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ADVANCED OPTICAL AND THERlo1AL TECHNOLOGIES FOR APERTURE CONTROL 

Stephen E. Se1kowitz and ~ar1 M. Lampert 
Applied SCience Division 

Lawrence Berkeley Laboratory 
University of California 

Berkeley. California 94720 

ABSTRACT 

Control of heat transfer and radi ant energy flow 
through building apertures is essential for maxim
izing thermal and daylighting benefits and minim
izing undesired heating and cooling loads. Archi
tectural solutions based on current technology 
generally add devices such as louvers. shutters. 
shades. or blinds to the glazing system. This 
paper outlines the objectives and initial accom
plishments of a research program the goal of which 
is to identify and evaluate advanced optical and 
thermal technologi es for con troll i ng aperture 
energy flows. thus reduci ng buil di ng energy 
requirements. We describe activities in four pro
gram areas: 1) low-conductance. high-transmittance 
glazing materials (e.g •• heat mirrors. aerogels); 
2) optical switching materials (e.g •• electro
chromic. photochromic); 3) selective transmitters; 
and 4) daylight enhancement techniques. 

I NTRODUCTI ON 

The energy-related performance of glazed 
apertures is generally seen as a major considera
tion in buildings energy use. These apertures can 
have positive or negative effects on heating 
loads. cooling loads. and lighting loads in build
ings. As a basic approach. one would like to 
reduce undes i rab 1 e heat losses and cool i ng loads 
to an absol ute mi nimum. An effective strategy 
might be to balance useful gains against unavoid
able losses so that the apertures make no net con
tribution to the energy cost of operating the 
building; that is. the gains and losses balance. 
Achievement of this goal would allow the major 
determination of the role of apertures to be based 
on non-energy architectural and design con
straints. The optimal use of a glazed aperture. 
however. would be to maximize the net energy bene
fits so that thermal gains and daylfghting bene
fits can fulfill energy requirements elsewhere in 
the building. The identification of specific 
attributes of aperture-systems that either minim-
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i ze losses. break even. or maxi mi ze net energy 
benefits will be a sensitive function of climate. 
orientation. building type, and related opera
tional parameters. 

Most previous considerations of aperture per
formance have viewed the aperture as a static dev
ice having optical properties that are selected to 
optimize energy in response to climate. building 
type, etc. But selection of this optimum level of 
performance based on fixed thermal and optical 
properties almost always involves selecting a 
compromise solution. and the compromise will 
rarely be the solution that maximizes the renew
able energy contribution. 

Aperture designs must be responsive to the 
hourly. daily. and seasonal climatic cycles that 
influence building energy consumption. The pro
perties of the elements of an ideal aperture sys
tem can be varied in response to climatic condi
tions on an hourly. daily. or seasonal basis. and 
the net performance of the total system can thus 
be timed to respond to thermal control and day
lighting requirements. The aperture acts as an 
energy modulator, or controller. in the envelope 
of the building by rejecting. filtering, and/or 
enhancing energy flows. both thermal and daylight
ing. The functional role of the aperture at any 
given time is determined by intrinsic properties 
of the glazing elements. environmental conditions, 
and control responses by occupants. 

Although a wide variety of specific functions 
can be assigned to any aperture. desirable perfor
mance characteristics can be organized into four 
broad functional categories: 

1. Low-conductance. high-transmittance glazing 

These systems minimize conducted and convected 
heat transfer whil e maximi zi ng radi ant transmi s
sion. These are the dominant desirable attributes 
of most passive solar heating systems and are well 
suited for most glazing applications in cold cli-



mates. 

2. Optical switching materials 

These devices modulate daylight and/or total solar 
radiation on the basis of environmental conditions 
and building requirements to control glare and to 
minimize cooling loads. The significant feature of 
these materials is that they are active, changing 
transmittance properties over time. 

3. Selective transmittance glazing 

There are two categories of materials that control 
sunlight and daylight through selective transmit
tance. 'The first category, angle-selective glaz
ings, uses optical techniques to control transmit
tance as a function of incident angle in order to 
control undesired solar gain and to improve day
light distribution in a room. The second category 
includes materials that are selective in a spec
tral mode, allowing transmittance in the vislb1e 
portion of the spectrum while reflecting or 
absorbi ng the short-wave infra red energy. These 
systems provi de hi gh day1 i ght transmi ttance whi 1 e 
minimizing total solar gain. 

