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T he objective of the Building 
Technologies program is to 
assist the U.S. building industry 

in achieving substantial reductions in 
building-sector energy use while im
proving the comfort, amenity, health, 

. and productivity in the building sector. 
We focus our efforts on two major 
building systems-windows and light
ing-and the simulation tools needed 
by researchers and designers to integrate 
the full range of energy efficiency solu
tions into achievable, cost-effective 
design solutions for new and existing 
buildings. 

More than 30% of all energy use in 
buildings is attributable to two sources: 
windows and lighting. Together they 

. account for annual consumer energy 
expenditures of more than $50 billion. 
Each affects not only 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. Windows play a unique role in 
the building envelope, physically sepa
rating the conditioned space from the 

world outside without sacrificing vital 
visual contact. Throughout every space 
in a building, lighting systems facilitate 
a variety of tasks associated with a wide 
range of visual requirements while 
defining the luminous qualities of the 
indoor environment. Window and 
lighting systems are thus essential 
components of any comprehensive 
building science program. 

Building simulation models are key 
elements of any effort to improve the 
energy efficiency of the building·sector. 
They are used directly by researchers 
(to better understand the relative bene
fits of technology options) and by gov
ernment (to develop effective codes and 
standards). Simulation models form the 
technical basis for design tools that per
mit design professionals to fully evalu
ate the impact of design alternatives 
and ultimately to optimize their designs 
long before the first concrete is poured. 

Despite important achievements in 
reducing building energy consumption 
over the past decade, significant addi
tional savings are still possible. These 
will come from two complementary 

Introduction -
strategies: 1) developing advanced tech
nologies that increase the savings po-. 
tential for each building application; 
and 2) developing advanced simulation 
and design tools so th_at building pro
fessionals can effectively apply existing 
technologies and extend the market 
penetration of these technologies. 

The Windows and Daylighting 
Group focuses on the technical asp.ects 
of understanding and improving the 
energy-related performance of windows. 
If the flow of heat and light through 
windows and skylights can be properly 
filtered and controlled, these buildin.g 
elements can outperform any insul<Jted 
wall or roof component apd thereby 
provide net energy benefits to the 
building. The group's investigations are 
designed to develop accurate systems 
for predicting net fenestration perfor
mance in residential and commercial 
buildings. Simulation studies, field 
measurements in a mobile field test 
facility, and building monitoring studies 
help us to understand the complex 
tradeoffs encountered in fenestration 
performance. The research program is 
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conducted with the participation and 
support of industry, utilities, universi
ties, design professionals, and govern
ment. The group's three major project 
areas are optical materials, fenestration 
performance, and building applications 
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 radi
ant and thermal flows through glazings. 
Innovative concepts for large-area enve
lope enclosures are studied. The group 
helped accelerate the development and 
market introduction of windows that 
incorporate high-transmittance, low
emittance (low-E) coatings for R3-R5 
windows. If sales follow current trends, 
by the year 2000 these coatings will 
save consumers more than $3 billion 
annually in heating bills alone. 

Our research on window performance 
aims to develop new analytical models 
and experimental procedures to predict 
the thermal and solar-optical properties 
of the complex assemblies of glazing 
materials and shading devices that 
compose complete fenestration systems. 
This activity directly supports the efforts 
of the National Fenestration Rating 
Council to develop an accurate and fair 
system for rating and labeling the energy 
performance of windows. Thermal per
formance models are being validated 
using the Mobile Window Thermal Test 
Facility (MoWiTT), now collecting data 
at a field test site in Reno, Nevada. This 
unique facility combines the accuracy 
and control of laboratory testing with 
the realism and complexity of dynamic 
climatic effects. LBL daylighting studies 
employ a 24-foot-diameter sky simulator 
(for testing scale models under carefully 
controlled conditions) and new experi
mental facilities for measuring the pho
tometric 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 building 
type and climate. In nonresidential 
buildings, major reductions in electric 
energy use and peak electric demand 
can be achieved if the tradeoffs between 
daylight savings and solar-induced 
cooling loads are understood. We are 
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developing concepts for an Advanced 
Envelope Design Tool using new imaging 
techniques and expert systems. 

The Lighting Systems Group focuses 
its research on three areas: advanced 
light sources, building applications, and 
impacts of lighting technologies on per
formance and health. 

Our research on advanced light 
sources is concerned primarily with 
developing new technical concepts for 
efficiently converting electrical energy 
into visible light. The primary effort is 
devoted to the development of elec
trodeless lamps that operate at mega
hertz frequencies at the allowed ISM 
(industrial, scientific, and medical) 
frequencies of 13.56, 27 and 40 MHz. 
We are investigating replacements for 
both fluorescent and high-intensity 
discharge (HID) lamps. These lamps 
promise both more efficient conversion 
of electrical energy into visible light, 
and considerably longer lamp life. 

The building applications research 
concentrates on technical approaches 
leading to major improvements in fix
ture efficiency and effective use of light
ing controls, as well as how these factors 
interact with a building's heating, venti
lation, and air-conditioning (HV A C) 
system. We have developed several 
innovative, highly cost-effective 
approaches for improving fixture 
efficiency about 15% that have become 
part of the present market. In addition, 
we are studying visual quality issues, 
primarily obtaining basic information 
on lighting and visual performance in 
order to provide an analytic basis for 
lighting recommendations. 

Our studies in the impacts area extend 
research in electric lighting to a broader 
range of human activities. In specially 
designed experimental rooms with 
controlled lighting conditions, human 
responses are measured objectively by 
sensitive instrumentation. We have 
obtained data on the effects of lamp 
spectral composition on visual function 
and on brightness perception, and are 
studying how these results can affect 
improvements in the energy efficiency 
of lighting design. Additional studies 
on glare and flicker as they relate to 
performance, especially in the automated 
workplace, are ongoing. 

The Lighting Group's successes in-

elude advancing the development of 
high-frequency solid-state ballasts for 
fluorescent lamps, the invention of a 
series of methods for efficiently coupling 
megahertz frequencies into both elec
trodeless fluorescent and HID lamps, 
and a number of technical improvements 
to fluorescent fixtures that have become 
the industry standard. A two-year test 
of solid-state ballasts in a large office 
building showed an electricity savings 
of 40%. Scaled to the entire country, this 
represents an annual potential savings 
of $5 billion. The energy-efficient mega
hertz frequency technology has the 
potential to obtain maJor reductions in 
lighting energy use without~ompromising 
light levels, while providing consider
ably longer lamp life. 

The primary contribution of the Sim
ulation Research Group has been the · 
development of DOE-2, a widely-used 
whole-building analysis program that 
calculates energy use and cost, given 
information about a building's climate, 
construction, 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 technologies, and by state and 
federal agencies for development of 
energy-efficiency standards (such as 
the new DOE/ ASH RAE Standard 90.1 
for commercial buildings). In collabora
tion with the Electric Power Research 
Institute, we have recently begun work 
to make DOE-2 easier to use and to 
enhance its calculational capabilities. 

This group also carries out funda
mental research into new techniques 
for simulating complex physical sys
tems. The main result of this effort is 
an advanced simulation program, 
SPARK (Simulation Problem Analysis 
and Research Kernel), that allows users 
to quickly construct calculation models 
that are much more detailed than those 
in programs like DOE-2. SPARK users 
choose calculation components from a 
library and graphically link them to
gether into networks that describe the 
building of interest. SPARK will allow 
researchers to explore the dynamic be
havior of complex systems with an ease 
and accuracy unachievable with con
ventional software. 
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Windows & Daylighting 
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R. Furler C. Lampert R. Sullivan S.E. Selkowitz 
D. Arasteh 
F.A. Beck 

B. T. Griffith 
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K. Papamichael 
S. Reilly 

D. Turler 
f. Warner 
G.M. Wilde 
M. Yazdanian 

D.L. DiBartolomeo 
E. U. Finlayson 

E. Lee M.D. Rubin 

Approximately 20% of the energy 
consumed annually in the United States 
is used for space conditioning of resi
dential and commercial buildings. About 
25% of this amo unt is requi red to offset 
hea t loss and gain through windows. In 
other words, 5% of U.S. energy con
sumption-the equivalent of 1.7 million 
barrels of oil per day-is related to the 
performance of windows. Fenestration 
performance also directly affects peak 
electrical demand in buildings; sizing of 
the hea ting, ventilating, and air-condi
tioning (HV A C) system; thermal and 
visual comfort of building occupants; 
and human health and productivity. 

With more intelligent use of existing 
technology and with development of 
new high-performance window materi
als, windows can be converted from 
energy liabilities to energy benefits. The 
aim of the Windows and Daylighting 
Group is to develop tools and technolo
gies necessary to accomplish this goal. 
We develop advanced technologies and 
crea te procedures to predict and improve 
the thermal and day lighting perfor
mance of windows and skylights. The 
group 's work helps generate g uidelines 
for design and retrofit strategies in resi
dential and commercial buildings and 
contributes to development of advanced 
computer-based tools for building design. 
Although our primary focus is improv-

J.H. Klems f. Schuman 

ing energy efficiency, we seek so lutions 
tha t also improve comfort, hea lth, and 
amenity within buildings, and minimize 
undesired environmental impac ts on a 
loca l, national, and in terna tional scale. 

Our program's streng th lies in its 
bread th and depth: we examine energy
related aspects of windows at the atom
ic and molecular level in our materials 
science s tudies, and a t the other ex treme 
we perform field tests and in situ exper
iments in large buildings. We have 
developed, validated, and now use a 
unique, powerful set of computational 
tools and experimental facilities. Our 
scientis ts, engineers, and architects 
collaborate with resea rchers in industry, 
academia, utilities, and government to 
accomplish our objectives. 

To be useful, the technical data devel
oped by our program must be commu
nicated to design professionals, to 
industry, and to others in the public 
and private realms. We publish our 
results and participate in industrial, 
professional, and scientific meetings 
and societies (national and international) 
to ensure that our research resu lts are 
widely disseminated. Much of our R&D 
ac tivity is undertaken in close collabo
ration with the organizations that will 
ultimately utilize the results of our 
work to adva nce energy efficiency 
wi thin the building communi ty. 

O ur overall strategy is to develop the 
knowledge base needed to maximize 
the energy efficiency of ex is ting tech
nology and to assist ind us try in the 
development of the nex t generation of 
energy-efficient w indow sys tems. To 
carry ou t this effor t, we have organized 
our research into three major areas : 

• Advanced materials and concepts 
optical and thermal materials 
advanced systems and concepts 

• Fenestration performance 
window rating systems 
thermal analysis 
daylighting analysis 
field measurement of perfonnance 

• Building app lica tions and design tools 
nonresiden tial buildings 
residential buildings 
advanced design tools 

1 
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Advanced Materials 

Significant reductions in ene rgy con
sumption by buildings will result from 
the development and introduction of 
new high-performance glazing materi
als. Since the inception of our program, 
we have worked to identify, character
ize, and develop promising new optical 
materials to assist industry in developing 
the next generation of advanced fenes
tration systems. We provide scientific 
coordination for DOE-funded research 
projects at universi ti es, private-sector 
firms, and other national laboratories. 
We also work to transfer our research 
results to the private sec tor. 

In 1976, development of low-emittance 
(low-E) coatings was a major objective 
of our program, and our DOE-supported 
research subsequently acce lerated mar
ket introduction of high-performance 
low-E window systems. Incorporating 
low-E coatings into conventiona l dou-

- Figurel. 

ble-glazed windows produces a lighter, 
more compact unit showing better ther
mal performance than that of triple
glazed windows. First introduced 
commercially in 1982, low-E coatings 
are used today in more than 30% of all 
residential windows. 

Our work on Superwindows incorpo
rates low-E technology and gas fills, 
and has recently led to several commer
cia lly available products. These highly 
insula ting glazings have such low heat 
transfer rates that they can outperform 
the best insulated walls in winter on 
any orientation in virtually any U.S. 
climate. Modified low-E coatings which 
transmit daylight but reject near-infrared 
radiation (i.e., spectrally selective coat
ings) have been developed for cooling
dominated clima tes. We are supporting 
projects to develop improved spectra lly 
selec tive coatings and to help specifi ers 

Ion -assisted high-temperature deposition system for deposition 
of highly crystallized meta lie compounds. (CBB 926-4644) 
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utilize these technologies more effec
tively . We are accelerating our efforts to 
develop "smart windows" -specifica lly, 
electrochromic materials and devices 
possessing optical properties that re
spond to changing environmental con
ditions. These devices, and other optical 
materials that can control incident day
light, will provide window systems 
with comprehensive energy manage
ment capabilities that will allow them 
to deliver net energy benefits to build
ings in virtually all climates. 

