these ma
terials in HID lamps is excluded because 
they would harm the electrodes, which 
are required for operation at low frequen
cies. An efficient mercury-free 
electrodeless lamp that could be dimmed 
without observable spectral changes and 
provide instant restrike would herald a 
new age of light sources. It would im
prove energy efficiency and have the op
tical characteris tics that lighting design
ers need, but would contain minimal toxic 
materials. 

Besides the lamp itself, the other im
portant component of a gaseous dis
charge lighting system is the electronic 
power supply (ballast), which must con
vert incoming wall plug power to the 
high-frequency power required by the 

electrodeless lamp. Because of the ab
sence of commercially available, efficient 
power supplies operating at power lev
els and frequencies needed for efficient 
light source operation, we had intended 
to issue a request for proposal in FY94 for 
manufacturers to produce these power 
conditioners. However, that effort was 
postponed in order to redirect resources 
to the new sulfur lamp. 

Sulfur Lamp 

In October 1994, the Department of 
Energy (DOE) officially annotmced the 
new sulfur lamp and unveiled two instal
lations of sulfur lighting systems at DOE's 
Forrestal Building in Washington D.C. 
and the la rge Space Hall of the 
Smithsonian's National Air and Space 
Museum (NASM). These sulfur lamps 
use microwave energy to excite sulfur 
gas, producing an efficient, bright white 
light. In these two ins tallations, light 
pipes are used to distribute the light from 
the 3.5 kW sulfur lamps to the area below. 
LBL played an important role in these 
demonstrations by (1) helping fund the 
design, purchase, and installation of the 
systems, (2) providing teclmical assistance 
in the design of the light pipe reflector 
assemblies, and (3) measuring and ana
lyzing the energy and luminous perfor
mance of the systems relative to the old, 
in-place lighting systems. 

The sulfur lamp represents an en
tirely new method of producing light. 
The sulfur bulb itself consists simply of a 
spherical quartz envelope filled with a 
few milligrams of sulfur and a small 
amount of an inert noble gas, such as 
argon. Using waveguides that direct mi
crowave energy from magnetrons onto 
the bulb, the argon in the bulb is weakly 
ionized. The argon in turn heats the 
sulfur into a gaseous state where it tends 
to form dimers- diatomic sulfur mol
ecules. When the sulfur dimers are ex
cited by the hot argon and the microwave 
energy, they emit a broad continuum of 
energy as they drop back to lower energy 
states-a process ca lled molecular emis
sion. Conveniently, molecular emission 
from gaseous sulfur occurs almost en- . 
tirely over the visible portion of the elec
tromagnetic spectrum; very little unde
sirable infrared or ultraviolet radia tion is 
produced. Conventional mercury lamps 
and most other high-intensity discharge 
(HID) sources use atomic emission to pro-

duce light. The spectral content (spectral 
power distribution) of an atomic emitter 
is often very non-uniform, which may 
cause the emitter to render certain colors 
unsatisfactorily (low color rendition in
dex). Molecular emission from sulfur, 
though, produces a broadband light that 
covers the visible spectrum uniformly, 
somewhat similar to sunlight, making 
sulfur an extremely efficient emitter of 
balanced white light (Fig. 1). 

In addition to its high efficacy, sulfur 
lighting has several other ad vantages over 
existing light sources. Sulfur lamps con
tain no mercury-a toxic substance used 
in all other conventional efficient sources. 
Thus sulfur lighting has the potential to 
be not only the most efficient light source 
but also the most environmentally be
nign. Sulfur lamps are also expected to 
maintain their efficiency and light output 
over their entire lifetimes, unlike conven
tional sources whose outputs typically 
diminish by 75% by the end of their lives. 
By eliminating the need to compensate 
for lamp lumen depreciation, fewer sul
fur lamps can be used to provide a re
quired light level, providing potential first 
cost advantages. Finally, if research can 
eliminate the need to rotate the lamp, 
extremely long-lived products (over 
50,000 hours) could result. 

The high-power, microwave-driven, 
sulfur lamps on demonstration at the 
Forrestal Building and at the Smithsonian's 
NASM were originally developed five 
years ago by scientists now working at 
Fusion Lighting in Rockville, Maryland. 
Fusion found that sulfur excited by micro
wave energy could be used in place of 
mercury in their ultra-violet industrial 
lamps to produce a very bright, high-qual
ity white light. These lamps operated at 
high power and light output levels (3.5 kW 
input and 450,000 lumens)-too high for 
most commercial applications. Further
more, because of the high wattage, the 
lamps had to be both spun and air-cooled 
in order to operate. 

In 1992, having identified the en
ergy savings potential of sulfur lighting, 
DOE enlisted Lawrence Berkeley Labo
ratory to explore the physical processes 
underlying the sulfur lamp and to begin 
developing a practical source for genera l 
energy-efficient illumination. To apply 
LBL expertise on RF operation of HID 
lamps to the sulfur lamp for which Fu
sion Lighting held proprietary rights, an 
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Figure 1. The spectral power distribution (SPO) of an RF-driven, /ow-power sulfur lamp 
compared to the SPD for a phase of daylight- CJE illuminant 065. These spectral power 
distribution curves are normalized to be equal at 555 nanometers - the wavelength at 
which the daylight-adapted eye is most sensitive. 

agreement was concluded between Fu
sion Systems and LBL allowing for ex
change of technology and concepts and 
providing for protection of intellectual 
property rights relative to the sulfur lamp 
technology. With the above option agree
ment in place, we made significant progress 
in FY93 in bringing the sulfur lamp con
cept closer to commercializa tion. 

LBL Energy & Environment Division 

va ntageous from a commercial stand
point, since it m eans that a variety of 
sulfur lamps cou ld be produced with dif
ferent spectral distributions depending 
on the application. 

Allowing for unavoidable overhead 
in producing the RF power (an RF power 
supply with 85 % efficiency is easily 
achievable), we project that a low power 
sulfur lamp of 120 lumens per plug wa tt 
is achievable before the end of the decade. 
This is a t least 30% more efficient than a 
metal halide lamp, the most efficient white 
light source currently available. 