4. Daylight enhancement 

These systems provide optical collection, 
transmission, and distribution to enhance daylight 
utilization within a building. 

For each of these functional concepts we can 
identify a number of exi sti ng gl azi ng opti ons that 
provi de some 1 i mi ted porti on of the requi red con
trol function. These options rely primarily on 
incremental improvements to existing glazing sys
tems or on the addition of mechanically complex 
devices. Even the new generation of low-emittance 
coati ngs now enteri ng the marketp1 ace only begi ns 
to hi nt at potenti a 1 improvements. A1 though new 
di scoveri es in opti cal sci ences and engi neeri ng 
have advanced rapidly in some commercial fields, 
the architectural applications have been limited. 
A broad range of advanced optical and thermal 
technologies has been largely unexplored in terms 
of ~ltimate application to building apertures. 

Research on some elements of this program has 
been sapported throughout the past si x years by 
the Offi ce of Buil di ngs Energy Research and 
Development, Assistant Secretary for Conservation 
and Renewable Energy. The current program, ini
t i ated in FY 82, with support from the Offi ce of 
Solar Heat Technologies, builds on this prior work 
and si gnifi cant1y expands the scope and depth of 
these investigations. In each area, detailed 
state-of-the-art reviews and technology assess
ments have been completed. Results of these 
research overviews have been used to develop a 
comprehensive, multi-year research plan to guide 
research activities in this field [1]. The plan 
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has been revi ewed by a broad range of researchers 
and industry parti ci pants to ensure that it 
represents a consensus on research needs in thi s 
field. The research projects are conducted by 
pri vate fi rms, universi ti es, and nati ona 1 1 abora
tories. In addition to undertaking several 
specific projects reviewed in this report, 
Lawrence Berkel ey Laboratory assi sts DOE by pro
viding scientific coordination of all the pub1 ic
and pri vate-sector research projects in the Aper
ture Materials Program. 

The overall objective of this research pro
gram is to advance aperture research in several 
high-risk areas to the point where no~ma1, 
private-sector R&D investments can carry an 1nno
vative concept to a commercial, marketable pro
duct. At present, many optical materials or tech
niques that are potentially useful in building 
applications are not fully explored because they 
represent unacceptab 1 e ri sks (wi th uncertai n 
returns) to pri vate fi rms. Any gi ven technology 
will be advanced to the marketplace only after a 
substanti a1 investment by the private sector that 
must be many times greater than the initial DOE
supported R&D. The federally supported phase of 
apertures research is thus seen as a highly lever
aged undertaking designed to stimulate a private
sector commi tment to market i ntroducti on once a 
need is established and fundamental technical obs
tacles are removed. 

1. LOW-CONDUCTANCE, HIGH-TRANSMITTANCE 
GLAZINGS 

, 
Two approaches to deve 1 opi ng low-conductance, 
hi gh-transmi ttance gl azi ngs have been pursued iin 
the past year. 

A. Low-Emittance Coatings 

Low-emittance (low-E) coatings can be used to 
reduce radi ati ve loss through architectural wi n~ 
dows [2-4]. Numerous thin-film materials system~ 
exist that have the potential for inclusion in, 
energy-effi ci ent gl azi ngs [5]. Some of these. 
coatings have been used as transparent electrical. 
conductors and, to a lesser extent, as infrared 
radiation reflectors. 

Our interest is in hi gh-transmi ttance, low
emittance coatings that are predominantly tran
sparent over the visible wavelengths (0.3 - 0.77 
microns)" and reflective in the infrared (2.0 - 100 
microns). For the near-infrared (0.77 2.0 
mi crons), the materi a 1 may exhi bi t combi ned pro- i 

perti es dependi ng on design and end use. Low-E. 
coatings fall into two classes based on design: I 

single-layer doped semiconductors, and 
metal/dielectric multi-layer films. Examples of I 
the former are Sn0

2
:F, In20

3
:Sn, Cd2SnO~, and CdO. I 

Illustrative systems of the latter migfit be based' 
I 

.~ 

V 



on Ti02/metal, A1 2 03/metal, or ZnS/metal alterna
ti ons. Idea 1 i zea properti es of a 1 ow-E co~ti ng 
are shown schematically in Fig. 1 along with the 
solar (airmass 2) and blackbody spectra. The 
coating's high infrared reflectance provides a low 
emi ttance surface. The lower the emittance, the 
less the magnitude of radiative transfer in the 
window. By using these nearly transparent coat
ings on a window surface, the thermal characteris
tics can be dramatically altered and energy loss 
can be more efficiently controlled. 
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Fig. 1. Solar irradiance (airmass 2) with two 
blackbody di stri buti ons (400C, -300C). Superim
posed is the idealized reflectance of a heat
mirror coating. 