Durable Solar-Control and Low
Emittance Coatings 

The objective of this project is to de
velop and accelerate the use of spectrally 
selective coa tings for con trol of daylight 
and solar hea t ga in. Spectrally selective 
g laz ings preferentially transmit visible 
li ght while rejecting the near infrared 
component of sunlight. Cool glazings 
based on s ilver combine a high visible 
transmittance with high infrared reflec
tance to minimize cooling load. Some 
metallic compounds are more durable 
than s ilver and in some cases have su
perior optical properties . These coatings 
cou ld be used in unprotected glazing 
applications for which silver-based 
coa tings would be unsuitable. A new 
system for deposition of these materials 
was completed, and fea tures a very uni
form high-temperature stage, a versatile 
gaseous ion source, several metal atom 
sou rces, and good beam diagnostics 
(Fig. 1). We deposited several types of 
oxides and nitrides, using high substrate 
tempera tures and ion-assisted tech
niques to enhance their crystallinity and 
electronic properties . Tungsten bronze 
films were made with optical properties 
nearly equal to those of single crystals. 
Continuing research in 1993 will attempt 
to produce coatings with these excellent 
optical properties at lower temperatures, 
thus simplifying the production process. 

Most specifiers are unaware of the 
performance potentials of "cool glaz
ings." A workshop on spectrally selec
tive glazings, co-sponsored by glazing 
manufacturers and public utilities, was 
held in San Francisco. Glazing manu
facturers were informed of the new util
ity DSM programs that could increase 
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market acceptance of their prod ucts, 
and utilities lea rned about emerg ing 
glazing technologies to ass is t them in 
designing new incen tive prog rams. 
Almost all ex isting residences in Ca li 
fornia use clea r g lazing, wh ich ad mits 
hig h levels of so la r ga in and thus con
tributes to cooling loads. With co
sponsorship from Cl EE, we s imulated 
the ene rgy performance of typ ica l res i
dences over a range of g lazing charac
teris tics and cl imates. Figure 2 shows 
that the peak d emand can be signifi
can tl y reduced through the use of spec
tra lly selecti ve g lazings ove r a range of 
Californ ia climates. 

Low-Conductance Glazings and 
"Superwindows" 

iv\any window manufacturers are 
offerinz g lazing systems with low
emissivity coati ngs and low-conductivity 
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gas fillin g. These windows have ce nte r
of-glass R-va lues between 3 and 4 hr
ft2-F /Btu. Since 1985, we have been 
working to develop the techno logy base 
for the next gene ra tion of highl y ins u
la ting wind ows. Such superwindows 
w ill have tota l window R-va lues be
tween 6 and 10 hr-ft2-F /B tu and , even 
in northe rn U .S. climates, wi ll be abl e to 
transmit more usefu l sola r gains (from 
any o rientation) than they lose in con
duction. Superwindows w ill thus re
quire less tota l hea ting energy than in
sulated wa lls over a complete hea tin g 
season. 

In 1988 we began a project with sev
e ral m ajo r window manufacture rs and 
the Bonneville Power Ad minis tra tion 
(B PA) to design and manufac ture pro
to type firs t-generation superwindows 
fo r three BPA super ene rgy-e ffi cient 
demonstration homes in Montana. 

- Figure2. 

Reduction in window peak 
elect ric dcnwnd fo r cool glazings 
over a range of shading 
coefficients and climates. 

These windows w ere d esigned to bu il d 
on ex isting manufac turing processes 
and to uti li ze g lazings w ith center-of
glass R-va lues be tween 6 and 10 hr-ft2-
F / Btu. Beginning in 1990, several 
na tiona l manufacturers began to offer 
products w ith s uch supe rg lazings . 

During the w inters of 1989-1990 and 
1990-1991, these three BPA homes were 
monitored to assess th eir fi eld perfor
mance. Results showed H1a t these g laz
ing systems ca n pe rform as well as an 
insu la ted wa ll , a ltho ugh the tota l win
dow, including the sash and fram e, 
does no t perform as w ell. These res ults 
re info rced the need to concentrate on 
improv ing the the rm al performance of 
the sash and fram e. 

In 1992, we focused o ur a ttenti on on 
worki ng w ith the w indow industry to 
deve lop hi gher pe rfo rmance edge and 
frame syste ms fo r both superwindows 
and conventiona l windows. Our Infra
red The rmograp hy Labo rato ry, es tab
lished in 1990, was used to test pro to
type windows from more t han a dozen 
manufac turers . Tes t results w ere ana
lyzed by LBL s ta ff and w ere sh a red 
w ith each coope ra ting manufacture r 
(Fig. 3) . O ur superwindow research 
effo rts focused on developi ng des ign 
concepts for high-perfo rmance viny l 

- Figure3. 

The thermal effects of architec
tural muntin bars (thin suspended 
interior dividers) on glazing 
performance were analyzed using 
infrared thermography. In these 
infrared images of the warm side 
of two windows (with identical 
muntin bar patterns exposed to 
simulated winter conditions), 
blue/green areas indicate colder 
temperatures and are thus poor 
insulators. For gap widths of0.25" 
or less (left image), the muntin 
bars create a thermal bridge. For 
gaps of 0.50" or greater (right 
image), thermal performance was 
not compromised. 

3 



LBL Energv & E111•iron111enr Division. IJ11ilding Technologies Progm111 /992 Ann11al Report 

framed profiles. We a lso used o ur IR 
thermography fac ility to co llabora te 
with manufac turers of typi ca l alumi
num, wood, and vinyl profiles who 
w ere inte res ted in making design 
changes in order to improve the 
thermal pe rformance of their frames. 
In some cases, we ended up learning 
tha t solutions proposed by the indi
vidual manufacturers did not perform 
as well as initially expected. Improved 
frames, edges, and window /wall in
terfaces will be the focus of our re
search efforts for the next few years. 

Advanced Insulation Systems 

In 1990, as a spinoff from o ur su
pe rwindow resea rch, we invented a 
new d es ign for an energy-efficien t, 
non-CFC opaque insulation. With 
support from the Ca lifornia Ins titute 
for Energy Efficiency, the U.S. DOE, 
and the EPA, we showed tha t the use 
of low-emissivity surfaces a nd multi
ple, low-conductiv ity, gas-filled cavi
ties can result in a highl y insulating 
panel that can be fabri ca ted using ex
isting rna teria ls and technologies. We 
ca ll this new insulating material gas-

- Figure4. 

filled panels (GFPs). Applications for 
GFPs are widespread and focus pri
marily on rep lacing CFC blown foam s 
in refrigerator I freezer appliances and 
in building components (Fig. 4). 

GFPs a re no t a homogeneous insu
la ting materia l such as fiberglass or 
foam, but rather an assembly of two 
specialized components. The first 
component is a barrie r envelope that 
contains a gas, or gas mixture, at 
atmospheric pressure . Placed inside 
the envelope is the second compo
nent-a baffle consisting of multiple, 
low-emissivity coated layers. The 
baffl e effectively elimina tes rad ia tive 
a nd convective hea t transfer, leav ing 
p rimaril y conductive heat transfer 
throug h the gas and baffle. GFPs can 
be cons tructed wi th mechanica l prop
erties rang ing from flexible but self
s upporting to stiff and supportive. 

The thermal performance of GFPs 
has been independently tested at Oak 
Ridge Na tional Laboratory (ORNL), 
and predicted thermal performance 
values were achieved. Measurements 
yielded R-values per unit thickness of 
36 m-K / W (5.2 hr-fF-F / Btu-in) for 

A refrigerator door originally insulated with a CFC blown foam 
insulation has had half of the insulation removed and replaced 
with three gas-filled panels (left side); these panels are thinner yet 
outperform the foam insulation. (CBB 918-6782) 
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a ir-fill ed panels, 49.3 m-K / W (7.1 hr
ft2-F /B tu-in) for argon-filled panels, 
and 86.8 m-K / W (12.5 hr-ft2-F /Btu-in) 
for krypton-filled panels. Thus, a ir
filled panels perform as well as s ty
rene foam, and argon-fi lled panels 
perform as well as CFC blown foams
a performance level twice that of fi
berglass. Krypton-filled panels offer 
performance levels much higher than 
any currently commercially available 
insulation. 

Development and applications ori
ented testing of GFP prototypes con
tinued during 1992. We continued ba
s ic co llaborative resea rch efforts with 
GFP raw ma terials suppliers in order 
to produce more effective gas-barrier 
and baffle materia ls . GFP technology 
was li censed by a man~facturer of 
medical specimen shipping contain
ers and is expected to form the basis 
for a new generation of medical speci
men shipping containers. In order to 
op timize the use of GFPs in refrigera
tor applications, we examined the 
effects of thermal bridging around 
advanced insulations in refrigerators 
cons tructed using today's typica l steel 
shell and found these losses to be very 
significant. We therefore began to in
ves tiga te the use of GFPs with poly
mer-based refri gera tor shells . Resea rch 
efforts during 1993 will focus on de
veloping prototypes of polymer shells 
incorpora ting GFPs as an insulating 
material. 

Optical Switching Devices 

Chromogenic glazings can dynami
ca lly control the flow of visible and 
thermal radiation through windows 
in buildings, automobiles and aircraft. 
Electrochromic materials, among 
other chromogenic technologies such 
as liquid crystals and photochromics, 
provide the most versatile and appro
priate technology for these applications. 
Electrochromic glazings could achieve 
10-80% visible light transmission with 
moderately fast switching times and 
low d.c. power consumption. Smart 
control systems can be used with elec
trochromics to maintain specified 
day lighting levels and reduce build
ing energy consumption. 

We completed a study on the per
formance of generic electrochromic 
windows in commercial buildings for 
Southern California Edison. We found 
that electrochromic windows can out-
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Plastic/Glass Film 

'!iu 
Composite Ion Storage/Conductor ~ ~ 

Plastic/Glass Film 

- FigureS. 

Schematic of solid-state elect rocl1romic device const ructed 
using a composite ion storage/ ion conductor and flexible 
plastic or glass substrates. (XBL 921 -222) 

perform other types of advanced glaz
ing in both moderate and ho t climates. 
Savings include total lighting, cooling 
and peak utility loads. O ther benefits 
include reduced HV AC system s ize 
and greater thermal and visua l com
fort. Energy benefits and related sav
ings can produce paybacks as short as 
three years. We also refined the de
scriptions of some real electrochromic 
materials and installed their perfor
mance parameters into the g lazing 
library of DOE 2.1E, which is equipped 
with a more sophis ticated window 
model. Next year, we will use this 
program to estimate energy savings 
using the current generation of proto
type electrochromic devices. 

Southwall Technologies for the coa t
ing of flexible polyester subs tra tes . 
We also have a collabora tion with 
Dow Chemical to develop and charac
terize devices which combine our 
e lectrodes with their polymer electro
lyte . During 1992, we constructed 
e lectrochromic dev ices using nickel 
oxide, tungsten ox ide, niobium ox id e 
and polymer ion conductors. One of 
our bes t dev ices (nickel oxide:cobalt / 
lithium polymer/tungsten ox ide) 

- Figure 6. 

showed a change in visible transmis
s ion of greater than 50%. The stabili ty 
of this device has been increased by 
improvements in the lithium polymer 
ion conductor and device fabricat ion 
techniques. 

We have made further s ignificant 
developments in polymer ion s to rage 
mate ri als in co llaborati on with LBL's 
Battery Group. We were granted a 
paten t for ten families of orga nodisu l
fid e polymers for electrochromic de
vices. We es tablished materials 
exchange agreements fo r these poly
mers w ith severa l companies which 
could lead to li cens ing agreements. 
We have ano ther patent pending on 
two g roups of mercap tans and o rga n
thiols as s torage materials. These 
materials have unusual electrica l and 
ionic properties tha t allow a s ingle 
composite polymer layer to serve as 
both the ion storage electrode and the 
ion cond uctor. Devices based on these 
new composite materia ls would have 
a compact design and lower cost. 
Figure 5 shows the s tructure of a typ i
ca l dev ice. Tungsten oxide devices 
incorporating these composite poly
mers had a change in visible trans
mission of up to 45%. Figure 6 
illus tra tes the switch from a light grey 
w ith the app lication of 1.2V. 

