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ABSTRACT

Control of heat transfer and radiant energy flow
through building apertures is essential for maxim-
jzing 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 technologies for controlling aperture
energy flows, thus reducing building 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 materiais (e.g., electro-
chromic, photochromic}; 3) selective transmitters;
and 4) daylight enhancement techniques.

INTRODUCTION

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
Toads, cooling loads, and lighting loads in build-
ings. As a basic approach, one would like to
reduce undesirable heat losses and cooling loads
to an absolute minimum. 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 daylighting bene-
fits can fulfill energy requirements elsewhere in
the building. The identification of specific
attributes of aperture-systems that either minim-

ize losses, break even, or maximize net energy
benefits will be a sensitive function of climate,
orientation, buiiding 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 while maximizing radiant transmis-
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 visible
portion of the spectrum while reflecting or
absorbing the short-wave infrared energy. These
systems provide high daylight transmittance while
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 existing glazing options that
provide some limited portion of the required 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
coatings now entering the marketplace only begins
to hint at potential improvements. Although new
discoveries in optical sciences and engineering
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 ultimate application to building apertures.

Research on some elements of this program has
been supported throughout the past six years by
the Office of Buildings Energy Research and
Development, Assistant Secretary for Conservation
and Renewable Energy. The current program, ini-
tiated in FY 82, with support from the Office of
Solar Heat Technologies, builds on this prior work
and significantly 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

has been reviewed by a broad range of researchers
and industry participants to ensure that it
represents a consensus on research needs in this
field. The research projects are conducted by
private firms, universities, and national labora-
tories. In addition to undertaking several
specific projects reviewed in this report,
Lawrence Berkeley Laboratory assists DOE by pro-
viding scientific coordination of all the public-
and private-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 normal,
private-sector R&D investments can carry an inno-
vative concept to a commercial, marketable pro-
duct. At present, many optical materials or tech-
niques that are potentially useful 1in building
applications are not fully explored because they
represent unacceptable risks (with uncertain
returns) to private firms. Any given technology
will be advanced to the marketplace only after a
substantial 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 commitment to market introduction once a
need is established and fundamental technical obs-
tacles are removed.

1. LOW-CONDUCTANCE, HIGH-TRANSMITTANCE
GLAZINGS

Two approaches to developing Tlow-conductance,
high-transmittance glazings have been pursued in
the past year.

A. Low-Emittance Coatings

Low-emittance (low-E) coatings can be used to
reduce radiative loss through architectural win-
dows [2-4]. Numerous thin-film materials systems
exist that have the potential for inclusion in
energy-efficient glazings [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 high-transmittance, Tow-
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
microns), the material may exhibit combined pro-
perties depending on design and end use. Low-E
coatings fall into two classes based on design:
single-layer doped semiconductors, and
metal/dielectric multi-layer films. Examples of
the former are Sno :F, In 03:Sn, Cd Sn04, and Cd0.

IMustrative syste%s of the latter “might be based



on TiOZ/meta1, Al 04/metal, or ZnS/metal alterna-
tions. Ideah‘zed2 properties of a low-E coating
are shown schematically in Fig. 1 along with the
solar {airmass 2) and blackbody spectra. The
coating's high infrared reflectance provides a low
emittance 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 distributions (409C, -300C). Superim-
posed is the idealized reflectance -of a heat-
mirror coating.

Low-E coatings can be applied directly 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-
conductivity gas or vacuum may be used to further
reduce convective heat transfer [3]. Figure 2
shows the effect of multiple glazing and coating
placement on overall thermal conductance, or y-
value. Results were derived by computer modeling
[6]. New developments, such as using low-
conductance gases and two low-E coated plastic
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, Tin= 18°C, wind
speed = 24 km/hr).

After almost 10 years of research, windows
incorporating the first generation of Tow-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 Tow-E surface (E = 0.25 - 0.3) are
commercially available for retrofits but exhibit
only low to moderate solar transmittance.

We have been exploring the use of new types
of hard refractory materials as low-£ 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
index profiles to reduce reflection losses from
TiN and 2) oxygen substitution for nitrogen to
produce TiNXO films having reduced absorption in
the solar ectrum but high vreflectance for
longwave infrared radiation (i.e., low-emittance).
The first stage was to better characterize the
optical properties of TiN, TiN_, and TiNXO films.
Samples of TiN were fabricated using réaltive 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 aiso measured the optical pro-
perties of Ti0,. We can now calculate the optical
effects of mu]%i]ayer 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-
died using Auger spectroscopy. These investiga-
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 film properties.
We will also expand our investigation to
ZrN/ZrN 0 films and examine other related transi-
tion me§a¥ nitride/oxide films that may have prom-
.ise as Tlow-E coatings. We will also investigate
the possibility of improving the optical proper-
ties of Sn0, and In,0, semiconductor films using
similar grad%ent 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 smaller than
the mean free path of air molecules. Basic stu-
dies of aerogel properties were undertaken to
determine its suitability for window glazing
applications [7-8]. This work is a joint effort
between the Solar Group and the Windows 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 moisture, shock, and handling.
Although it can be fractured quite easily, aerogel
is surprisingly strong in compression. Thus it
can be protected by rigid glass panes on either
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 slightly yellow when viewed
against a bright background, such as the sky or a
white wall, because the blue light is scattered
most efficiently. Against a dark background, the
aerogel appears milky blue because the 1ight is
backscattered from the aerogel itself.