LBL's technical advances in sulfur 
lighting operation were the subject of a 
major patent filed by LBL in 1994. We 
anticipate that our industrial partner, Fu
sion Lighting, will exercise its option to 
license our technology as the basis for fur
ther commercial development of low
power sources. This should push forwa rd 
the date that future end-users can take 
advantage of this exciting new light source. 

Despite the potential advantages of 
the RF frequency operation, initial com
mercial sulfur lighting systems w ill be 
microwave rather than RF-driven because 
the popular microwave oven has already 
stimulated the m arket to produce micro
wave magnetrons of roughly the right 
power ratings for lighting appl ica tions. 

In FY93 and FY94, we demonstrated 
a sulfur lamp operating a t low power 
(approximately 100 watts), using VHF 
(very high frequency) radio-frequency 
power instead of microwaves. By reduc
ing the power loading and capacitively 
coupling the RF supply to the lamp using 
specially conformed external electrodes, 
we opera ted a sulfur lamp a t up to 15,000 
lumens with an RF input of only 100 wa tts 
(Fig. 2). A t these lower power loadings 
and pressures, the lamp no longer needed 
to be air cooled, thus eliminating the noisy 
air compressor that had been required for 
Fusion 's high power, microwave-driven 
lamp. We were further able to demon
stra te that the spectra l output of a low
power sulfur lamp could be altered and 
tuned by varying the concen tra tion of 
sulfur. This should be particularly ad-

Figure 2. Researcher observes a low power sulfur lamp through a /ow-transmittance filter. 
In the foreground are a series of unlit sulfur lmnps of varying size. The incandescent light 
bulb shown at right uses the same amount of power as the sulfur lamp but is much dim.m.er. 
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In order to accelerate the commer
cialization of the sulfur lamp technology, 
DOE charged LBL with the technical over
sight of a subcontract to Fusion Lighting 
to develop a microwave-operated , high
power sulfur lamp of approximately 1000 
watts. It is anticipated that these first 
commercial lamps will produce approx i
mately 120,000 lumens-a luminous effi
cacy of 120 lumens per watt. Because of 
their high output, these lamps are ini
tially expected to find use in sports stadi
ums, convention centers, aircraft hangars, 
large maintenance faci lities, and in road
way lighting. Other applications include 
shopping ma ll and industrial lighting. In 
addition to the development of a high
power lamp, DOE is also funding a three
year contract to Fusion Lighting to com
plete the basic engin eering science 
required to produce a commercially vi
able RF-driven sulfur lamp at low power 
(50-200 watts) before the end of the cen
tury. If economical, low-power sulfur 
lamps could eventually challenge fluo
rescent lighting in commercial buildings 
and even find use in homes during the 
next century. 

If su lfur li ghting is to bring about 
significant reductions in energy usage, 
many challenges still remain. Sulfur lamps 
will initially be available on ly at lumen 
ratings of more than 100,000 lumens per 
lamp. Conventional HID lamps with this 
high output currently constitute a minor 
frac tion of the HID lamp market. With 
some retooling costs, fixture manufactur
ers can adapt existing large HID fixtures to 
accommoda te high-power sulfur lamps, 
but these applica tions account for perhaps 
10% of the national lighting energy bud
get. For sulfur lighting to significantly 
displace the majority of HID sources, new 
lighting systems that can effectively dis
tribute the light from the very bright sulfur 
lamp must be developed. 

If low-power sulfur lamps (under 
10,000 lumens) can be demonstrated to be 
both efficient and inexpensive, the en
ergy-saving potential of sulfur lighting 
will increase drama tically. Packaged at 
10,000 lumens, sulfur lamps could dis
place fluorescent lighting in commercial 
structures-the largest frac tion of U.S. 
lighting energy use. 

Advanced Lighting Distribution 
System Demonstrations 

If hi g hl y efficient, hi gh-o utpu t 
sources such as the sulfur lamp are to find 
widespread appli ca tion, it wi ll be neces
sary to develop lighting dis tribution sys-
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terns that are able to effi ciently transport 
light from the source to where the light is 
needed. This supposition is confirmed by 
other developments within the lamp in
dustry, such as the electrodeless HID, 
w hich indicate tha t other new light 
sources will , a t least initially, be ex traor
dinarily effi cient only at high ou tput rat
ings . Consequently, the li ght source de
velopment project has expanded its scope 
to include the development and mea
sur ment of adva nced lighting distribu
tion systems (ALDS)- specially designed 
lighting fi xtures that use hollow light 
guides, fiber optics, and other optical 
transport techniques to effi ciently dis
tribute light from high-lumen sources. 
Last year, we collaborated with TIR , 3M 
Corporation, and the University of Brit
ish Columbia to produce a prototype four
way light pipe system that could effec
tively meet the lighting needs of four 
adjacent workstations using one 20,000 
lumen source. In 1994, we focused our 
research in ALDS on measuring the in situ 
performanceoflightpipesystemscoupled 
to high-power sulfur lamps. 

The sulfur lamps demonstra ted at 
DOE's Forres tal Building and a t the 
Smithsonian's National Air and Space 
Museum represent first generati on high-

output sulfur lights. They prod uce ap
proximately 450,000 lumens at 3.5 kilo
wa tts of microwave energy (5 .9 kW plug 
watts). Because of the lamps very high 
lumen output, light pipes are required a t 
both sites to distribute light from the high
radiance lamps to the areas below. 

In 1994, to provide supporting tech
ni ca l information for DOE in their an
nouncement of the sulfur lamp, we con
ducted detailed photometric surveys of 
the Forestall and NASM sites to verify the 
energy sa vings from the systems and to 
better understand the currently achiev
ab le p erformance of th ese n ovel 
lightingdistribution systems. 