O ur research in FY93 is directed at 
improvement of the e lectrochromic 
glazing device s tability and sca le- up 
of the device s ize in collabora tion with 
indus try partners. We will continue to 
improve polymer io n s torage andcon
ductor layers. We will refine glazing 
fabrica tion techniques fo r laminated 

The major components in an elec
trochromic device are the electrochro
mic and the ion-storage electrodes, 
separated by the ion conductor. All 
these layers must be electrochemically 
compatible, chemically stable in con
tact w ith each other, and be able to 
store and transport charge or ions re
versibly for many cycles over long pe
riods of time. We have developed 
sputtering techniques to reproducibly 
coa t glass with electrochromic nickel, 
tungsten and niobium oxides. We 
have transferred this technology to 

The words printed behind it are clearly visible when an electrochromic 
device is switched to a high-transmission state. It becomes opaque when 
ions move into the electrochromic layer and react with tungsten oxide. 
(CBB 916-4871C) 
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devices and tra nsfer sputter-deposited 
coa ting technology to p rocessors of 
g lass and polyester. Energy modeli ng 
wi ll continue using the WINDOW 4.0 
w indow simulation p rogra m and DOE 
2.1E build ing energy simulation pro
gra m for swi tchable w indows in a vari
e ty of climates and building designs. 

Automobile Glazings 

Much of our group's expertise in the 
technology and performance o f glazings 

for buildings is direc tly applicable to 
a utomobile windows. Red uction of the 
solar load would red uce the need for 
CFC refrigerants, save fuel, improve 
passenger comfort and sa fety, and pre
vent the degrada tion of ma teria ls. The 
range of elec tric vehicles could be ex
tended by d irect reduction of cooling 
load on the battery-powered air condi
tioner. We investigated applications of 
durable selec tive coa tings, electrochro
mic coa tings, and angle-selective coa t-

Fenestration Performance 

Effecti ve use of fenestra tion systems 
to achieve a more energy-effi cient 
building s tock no t onl y req uires im
proved window sys tems and compo
nents, but also the intelligent incl u
sion of energy considera tions into 
the matching between fenestra tion 
systems and a rchitec tural needs. To 
achieve this, it is necessary to have 
the means to determine fenestra tion 
energy performance under a w ide 
va rie ty of conditions. Resea rch in 
fenestra ti on performance thus forms 
the bridge between new techno logy 
and its effective applica tion . Ac tivi
ties in this area are intended to char
acterize the performance of fenes tra
tion components and complete sys
tems over the entire range of opera t
ing conditions in any climate or 
building type. The resea rch develops 
and refines experimental techn iques 
and analy tical models for accura tely 
de termining hea t-transfer and solar
optical p roperties of fenestration com
ponents and sys tems, and valida tes 
these models in fi eld test facilities and 
in occupied buildings. Many of the 
new algorithms and data sets are de
signed to be inco rpora ted into ho ur
by-ho ur build ing energy s imula tion 
p rograms such as DOE 2.1, w hile oth
ers are d irec tly applicable to window 
s tanda rd and labeling activ ities. These 
da ta not only improve the accuracy of 
ou r predictions, but also allow us to 
p red ict the perfo rmance of new fenes
tra tion systems and novel architectur
al designs. The primary focus of our 
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performance research tests has been 
to provide performance characteris
tics p rocedures and rela ted technica l 
suppor t to the Na tional Fenestra tion 
Ra ting Council (NFRC) to assist it in 
development o f w indow energy rating 
systems. 

Window Rating and Labeling 
Systems 

The development of many new 
energy-effi cient w indow systems in 
the las t several years has crea ted the 
need for an accurate, fai r, and cost
effective means to eva luate the thermal 
performance of all fenestra tion prod
ucts. Such a system must meet the de
mands of manufacturers, architects/ 
engineers, builders, s ta te regulators, 
utility incentive p rograms, and con
sumers. The Na tional Fenestration 
Rating Council (NFRC) was formed 
in 1989 by rep resenta tives of all these 
groups w ith this objective in mind. 
We have taken a lead role in working 
wi th the NFRC's Technical Com mi ttee 
to develop and document p rocedures 
to ra te wi ndow p roperties and annual 
energy effects . AU-val ue procedure, 
fin ali zed in 1991, is based on the sim
ul a tion procedure in the WINDOW 
program and the Canad ian progra m, 
FRAME. During 1992, we worked 
w ith the NFRC to make this proce
dure more accurate and less cos tly to 
imp lemen t. We also worked w ith test 
and simula tion labora tories and the 
NFRC to p rov ide technica l validation 
of the procedure. Draft solar hea t gain 

ings to au tomob ile windows, as well as 
compact body insula tion fo r electric 
vehicles in cold cl imates. In prior s tudi es 
we developed simulation models to 
predic t internal tempera tures and hea t
ing/ cooling loads. Infrared thermogra
phy was used to observe the red uction 
in surface tempera tures when using 
high-performance coa tings. The resu lts 
were in good agreement wi th simula
tions we performed in collabora tion 
w ith Ai rco Coa ting Technology. 

and optical p roperties procedures are 
based on the use of WINDOW 4.0. 
To aid N FRC in the development of 
an Annual Energy Index, we devel
oped a d ra ft version of a PC program, 
RESFEN, which ca lcula tes seasonal 
and annual energy impacts of fenes
tra tion p rod ucts in typ ica l residences 
throughout the United Sta tes. We w ill 
continue to expand our technical in
volvement w ith other NFRC related 
issues rela ting to the development of 
these and o ther NFRC procedures 
(i.e., infiltration, durabili ty, and con
densa tio n resistance). 

Thermal Analysis 

The growing use of advanced opti
cal coa tings, gas fills, and insulating 
edges and fra mes has increased the 
number of w indow configurations 
avai lable. Beginning in 1986, were
leased the WIN DOW program to aid 
in the evaluation of new product op
tions and to serve as a standard for 
ca lcula ting w indow hea t transfer 
properties. This tool has been upda ted 
severa l times w ith the most recent 
major update released as WINDOW 
4.0 in 1992. The program now incor
porates the Na tiona l Fenestra ti on Ra t
ing Council 's s tandard procedure fo r 
ra ting the U-va lues of fenestra tion 
p roducts. In add ition, it also includes 
the abil ity to perform a mul ti-band 
spectral analysis, thereby increasing 
the accuracy of mul ti- layer solar hea t 
ga in and optica l p roperty calculations. 
A model to estimate the solar hea t 



gain effects of fram es is included with 
the program. The g lazing layer lib rary 
was updated and expanded signifi
can tly. Finally, the program's output 
ca n be utili zed by a draft version of 
the DOE 2.1E building energy ana lysis 
program. More than 2,000 copies of 
WINDOW 4.0 were provided free of 
charge to window manufacturers and 
the building industry. 

Optical Performance 

Characterization of the optical 
properties of window materials and 
systems provides feedback for materi
als development, input data for ener
gy performance calculations, and 
product eva luations for rating and 
labeling activi ti es. Most of this work 
is now coordinated through the Opti
cal Properties Subcommittee of the 
NFRC. Our first goa l was to complete 
procedures for the measurement of 
the solar optical and thermal infrared 
properties of clear, coated, laminated, 
and some types of diffuse ma terials. 
Two draft procedures have been writ
ten, and they are now being consid
ered by the NFRC as well as the ASTM. 
One major missing piece of these pro
cedures is an accurate method for 
determining angle-dependent proper
ties. We are developing experimenta l 
techniques for performing these mea
surements (Fig. 7) and using the re
sults to provide extrapolations from 
easily measured normal-incidence 
properties. A procedure of this type 
has already been implemented for 
body-tinted glazing materials, and a 
similar procedure for coated materials 
is underway. Another NFRC task 
group is developing a procedure to 
predict the properties of laminates 
from the measured optical properties 
of the individual layers. The optica l 
properties of large complex systems 
including shading devices can be mea
sured with the scanning radiometer. 

Solar Heat Gain 

Solar heat gain is the most complex 
and variable of the fenestration energy 
flows. It can provide beneficial heating 
in winter but may become detrimental 
to comfort or increase space condi
tioning loads in summer. Utilization 
of its light component can provide 
energy benefits year-round. Optimiz
ing the way that fenestrations in all 
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- Figure7. 

Experimental apparatus for measuring the angle-dependent radiometric 
properties of coated glazing materials. (CBB 933-1718) 

orientations and associa ted building 
systems (e.g., lighting and HV AC 
controls) treat solar gain would pro
vide a major opportunity for improv
ing building energy efficiency, but 
this is currently limited by the tools 
avai lable for determining fenestration 
performance. At present, it is difficult 
to correctly ana lyze the performance 
tradeoffs for simple glazings, and the 
degree to which fenestrations consist
ing of simple glazings can optimize 
performance is limited. For complex 
fenestration that uses sophisticated 
sun-control systems, which should be 
more energy-efficient, analysis with 
current tools is virtually impossible. 
Our objective is to develop experi
mental facilities and analytical models 
that can accurately characterize the 
daylight and solar hea t gain from 
fenestration systems of arbitrary com
plexity. We conduct a wide range of 
activities to establish the facilities, tools, 
and data to address these problems. 

Bidirectional Scanning Radiometer/ 
Photometer Facility 

We have built a large, automated 
scanning radiometer I photometer fa
cility for measuring the average opti-

ca l properties of non-specular and 
spatia lly heterogeneous layers of fen
estration systems (Fig. 8, next page). 
It measures the average outgoing ra
diance and luminance from a moder
ate-sized sample (approx. 7 in. x 7 
in.) for a fixed incoming and outgoing 
direction, and automatically scans 
these over the full incident and outgo
ing hemispheres. It can measure both 
transmit ted and reflected radiance/ 
luminance. Designed to provide basic 
performance data both for solar heat 
gai n and daylighting studies, in 1992 
it was utilized primarily to develop a 
method of predicting the solar heat 
gain through complex glazing sys
tems and in 1993 will be used to sup
port the development of voluntary 
window ratings (NFRC). It is also 
available to outside users. 

Solar-Optical Properties of Complex 
Fenestration Systems 

In a cooperative DOE/ ASHRAE
sponsored project to develop a meth
od of predicting the solar heat gain 
through complex fenestration sys
tems, a mathematical method of com
bining measurements made with the 
bidirectional scanner of averaged 
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properties for non-specul ar shad ing ele
ments (e.g., sh ades, blinds) w ith tabu 
la ted g lass p roperties has been devel
oped . The resulting solar-optica l trans
m ission and absorption is used to de
rive the system's solar hea t gain coeffi 
cient (the frac tion of incident solar 
energy that enters the bu ild ing space), 
w ith the inw ard-flowing fraction of the 
solar energy absorbed in each layer de
rived from MoW iTT measuremen ts (see 

"Field Measurement of Fenestration 
Therm al Performance," nex t page). The 
resulting calculation method is then 
validated by comparison to MoW iTT 
fi eld measurements. 

In mid-1992 we completed this ana ly
sis for the first of several candidate fe n
estration systems, a double-glazed 
w indow with an interior shade, and 
showed that the method p rod uces a 
calculated solar hea t gain coefficient 

Translucent White Interior Shade with 
Clear Double Glazing 

- Figure9. 
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The solar heat gain 
coefficient, F, for a double
glazed window with 
interior white shade as a 
junction of incident angle. 
This curve represents the 
calculation of a fenestra
tion system property fro m 
bidirectional scanner 
measurements on the 
shade combined with 
published glass data, 
using the newly developed 
calculation method. 

- Figure S. 

The Bidirectional Scanning Radiom
eter/Photometer Facility. The detector 
assembly (right) simultaneously mea-
51/res radiance and l11 minance and 
moves along a semicircular track 
which in f11rn swings arou nd a fixed 
axis to pmduce a scan of the entire 
ou tgoing hemisphere. The detector 
arm, shown here in position for a 
transmission measurement, also 
swings to the fron t of the sample plane 
at left for a reflection measurement. 
(CBB 900-8718) 

(Fig. 9) in good agreement with 
MoWiTT measurements. During the 
remainder of 1992, we ex tended the 
analysis to a number of o ther fenestra
tion systems to demonstrate the wide 
va lidity of the approach. 

During 1993 we will begin the process 
of u ti lizi ng this new method as a basis 
fo r developing solar hea t gain ratings 
for com plex fenes tra tion systems. 