Low-E coati ngs can be app 1 i ed di rectly to 
glass in double and triple glazing or may be 
applied to plastic films that are glued to glass 
or are suspended in a double-glazed air space. In 
the air space between the glazing sheets a low
conducti vi ty gas or vacuum may be used to further 
reduce convective heat transfer [3J. Figure 2 
shows the effect of multiple glazing and coating 
placement on overall thermal conductance, or U
value. Results were derived by computer modeling 
[6J. New developments, such as using low
conductance gases and two low-E coated pl asti c 
inserts, should make it possible to build R-5 to 
R-15 windows having a solar transmittance of 50 to 
60%. Such windows would outperform insulated 
walls in any orientation for most climates. 
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Figure 2. Modeled thermal conductance (U) for 
various window designs (5) using ASHRAE Standard 
winter conditions (T = 18°C, T. = 18°C, wind out 1n 
speed = 24 km/hr). 

After almost 10 years of research, windows 
incorporating the first generation of low-E (E • 
0.1 -0.2), high-transmittance films have become 
commercially available. The commercial products, 
based on multi-layer designs, are not sufficiently 
durable to withstand the abrasion and atmospheric 
exposure of unprotected environments. This limits 
their applicability to hermetically sealed win
dows, thereby missing the enormous potential sav
ings in the retrofit market. Glue-on plastic 
films with a low-E surface (E • 0.25 - 0.3) are 
commercially available for retrofits but exhibit 
only low to moderate solar transmittance. 

We have been exp 1 ori ng the use of new types 
of hard refractory materials as low-E coatings. 
Materials such as transition metal nitrides (e.g., 
TiN) have excellent durability but do not have the 
desired emittance and solar transmittance proper
ties. Our approach has been to investigate tech
niques for improving the thermal and optical pro
perties of these materials while maintaining their 
inherent stability and durability. 

Our initial research in FY 83 focused on TiN 
and TiN. Our approach was to examine 1) gradient 
i ndex p~ofi 1 es to reduce refl ecti on losses from 
TiN and 2) oxygen substitution for nitrogen to 
produce TiN 0 films having reduced absorption in 
the sol ar x ~ectrum but hi gh refl ectance for 
longwave infrared radiation (i.e., low-emittance). 
The fi rst stage was to better characteri ze the 
optical properties of TiN, TiN , and TiNxO films. 
Samples of TiN were fabricatld using reahive RF 
sputtering. Optical measurements were made on 
several film thickness of TiN from which basic 
optical constants were calculated. This allowed 



calculation of the optical properties for any film 
thickness. We have also measured the optical pro
perties of TiO. We can now calculate the optical 
effects of mul~ilayer and gradient index coatings 
utilizing various combinations of these materials. 
The film's microstructure is examined using elec
tron microscopy and its chemical composition stu
di ed using Auger spectroscopy. These i nvesti ga
tions enable us to relate the film's optical and 
thermal properties to physical structure and chem
ical composition. 

In FY 84 we will extend this analysis to 
films produced by plasma-assisted chemical vapor 
deposition. Different coating techniques are 
expected to produce a range of fi 1 m properti es. 
We will also expand our investigation to 
ZrN/ZrNxOv films and examine other related transi
tion meta, nitride/oxide films that may have prom
ise as low-E coatings. We will also investigate 
the possibility of improving tile optical proper
ties of Sn02 and In203 semiconductor films using 
similar gradlent index structures. 