We have used the procedures of [10] together
with optical measurements of aerogel samples, to
calculate normal-hemispherical transmittance, T,,
for aerogel windows. Figure 3 shows the effect of
aerogel thickness on T _, averaged over the air-
mass-2 solar spectrum. Aerogel by itself, despite
scattering losses in the visible and 0-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
aerogel reduces Th to about 0.6, equal to triple
glass. Increasing aerogel thickness reduces
transmittance but also lowers the thermal conduc-
tance, U, of the aerogel window, while U for the
double-glass window rapidly reaches a Tlimiting
value.
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Fig. 3. Calculated solar transmittance of aerogel
windows vs. aerogel thickness compared to solar
transmittance of conventional glass windows. All
glass is 3-mm clear float glass low-iron glass of
aerogel window (a).

Using the megfuffd thermal conductivity 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 glass
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 larger for the double-giass window, how-
ever, because the air is transparent to infrared



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 window continues to drop.
Even lower conductance values can be achieved
using Tlow-conductance gases such as CO and
CC1,F,. The 1qyest reported heat transfer value
is 0.011 wn-lk"L, with cc1 F,. For this value, a
‘window with 20 mm of aerogdel wo¥1d have a thermal

conductance less than 0.5 Nm'zK' .
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Fig. 4. Calculated thermal conductance of aerogel
window and of conventional single- and double-
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 glass. Studies are under way to
investigate the performance of an evacuated aero-
gel windows.

Advances in understanding the optical and
thermal performance of aerogels require the abil-
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 processing conditions 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.

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 their combination. The change can occur as a
transformation from a material that is highly
solar transmitting to one that reflects over part
or all of the solar spectrum. (Figures 5, 6, and
7). A less desirable alternative would be a
material that switches from highly transmitting to
highly absorbing. An optical shutter coating
would control the flow of light and/or heat in and
out of a building window, thus performing an
energy management function. Depending upon
design, such a coating could control glare, modu-
late daylight admittance, and 1limit solar _heat
gain to reduce cooling loads, prevent overheating,
and improve thermal comfort.
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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:

i Chrombgenic, including electrochromism, pho-
tochromism, and thermochromicsm;

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

@ Electrodeposition, including reversible elec-
trodeposition and electrophoresis.

In FY 83 our research program focused on
electrochromic coatings because they offer the
potential for active control (by an applied vol-
tage) 1in response to building conditions and
because there is sufficient experience with opti-
cal displays and related applications to suggest
that they would be good candidates for glazing
applications. Expanded efforts on photochromic,
thermochromic, and 1liquid crystal systems are
planned in FY 84.

PHOTOTHERMAL CHROMOGENIC MATERIAL
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Fig. 7. Behavior of a photothermal chromogenic
material. The transmission decreases with

incident solar radiation intensity and the reflec-
tance property rejects the solar near-infrared as
temperature increases. This action stabilizes
incident 1lighting levels and solar gain through
the giazing.

A. Electrochromic Devices

Electrochromism 1is exhibited by a Tlarge
number of inorganic and organic materials [13,14].
An electrochromic material exhibits intense color
change due to the formation of a colored compound
formed from an ion-insertion reaction induced by
an instantaneous applied electric field. The
reaction might follow: MOX + yA+ + ye 4--» AyMOX.

There are three categories of electrochromic
materials: transition metal oxides, organic com-
pounds, and intercalated materials. The materials
that have attracted the most research interest are
wo3, Mo0,, and IrQ0, films. Organic electrochrom-
ics are based on the 1liquid viologens, anthra-
quinones, diphthalocyanines, and tetrathiaful-
valenes. With organics, coloration of a liquid is
achieved by an oxidation-reduction reaction, which
may be coupied with a chemical reaction. Inter-
calated electrochromics are based on graphite and
so are not useful for window applications.



. A solid-state window device can be fabricated
containing the elements shown in Figure 8: tran-
sparent conductor (TC), an electrochromic layer
(EC), an electrolyte or fast-ion conductor (FIC),

counter electrode (CE), and a second transparent

conductor. A number of variations on this device
configuration is possible, although several of the
approaches used for small electronic displays can-
not be scaled up successfully to the dimensions
fequired for windows.
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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 “1983 at.
EIC Laboratories, Inc [15]. and in the Department
of Electrical Engineering, Tufts University [15].
Measurements of the optical properties of, polycry-
stalline electrochromic oxide H wo3 showed much
higher reflectivity than is cﬁaracteristic of
amorphous electrochromic materials. The. opt#cal
properties can be explained in part by the .free-
electron Drude model. This demonstrates that the
reflectivity modulation observed in polycrystal-
line films is associated with a high degree of
modulation in the free-electron density. Continu-
ing studies are planned to better understand the
source of free electron scattering so as to maxim-
ize the achievable reflectivity. Related work in
these contracts is oriented toward identifying and
testing suitable materials for use as fast ion
conductors and as counter electrode maferials. In
FY 84 additional studies are planned to character-
ize the optical properties of less well known
electrochromics such as Ni0, (LBL) and to investi-
gate other device configurations and deposition
techniques based on wo3 (SERI).