Day lighting 

Ligh ting is one o f the largest electri
ca lloads in commercial buildings. An 
effi cient d ay lig hting design can displace 
70% of the ligh ting energy requirements. 
The p redic tion of quanti ty and quality 
in the luminous environment is essen
tial for energy-efficient day lighting 
design. Over the years, we have devel
oped a range of day lighting analysis 
and design tools, continuously expand
ing modeling capabilities and improv
ing calculation accuracy. Further 
improvements to our daylighting simu
lation program, SUPERLITE, are in 
progress to allow modeling of more 
sophis ticated daylighting approaches 
such as co mplex sun-control systems 
and shading devices. We have devel
oped a new method, Integration of 
Directional Coefficients (IDC), which 
allows daylight analyses of fenestration 
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- FigurelO. 

The MoW iTT facility at its field lest site in Reno, NV. The windows are 
mounted in the two room-sized calorimeters of tlze facility. (CBB 923-3483) 

systems and spaces of arbitrary com
plexity at any time over the course of 
an entire year. When combined with the 
OOE-2 energy analysis program, the !DC 
method allows us to predict the total 
energy and demand impact of advanced 
materials and systems, considering 
complex dynamic control strategies. 

SUPERLITE was selected by an Inter
national Energy Agency (IEA) task 
group as a primary tool for a multina
tional day lighting research effort. In 
1992 we completed a new version of 
SUPERLITE that models electric light
ing. Further collaborative development 
work with the lEA group will improve 
the ease of use of the microcomputer 
version of the program by linking its in
put to a CAD program and enhancing 
its output capabilities. The ultimate 
goal of this work is a tool that can be 
used by designers to improve the use of 
energy-efficient daylighting design 
strategies. 

The IDC method is based on a combi
nation of scale-model photometry and 
computer-based analytical routines. 
Through scale-model photometry the 
IDC method allows the modeling of 
fenestration systems and spaces of arbi
trary complexity, while through com-

puter-based analytical routines it a llows 
daylight prediction at any time over the 
course of an entire year. Scale-model 
photometry in our scanning radiometer 
is used to measure a comprehensive set 
of "directional illuminance coefficients" 
for any interior point of interest (e.g., 
the workplane), using a physical scale 
model of the space and the fenes tration 
system. These directional coefficients 
are then integrated over any sun /sky I 
ground luminance distribution to pro
vide daylight illuminance levels at any 
time of the year. The resultant compre
hensive set of daylight factors are then 
used with the DOE-2 energy analysis 
program to determine hour-by-hour 
daylight levels and energy impacts over 
the entire year. 

In 1992 we used the IDC method with 
the DOE-2 program to successfully ana
lyze the energy performance of complex 
fenestration systems such as innovative 
skylight designs, holographic glazings, 
Venetian blinds, light shelves, and light 
pipes. Further studies of these systems 
will continue in 1993 in conjunction 
with improvements to the IDC method, 
with the ultimate goal of making the 
method widely available to resea rchers 
and designers. 

Field Measurement of Fenestration 
Thermal Performance 

The increasing variety and sophistica
tion of fenestration products available, 
the move to develop energy labels for 
these products, and the development of 
programs to consider utility investments 
in improved end-us~ energy efficiency 
on the same basis as Investments in 
new capacity all augment the need to 
measure fenestration performance un
der field conditions. Measuring the per
formance of highly optimized window 
systems in a realistic way Is a formida
ble measurement task, requiring spe
cialized non-steady-state calorimetry on 
a scale never previously attempted. 

To perform these measurements, the 
Mobile Window Thermal Test Facility 
(MoW iTT) was designed, built, and cal
ibrated. In developing this facility (Fig. 
10), it was necessary to solve the prob
lem of doing calorimetry on a room
sized enclosure (which would normally 
require careful maintenance of constant 
equilibrium conditions) in the presence 
of so lar fluxes and changing outdoor 
temperatures, both of which control the 
behavior of a fenestration system. We 
solved this problem by using a large
area heat flux sensor (developed as part 
of the project) and a very sophisticated 
measurement of the heat extracted from 
the ca lorimeter by its cooling system. 
The MoWiTT began operation in 1986 
at a field-test site in Reno, Nevada. 

In 1992 we completed a four-year 
s tud y using the MoWiTT to determine 
the inward-flowing fraction of absorbed 
solar energy in specific layers of com
plex fenes tration systems. This study 
was used as part of the project described 
under Solar Heat Gain above. Separate 
MoWiTT measurements were also used 
in the validation stage of tha t project. 
We completed a detailed analysis of 
systematic measurement errors in 
nighttime U-value determination that 
established the MoW iTT accuracy as 
comparable to that of the best laborato
ry hot-box faci lities, in spite of the fact 
that measurements are made under the 
much more difficult circumstance of 
time-varying exterior conditions. In a 
cooperative indus try-supported study 
we established that a durable low-E 
coating applied to an exterior storm 
window produces the same improve
ment in performance that the same 
coating would produce in a sealed 
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insul a ting glass unit (Fig . 11), and 
in another indus try-supported project 
we began the s tudy of selec tive g la z ing 
performance. 

In 1993 we will use the MoWiTT to 
test solar heat gain calculation schemes 
under consideration as a basis for win
dow performance ratings. We will also 
continue our studies of selective glazings 
and continue to test emergent window 
technology with fenestration industry 
and utility support. Industry is interest
ed in field-test data from the MoWiTT 
to guide development of new products 
and designs, while utilities want toes
tablish the benefits of including particu
lar types of window improvements in 
their efficiency incentives programs. 
These field measurements from the 
MoW iTT have the potential for remov
ing uncertainties about window perfor
mance tha t have slowed progress in 
implementing energy-efficient building 
design fo r the pas t decade. 

Measured Daily Net Heat Flow 
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Low-E Storm Window Performance: MoWiTT measurements in an industry
sponsored study demonstrated that a low-E coated storm window applied to a single
glazed prime window (Sample 8) produces lower daily heat losses than an iden tical 
window with an uncoated storm window (Sample A). These winter measurements 
were made simultaneously using the two side-by-side MoWiTT calorimeters. 

Building Applications and Design Tools 

The development of new glazing ma
terials and experimental determination 
of fenestration system performance 
must be complemented by defining how 
such information benefits the building 
design community. Our objective in 
the applications area is to utilize the 
knowledge gained from our basic 
science research efforts in rea l-world 
buildings and to develop the tools that 
are necessary to disseminate and apply 
this information. 

Nonresidential Building 
Simulation Studies 

Our nonresidential studies have fo
cused on the development of a comput
er program called COMFEN. This 
program complements the RESFEN 
program discussed below. COMFEN 
calculates the incremental energy and 
cos t performance of fenestration for a 
prototypical commercial building mod
ule. Users have the ability to vary fenes
tration size, U-value, shading coefficient, 
visible transmittance, desired lighting 
level, lighting power density, and day
lighting strategy. Future versions of 
COMFEN will eventually be used to 
assist the National Fenestration Rating 
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Council in developing energy rating 
labels for nonresidential windows. We 
completed an in-house tes t version of 
COMFEN this past year and plan to 
modify the program during the coming 
year. 

A new methodology was developed 
for analyzing the annual cooling and 
lighting electricity use and peak demand 
associated with varying fenestration 
and lighting strategies in nonresidential 
buildings. Using regression analysis 
procedures, we characterized electric 
energy and peak performance patterns 
as a function of solar aperture, defined as 
the product of shading coefficient and 
window-to-wall ratio, and effective day
lighting aperture, defined as the product 
of visible transmittance and window-to
wall ratio. Optimum performance pre
diction is easily facilitated by defining 
the solar and effective daylighting aper
ture values that minimize annual energy 
consumption and peak demand. 

Envelope and Lighting Technologies 
to Reduce Electric Demand in 
Commercial Buildings 

The goal of this project is to develop 
and promote advanced integrated 

building systems incorporating high
performance envelope and lighting ele
ments. The largest components of peak 
demand in most California commercial 
buildings can be traced to the fenestra
tion and illumination systems, which 
typically impose large electrical loads 
for cooling and lighting. Reducing or 
eliminating these loads can be a cost-ef
fective, demand-side management op
tion for utilities. While the performance 
of lighting and envelope systems has 
improved in recent years, designers 
confronted with a large array of new 
technologies have not been successful 
in creating designs that achieve optimal 
energy performance results. The full 
potential of existing and emerging tech
nologies will be realized only when 
they are commercially available in a 
form that maximizes performance and 
facilitates widespread application. 
Technologies designed and packaged as 
integrated systems and supported by ap
propriate tools to assist in design, speci
fication, and assurance of performance 
will exert a far greater impact in the 
building community. 

In 1991 we completed the first phase 
of this multiyear project, supported by 



the California Ins titute for Energy Effi
ciency (CIEE) with funding from major 
California utilities and co-support from 
DOE. California utilities ha ve been 
leaders in the U.S. in promoting the use 
of new energy-efficient bui lding tech
nologies . We collaborated in this project 
with the Graduate School of Architec
ture and Urban Planning, University of 
California, Los Angeles. 

In 1992 we completed Phase 1 which 
included the following: completed an 
impact assessmen t of peak demand and 
energy consumption savings in Ca lifor
nia; developed and validated a unique 
experimenta l method coupled with the 
DOE-2 building energy simulation pro
gram to evaluate the daylighting per
formance of optically complex systems; 
began discussions with severa l poten
tial industry partners to develop new 
integrated designs; and assisted severa l 
California utilities in demonstration 
projects where elements of our integrat
ed system could be implemented and 
eva luated. 

In 1993, Phase 2 will continue the de
velopment of two specific integrated 
envelope and lig hting sys tem desig ns. 
The prototype systems will be eva luat
ed in a series of simulation and fie ld 
tests using reduced scale models to 
determine thermal and daylighting 
performance. The firs t prototype is a 
d ynamic facade sys tem incorpora ting 
selective glaz ings and motorized shad
ing. We will focus on the development 
of sophisticated control algorithms and 
hardware that can balance in rea l-time 
the daylighting/ lighting benefits 
against the cooling loads due to ligh ts 
and solar ga ins. The second prototype 
couples an independent core day light
ing system with a vision window using 
a dynamically operated shading system. 
These designs use advanced optical ma
terials and geometry to bring uniform 
and consistent daylight to work areas in 
the back of the perimeter zone. Each 
system incorporates control hardware 
and software to op timize energy, de
mand, comfort and performance. Both 
integrated prototypes are being devel
oped in cooperation with industry part
ners to speed commercialization of the 
technologies and to assess potential 
market / implementation barriers to 
full-scale adoption. Work will also 
con tinue on planning demonstra tions 
in an occupied building(s) to evaluate 
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energy performance and occupant com
fort and prod uctiv ity. 

Residential Buildings 

The focus of o ur res identi al work 
continues to be development of an 
annual energy ra ting methodo logy fo r 
windows for the Na ti onal Fenestration 
Rating Council. We con tinued develop
ment and improvement of the comput
er program RESFEN in response to 
indus try requests for expanded model
ing ca pabilities. This program calcu la tes 
the incremental energy_and cost perfor
mance of fenes tration for severa l res i
dentia l building models. Users have the 
ability to vary window size, window 
type, U-value, shad ing coefficient, infil
tration levels, and interior and ex terior 
shading systems. Improvements made 
to the program included the ab ili ty to 
analyze additiona l orientations and res
idential configurations, revised infiltra
tion algorithms, and calcula tion of peak 
hea ting and cooling loads. We will con
tinue to revise and augment thi s pro
gram during the coming yea r. Studies 
will be undertaken to inves tiga te the 
viability of utilizing an hour-by-hour 
calculation scheme based on the DOE-2 
program with a reduced set of wea ther 
data. Such a procedure would faci lita te 
analysis of arbitrary residenti al configu
ra tions in many geographic loca tions. 

We also began prototyping a build
er I consumer version of the RES FEN 
progra m. This version takes the form of 
an interactive kiosk with a touchscreen 
and will be initially used and evaluated 
in several local building supply stores 
in the San Francisco Bay Area. Online 
basic information abou t residential w in
dows, as well as advice on selecting 
speci fi c window products, will be pro
vided in addition to the energy con
sumption results. 

To complement the RESFEN computer 
program, we have been updating the 
tex t-based Residential Window Design 
Guidelines handbook that was completed 
last year. The guidelines provid e fenes
tration design information to arch itec ts, 
engineers, builders, and homeowners. 
Topics addressed in the guidelines in
clude an overview and historica l dis
cussion of residential windows; specific 
design recommendations rega rding 
view, lighting, ventilation, insul a tion, 
solar heat gain, condensation, and 

acous tics; materia l se lec tion and insta l
lation including g lazing products and 
framing; and regiona l cl imate guide
lines on energy performance. We wi ll 
complete an indus try rev iew of the 
g uidelines during the coming yea r. 