At the Forrestal Building, a 280-foot 
light pipe and two 5.9-kW sulfur lamps 
replaced approximately 280 175-watt mer
cury vapor fixtures, resulting in an energy 
savings of over 65% (Fig. 3). This early 
sulfur lamp system today saves DOE ap
proximately $8,000 annually in energy 
costs. Because the sulfur lamp system 
replaced an old mercury system at the end 
of its maintenance cycle, LBL found that 
the post-relighting light levels were roughly 
four times those of the old system. (Had 
the old system been recently maintained, 
pre-and post-relighting light levels would 
have been approximately equal.) 

Figure 3. A photograph of DOE's Forrestal Building showi11g the 240-ft. -long light pipe 
running over the plazn. The enclosure thnt houses one of the two high-power sulfur 
la1u ps is just visible nt the left end of the light pipe. The old lighting system, consisting of 
280 mercury vnpor fixtures, wns nlso switched ou for this photograph but is ordinnrily off. 
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Our photometric m easurements 
showed that the coefficient of utilization 
(CU) for this advanced lighting distribu
tion system was 0.42-a surprisingly high 
value considering that the light pipe sys
tem is still in its relative infancy. Thus, 
42% of the 450,000 lumens produced by 
each sulfur lamp arrive at the walkway 
and roadway surface below, providing 
useful illumination for walking and driv
ing. While the high-power sulfur lamps 
demonstrated at the Forrestal Building 
and the Smithsonian do not represent 
final products, the installations are none
theless energy efficient. As this was a 
demonstration system, the $100,000 in 
equipment costs were higher than they 
would be inamore maturemarket. None
theless, DOE will obtain a payback for 
this installation in energy savings alone 
in about 10 years. 

In 1995, we will complete the analy
sis of the data collected from these sites 
and present the findings in technical pa
pers at the 1995 National Conference of 
the Illuminating Engineering Society of 
North America (IESNA) . We will also 
partner with lighting fixture manufactur
ers and interested end-users in setting up 
demonstrations of early, but realistic, ap
plications of ad vanced lighting distribu
tion systems using prototype 1000-watt 
sulfur lamps that Fusion Lighting will 
produce in early 1996. 

Low-Lumen Sources 

Although the successful deployment 
of the sulfur lamp is expected to have 
major impacts on commercial and indus
trial lighting, the search continues for an 
efficient, low-lumen source that might 
compete effectively with the ubiquitous 
incandescent light bulb in the residential 
sector. To this end, we undertook a study 
in 1994 to determine the technical feasi
bility and market acceptability of a mod
erately efficient "incandescent-like" lamp. 
Our goal was to determine the current as 
well as expected future level of perfor
mance of such a lamp from a technical 
standpoint as well as to explore the sur
rounding policy issues. 

Using an advanced, commercially 
available PAR lamp as a point of depar
ture, we constructed prototypes of a gen
era l service lamp that used a tungsten 
halogen burner coated with a multilayer 
selective reflecting film . These proto
types exhibited luminous efficacies of 26 
lumens per watt w ith a 3000-hour lamp 
life. This SR lamp (selective reflector) is 
63% more efficient and lasts three times 
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as long as a standard 60-watt light bulb, 
yet it will fit in virtually any incandescent 
socket (Fig. 4) 

Our economic analysis showed that 
there is a sizable niche in the residential 
lighting market where an SRlamp would 
be more economical than either a stan
dard incandescent or a more expensive 
compact fluorescent lamp. However, to 
be economical as well as attractive from a 
marketing standpoint, we determined 
that the general service SR lamp should 

Figure 4. A standard 100-watt 
incandescent lamp (left) produces 
1750 lumens and has a 750-hr 
life. The prototype selective 
reflector (SR) lamp built at LBL 
shown at the right also uses 100 
watts but produces 2600 lumens 
and has a 3000-hr life. 

have an end-user price of not significantly 
above $3 / lamp. To achieve this low price 
would require sufficient volume such as 
might be possible with a government
sponsored buyers' group. To this end, we 
developed a proposal to use funds ear
marked for DOE's Climate Change Ac
tion Plan (CCAP) Initiative to assemble a 
critical mass of buyers within the govern
ment procurement community in order 
to "jump-start" an early market for more 
efficient incandescent lamps. 

Impacts on Visual Performance 

Wecan achieve major benefits to light
ing energy efficiency by studying how the 
human visual system responds to light of 
different spectral content and spatial dis
tribution. Determination of visual effec
tiveness in terms of human subject re
sponses requires an understanding of how 
lighting affects performance. A funda
mental understanding of how the human 
visual system perceives the world around 
it is essential to energy-efficient lighting 
technology development. With this in 
mind, our impacts work has focused on 
exploring (1) how altered lamp spectral 
distribution can be exploited to reduce 
lighting energy requirements while main
taining visual performance and (2) devel
opment of a rigorous, defensible model of 
visual performance that takes into account 
recent research results as well as economic 
considerations. 

Effect of Lamp Spectral Content on 
Visual Performance and Perceived 
Brightness 

Through the s tudy of human re
sponse to the lighting spectrum, research 
undertaken by LBL and its subcontractor, 

A bra tech Corporation, seeks to determine 
a more valid lighting photometry, lead
ing to increased lighting energy efficiency. 
Lighting photometry, as it is currently 
defined, is based solely on the photopic 
content of lighting; it does not account for 
the effects of scotopic content, which have 
been proven to be significant. These stud
ies identify the key lighting factors in
volved in visual performance and, as such, 
provide the underlying basis for obtain
ing optimal visual effectiveness per watt 
of input electric power. 

This project is now poised to have 
immediate impacts on U.S. energy con
sumption and lighting product develop
ment. The critical path to these positive 
impacts is likely to involve an expansion 
of classical photometry to include mea
surements more appropriate for lighting 
practice. The international bodies that 
define lighting quantity and quality stan
dards are now holding technical discus
sions on the subject in response to DOE/ 
LBL research. Modifications of traditional 
definitions and recommendations will 
promote the acceptance and penetration 
of the LBL findings to general lighting 
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applications. The accomplishments 
briefly reviewed here add further to the 
evidence of the beneficial impacts of sc
otopic sensitivity on lighting energy effi
ciency. They also add to the scientific 
basis for the adoption of a new, more 
comprehensive, photometry, with the 
ensuing benefits of energy efficiency and 
new product development. 