B. Transparent Aerogels 

Transparent silica aerogels can be formed by 
supercritically drying a colloidal gel of silica. 
The resulting material is highly transparent 
because the silica particles are much smaller than 
a wavelength of visible light. It is also an 
excellent thermal. insulator because the material 
consists of 97% air trapped in pores s~aller than 
the mean free path of air molecules. Basic stu
dies of aerogel properties were undertaken to 
determi ne its sui tabil i ty for wi ndow gl azi ng 
applications [7-8]. This work is a jOint effort 
between the Solar Group and the Wi ndows and Day
lighting Group at LBL. More detail on the project 
can be found in [12]. 

For use in window systems, aerogel must be 
protected from moi sture, shock, and handl i ng. 
Although it can be fractured quite easily, aerogel 
is surprisingly strong in compression. Thus it 
can be protected by ri gi d gl ass panes on ei ther 
side and should be sealed at the edges. Schmitt 
has produced such a window by forming aerogel 
between panes of glass and drying through the 
edges [9]. Even a large window can be dried by 
this method because the aerogel has a high permea
bility for ethanol under supercritical conditions. 
Other methods for protecting the aerogel will be 
investigated. 

Aerogel appears s11 ghtly yell ow when vi ewed 
against a bright baCkground, such as the sky or a 
whi te wall, because the blue 1 i ght is scattered 
most efficiently. Against a dark background, the 
aerogel appears milky blue because the light is 
backscattered from the aerogel itself. 
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We have used the procedures of [10] together 
wi th opti ca 1 measurements of aerogel samples, to 
calculate normal-hemispherical transmittance, T

h
, 

for aerogel windows. Figure 3 shows the effect of 
aerogel thickness on Th, averaged over the air
mass-2 solar spectrum. Aerogel by itself, despite 
scatteri ng losses in the vi sib 1 e and O-H absorp
tion in the infrared, has a higher transmittance 
than does window glass of equal thickness. The 
transmittance of an aerogel window made with low
iron glass and an aerogel thickness of 6 mm equals 
that of double glass. Doubling the thickness of 
aeroge 1 reduces T h to about 0.6, equal to tri p 1 e 
glass. Increasing aerogel thickness reduces 
transmi ttance but also lowers the thermal conduc
tance, U, of the aerogel wi ndow, whil e U for the 
double-glass window rapidly reaches a limiting 
value. 
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Fig. 3. Calculated solar transmittance of aerogel 
windows vs. aerogel thickness compared to solar 
transmi ttance of conventi ona 1 gl ass wi ndows. All 
glass is 3-mm clear float glass low-iron glass of 
aerogel window (a). 

Usi ng the me~urfd thermal conducti vi ty of 
aerogel, 0.019 Wm- K- , and the methods of [11], 
we can predict the heat transfer through an aero
gel window. Figure 4 compares the thermal conduc
tance of aerogel windows to that of ordinary 
double-glass windows as a function of the space 
between panes, D. At D = 0 the panes of gl ass 
tOUCh, effectively becoming a single sheet of 
glass having U only slightly lower than for a sin
gle glass pane. For low D, heat flows only by 
radiation and conduction. The radiative term in U 
is much 1 arger for the doubl e-gl ass wi ndow, how
ever, because the ai r is transparent to infrared 
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radiation. As D increases 'further, convection 
heat ,transfer increases in the double-glass window 
but not in the aerogel window,so the overall con
ductance of the aerogel wi ndow continues to drop. 
Even lower conductance values can be achieved 
using low-conductance gases such as CO2 and 
CCl F. The 1 ~west reported heat transfer value 
is 6.611 Wm-1K- , with CC12F2. For this value, a 

'window with 20 JII11 of aerogel would have a thermal 
-2 -1 conductance less than 0.5 Wm K 
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Fig. 4. Calculated thermal conductance of aerogel 
window and of conventional sing1e- and doub1e
glass windows vs. spacing between glass panes. 

Even lower conductance values, could be 
obtained if the sealed unit was evacuated. Aero
gel has more than sufficient mechanical strength 
to act as its own transparent spacer to separate 
two sheets of gl ass. Studi es are under way to 
i nvesti gate the performance of an evacuated aero
gel windows. 