Advanced Design Tools: Building 
Design Support Environment 

The Building Design Support Envi
ronmen t (BOSE) is a framework of 
computer-based applications to ass is t 
building designers in more easily ad
dressing energy- rela ted design issues 
and considering new, energy-efficient 
technologies. We began to explore new 
concepts for computer-based architec
tural design tools severa l years ago, 
after observing that energy effi ciency 
remains a low priority in standard 
building design practi ce, mainly be
ca use of lack of time and ex pertise to 
pred ict the energy- rela ted performance 
of buildings. Our initi al image of an 
intelligent and integra ted package that 
wou ld contain the required expertise 
and automate the energy- related 
per forma nee prediction has since been 
developed into an expe rimental proto
type, the BOSE. This integra ted com
puter-based environment uses various 
new computer technologies, such as 
hypertex t, multimed ia, and expert 
systems, in order to more effectively 
reach and engage building designers. 

Our major development effort in 
1992 related to the BOSE was develop
ment of a mod ule for the DOE AEDOT 
prototype. Our module determined the 
day lighting and g lare performance of a 
building space and calcu lated annual 
energy performance. The demonstra
tion module also contained photorealis
tic images of typica l spaces ca lcula ted 
using LBL's RADIANCE prog ram. At 
the end of the year, we initiated a major 
collabora tion effor t with several utilities 
and the Electric Power Research Insti
tute (EPRI) to develop a more usable 
version of the DOE-2 energy simulation 
program. We will use concepts devel
oped as part of the BOSE to develop an 
"Energy Design Advisor" which will 
help convert this new version of DOE-2 
from an "analysis" tool to a "design" 
too l. 

Technology Transfer 

In o rder to influence energy efficien-
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cy trends in the United Sta tes, ou r re
s ults need to be communicated to other 
researchers and to professionals in the 
building industry. We use a variety of 
media to reach a widely varied audi
ence, including trade journal ar ticles, 
network and utility-based television 
production, and exhibits. We continue 
to develop more effective approaches to 
technology transfer by experimenting 
with new electronic and optical media. 
Our primary audiences include other 
national and international research and 
development groups, professional and 
industrial societies, manufacturers, and 
educational institutions. We continue to 
develop improved design tools and 
handbooks, to carry out desi gn assis
tance studies, and to sponsor work
shops and meetings with manufacturers, 
design firms, ed ucators, and utilities. 

In an effort to communicate w ith a 
variety of building industry audiences, 
both professional and consumer, we 
continued to focus on the uses of com
puter-based information sys tems and 
technolog ies. With limited resources for 
techno logy transfer, we exp lored and 
tested an electronic bulletin board and 
smart fax systems, CD-ROM publish
ing, and point-of-purchase consumer 
information marketing. All this media 
can reach larger decision-making audi
ences with a minimum amount of effort. 

The electronic bulletin board initially 
will link the National Fenestration Rat
ing Council (NFRC) and an electronic 
mail community of manufacturing pro
fessionals. The WINDOW 4.0 computer 
program and 80-page manual were in
corporated into a CD-ROM published 
by the Architects/Engineers/Contrac
tors Sys tems conference (Fig. 12), and 
distributed to over 15,000 building in
dustry professionals. A consumer-based 
interactive information kiosk environ
ment was developed for the RESFEN 
window calculation program (Fig. 13). 
The kiosk will be market-tested in build
ing and window projects businesses. 

A new kiosk design project was 
launched for the U.S. Department of 
Energy to highlight buildings research. 
As a part of this effort, a prototype 
multimedia kiosk was presented at 
the opening of the new Energy Child 
Development Center at U.S. DOE head
quarters in Washington, D.C. 

Building on our multimedia develop
ment experience, we also continued to 
explore new opportunities and sources 
of funding to develop prototype infor-
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- Figurel2. 

The WINDOW 4.0 software and manual were published on a 
CD-ROM disc for initial distributio11 to 15,000 building 
industry professionals attending the A/E/C Systems Show. 

- Figure13. 

The RESFEN Kiosk has been developed using multimedia technolo
gies to deliver consumer-level residential window selection informa
tion at the point of purchase. (XBC 9211-9885) 

mation projects. Lawrence Berkeley 
Laboratory funded the development of 
a LBL Information Kiosk for use in both 
a new visitor center complex and for 
off-site community relations events. 
We are talking with utility audiences 
about computer-based information in 
the belief that timely and entertaining 
professional education is critical to 
integrating new technologies and 
know-how into practice. Finally, we 

joined in initiating the TerraMedia™ 
Collaborative with the International In
stitute for Energy Conservation in 
Washington, D.C. to develop a multi
media training system for an interna
tional energy efficiency policy audience. 
In addition, we continued to design 
portable information exhibits for sever
al research projects that were used in a 
variety of conferences, including the 
Global Forum/Rio exhibition. 
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New, efficient lighting technologies 
and strategies have the potential to save 
50% of the lig hting energy consumed 
by our nation, an amount which is about 
12% of total U .S. electrical energy sa les. 
Annually, these savings would amount 
to some 220 billion kilowatt-hours of 
electricity, valued today at more than 16 
billion dollars. The significance of these 
savings can be apprecia ted by cons id er
ing economic projections that predict a 
doubling of present commercia l floor 
space by the year 2020. The 220 billion 
kilowatt-hours of saved energy would 
a llow desired lighting conditions for the 
new space without the creation of new 
electrical generating capacity; in this 
scenario, the United Sta tes would real
ize addi tional capital savi ngs of more 
than $100 billion. 

To help achieve this more energy
efficient economy, the Office of Building 
Technologies of the U.S. Depa rtment of 
Energy has estab li shed a program of 
research activities and technology 
transfer to the lighting community 
(manufacturers, designers, and users). 
This program, w hich represents a 
unique partnership between a national 
labo ra tory-universi ty complex and in
dustry, facilitates technica l adva nces, 
s treng thens industrial capability, and 
provides designers and the public with 
needed in formation . 

Past successes from this effort include: 
development of the high-frequency, 
solid-state ballast for improving the 
efficiency of fluorescent lamps; the 
Con trolite computer program that en
ables designers to determine the energy 
and economic benefits of lighting con
trols in the workplace; assistance in de
veloping the compact fluorescent lamp; 
important information on how lighting 
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can affect productivity and visual func
tions; and determination that lamps 
providing scotopically rich spectra can 
supply major energy savings in a highly 
cos t-effective manner. 

Our program is now ac ti vely pursu
ing the development of more energy 
efficient li gh t sources through technical 
concepts employing a variety of inge
nious methods for operating lamps at 
very high frequency w ithout electrodes, 
and possibly without mercury. These 
approaches will improve efficiency, 
longevity and environmental quality. 
In addition, the program is developing 
comprehensive strategies to optimize 
the benefits obtained by utilizing our 
new technical approaches to improve 
the efficacy of lighting fixtures and 
lighting control systems. This effort is 
assis ted by the use of computer con
cep ts to display realistic, visual simula
tion of the lighted workplace. In its 
s tudy of the relation between lighting 
variables and v isua l function, the pro
gram is identifying visual responses to 
lighting conditions-research results 
that can lead to innovative new lighting 
products that improve both energy 
efficiency and human productivity. 

The program has identified new long
range technical concepts that have sig
nificant potential payoff. These concep ts 
include: development of more efficient 
fluorescent lamp phosphors, mercury
free lamps filled with novel gases, ad
va nced fixture systems that overcome 
the inefficiencies associated wi th over
heating and light cap ture, and the use 
of the spectral quality of lighting to 
optimize performance and comfort. 

This interdisciplinary program en
courages innovation in the industry and 
accelerates the societa l benefits ob tain-

ab le from a more cost-effective and 
energy-efficient li ghting economy. Be
cause of its comprehensiveness, the 
program is unique in the Uni ted States. 

Since its inception in 1976, the LBL 
Lighting Program has produced more 
than 168 reports and publications. These 
reports, available to the public, docu
ment research on solid-state ballasts, 
operation of gas-discharge lamps at 
high frequency, isotopically enriched 
fluorescent lamps, energy-efficient 
fixtures, lighting control sys tems, and 
visibi lity and human productivity. In 
addition to its research activities, the 
internationally recognized interdiscip li
nary staff is involved in a variety of pro
fessional, technical, and governmental 
ac tivities. 

The Lighting Program combines s taff 
of LBL with those of the University of 
California (Berkeley) School of Optome
try and the University of California 
School of Medicine in San Francisco 
(UCSF) to provide a high level of inter
disciplinary expertise. 

We highlight here the accomplish
ments realized in 1992-and those 
planned for 1993-by each of our three 
major projects: advanced light sources, 
building applications, and impacts on 
visual performance. 



The work on adva nced light sources 
undertakes development o f new highl y 
effi cient lamp technologies and light 
sources. To understand what ca n be 
accomp lished in this area, consider that 
the most efficacious four-foot fluorescent 
lamp, operated a t a med ium-high 
frequency with today's bes t technology 
(20 kHz), has a luminous effi cacy of 
approx imately 100 lumens of light out
put per watt of electrical power input 
(lamp alone). Although this is more 
than five times as efficient as an incan
descent lamp, still grea ter efficacies are 
possible. Theore tica ll y, w hite light ca n 
be produced at almost 350 lumens per 
watt; the advanced lamp technology 
program is developing the engineering 
sc ience that will help achieve a targe t 
effi cacy of 150 lumens per watt w ithin 
the present decade. 

In the area of fluo rescent lamps, our 
present directions for accomplishing 
effi ciency improvements focus on three 
major energy- loss mechanisms: elec
trode losses; energy loss by lamp phos
phors in their conversion of ultra violet 
(UV) radiation to visible light; and self
absorption of ultraviolet UV radi a tion, 
which eventually leads to losses by 
electron quenching of excited mercury 
atoms. 

Energy losses associa ted wi th elec
trodes can be elimina ted by exci ting the 
lamp plasma at radio frequ encies (RF). 
The problem is to find an efficient 
method for coupling the RF energy into 
the lamp wi thout causing new losses. 

One of the methods developed at LBL 
uses a plasma wave-guide coupling 
principle. This wave-guide mode of 
operation uses RF frequencies in the 
range between 100 and 500 MHz, per
mitting lamp excitation without elec
trodes. This flu orescent lamp, which 
opera tes in the transverse magnetic 
(TM) mode, shows some promise of 
providing an efficient means of both 
creating and energizing the lamp plas
ma. The TM mode flu orescent lamp 
opera tes without starting circuits and 
shou ld have an extended lifetime 
because of the absence of electrodes. 

Reducing the causes of energy loss in 
the phosphors requires alteration of 
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lamp phosphor materi a l. The materia ls 
used today convert each UV photon into 
slightl y less than one visible photon, on 
average. Improv ing this conversion 
rate would increase the efficacy of low
pressure discharge lamps. Althoug h a 
UV pho ton genera ted in a typica l fluo
rescent lamp has sufficient ene rgy to 
permit conversion into two vis ible pho
tons, this process must occur quickly on 
an atomic level if it is to prevent hea t
producing collisions. We can improve 
the chance of multiple photon emission 
by using higher energy UV pho tons 
than those that normall y occur with a 
mercury discharge. Rare gas discharges 
using neon provide such high energy 
UV photons. On this basis, LBL and 
GTE Lig hting are working together on a 
phosphor chemistry project designed to 
di scover whether multiple photon 
phosphors are feasibl e. 

If these research projec ts reach tech
no logica l and commercial fruition, 
future fluorescent la mps would operate 
a t megahertz frequencies wi thout elec
trodes and would be coa ted wi th a 
multi-photon phosphor. Such lamps 
would have an effi cacy of more tha n 
150 lumens per watt, more than doub ling 
the effi ciency of today's best fluorescent 
lamps. 

Our other lamp technology research 
concentrates on high-intensity discharge 
(HID) lamps, which could be made both 
more efficient and dimmable if opera ted 
without electrodes. High-frequency 
operation is required to exci te the lamp 
plasma in an electrodeless mode. Elec
trodeless operation would also a llow us 
to use compo unds that have desirable 
light spectrum and gas fills tha t do not 
require mercury. Many of these possi
bilities are curren tly excl uded because 
they would harm electrodes . An effi 
cien t mercury-free electrodeless lamp 
that cou ld be dimmed without observ
able spec tral changes and prov ide in
stant restrike would herald a new age of 
light sources. It would improve energy 
efficiency, have the optical characteris
tics desired by lighting designers, and 
yet be environmentally benign. 