The importance of the scotopic con
tent of lighting was established by two 
major findings in our research: (1) that 
pupil size, which strongly affects visual 
function, is predominantly governed by 
the scotopic content of the ambient light
ing, and (2) that brightness perception 
itself, in full field of view, depends on 
both the photopic and scotopic content of 
the ambient illumination. The relevance 
of pupil size to lighting application was 
established in our studies carried out 
during FY93 and FY94 showing that, for a 
given task luminance, visual performance 
as measured by contrast sensitivity, acu
ity, and depth of focus are all better with 
smaller pupils. Thus, at light levels typi
cal of interior requirements, the rod pho
to receptors of the retina are active in af
fecting at least two major processes that 
are important to lighting practice (Fig. 5). 

These findings have substantial im
plications for energy-efficient lighting 
because illumination with higher scotopic 
content per unit of photopic content is 
perceived as brighter and produces small 
pupils. Thus when photopic output is 
reduced to save energy, visual function 
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and brightness can be maintained by sc
otopic content. Finally, if photopic lamp 
output is decreased to save energy (while 
increasing scotopic output to maintain 
visual function), then disability glare may 
also be reduced, providing an additional 
benefit from the scotopically enhanced 
lamps. 

Two studies were completed during 
FY94. These investigated (1) the effect of 
surround luminance on word-reading 
accuracy, and (2) how color induction 
and refractive state in spectrally con trolled 
pupil size affects Landolt C recognition. 

The first study extends our prior vi
sual performance studies to word read
ing tasks presented at fixed high contrast 
(black print on white background), but 
with varying character size. Word read
ing is a complex resolution task, but one 
that is representative of tasks encoun
tered in the workplace. It has been used 
extensively in vision research as a mea
sure of visual performance and has been 
shown to correlate well with face recogni
tion and other complex recognition tasks. 
Our goal was to examine the effect of 
pupil size on the letter size/ acuity func
tion. In this study, the task was shielded 
from the surround lighting, allowing sur
round and task luminance to be controlled 
independently. Two pupil-size conditions 
were compared, where pupil size was 
controlled by high or low luminance lev
els of a single surround illuminant. We 
chose to use a single illuminant to control 
pupil size to avoid changes in induced 
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color which occur when pupil size is 
changed by varying the surround spec
trum (see study 2, below). 

The results for nine subjects ages 23 to 
59 years replicate and extend our Landolt 
C sh1dies and show again that smaller 
pupils improve visual performance, even 
though task retinal illuminance is mark
edly reduced. The improvement in visual 
performance obtained here with smaller 
pupils also more than compensates for 
increased disability glare present in the 
high luminance surround condition. 

The second study focused on elimi
nating an alternative explanation of our 
performance results that is not based on 
pupil-size changes. When pupil size is 
changed by varying the surround spec
trum, there is a perceived color change of 
the task towards the complimentary color 
of the surround, even though none of the 
surround light falls on the task. This color 
effect is neural and is most likely caused 
by the chromatic adaptation effect of the 
surround light scattered in the eye. To 
investigate whether such a mechanism is 
an alternative explanation of our results 
on visual performance for spectrally con
trolled pupil size, we performed a study 
with and without mydriasis; i.e., with 
dilated and with fixed pupils. If the in
duced color hypothesis is valid, then it 
should occur for both fixed and light
sensitive pupils. In addition, we exam
ined whether the pupil-size effect on vi
sual performance is present in correctly 
refracted subjects. 

400 450 500 550 600 650 700 750 780 
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Figure 5. At left is shown a section of the human eye depicting the cones, which are confined to the foveal (central) area of the retina , 
and the rods, which cover most of the rest of the retina. The cones, which are responsible for daytime vision, exhibit the photopic 
sensitivity function while the rods, which are responsible for night vision, exhibit the scotopic sensitivity function (at right). LBL 
research has shown that the rods are the major determinant of pupil size at typical office light levels. 
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We studied twelve subjects 21 to 35 
years of age, correctly refracted for both 
normal pupils and under mydriasis. We 
compared LandoltCrecognitionata fixed 
task I uminance for two different surround 
spectra, both producing 50 photopic cd / 
m2. For normal pupils performance was 
better when pupils were smaller, while 
under conditions of mydriasis changing 
the surround spectrum had no effect on 
performance. We can thus rule out the 
induced color hypothesis and demon
strate the benefits of smaller pupils on 
contras t sensi tivity, even when subjects 
are correctly refracted. These studies are 
expected to be presented at the summer 
1995 national meeting of the IES. 

To ensure that the findings of this 
laboratory research are readily applicable 
to genera l lighting applica tions, the ef
forts of this program are now directed 
towards their confirmation in realistic 
environments. The pupil lumen-which 
has been established in a room with es
sentially uniform I uminance conditions
needs to be quantified under conditions 
where surface luminance variations are 
typical of normal workplace environ
ments. Similarly, the visual performance 
effects measured in the white chamber 
need to be established in more realistic 
conditions. To this end we are construct
ing two separa te rooms: one for the deter
mina tion of the pupil lumen and a sec
ond-a simulated office-with several 
different color schemes for verifying the 
visu a l performance ben efits of 
scotopically enhanced lighting. 

Visual Performance 

was incrementally less than the cost of the 
added energy and equipment. Our work 
is the first to explicitly combine both the 
benefits and costs of lighting in deriving 
a light level recommendation. 

In FY94, in response to a request 
from DOE to update NEMA's 1988 Hu
man Performance Report, we reviewed 
the recent literature on visual performance 
and related issues. Undertaken in col
laboration with Rensselaer Polytechnic 
Institute's Lighting Research Center, this 
review will assist DOE in establishing an 
agenda for future visual performance re
search. We produced a draft report sum
marizing research gleaned from recent 
issues of the Journal of the Illuminating 
Engineering Society and Lighting Research 
& Technology, grouped into the perfor
manceca tegories listed in the 1988NEMA 
report. 