Advances in understanding the optical and 
ther"ma1 performance of aerogel s requi re the abi 1-
ity to alter the synthesis process. A supercriti
cal dryer was designed and built so that aerogel 
samples could be custom-fabricated and so that the 
effects of processi ng conditi ons on aerogel pro
perties could be studied. A polar nephelometer 
was built so that optical scattering properties 
could be determined. More details on results of 
optical analysis and plans for FY 84 are provided 
in Reference 12. 
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2. OPTICAL SWITCHING MATERIALS 

Optical switching materials or devices can be 
used for energy-efficient windows or other passive 
solar devices. An optical shutter provides a 
drastic change in optical properties under the 
influence of light, heat, or electrical field or 
by thei r combi nati on. The change can occur as a 
transformation from a material that is highly 
solar transmitting to one that ~ef1ects over part 
or all of the solar spectrum. (Figures 5, 6, and 
7). A less desirable alternative wopld be a 
material that switches from highly transmitting to 
hi gh1y absorbi ng. An opti cal shutter coati ng 
would control the flow of light and/or heat in and 
out of a building ~indow, thus performing an 
energy management function. Depending upon 
design, such a coating could control glare, modu
late daylight admittance, and limit solar _heat 
gain to reduce cooling loads, prevent overheating, 
and improve thermal comfort. 

... 
U 

BROAOBAND OPTICAL SMUTTER WITH ADJUSTABLE TRANSMISSION 
EDGE 

I 0t=::;:::::::::::::::;::::-..--...,..-.....,....,..,...,-rr--.......... ~I' 0 
'\ " ", "" 
,.~ :2 \, Tl 
~I I I TRANSPARENT ... REFLECTING 0.8 
I I I 

I I 

08 

I I 
I I 
I~: 

~ 06 06 ... ... 
i 
en 

I I I 

li 041- .. 
~ UV ..... 

I: : 
VISt........NIA+--~ INFRARED-

I I I 

0,4 

'" U 

r I I 
I I I 
I • , 02 02 

'\. \ \ \ \. ............. ", 
~L2~~O~5==~==~2~==~5~=,0~====~5~ 

WAvELENGTH {m,eron,) 

10lr--~~~~==~~~~==~=r~ 
A,/' ,/ ,/ ,,----;;;: 

)' :2' I 
08 I I 

I I 
I I 
I I 
: 1....-
1 I 

~ 06 

I : 
u 
~ 
::; 04 

I I 
UV-- VIS-r-r-NIA+--t---INFAAREO--

0: 
I I 
1 I 
1 • 
1 • 02 
I I 

,/,' l/ 
ob:~~~~~~~~~~~~~ 
02 05 2 5 10 50 

WAvELENGTH (m.erons) 

Fig. 5. Schematic of ideal ized optical shutter 
spectral response with adjustable transmission 
properties (absorptance is neglected). 



eROAoeANO OPTICAC SWITCHING MATERIAC 

I 0F-=::====::::::::-'-,--,..........,....,.......,.-~-~'1' 0 
""\ 

... 
u 

DB 

06 

04 

02 

0 
82 

Z 06 
;! 
u ... 
..J 
... 04 
w 
a: 

02 

uv-

r, 

' ... ---~-- .. 
" TRANSPARENT .... ~FL£CTING 0 e 

06 

, -- .. ~ ... -, 04 
VIS+NIA--.. i---INFRAREO 

-- .. ] .. 02 

'-.. 
0 

05 2 5 10 50 
WAvELENGTH (microns) 

" -
I _.;/ 

,.--- ----
I 

~~2~~~0~5~~~~2-~~5~~,0-~-~~50 
WAVELENGTH (mlcrOn'Sol 
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We consider materials that possess variable, 
reversible optical properties as potential candi
dates for an optical shutter. There are three 
classes of phenomena that may prove useful: 

• Chromogenic, including e1ectrochromism, pho
tochromism, and thermochromicsm; 

• Physio-optic, including mesogenic 
molecules/liquid crystals, magneto-optic, 
electro-optic, and mechano-optic or deform
able media; 

• E1ectrodeposition, including reversible e1ec
trodeposition and electrophoresis. 

In FY 83 our research program focused on 
e1ectrochromic coatings because they offer the 
potential for active control (by an applied vol
tage) in response to buil di ng condi tf ons and 
because there is sufficient experience with opti
cal displays and related applications to suggest 
that they wou1 d be good candi dates for gl azi ng 
applicati ons. Expanded efforts on photochromi c, 
thermochromic, and liquid crystal systems are 
planned in FY 84. 