Besides the light source itself, the 
other important component of the lamp 

is the elec tronic power s upply which 
must convert incoming wa ll-plug pow
er to the high-frequency power required 
by the electrodeless lig ht sources. Be
cause of the total absence of commer
cially available, efficient power supp lies 
opera ting at power leve ls and frequen
cies needed for our light sources, we are 
also embarking on a program to develop 
the necessary power conditioni ng . The 
physica l nature of the coupling between 
the ligh t source and the power suppl y 
mea ns that the resea rch is highly inter
ac tive between the power supply and 
the light source. Concepts such as the 
Type-E Amplifi er, which prov ides a 
method for high-frequency switching of 
voltage a t ze ro cur rent and current 
switching a t zero voltage are under 
consideration. 

Replication Study of RF-Driven 
Low-Pressure Lamps 

Increases in efficacy (lumens per 
lamp watt) o f approxima tely 40%, when 
compared to the same lamps conven
tionally operated a t 60 Hz, have been 
reported in previous ann ual reports for 
commercial fluorescent type lamps 
(F15 TS; G15 TS) when driven at RF 
frequencies (-200 MHz). Our repli ca
tion stud ies under the same conditions 
show a range of about 18% to 23% 
improvement; this amount is mostl y 
achieved a t 25kHz o pera tion. The 
addition of a few percent increase in 
efficacy with RF operation ove r 25kH z 
operation appears possib le. However, 
lowering argon pressure from the con
ventiona l va lue to about 1 torr permits 
an add itional increase in effi cacy of ap
proximately 15%. Thus, combining the 
RF operation with the argon pressure 
effect can yield improvement of about 40%. 

Measurements of possible losses un
der RF conditions due to a varie ty of 
confounding mechanisms have been ex
amined. These confounders include 
attenuation of the 254-nm radiation in 
the glass envelopes; RF absorption in the 
glasses; losses of power in the launchers 
(or cups) and matching networks; the 
possibility of filaments absorbi ng RF 
power; and the configurations of metal
lic couplers used to transfer RF power 
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into the la mp. No loss mechanism has 
been fo und tha t can account for the ear
li e r purpo rted large effi cacy improve
men t. The replication s tudi es a t bes t 
indica te the possibility of about 5% im
provement between 25 kHz o peration 
and RF operation (100 MHz to 250 
MHz). 

Lowering the pressure of the argon 
gas from the conventional value of 3.5 
torr used in commercial fluorescent 
lamps to the value of 1 torr allows for 
about a 15% improvement in efficacy. 
The application of this pressure effect is 
detrimental to electroded lamps because 
of the significant li fe time reduction, but 
it can be used for electrodeless lamps 
without any adverse life time effects . 
An efficacy improvemen t of 20% over 
25kHz operation (or 40% over the 60 
Hz case) would be achievable by com
bining the RF effect with the argon 
pressure effect. 

Present high-frequency soli d-state 
ball asts achiev ing 90% efficiency oper
ate fluorescent lamps in the 25 kH z 
range. Hence, the RF power condi bon
ing for elec trodeless lamps sho uld have 
comparable effici ency to make them 
competitive on an effi ciency basis. While 
the energy benefits of an RF lamp may 
be marginal, we have defined a major 
technical breakthrough on longevity. 
Electrodeless lamp lifetimes should be 
three times grea ter than present fluo
rescent lamp life (3 x 20,000 hours) and 
should be easily achievable. The ulti
mate life time will be dependent on the 
electronic package rather than the lamp 
itself. 

Because of this life time feature which 
is a powerful force for market entry, the 
FY 1993 program will continue to explore 
possible mechanisms for improving the 
energy efficiency of RF-driven fluores
cent lamps. Our measurements show 
power losses of 30% to 40% in compact 
fluorescent lamps due to the electrode 
losses. If these losses can be significant
ly overcome in an RF mode while main
taining o r increasing lumen output, the 
combination of efficiency and life time 
enhancements will provide a highly at
tractive technical innovation. 

Electrodeless HID (High-Intensity 
Discharge) Lamp 

Because present compact fluorescent 
lamps do not achieve the lumen output 
of the higher wattage incandescent 
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lamps whil e maintaining their small 
s ize, there is a signifi ca nt oppo rtunity 
for thi s technica l approach to fulfill the 
need for a highl y efficient rep lacement. 
As mentioned above, the elec trodeless 
HID approach also offe rs the oppor tu
nity to employ mercury-free lamp fill s. 
Two possible candida te lamps have 
recently emerged from the light source 
community, namely the sulfur lamp 
and the cluster lamp. 

The sulfur lamp developed by Fusion 
Systems Corporation was lit at LBL in 
August 1992 in cooperation with person
nel from Fusion Systems Corporation. 
The lamp was li t in a 1/4 wavelength 
transve rse electric mode (TEM) (coaxial 
mode) cavity resonant a t 460 MHz. The 
cav ity was designed to prov ide both 
frequency resonance and impedance 
matching in a single RF s tructure. Fre
quency resonance was determined by 
the leng th of the center post while im
pedance matchi ng was controlled by a 
s lid ing mechanica l tap to the cen ter 
cav ity post. Optimum coupling to the 
sulfur lamp was provided by conform-

- Figurel. 

ing the cavity center pos t tip to max i
mize the electric field gradient tha t cou
p led to the lamp. With thi s coupling 
mechanism, sulfur lamps were brought 
to incandescent brig htness a t power 
levels from 150 watts to as low as 60 
watts. The lamp wa~ operated con tinu
ously for several ho u·rs and ap peared 
completely stable. Surface temperature 
of the quartz envelope was measured 
with an optical pyrometer. Figure 1 
(below) shows the cavity with the power 
conditioning equipment and pyrometer. 

Multi-Photon Phosphors 
Based on theoretical calcula tion 

during FY 1991, add itiona l experimental 
measurements were carried o ut at the 
Brookhaven National Synchrotron 
Light Source (BNSLS) in ord er to ex
plore a number of these newly proposed 
phosphor sys tems for multiple-photon 
emiss ion (MPE). One of the new pro
cesses we ha ve considered is referred to 
as the InterBand Auger (IBA) process. 
The promising phosphor candidates 
identified by the theore tical work, 

The experimental set-up used to power the sulfur lamp. The lamp is 
inside the cavity labeled Fergatron I with the pyrometer on its right side 
viewing the lamp through a port in the cavity. (XBC928-6702B) 



(Ba2TiP20~, Y20 3:Eu, Zn2SiO.:Mn, and 
YB04:Eu) were stud ied at the BNSLS 
during the fi rs t two weeks of November 
1991. The Y20 3:Eu and Zn2Si0 4:Mn 
again demonstra ted IBA with quan tum 
efficiencies (QE) grea ter than unity a t 
exci ta tion energies above 14 eV, respec
tively. O f the phosphors eva lua ted for 
the first ti me, only the Ba 2TiP20~ sample 
demonstra ted unequivocally the IBA 
MPE process. Its QE was grea ter than 
one for excitation energies greater than 
17 eV. The ex istence of the Impuri ty 
Assis ted lnterBand Auger (IAIBA) was 
also stud ied a t the BNSLS (sugges ted 
by theory) w ith the results of the mea
su rements inconcl usive. As in our pre
vio us work, we saw the onset of QE 
increase for excita tion energies w hich 
wou ld be consistent with the pre~ence 

Rea l energy sav ings depend on the 
transfer of energy-efficient technologies 
and s tra tegies to the ligh ting community. 
Our bui ld ing applications acti vities aim 
to assess the technica l performance of 
energy-efficient ligh ting technologies, 
to develop methods to improve com po
nent performance, and to describe and 
model the synergis tic effec ts of combin
ing different technologies w ith appro
pria te lighting geometries and controls. 
Our analysis also uses the rela tionship 
between visual performance and physi
cal aspects of ligh ting, illumina tion lev
el, distr ibu tion, contras t, and g lare. As 
part of this effo rt we have developed a 
comp uter program that accura tely sim
ulates ill uminated spaces and their con
tents. Using simulated scenes that a re 
visually indis tinguishable from rea l 
photographs, we can model effec ts of 
changes in the illumination systems. 
Valida tion of luminance va lues p ro
d uced by these simula tions requi res 
physica l measurements of luminances 
in complex environments. To ob tain 
actual luminance va lues, we use novel 
techniques for determin ing rea l lumi
nances of interior env ironments con
tai ning complex objec ts. 

In a highly successful technology 
tra nsfer ac tiv ity, we have exami ned en-
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of the IAIBA process. However, no de
finitive resul ts (QE>1) for exci ta tion en
ergies less than twice the band gap of 
the host lattice were achieved . A s ta tis
tical simulation method was also a t
tempted with nega tive results. We 
were unable to red uce system noise to 
the level necessary for detec tion of o ur 
signa l. 

Last year we reported lower than ex
pected light emission fro m a low pres
sure rare gas d ischarge lamp coa ted 
w ith the multi-photon phosphor 
Zn2Si0 4:Mn. The low va lue was 
blamed on the phosphor applica tion 
tec hnique, which was suspec ted of 
causing a su rface con tamina tion, name
ly, Na desorbed from the glass a nd de
posi ted on the phospho r surface. We 
at tempted to remedy this by using Non-

ex hard glass which contains five times 
less Na than the previous soda lime 
glass. These lamps were again fill ed 
with either 1 torr of Ne, Ar or Xe and 
coa ted with the phosphor. Light emis
sion was s till an ord er of magnitude be
low expec ta ti on. A mo re elabo rate 
experiment was ca rried out where we 
made separa te measu rements on the 
vacu um UV prod ucti on and on the 
emissions fro m the phospho r. These 
measurements ind ica ted the vacuum 
UV production was as expected and 
that the lack of emission from the phos
phor w as indeed a phosphor problem 
and not a res ult of insufficient UV pho
tons. The problem of eliminating the 
phosphor surface degrada tion rem ains 
to be so lved . 

Building Applications 

gineer ing approac hes to reduce lighting 
losses associated w ith the thermal and 
op tical fac tors of conven tional lighting 
fixtu res . 

A number of approaches have led to 
d isclosures and pa ten ts, wi th the fix
ture indus try ac ti vely incorpora ting 
many of these concepts into their present 
market portfolio. The culmination of 
the build ing ap plica tion efforts will be 
a va riety o f ad va nced luminaires, con
comitant analysis, and visual simula
tion of the proposed app li ca tion. The 
tota lity of these efforts represents the 
mos t compell ing tool for implementing 
energy-efficient lighting. All of these 
R&D efforts include substantial technol
ogy transfer ac tivities wi th the lig hting 
ind ustry in order to assure a rapid flow 
of our concepts in to the market. 

Energy-Efficient Luminaires and 
Thermal Control Devices 

Severa l app roaches have been devel
oped for improv ing the thermal perfor
mance of fluorescent fi xtures . These 
techniques have been successfull y ap
plied to a number of fix ture systems, 
no tably full-size and compac t fluores
cent fi xtures. 

For the four-foo t fluorescen t lumi
naires, two main concep ts have been 

explored : the thermal bridge and con
vec ti ve cooling. The thermal bridge 
combines a liquid hea t sink with a con
ductive metal bridge, w hich uses cool
ing fins ex ternal to the fi xture shell. 

We have continued to fine tune a 
number of approaches to improve the 
performance of compac t fluorescent 
fi xtures. These include: convec ti ve 
cooling, the liquid hea t sink, and a 
metal spring bridge w ith dissipa ting 
fins. Lamp burning positions (base up 
or base down) were fo und to be a key 
determinant of sys tem efficacy. 

Successful and prac tica l techniques 
to improve thermal performance were 
demonstrated, and several technica l 
papers were w ritten and publi shed . 
Fixture manufacturers and utilities have 
been anxio us to keep abreast of the 
la test developments and have facilita t
ed our technology transfer. A number 
of simple and prac tical approaches for 
improvi ng the thermal performance o f 
recessed dow nl ights with compact fluo
rescent fi xtures (C FL) were accom
plished . Efficiency improvements 
between 15% and 20% have been sys
tematica lly es tabli shed. These approach
es have rapidly been implemented by a 
large segment of the fi xture indus try. 
The improvements are qu ite important 
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because they allow the substitution for 
a 75-W incandescent rather than a 60-W 
incandescent, thereby increasing the 
CFL market share. 