As an outgrowth of the review work, 
we performed a comparison of two of the 
leading visual performance models de
veloped in the last five years and showed 
some surprising similarities that have not 
been previously described. This indi
ca tes progress toward developing a ro
bust genera l visual performance model. 

In the upcoming year, we will com
plete our review of the vision research 
literature and produce the draft agenda 
for future visual performance research. 
In addition, we will publish a paper com
paring the Rea reaction time model with 
the Clear /Berman VL model. 

LBL Energy & Environme111 Division 

We have also been undertaking re
search to evaluate whether polari zed 
lighting can be used to save energy and, if 
so, under what circumstances. This infor
mation has been requested by regulatory 
bodies such as the California Energy Com
mission as well as the design community. 
If polarized ligh ting is found to save en
ergy, this will be directly beneficial to the 
lighting consumer. 

The subject of polarized lighting is a 
complex one that has both bemused and 
beleaguered the lighting community for 
decades. In 1994, the IES (Illuminating 
Engineering Society) charged a task force 
to prepare a d raft technical memoran
dum on polarized lighting and LBL is 
assisting in this effort. In addition, LBL, in 
collaboration Pennsylvania State Univer
si ty, is submitting a technical paper on 
the applicability of polarized panels for 
saving energy in buildings for presenta
tion at the 1995 Annual IES Conference. 

The California Energy Commission 
(CEC) is also investigating whether po
larized lighting is an energy-saving strat
egy and they have commissioned a study 
(by Lighting Technologies of Boulder, 
Colorado) to examine this issue. We have 
assisted the CEC in this task by reviewing 
the subcontractor's draft report. Our re
view found what appear to be inconsis
tencies in the reflectance data used for the 
analysis in this work. We continue to 
work with the CEC and Lighting Tech
nologies to resolve these discrepancies. 

The objective of this work is to de
velop a rigorous, defensible model of 
human visua l performance that takes into 
account economics as well as recent re
search such as that on spectrally con
trolled pupil size and the polarization of 
reflected light. 

Building Applications 

One of the major activi ties of the 
Illumination Engineering Society of North 
America (IESNA) is the development of 
light level recommendations. The present 
recommendations are based on consen
sus opinion of a body of expert practitio
ners and have no clearly defined analytic 
basis. Yet these light level recommenda
tions have major implications for lighting 
energy consumption in the United States. 
Last year we developed a method for 
finding optimum light levels based on 
identifying the point at which the eco
nomic value of performance benefits to 
workers (i.e., d ue to increased lighting) 
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To achieve real energy savings wi th 
new energy-efficient lighting technolo
gies, we are assisting the lighting com
munity in applying these technologies 
and concepts in everyday design . Our 
building applica tions research covers a 
broad range of technica l support activi
ties ranging from the development of 
advanced lighting design tools to novel 
methods for increasing the efficiency of 
lighting fixtures. We aim to develop, 
analyze, and assess new and emerging 
energy-efficient lighting technologies and 
to characterize their technical perfor
mance. This information is in turn used 
to develop analy tica l methods to accu
rately model the energy efficiency, cost 
effectiveness, performance, and level of 
satisfaction with the lighting. As part of 
this effort, we have developed the RADI-

ANCE visualiza tion and simulation pro
gram, which allows illuminated spaces to 
be accurately modeled and visualized in 
exquisite detail. Using simulated scenes 
that are visually indistinguishable from 
real photographs, we can model effects of 
changes in the illumination systems with 
regard to visual performance and, poten
tially, sa tisfaction and comfort. 

In perhaps our most successful inter
action with lighting manufacturers to date, 
we have developed and demonstrated ther
mal management strategies that largely 
eliminate the light losses associated with 
compact fluorescent lamps (CFLs) operat
ing at elevated temperatures. Convective 
venting of CFL fixtures-an idea pioneered 
by LBL three years ago-has been adopted 
by several major fixture manufacturers in 
1993 and 1994. 
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Energy-Efficient Fixtures 

Due to its nearly exclusive use of 
inefficient incandescent sources, the resi
dential lighting sector represents a sig
nificant opportunity for energy conser
vation. Compact fluorescent lamps (CFLs) 
have the potential to transform this mar
ket by using one fourth as much power as 
incandescents to provide the same amount 
of light. However, CFLs still face signifi
cant market barriers, particularly their 
"perceived brightness" level in traditional 
fixture applications. Due to differences 
in their light distributions, CFLs can ap
pear dimmer than traditional A-lamps 
even though their lumen ratings are 
equivalent. 

In order to analyze the light distribu
tions of different CFL luminaires, LBL 
constructed a gonia-photometer with 
automated control and data acquisition 
systems (Fig. 6). The control system en
ables measurements to be taken in zones 
as small as 1°, with positioning accuracy 
of ±0.05°. Computer-controlled tests gen
erate standard photometric reports with 

candela plots and total lumen output. 
The results are then compiled into a com
prehensive database of goniometric re
ports on commercial and residential CFL 
fixtures. 

With the help of the gonia-photom
eter, LBL conducted a series of s tudies 
comparing table lamp fixtures equipped 
with incandescent A-lamps to those con
taining compact fluorescents. The objec
tive was to match the light distribution of 
the consumer-accepted A-lamp with 
CFLs. Our photometric studies indica te 
that circular CFLs may produce more 
desirable distributions than either A
lamps or vertically oriented CFLs by mini
mizing shade losses and thus maximiz
ing the useful light leaving the fixture. 
Optimizing fixture geometry and lamp 
position can significantly increase the ef
ficiency of these CFL fixtures. Ongoing 
research with the fixture industry seeks 
to identify and develop more efficient 
source/ fi xture configurations. 