PHOTOTHERMAL CHROMOGENIC MATERIAL 
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incident solar radiation intensity and the reflec
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temperature increases. This action stabilizes 
incident lighting levels and solar gain through 
the glazing. 

-6-

A. E1ectrochromic Devices 

E1 ectrochromi sm is exhi bi ted by a 1 arge 
number of inorganic and organic materials [13,14]. 
An e 1 ectrochromi c materi a 1 exhi bits intense color 
change due to the formation of a colored compound 
formed from' an i on-i nserti on reacti on induced by 
an instantaneous applied electric field. The 
reaction might follow: MO + yA+ + ye '--~ A MO • x Y x 

There are three categori es of e1 ectrochromi c 
materials: transition metal oxides, organic com
pounds, and intercalated materials. The materials 
that have attracted the most research interest are 
W03, M003, and IrOx films. Organic e1ectrochrom
ics are based on the liquid vio10gens, anthra
quinones, diphtha10cyanines, and tetrathiafu1-
va1enes. With organics, coloration of a liquid is 
achieved by an oxidation-reduction reaction, which 
may be coupled with a chemical reaction. Inter
calated e1ectrochromics are based on graphite and 
so are not useful for window applications. 

l 

l·· 
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A solid-state window device can be fabricatea 
contai ni ng the el ements shown in Fi gure 8: tran
sparent conductor (TC)' an el ectrochromic 1 ayer 
(EC), an electrolyte or fast-ion conductor (FIC), 
counter electrode (CE), and a second transparent 
conductor. A number of variations on this device 
configuration i~ possible, although several of the 
approaches used for small electronic displays can
not be scaled up successfully to the dimensions 
fequired for windows. 

Substrate 

Fig. 8. Model of solid-state electrochromic cell. 

An expanded technical review of candidate 
electrochromic systems was completed [14]. 
Research programs on the properties of WO - based 
electrochromic systems were continued in 31983 at.. 
EIC Laboratories, Inc [15]. and in the Department 
of El ectri cal Engi need ng, Tufts University [16]. 
Measurements of the optical properties of, polycry
stalline electrochromic oxide H WO showed much 
higher reflectivity than is cAar~cteristic of 
amorphous e 1 ectrochromi c materi a 1 s. The .. ooti'caJ 
propert1 es can be expl ai ned in part by' the - ,free
electron Drude model. This demonstrates that the 
reflectivity modulation observed in polycrystal-
1 i ne fil ms is associ ated wi th a hi gh degree of 
modulation in the free-electron density. Continu
i ng studi es are pl anned to better understand the 
source of free electron scattering so as to maxim
i ze the ach, evabl e refl ecti vi ty. Rel ated work in 
these contracts is oriented toward identifying and 
testing suitable materials for use as fast ion 
conductors and as counter el ectrode materi al s. In 
FY 84 additional studies are planned to character
ize the optical properties of less well known 
electrochromics such as Ni02 (LBL) and to investi
gate other device configurations and deposition 
techniques based on W03 (SERI). 

B. Photochromic Materials 

Photochromi c materi al s change thei r opti cal 
properties or color with light intensity. Gen
erally, photochromic materials are energy
absorptive. The phenonemon is based on the rever
sible change of a single chemical species between 
two energy state having different absorption spec
tra. This change in state can be induced by elec-
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tromagnetic radiation: Probably the best known 
application is photochromic' glass used in eyeg
lasses and goggles. Photochromic materials are 
classified as organics, inorganics, and glasses. 
Within the organics are stereoismers, dyes, and 
polynucl ear aromati c hydrocarbons. The i norgani cs 
include ZnS, Ti02, Li 3N, H S, HgI 2, HgCNS, and 
alkaline earth sulfides andgtitanates, with many 
of these compounds requiring traces of heavy metal 
or a halogen to be photochromic. Glasses that 
exhi bi t photochromi sm are Hackmani te, Ce, and Eu 
doped glasses (which are ultraviolet sensitive), 
and silver halide glasses (which include other 
metal oxides). The silver halide glasses color by 
color-center formation from an Agel crystall ine 
phase. 

A literature survey and review of photo
chromic materials was completed in 1983 [17]. 
Results of this study were used todefi ne future 
R&D in the multi-year plan [1]. It is anticipated 
that competitive solicitations will be issued in 
FY 84 for additional work in this area. 