During FY 1993, further refinements of 
thermal management concep ts wi ll con
tinue. In addition, we plan to undertake 
the development of a high-efficiency 
centra lized lighting sys tem. This con
cept will combine high power and more 
effici ent light sources with a light pipe 
distribution system. System prototypes 
will be developed and a cooperative 
program will be initiated with TIR Sys
tems, Ltd. and the 3M Company, both 
of whom have indicated strong interest. 

In 1993, we a lso plan a major effort to 
improve the efficacy of recessed open 
downlights by implementing new con
cepts developed for convecti ve cooling. 
We will measure performance respons
es to different approaches and conduct 
photometric studies to assess any opti
callosses associa ted with the convec ti ve 
strategies. During 1993 we expect to 
begin examining approaches that apply 
the thermal bridge concept to s tandard 
linear fluorescent systems. 

Quality Illumination and 
Performance 

One of the major activities of the 
Illumination Engineering Socie ty of 
North America (IESNA) is the develop
ment of light-level recommendations. 
Although not prepared as a lega l s tan
dard , the recommendations of the IES
NA are often the de facto sta ndard . As 
such, their light-level recommendations 
have major implications for lighting en
ergy consumption in the United States. 
The present recommendations have 
been in place for more than a decade 
and the IESNA is presently tasking its 
technical commi ttees to issue new and 
revised recommendations. A major rea
son for thi s action is that the present 
recommendations are based on consen
sus opinion of a body of expert practi
tioners and have no clearly defined 
analytical basis. The principal technical 
committee undertak ing the revision has 
proposed that the new recommenda-
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tions be based on the experiments and 
models of visual performance. 

Over the past years, we have been in
volved in the ana lys is of visual perfor
mance and have concluded that a major 
flaw of the IESNA recommendations is 
their failure to take into account the 
economic aspects of light level. To this 
end, we have been incorporating 
straightforward benefit / cost analysis in 
the modeling of visual performances 
and have derived consequences for 
light level recommendations. During 
the past year, we have developed a 
method for analytically determining 
ligh t levels by finding the optimum 
point of light level. This occurs when 
the economic va lue of performance 
benefits to workers due to increased 
ligh ting is incrementally less than the 
cos t of the added energy and equipment. 
This analytic procedu re can be applied 
to a ll models of v isual performance. 
Our methodology, when applied to the 
model of visual performance used by 
the lES A in their proposed revisions, 
yields very different values for light 
level recommendations. Differences 
between the IESNA numbers and o ur 
values can be greater than one order of 
magnitude, with the IESNA recommen
dation generally on the higher side. 
These results were presented at the 
1992 annual nationa l meeting of the 
IESNA. 

Our work is the first to explicitly 
combine both the benefits and costs of 
lighting to derive a light level recom
mendation. These resu lts will have a 
major impact on energy use for li ghting. 
We expect to actively pursue further in
teractions with the IESNA on this issue 
during FY 1993. 

In addition to introducing the eco
nomic reality into the IESNA light level 
issue, we have completed an ex tensive 
study of 16 subjects who are reading 
words as a visual performance task. 
We determined how performance 
(read ing speed) relates to light level and 
contrast, with size of the letters as the 
critical parameter. The model devel
oped to support the data represents a 

major refinement over past models and 
should replace earlier models with less 
predictive power. 

More importantly, this study has led 
us to the development of a si mple in
strument that can be taken into the field 
to test whether a particular worker has 
an adequa te light level for a particular 
task. The instrument has been built, 
and we plan to test it during FY 1993 in 
an office building as part of our lighting 
quality work under the auspices of Cal
trans (the transportation agency of the 
State of California). 

Computer Imaging 

At the beginning of FY92, several 
new features were added to the Radi
ance program . These include: enhance
ments for daylighting systems and 
glare analysis, and resulting visualiza
tion. In addition, a report on improved 
interreflection calculation was written, 
and the results were presented at the 
1992 Eurographics Rendering Work
shop . A new anisotropic reflection 
model was developed and validated, 
using data gathered with the imaging 
gonioreflectometer. A report on the ref
lectometer and reflectance model was 
written and the results presented at the 
1992 SIGGRAPH Conference. At the 
behest of DOE headquarters, Arthur D. 
Little's market survey is getting under
way, and we are providing software 
and hardware support as needed by the 
subcontractors. 
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Impacts of New Lighting Technologies on Visual Performance 

We can achieve major benefits to 
lighting energy effi ciency by stud ying 
human responses in order to provide 
the bes t visual effec ti veness per watt of 
input power. Determination of visual 
effec tiveness in terms of human subject 
responses requires an unders tanding of 
how lighting affec ts performance . This 
knowledge is an essential input to tech
nology development especially consid
ering that the end purpose of lighting is 
for human benefit. 

Spectral Effects (Human 
Response to Electric Lighting) 

In a series of s tudies done over the 
past three years, we have shown tha t 
the rod photo receptors of the eye have 
s ignificant effec ts on vision functions at 
light levels typ ical of building interiors. 
These studies (for conditions of full
field of view and adults 20-40 yea rs of 
age) showed that pupil s ize was pre
dominantly d etermined by the sco top ic 
spectral conten t of the ambient illumi
nation and a lso that brightness percep
tion of whitish light depended s trongly 
on the scotopic content of the viewed 
illumination. Thus, two general li ght
ing illuminants providing the sa me 
level of photopic luminance of whitish 
light, but with diffe rent spectral distri
butions, will elicit both different pupil 
sizes and differen t perceptions of 
brightness . The illuminant with the 
grea te r scotopic luminance w ill yield a 
smalle r pupil and will be perce ived as 
brighter. 

During the past year, we built a por
table demons tra tion booth designed to 
show the brightness effect of scotopical
ly enhanced light sources. The booth is 
a small room with white walls, measur
ing 7ft. high with horizonta l dimensions 
of 3 ft. x 7ft. The room contains two 
different illuminants mounted from the 
ce iling to allow viewers to observe the 
illuminated front wall without any radi
a tion from the lamps directly impinging 
on the viewers. The illuminants are col
or matched , i.e., they have equal chro-

maticity coordinates and are elec trica ll y 
con tro lled so that the person conduct
ing the observa tio n can sw itch ins tantl y 
back and forth between the two illumi
nan ts being compared. One illuminant 
is scotop ica lly enhanced , w hil e the o th
er is sco topica lly deficient. 

The boo th was taken to the national 
IES meeting in San Diego and more than 
100 con fe rees participated in the com
parison. Abou t 98% of these observers 
claimed that the sco top ica lly enhanced 
illuminant, although producing 20% 
less photopic luminance on the viewed 
wall, ap peared brigh ter. The demon
stra tion clearly showed the potenti a l for 
energy sav ings solely by spectrum 
mod ifi ca tion. 

Recognizing the importance of this 
result, a long wi th the demons tration 
that scotopica ll y enhanced lighting can 
yie ld improved visual performa nce via 
ou r Landolt C s tu d ies, G.E. Lighting 
has embarked on a program o f prod uc
ing a variety of scotopically enhanced 
flu orescent lamps which will be tes ted 
a t LBL during 1993. 

In cooperation with the Abratech 
Corpora tion we have extended o ur 
work to include elderly subjects, inves
ti ga ting whether spectrally-induced 
pupil size diffe rences affect the recogni
tion of Landolt C orientation. Our hy
pothesis is aga in that sma lle r pupils 
will yield improved perfo rmance. We 
tes ted this proposition, as before, by 
comparing two illuminants providing 
the same surround photopic luminance, 
but with different scotop ic luminances. 
The scotopically richer surround illumi
na tion yields both slightly smaller pu
pils and also better perfo rmance for the 
e lderly. The Landolt C task is viewed 
on a CRT in binocular vision wi th its 
luminance independently controlled by 
CRT function and unaffec ted by th e 
surround illumination. 

The results of this s tudy, combined 
with o ur previous study of 20- to 40-
yea r-old subjects, demonstrates that 
sco topica lly ri cher li ght yields be tter 

performance on the Landolt C orienta
tion tas k, even thoug h task retinal illu 
minance is smalle r. This determination 
supports the suggestion that energy 
savi ngs can be obtained fo r a large seg
ment of the population by taki ng ad
vantage of visual scotop ic sensitivity. 
If an eq ual level of sco top ic luminance 
is achieved by increas ing the sco topic 
spectral ou tput, but obtained at a lower 
energy, visual performance wou ld re
main unaffected and sav ings would 
acc rue. 

Discomfort Glare 
(Lighting Ergonomics) 

A second area of importance rela ted 
to how li ghting affects visual perfo r
mance is discomfort g lare. Beca use the 
trend in moving to the sma ll er size and 
more efficient lig ht sources wi ll increase 
g lare response, a better und erstanding 
of possible negative user concerns is 
needed . Although it is relatively easy 
to perceive and report discomfort sen
sa ti ons caused by an offendi ng light 
source of high luminance, no one has 
yet found a reliable objective corre la te 
of discomfort gla re. In ord er to fin d an 
objec ti vely measured correla te of dis
comfort g la re, we have examined e lec
trica l ac ti v ity associated with the majo r 
sphincter muscle that surrounds the 
eye, viz the orbicu/nris owli. We ha ve 
made electromyographic (EMG) reco rd 
ings using small s il ver chloride e lec
trodes app lied to the skin above th e 
muscles and measured electrica l poten
tials w hil e ligh ting gla re conditions 
have been changed. The subjec t prepa
ration and apparatus a re shown (Fig. 2, 
nex t page). Intens ities were varied over 
a range o f glare luminance determined 
by a separate procedure accord ing to 
subjective ratings . For this subjective 
method, subjects indica ted th e level of 
discomfo rt by marking a visual ana log 
sca le (VAS) punctuated w ith four de
scriptors of discomfort level : percepti
ble, annoying, d isturbing and intolera
ble. We have de termined th a t the VAS 
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is mu c h more re li ab le with less \' ilri
nbility th <~ n the previously used BCD 
m e thod (bo rd e r between com fort a nd 
discomfort). 

For 20 su bjects discomfort glnre WilS 
assessed under three conditi o ns: 2° di
ameter g la re source with low illumina
ti o n (wa ll= 0.5 cd / m 2), 2° glare sou rce 
with med ium illumina tion (wall = 12 
cd I m 2), and 1 o glare source with m ed i
um room illumination. The g lare so urce 
was a projector beam, 11 o to the ri g ht of 
a fi xation target on a video monitor (8° 
x 10°, luminance 69 cd/m2). Six differ
ent g lare illuminance lev e ls we re pre
sen ted for a period of two second s. 
Each glare level was presented s ix 
tim es in a randomized orde r, giving 
36 prese ntations . 

EMG responses w e re subjected to 
Fourier analys is a n d the power frequen
cy spectrum was d e te rmined with ap
propriate digita l filte ring used to 
eliminate powe r line artifacts. Blinking 
causes an artifact producing a powe r 
spectrum that is markedl y different 
from the response to the glare source . 
Because of thi s condition, blinking can 
be studied independen tly of the g lare 
source. The integrated EMG (IEMG) 
activity during exposure to the g lare 
source was compared to th e IEM G prior 
to exposure, to obtain an IEMG ratio 
(IEMG with g lare/ IEMG without 
glare) . For each of the 20 s ubjects and a 
variety of glare conditions, the IEMG 
ratio and the VAS have been plotted as 
a function of glare luminance. For indi-
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Building Energy Simulation 

•••••••••••••••••••••••••••••••••••••••••• Investigators -

Our simulation research effort devel
ops accurate, well-va lid ated computer 
programs to assis t in the design of 
energy-efficient and cost-effective 
buildings. This work includes develop
ment and maintenance of current
genera tion energy analysis programs
DOE-2 and the Retrofit Energy Savings 
Esti mation Model (RESEM)-and de
velop men t of advanced building perfor
mance calculation too ls- the Simulation 
Problem Ana lysis and Research Kernel 
(SPARK) and the DOE-EPRI program. 