Goniometric studies were performed 
on a variety of different sources ins talled 

Figure 6. Researcher checks the alignment of LBL' s recently completed mirror-based 
goniophotorneter. A goniophotometer is used to measure the angular distribution of light 
(candlepower) emanating from a llghtmg fix ture. 

in a standard screw-base table lamp fix
ture. We found that circular fluorescent 
lamps distribute the majority of their flux 
vertically, due to the geometry of the 
lamp relative to the shade. And since the 
lamp extends out beyond the base, light is 
seen at nadir (toward the lamp base). The 
A-lamp yields a fairly symmetric distri
bution, except for where the base blocks 
the flux at near-nadir angles. 

These studies show that different 
sources yield significantly different light 
distributions when installed in table lamp 
fixtures. Lamp position and geometry 
can have a significant effect on the light 
output, light distribution, shade losses, 
and thus fixture efficiencies. The data 
suggest that a predominately horizon
tally oriented (in this case a circular) source 
outperforms both a symmetric (A-lamp) 
and a vertically oriented (T-lamp) source 
in table lamp fixtures. Thus, the circular 
lamp proves to be more efficient than the 
A-lamp not only because of the inherent 
advantage in fluorescent vs. incandes
cent lighting, but also because of its distri
butional advantage. The circular lamp is 
particularly well-suited to table lamp ap
plications, with the geometric differ
ences from the A-lamp providing an ad
ditional benefit. While typical household 
fixtures can limit circular retrofits due to 
the significant size/ shape differences be
tween circular fluorescents and A-lamps, 
most table lamp fixtures can readily ac
cept circular lamps. 

Ongoing studies with the fi xture 
manufacturing industry continue to de
velop different fixture designs that opti
mize vertical CFLs. By tilting the lamps 
or changing the shad e geometry, it may 
be possible to fully utilize the unique 
candela distribution of vertical CFLs as 
well. 

A second project, undertaken in co
operation with Lumatech Corpora tion, 
was the development of a new fixture 
design that maximizes the output of ret
rofit compact fluorescent fixtures. This 
technology is now pa tented and we are 
pursuing a technology transfer agreement 
and license of the invention. With this 
product, the efficiency of compact fluo
rescent fixture systems can be improved 
by 20%, grea tly expanding the market for 
energy-effi cient compact fluorescent fix
tures by allowing higher-wattage incan
descent lamps to be replaced with CFLs 
(Fig. 7). 

The invention applies specifically to 
the operation of retrofit compact fluores
cent fi xtures tha t employ lenses and 
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Figure 7. An improved compact fluorescent lamp fixture recently patented by LBL and 
licensed to the Lumatech Corporation. The fixture contains vents in the reflector that 
prevent hot air from being trapped in the fixture and a specially designed lens that allows 
airflow while reducing glare . 

reflectors. The geometry of these reflec
tors traps hot air within the lamp com
partment, reducing convective cooling. 
This results in elevated lamp wall tem
peratures and thus reduced lamp effi
cacy. Outlet apertures positioned around 
the upper area of the reflector allow the 
trapped air in the compartment to con
vect out of the fixture, reducing the tem
perature at the ends of the lamps. This 
reduction in minimum lamp-wall tem
perature reduces the mercury vapor pres
sure in the lamp, resulting in increased 
lumen output and system efficacy. 

This system allows a fixture to oper
ate at nearly 100% of its maximum lumen 
output, as compared with the 80% at
tained by most existing fixtures. The in
crease in lumen output will enable the 
retrofit fixture to replace higher-wattage 
incandescent sources. The venting sys
tem can be easily integrated into the manu
facturing process and will have immedi
ate and widespread application among 
lighting retrofit manufacturers. 

A third project was to assess the fea
sibility of d eveloping new computational 
techniques and procedures for designing 
energy-efficient light fixtures. Optimiz
ing fixture design could reduce energy 
requirements by permitting lower in
stalled power densities for the same light
ing quality level in interior spaces. Such 
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technology would provide luminaire 
manufacturers with more economical 
design techniques and better (i.e., more 
marketable) products. A computer-aided 
fixture design program would also re
duce the cost of prototype testing and 
could streamline the manufacturing pro
cess by providing electronic cutting speci
fica tions, etc. Building operators would 
benefit indirectly through reduced en
ergy costs, employees from improved 
lighting, and the nation as a whole from 
the resulting energy conservation. 

In 1994 we studied the feasibility of 
luminaire design optimization programs 
and partially implemented Monte Carlo 
sampling techniques for fixture and lamp 
geometries. These activities were sum
marized in a report on luminaire design 
optimization. In 1995, we will initiate 
development of a program for designing 
energy-efficient light distribution systems 
for high-output sources such as the sulfur 
lamp. 

Computer Imaging 

The goal of our computer imaging 
program for FY94 was to transfer RADI
ANCE lighting simulation software tech
nology to the design community. This 
technology enables users to optimize their 
lighting designs prior to construction or 
retrofit, thereby minimizing the final, in-

LBL Energy & En vironmenf Division 

stalled energy requirements. The pri
mary beneficiaries of this project are light
ing designers and architects, who can use 
RADIANCE to test innova ti ve design 
concepts and to demonstrate efficient 
lighting to clients prior to installation. 
Lighting clients w ill benefit from im
proved visual environments, lower oper
ating (energy) costs, and enhanced worker 
performance. The country as a whole will 
see energy savings resulting from better, 
more energy-efficient lighting installa
tions. 

In FY94 we created a universal li
censing agreement for the RADIANCE 
simulation engine so that third parties 
could incorporate and market the soft
ware in their own design tools. One 
company, GENLYTE Corporation, has 
already written the program into their 
GENESYS lighting design tool for IBM 
PC-compatibles. GENESYS is used by a 
sizable population of lighting designers 
in the United States and Canada and has 
one of the best user interfaces in today's 
market. 

We developed a Graphical User In
terface (GUI) to RADIANCE using the 
freeware package Tcl / Tk from the Uni
versity of California at Berkeley. This 
user-friendly front end offers a point
and-click interface to RADIANCE ren
dering and display on UNIX worksta
tions and serves as a model for developing 
user interfaces on other platforms. We 
expect this to vastly improve the accep
tance of RADIANCE in the design com
munity, where command-linesoftware is 
unmarketable. 