C. Thermochromic Materials 

Many thermochromic materials are used as non
reversible temperature indicators, but for an opt
ical shutter one can consider only the reversible 
materials, although their cyclic lifetime is often 
limited by nonreversible secondary reactions. 
Organic materials such as spiropyrans, anils, 
polyvinyl acetal resins, and hydrozides are exam
p,les of thermochr"omi c compounds. Inorgani c mated-
'als include HgI 2, AgI, Ag2HgI4, SrTiO , Cdl3Cl, 
and Copper, Tin,and Cobalt complexes. ~ reVlew of 
thermochromi c ,materi a 1 s was completed in FY 83 
[17]. Work is suggested on compounds that exhibit 
both photo and thermochromism. Identification of 
limiting reactions, development of film materials, 
and polymeri c and gl assy di spersi ons appear to be 
useful· directions for future research. It is 
anticipated that additional work will be under
taken in this area in f'Y 84. Further discussion 
of promising future directions for this research 
is contained in [1]. 

D. Other Switching Film Mechanisms 

A number of other materials systems have been 
revi ewed to determi ne thei r su i tabil i ty as opti ca 1 
swi tchi ng materi al s. These include phys i o-opti c 
processes (i.e., liquid crys~als, magneto-optic 
materials, and electro-optic materials) as well as 
processes based on reversible electrodeposition 
and electrophoresis. Each of these approaches has 
one or more attracti ve features, but in general 
they appear 1 ess promi si ng than the alternati ves 
described above. We will, however, continue to 



follow development of these novel approaches to 
determine if research results in other applica
tions have relevance to aperture requirements. 

3. SELECTIVE TRANSMITTANCE MATERIALS 

Our objective is to identify, develop, and 
characteri ze materi al sand techni ques to produce 
glazing materials having angular and spectral con
trol that minimize cooling energy requirements and 
maximi ze the effi ci ency of dayl i ght util i zati on. 
In most cases the materials envisioned should not 
degrade the desirable optical properties of aper
tures (optical clarity, neutral color rendition, 
etc.). In some specific, non-view glazing appli
cations, requirements could be significantly 
relaxed. 

Spectral control cabilities are useful to 
improve the luminous efficacy of transmitted solar 
radiation. Since approximately 50% of the energy 
in incident solar radiation is in the visible 
wavelength, the efficacy of sunlight and daylight 
could, in principle, be doubled to more than 200 
lumens/watt. As a spinoff of solar control films 
and 1 ow-emi ttance coati ngs, several se 1 ecti ve 
films have been cOlllllerically developed and appear 
to meet current market needs. The most durable 
plastic-coated films do not have very high 
transmi ssi on; the hi ghest transmi ttance films are 
not durable enough to be used in exposed applica
tions. Continued privately supported activity 
should improve the commercially available options.· 

Angle-selective films offer the. possibility 
for modifying the cosine response of specular 
glazings to reflect or admit solar radiation as a 
function of solar altitude or angle of incidence. 
Such films could regulate or control the hourly 
and seasonal patterns of solar gains. In passive 
systems, angle-selective films could enhance 
winter collection with high transmittance and 
reduce summer transmittance in the cooling season. 

Several approaches that appear promising are: 
growth of oriented dendritic films using off-axis 
sputtering; shadow metallized grating profiles; 
hol ographi c coati ngs; and ori ented mi croparti cu
late structures incorporated into the glazing sub
strate. In FY 84 exploratory investigations of 
these approaches will be continued. 