DOE-2 is a public-domain computer 
program that performs an hou r-by-hour 
simulation of a building's expected 
energy use and energy cost given a 

With the assistance of Hirsch & Asso
cia tes, we continued work on DOE-2.1E 
w ith joint funding from the DOE Office 
of Building Technologies, Southern Cal
ifo rnia Edison Co., Pacific Gas and Elec
tric Co., the Electric Power Research In
stitute, the Gas Research Institute, Pacif
ic Northwest Laboratory, and the lEA 
Solar Heating and Cooling Program. 
Major new features in DOE-2.1E are 
ai med at meeting the simu lation needs 
of the a rchitec tural and engineer ing re
search and design communities. These 
feat ures include: 

F.C. Winkelmann 
B.E. Birdsall 
W.F. Buhl 
W.L. Carroll 
K.L. Ellington 

A.£. Erdem 
R.f. Hitchcock 
f.-M. Nataf 
W. Ranval 
E.F. Sowell 

description of the building's climate, 
architecture, materials, operating sched
ules, and HVAC equipment. DOE-2 is 
widely used in the United States and in 
42 other countries to design energy
efficient buildings, to analyze the impact 
of new technologies, and to develop 
energy conserva tion sta ndards. 

SPARK is a modular simulation env i
ronment designed for developing cus
tomized models for analysis of complex 
bui lding energy components and sys
tems. 

The DOE-EPRI prog ram is a substan
tially improved version of DOE-2 that is 
easier to use by the average designer, 
can simulate future HVAC technologies, 

• Evaporative cooling. Models were d e
veloped for stand-alone evaporative 
cooling systems and evapora tive cool
ing units integrated with convention
al HV AC systems. This fea ture wi ll 
allow cost-benefit analysis of evapo
ra tive cooling as an a! tern a tive to 
vapor-compression cooling systems. 

• Ice storage. Modifications to the DOE-2 
PLANT program a llow s imulation of 
a variety of cool s torage systems such 
as ice-on-coi l, ice-harves ter, brine, 
and ice s lu rry. Such systems have the 

and provides expert-system-based 
design g uid ance. 

RESEM, the Retrofit Energy Savings 
Esti mation Model, is a PC-based, 
inte ra cti ve too l developed for the DOE 
Ins titutiona l Conserva tion Program to 
prov ide re liab le es timates of energy 
savi ngs due to energy conservation 
re trofits in institutional buildings. 

We are also collaborating wi th the 
National Renewable Energy Laboratory 
(NREL) and the Passive Solar Industries 
Council in the development of a com
puterized tool that will provide design 
guidance for the optimal utilization of 
passive solar techno logies in sma ll 
commercia l bui ldings. 

DOE-2 

potentia l for reduci ng coo ling costs 
by allowing ice to be made at night 
when e lectri ci ty rates are low. 

• Switc/znble gla zing. This feature allows 
s imula ti on of "smart" windows 
whose so lar-optical properties ca n 
change accordi ng to environmental 
conditi ons. An examp le is e lectro
chromic g lass that can be switched 
from clea r to reflective by changing 
the app li ed voltage in response to a 
con tro l va ri ab le such as incident solar 
radiation. Switchable g lazing has the 
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potential for providing better so lar 
control than conventiona l g lazings, 
with resultant lower coo ling loads. 

• Glazing library. A new window li
brary has been assembled containing 
abou t 200 glazings. Included are the 
lates t high-technology windows, such 
as those with low-emissiv ity coatings 
and gas fills to reduce heat loss. Also 
included is a set of experimental e lec
trochromic glazings. The library was 
created using the WINDOW 4.0 com-

puter program in a coll abora ti ve ef
fort w ith the Windows and Daylight
ing Grou p. In addition, the WIN
DOW 4.0 glazing heat transfer model 
was integrated into DOE-2, yielding a 
more accurate calcul ation of conduc
tion and solar gai n through windows. 

Other features in DOE-2.1E include 
add-on desiccant cooling, hea t pump 
water hea ters, new air-side and water
s ide economizer options, new heat 

Simulation Problem Analysis and Research Kernel 
(SPARK) 

SPARK allows use rs to quickly build 
models of complex physical sys tems by 
linking calculation modules from a li
brary. SPARK is aimed a t s imulation 
experts who need to create detailed 
models of building components and 
systems to a id in resea rch and analysis 
of innovative technologies. 

In 1992, the "s trong component" fea
ture was added to SPARK; this reduces 

so lution time by decomposing large 
problems into smaller ones. Work con
tinued on the SPARK interactive editor 
with which users g raphically assemble 
networks that represent the physical 
problem to be solved (Fig. 1) . Enhance
ments were made to the SPARK/Mac
syma interface, which allows users to 
express calculation modules in mathe
matical notation, thus relieving users 

- Figurel. 

pump defrost options, packaged vari
able-volume variable- temperature 
system, residential mu ltizone variable
volume variable-temperature system, 
variable-speed electric heat pumps, gas 
heat pumps, a new water-source heat 
pump model, evapo~a tively cooled con
densers, end-use metering, and an en
hanced economics program. 

In 1993 DOE-2.1E will be completd 
and released to the public. 

from havi ng to write and debug com
puter code. 

In 1993 a beta-test version of SPARK 
will be rel eased to selected outside 
users after completing the graphical 
user interface, expanding the library of 
calcula tion objects, and writing of user 
documentation. 

Sample screen from the SPARK interactive graphical editor. Two windows 
are shown: "DIRECTORY" is an excerpt from the library of calculation 
modules ("objects") in which icons represent fans, coils, etc.; "test3" is an 
HV AC system network configured by the user by connecting objects selected 
from the library. The menu bar along the left side of the screen allows the 
user to select, move, connect, and delete objects. 
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The DOE-EPRI program is under 
joint development by the Simula tion 
Research Group and Hirsch & Assoc i
a tes, wi th support from the Departmen t 
of Energy and the Elec tric Power Re
search Ins ti tute. It is a major ex tension 
of DOE-2 that is easie r to use, provides 
built-in design gu idance, and, by inco r
porating SPARK techniques, a llows 
models for new HVAC techno logies to 
be qu ickly bui lt up from component 
modules. This program is aimed at a 
broad range of users: the average archi
tect/ enginee r, for rapid des ig n of ener
gy-efficient buildings; resea rchers, for 
impact ana lysis of new technologies 
and development of future energy s tan
dards; and utilities, for support of de
mand-side management and marketing 
efforts. 

The tasks in this three-year effort in
clude: 

• Improve the DOE-2 calculation en
gine: integrate SPARK and its ob
ject library into DOE-2 to simplify 
modeling of new technologies; 
combine the Loads, Systems, and 
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Plant calculation into a sing le ti me 
step; add library of system control
le r fu nctions; upgrade coil and 
compresso r models; imp rove 
HV AC sizing methodology; en
hance output reports and options. 

• Develop a new user inte rface that is 
interac tive and menu-driven; satis
fies different levels of user profi
ciency, novice to expert; provides 
on-line help and g rap hica l results 
d isplay; accesses library of build
ings, spaces, schedu les, and HV AC 
configurations; can au tomatica ll y 
genera te building description from 
type, vintage, area, number of 
floors, etc.; and communica tes w ith 
the Energy Design Advisor. 

• Develop the Energy Design Advi
sor, which provides expert-system 
modules for design guidance. This 
is being done by the LBL Windows 
and Day lighting Group. 

• Connec t to CAD: develop an inter
face to pop ular CAD packages, 
such as AutoCAD, in order to sim-

DOE-EPRI Program 

plify accurate a rchitectural desc ri p
ti on of buildings . 

• Provide enhanced p rog ram support 
in order to hand le the grea tly in
creased number of use rs that is a n
ticipa ted . Support w ill include 
program ma intenance, news le tte r, 
trai ning courses, hot line, e lectroni c 
bu lle tin boa rd, refe rral to mode ling 
consu ltants, and documentation 
maintenance. 

In 1992, we bega n the design and im
plementation of the user inter face. 

Development of the DOE-EPR I pro
gram will con tinu e in 1993, with e m
phasis on developing the user interface, 
restructuring the basic DOE-2 s imul a
tion code to permit interaction w ith the 
user interface, combining Loads/Sys
tems/Plan t calcu lations into a sing le 
time step, and develop ing a connec tion 
to spreadsheet programs for display of 
sim ulation results. Release of Phase I of 
the DOE-EPRI program is expected in 
late 1993 or ea rl y 1994. 

Retrofit Energy Savings Estimation Model (RESEM) 

We developed the building-specific 
Retrofit Energy Sav ings Estimation 
Model (RESEM) for the DOE Institu
tional Conserva tion Program (ICP) in 
ord er to improve the quality of sav ings 
estima tes. For max imum accuracy and 
validity, pre-and post-retrofit energy 
use-and thus savings-are directly 
based on utility billing data . RESEM is 
a user-friend ly tool that allows sta te 
and regiona l ICP s taff to use readily 
available information to determine the 
energy and cost sav ings due to ICP
supported re trofits for a single building. 

Highlights of the operational com
puter tool include the user interface, 
which uses dynamic menus and pop-up 
windows for specia lized data entry. The 
overa ll menu structure is designed to 

lead the user easil y through the com
plex savi ngs ana lysis seq uence. Built
in s imulation capab iliti es used in the 
analysis are transparent to the user and 
quite fast (less than 5 seconds on a 386-
class PC) to s imulate a typ ica l building. 
Addi ti ona l automa tic features such as 
complete-defau lt building genera tion 
and "push-button" retrofit descriptions 
have worked qu ite well in early use 
experience, saving the user time and 
effort in describing the buildings and 
the re trofit measures. 

In 1988 and 1989, we designed and 
implemented most of the tool, yielding 
an operational prototype. In 1990 we 
completed the primary softw are imple
mentation of the tool, and initiated fie ld 
testing and documentation. A limited 

be ta-tes t was ca rri ed out us ing severitl 
Sta te energy and DOE operations 
offices. In 1991, final RESEM software 
development and an accompany ing 
Reference Manual was finished, incor
porating feedback from ea rl y user expe
rience. Work on an extensive weather 
data library covering in excess of 200 
loca tions was also completed. 

Since then, product announcemen ts 
and presentations were made to intra
duce RESEM to potential end users, and 
numerous demons trations of RESEM 
have been made to ICP and o ther DOE 
program managers, as well as o ther in
terested parties. Severa l technical pa
pers describ ing the capabilities and 
methods used in RESEM have been 
published and presented. 
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Energy Design Tool for Small Commercial Buildings 

A DOE-funded industry/ laboratory 
collaboration betvveen th e Passive So lar 
Industries Council (PSI C) and the Na
tional Renewable Energy Laboratory 
(NREL) was initi a ted in 1990 to develop 
desig n guidelines for energy-efficient 
small commercia l and institutional 
buildings. A key element of this project 
is the deve lopment of a computerized 
tool which provides an interactive e nvi
ronment in which to exp lo re the energy 
impacts of various building des ign de
cisions . LBL is providing technical s up
port in the development of this design 
tool. 

The design tool is be ing developed to 
o perate on an IBM-compatible PC un
der the MS-DOS and Windows operat
ing system. Thi s tool is mean t to go well 
beyond the type of energy eva luation 
programs which are currently availab le. 
Innovative features include the initi a l 
ge nera tion of a complete building simu
lation model from minimal input data, 
intuitive access to and modifica tion of 
the design details of the building, intel
ligent g uid ance in the selection and 
specification of energy-efficient mea
su res for improving the overa ll perfor
mance of a building, and a variety of 
criteria for evaluating the rela ti ve per
formance of alternative building de
signs. An especially critica l aspect of the 
tool is the user interface which provides 
access to the inhe re ntly complex deta il s 
and tasks related to building design. 

ln 1991 LBL provided support during 
ea rly design tool planning in the se lec-

Reference 

Nataf JM, Winkelmann F. Automatic Code 
Generation in SPARK: Applications of 
Computer Algebra and Compiler-Compilers . 
Lawrence Berkeley Laboratory Report No. 
LBL-32815, 1992. 
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tion of the tool's hardware platform 
and software development env iron
ment and programming tools. Initial ef
forts focused on the importance of the 
tool's user interface, implementing the 
first functional prototype of an interface 
specified by NREL for use as a demon
stration for the project sponsors (Figure). 
In 1992, LBL provided capab ilities for 

- Figure2. 

describing, and a lgorithms for evaluat
ing, a basic set of simple energy-effi
cient daylighting strategies (vertica l 
glazing and sky lights) We also began 
to explore a number of approaches fo r 
describing and eva luating more com
plex a nd varied daylighting s trategies. 
These capabilities are planned for im
p lemen tatio n in 1993. 

!nsulation 
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Ihermal Mass 

Q_perable W in dows 
ln!iltration Control 
Yentilation Sys tem s 
f.conomizer 
Beduced OA Syste ms 
High ~OP 
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Pull-down menu selection front small commercial builder gttideline 
tool for applying 11 daylighting sf rntegy to the current building design. 
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