We also designed a new language 
standard for describing physical materi
als and geometry, called the Materials 
and Geometry Format (MGF). This stan
dard was d eveloped in cooperation with 
NIST and members of the IES Computer 
Lighting Committee and may be included 
in a future IES standard for luminaire 
data. MGF provides a much needed basis 
for describing light fixture geometry and 
has potential for describing other manu
factured items as well, such as furniture 
and building fixtures. In the future, we 
hope that this or some similar standard 
will be adopted by the manufacturing 
industry for the creation of electronic cata
logs w hich can be applied in lighting and 
energy analysis software . 

RADIANCE was applied in the en
ergy-efficient lighting retrofit of the Of
fice of Environmental Policy in the Old 
Executive Office Building of the White 
House. This work was underwritten by 
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the Greening of the White House initia
ti ve. An original retrofit design had been 
studied and rejected on the basis of inad
equate li ghting and excessive initia l and 
operating costs. Subsequent designs re
duced the absorption of daylight by par
titions and improved the quality of elec
tri c lighting while reducing initi al cost 
and energy consumption. Using RADI
ANCE , each of these d esign scenarios 
was realized entirely in simulation and 
evaluated on the basis of lighting quan
tity and visual quality . A sample render
ing of the fin al design is shown in Fig. 8. 
This image was used as a starting point in 
an interactive CD-ROM presentation of 
the OEP retrofit. As a demonstration of 
w hat RADIANCE can do for energy-effi 
cient lighting design, this project will be 
appreciated by public and private build
ing organizations throughout the coun
try. 

To provide technical information and 
access to RADIANCE and its associa ted 
software, a World-Wide Web (WWW) 
site was established. The Uniform Re
source Loca tor (URL) for the site is: "http: I 
I radsite.lbl.gov I radianceiHOME.html" . 

We p roduced two Siggraph papers, 
which appea red in the 1994 issue of ACM 
Computer Graphics. One o f these is a 
systems paper that will ac t as a general 
reference for RADIANCE and its algo
rithms. We developed a prototype wide
angle s tereoscopic viewer that uses an 
intense quartz-halogen back light to re
produce the full visual field with a d y
namic range of about 5000:1. In 1995 w e 
will use this device to conduct visual 
experiments using simula ted environ
ments, including li ght sources and day
light, in order to test new CRT display 
brightness mappings and visual perfor
mance metrics. 

Figure 8. A rendering from the RADIANCE computer simulation program showing a 
simulation of how a cubicle in the Office of Environm.ental Policy (OEP) suite would look 
under one of the design scenarios considered. 
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Building Energy Simulation 

F. C. Winkelmann 
B.E. Birdsall 
W.F. Buhl 

W.L. Carroll 
K.L. Ellington 
A.E. Erdem 

Our simulation research effort devel
ops accurate, well-validated computer pro
grams to assist in the design of energy
efficient and cost-effective buildings. This 
work includes development and mainte
nance of current-generation energy analy
sis programs, e.g., DOE-2, and develop
ment of advanced building performance 
calculation tools-the Simulation Problem 
Analysis and Research Kernel (SPARK) 
and the Power DOE program. 

DOE-2 

We completed testing and documen
tation of DOE-2.1 E, an enhanced version 
of DOE-2, and submitted the program to 
the Energy Science and Technology Soft
ware Center for distribution. Major new 
features in DOE-2.1 E include switchable 
glazing, evaporative cooling, ice stor
age, add-on desiccant cooling, heat pump 
water heaters, packaged variable-volume 
variable-temperature system, residential 

R.J. Hitchcock 
R. Meldem 

Investigators 

multizone variable-volume variable-tem
perature system, variable-speed electric 
heat pump, gas hea t pump, evapora
tively-cooled condenser, and end-use 
metering. In addition DOE-2.1E contains 
a new window library with 200 glazings, 
including the latest high-technology 
windows-such as those with low
emissivity coatings-and experimental 
electrochromic glazings. 

DOE-2 is a public-domain computer 
program that performs an hour-by-hour 
simulation of a building's expected energy 
use and energy cost given a description of 
the building's climate, architecture, mate
rials, operating schedules, and HV AC 
equipment. DOE-2 is widely used in the 
United States and in 42 other countries to 
design energy-efficient buildings, to ana
lyze the impact of new technologies, and to 
develop energy conservation standards. 

Simulation Problem Analysis and Research 
Kernel (SPARK) 

SPARK is a modular simulation en
vironment designed for developing cus
tomized models for analysis of complex 
building energy components and sys terns. 

The PowerDOE program is a sub
stantially improved version of DOE-2 
that is easier to use by the average de
signer and, by linking to SPARK, can 
simulate future HV AC technologies. 

We are also collaborating with the 
National Renewable Energy Laboratory 
(NREL) and the Passive Solar Industries 
Council in the development of Energy 
10, a computerized tool that will provide 
d esign guidance for the optimal utiliza
tion of passive solar technologies in small 
commercial buildings. 

26 

SPARK allows users to quickly build 
models of complex physical systems by 
linking calculation modules from a li
brary. SPARK is aimed at simulation 
experts who need to create detailed mod
els of building components and systems 
to aid in research and ana lysis of innova
tive technologies. 