4. MATERIALS FOR ENHANCED 
DAYLIGHT UTILIZATION 

Energy requirements for electric lighting 
account for a major fraction·of electricity use in 
non-residential buildings. Since most illumina
ti on requfrements occur duri ng dayl i ght hours 
(unlike in residential buildings), light from the 
sky and sun could satisfy much of the illumination 
requirements in cOlllllercial buildings. 
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Although the potential benefits of available 
technology and improved design are not yet rou
tinely achieved, this research program is designed 
to explore the next set of technical barriers to 
effective daylight utilization. The light flux 
arriving at a building skin is generally greater 
than the total interior illuminance requirements. 
The general problem can be viewed as one of col
lecting, transmitting, and distributing available 
dayl i ght to meet the temporal and spati al vari a
ti on in i nteri or i 11 umi nance requi rements. If 
these functions could be performed with optical 
efficiency, two benefits would emerge. First, the 
efficiency of daylight utilization in perimeter 
zones and Jow-rise buildings would improve. This 
would fulfill illuminance requirements while 
minimizing the adverse effects of glare and solar 
gain (which contribute to cooling loads), and 
woul d greatly improve the attracti veness of day
lighting solutions. Second, daylight could be 
used deeper in 1 arge buil di ngs, in areas far 
removed from 1 i ght-admi tti ng' apertures. Removi ng 
the restriction on physical proximity to the 
building skin would allow a greater fraction of 
non-residential floor space to be illuminated with 
dayli ght. 

Optical systems must also be developed within 
the context of actual use in buildings, so that 
needs for reliability and low maintenance are con
sidered. Particular emphasis is placed on com
ponents that have .. no moving parts and for which 
precise align~ent is not critical .. For this rea-
son, we focus attention on light-pipe and optical 
fi ber systems, and on other refracti ve and dif
fractive systems. 

Opti cal systems have four major functi ona 1 el e
ments: 

• Light collection: most systems use direct 
beam illumination, although some use diffuse 
sky or ground-reflected light. 

• 

• 

• 

Light transmission: the major appeal of these 
optical systems is their ability to transmit 
light to locations where direct access to the 
sun and sky is not possibl.e. 

Li ght di stri buti on: once 1 i ght is 
transferred to the space in which ·it is to be 
used, it must tie distributed in a manner con
sistent with the functional and aesthetic 
requirements of that space. 

Electric light integration: because few day-
1 i ghti ng systems wi 11 be operated wi thout a 
full electric lighting system, the proper 
integration of the two systems is essential 
to ensure user sati sfacti on and sub'stanti al 
savings. 
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There are several other general criteria that 
characterize good daylighting systems. First, 
there should be no unusual (o\" at least undesir
able) color effects. Although the spectral compo
sition of sunlight is desirable, some optical 
techniques may be wavelength-dependent and may 
enhance or reject some spectral elements. Second, 
the "stability" of the daylight source is criti
cal. Slow variations of moderate magnitude may be 
acceptable. Although there is no 60-cycle 
flicker, wind-induced vibration of light
collecting elements or building-induced vibration 
(e.g., fans, chillers) of 
transmission/distribution systems could create 
unpleasant "flicker". Third, lighting quality 
concerns will a 1 ways be important. Dayl i ghti ng 
systems must not increase di scomfort and di sabil
ity glare over accepted standard practice. Due to 
the intensity of the sun as a source, control of 
light distribution is a critical element. 
Finally, since there is no single "correct" way to 
li ght a space, advanced dayl i ghti ng systems must 
be developed recognizing that the best designs 
combine functional and architectural/aesthetic 
criteria. Properly utilized, this could represent 
an advantage and an opportuni ty, rather than a 
1 imi tati on. 

In FY 83 we examined the overall problems of 
1 ight collection, transmission, and distribution 
as well as integration with electric light. Our 
studies focused on collection and transmission, 
which we believe to represent the most fundamental 
technical problems and constraints. Several 
promising options for solid and hollow light 
guides were examined [18]. Although currently 
available light guide systems are not adequate, 
further R&D seems likely to lead to several viable 
approaches. The outlook for viable options for 
coll ecti ng skyl i ght and sunl i ght that involve no 
moving parts (or minimal mechanical complexity) is 
less promising. Fundamental optical principles 
and thermodynamic considerations limit the ability 
of a fixed refl ecti ve, refractive, or diffracti on 
system to provide the desired light collection and 
concentration. Several approaches are being exam
ineil; one is the subject of an LBL patent disclo
sure. Continuing work in FY 84 will be directed 
toward further analysis and development of promis
ing collection and light guide systems. 

SUMMARY 

The Aperture Materials Research Program is 
des i gned to identify, develop, and evaluate new 
opti ca 1 and thermal techno 1 ogi es that promi se to 
increase the energy effi ci ency of buil di ng aper
tures and enhance the performance of all passive 
systems in buildings. We review recent technical 
progress in several applications areas and discuss 
plans for future aperture materials research. 
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