In 1994, work continued on the 
SPARK graphical edi tor with which us
ers connect building components into 
networks that represent building sys
tems. Ayres-Sowell Associates began de
veloping a library of HV AC component 
models that can be assembled with the 

graphical editor. These components in
clude mixing boxes, fans, hea ting coils, 
cooling coils, hea t exchangers, direct 
evaporative coolers, indirect evaporative 
coolers, humidifiers, pumps, controllers, 
boilers, compression chillers, and cool
ing towers. Our collaborators at Ecole 
des Ponts et Chaussees in France began 
writing an improved translator from 
Neutral Model Format (a new, standard 
way of expressing component models) 
to SPARK. As an in-house test of SPARK, 
the program was successfully used to 
create a detailed model for radiant cool
ing (see "Radiant Cooling," below). 
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PowerDOE Program 

The PowerDOE program is under 
joint development by the Simulation Re
search Group and Hirsch & Associates, 
with support from the Department of 
Energy, the Electric Power Research In
stitute, and utilities. Using DOE-2 as its 
core calculation engine, Power DOE fea
tures a graphical user interface running 
under Microsoft Windows that will make 
DOE-2 much easier to use . Power DOE is 
aimed at a broad range of users: at the 
average architect I engineer, for rapid de
sign of energy-efficient buildings; at re
searchers, for impact analysis of new 
technologies and development of future 
energy standards; and at utilities, for 
support of demand-side management 
and marketing efforts. 

Key features of Power DOE aimed at 
flexibility and ease of use include: 

• on-line documentation 

• automatic generation of a complete 
building description from user-input 
values of building vintage, number of 
floors, floor area, window-to-wall 
ratio and HV AC system type 

• customizable libraries of building in
puts, including walls, windows, light
ing fixtures, rooms, operation schedules, 
HV ACsystems, plantcomponents(boil
ers, chillers, etc.), utility rate schedules, 
weather data, and whole buildings 

• graphical display of building descrip
tion-including building geometry, 
shadow casting, floor plans, HV AC 
system schematics, and operation 
schedules 

results-including line graphs and 
scatter plots of hourly variables, bar 
charts for monthly variables, 3-D plots 
of illuminance distributions, and com
parative plots for sensitivity analysis. 

In 1994 Regional Economic Research 
continued work on the PowerDOE user 
interface. Southern Company Services 
began development of the PowerDOE 
results display module, which allows 
graphical display of the Power DOE cal
culations and creation of customized 
tabular reports. LBL and Hirsch & Asso-

ciates began work on modifications to 
the DOE-2 engine to allow it to work 
interactively with the new user interface. 
Figure 1 shows a sample PowerDOE 
screen for inputting HVAC system data . 
Power DOE will be the primary analysis 
tool used by the Building Design Advi
sor (BDA), a new development begun in 
FY94 to assist designers in making en
ergy decisions in the schematic phase of 
design (see Windows and Daylighting 
section for more details). 

• graphical display of calculation Figure 1. PowerDOE input screen for entering HVAC system data. 

Alternative Cooling Strategies 

Radiant Cooling 

In a California Institute for Energy 
Efficiency exploratory project, the Simu
lation Research Group and Energy Per
formance of Buildings Group completed 
development of RADCOOL, a model for 
hydronic radiant cooling systems. These 
systems are expected to be less energy 
intensive than traditional systems be
cause the cooling is delivered by chilled 

water, which has low pumping energy, 
rather than air, which has high fan en
ergy. RADCOOL was developed using a 
test version of SPARK. After validation 
against measurements (Figure 2), 
RADCOOL was used to analyze the ther
mal performance of a radiatively-cooled, 
prototypical office module in different 
California climates. 

Alternatives to Compressor Cooling 

Work was completed on modifica
tions to DOE-2 for improved analysis of 
forced ventilation, natural ventilation, and 
evaporative cooling. This work is part of 
a multi-institution California Institute for 
Energy Efficiency project to lower resi
dential electrical demand by finding cost
effective alternatives to compressor
driven air conditioning. 
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Figure 2. RADCOOL simulation resu lts compared to 
measurements of a radiatively cooled office room in 
Horgen, Switzerland (data provided by Robert Meierhans 
& Associates, Ziirich). The room has a concrete ceiling 
with embedded tubes through which chilled water is 
circulated. Shown is the predicted and measured inside air 
temperature for a 7-day period beginning on a Monday. 
The office has automatic exterior blinds that close when the 
inciden t solar radiation exceeds 120 Wjm2 On the last two 
days (Saturday and Sunday) the blinds were forced to be 
closed all day. 
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Energy Design Tool for Small Commercial Buildings 

A DOE-funded industry / laboratory 
collaboration between the Passive Solar 
Industries Council (PSIC) and the Na
tional Renewable Energy Laboratory 
(NREL) was initiated in 1990 to develop 
design guidelines for energy-efficient 
small commercial and institutional build
ings. A key element of this project is the 
development of a computerized tool 
which provides an interactive environ
ment in which to explore the energy im
pacts of various building design deci
sions. LBL is providing technical support 
in the development of this design tool. 

This PC-based tool will have several 
innovative features including the initial 
generation of a complete building simu
la tion model from minimal input data, 
intuitive access to and modification of 
the design details of the building, auto
mated specification of energy-efficient 
strategies for improving the overall per
formance of a building, and a variety of 
criteria for evaluating the relative per
formance of alternative building designs. 

Current LBL support efforts, which 
will continue on into 1995, relate to the 
building design issues of daylighting 
and electric lighting. We have provided 
algorithms for evaluating s imple 
daylighting energy-efficient strategies 
that can be applied to building designs 
(vertical glazing and skylights) . 
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We also designed and implemented 
the user interface dialogs for describing 
the day lighting aspects of a building (see 
Figure 3) and developed an approach for 
automatically specifying building de
scription modifica tions that add 
day lighting features to a reference build
ing. During FY 1994, we developed algo
rithms for evaluating more complex fen-

Exterior 

es tration system (CFS) types for 
daylighting, including specular light 
shelves and geometrically complex roof 
monitors. 

During FY 1995, we will enhance the 
capabilities of the tool by incorporating 
these CFSalgorithms into the day lighting 
analysis engine. We will also develop 
algorithms for the description and evalu-
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Figure 3. Prototype user interface for describing a daylighting system. 
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ation of electric lighting systems in a 
manner that is consistent with our 
daylighting system description and 
evaluation approach. We will also ex
plore methods for automating the speci
fication of an appropriately integrated 
daylight and electric lighting system 
strategy for the building under design. 
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