B. Photochromic Materials

Photochromic materials change their optical
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-

-als include Hgl

. described above.

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
polynuclear aromatic hydrocarbons. The inorganics
include ZnS, TiO,, Li3N, HgS, HgIz, HgCNS, and
alkaline earth sJ%fides and “titanates, with many
of these compounds requiring traces of heavy metal
or a halogen to be photochromic. Glasses that
exhibit photochromism are Hackmanite, 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 AgCi crystalline
phase.

A Tliterature survey and review of photo-
chromic materials was completed in 1983 [17].
Results of this study were used to define 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 reversibie
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-
ples of thermochromic compounds. Inorganic materi-
s Agl, AnggI4, SrTi0,, Cd3P3C1,
and Copper, Tin,and Cobalt complexes. review of
thermochromic materials 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 polymeric and glassy dispersions appear to be
useful directions for future research. It is
anticipated that additional work will be under-
taken in this area in FY 84. Further discussion
of promising future directions for this research
is contained in [1].

D. Other Switching Film Mechanisms

A number of other wmaterials systems have been
reviewed to determine their suitability as optical
switching materials. These inctude physio-optic
processes (i.e., liquid crystals, 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 attractive features, but in general
they appear less promising than the alternatives
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
characterize materials and techniques to produce
glazing materials having angular and spectral con-
trol that minimize cooling energy requirements and
maximize the efficiency of daylight utilization.
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 low-emittance coatings, several selective
films have been commerically developed and appear
to meet current market needs. The most durable
plastic-coated films do not have very high
transmission; the highest transmittance 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 ceoling season.

Several approaches that appear prpomising are:
growth of oriented dendritic films using off-axis
sputtering; shadow metallized grating profiles;
holographic coatings; and oriented microparticu-
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 1lighting
account for a major fraction of electricity use in
non-residential buildings. Since most illumina-
tion requirements occur during daylight hours
(unlike in residential buildings), light from the
sky and sun could satisfy much of the illumination
requirements in commercial buildings.

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 1light 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
daylight to meet the temporal and spatial varia-
tion in interior illuminance requirements. If
these functions could be performed with optical
efficiency, two benefits would emerge. First, the
efficiency of daylight utilization in perimeter
zones and low-rise buildings would improve. This
would fulfill dilluminance requirements while
minimizing the adverse effects of glare and solar
gain (which contribute to cooling loads), and
would greatly improve the attractiveness of day-
lighting solutions. Second, daylight could be
used deeper in large buildings, in areas far
removed from Jight-admitting apertures. Removing
the restriction on physical proximity to the
building skin would allow a greater fraction of
non-residential floor space to be jlluminated with
daylight.

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 alignment is not critical. For this rea-
son, we focus attention on light-pipe and optical

fiber systems, and on other refractive and dif-
fractive systems.

Optical systems have four major functional ele-
ments:
@ Light collection: most systems use direct

beam illumination, although some use diffuse
sky or ground-reflected 1ight.

@ 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 possible.

@ Light distribution: once light is
transferred to the space in which-it is to be
used, it must be distributed in a manner con-
sistent with the functional and aesthetic
requirements of that space.

e Electric light integration: because few day-
lighting systems will be operated without a
full electric 1lighting system, the proper
integration of the two systems is essential
to ensure user satisfaction and substantial
‘savings.



There are several other general criteria that
characterize good daylighting systems. First,
there should be no unusual (or 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 Tight-
collecting elements or building-induced vibration
(e.qg., fans, chillers) of
transmission/distribution systems could create
unpleasant "flicker". Third, T1ighting quality
concerns will always be important. Daylighting

systems must not increase discomfort and disabil-
ity glare over accepted standard practice. Due to
the intensity of the sun as a source, control of
Tight distribution 1is a critical element.
Finally, since there is no single "correct" way to
light a space, advanced daylighting systems must
be developed recognizing that the best designs
combine functional and architectural/aesthetic
criteria. Properly utilized, this could represent
an advantage and an opportunity, rather than a
Timitation.

In FY 83 we examined the overall problems of
light 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 1light
guides were examined [18]. Although currently
available 1ight guide systems are not adequate,
further R&D seems likely to lead to several viable
approaches. The outlook for viable options for
collecting skylight and sunlight that involve no
moving parts (or minimal mechanical complexity) is
less promising. Fundamental optical principles
and thermodynamic considerations limit the ability
of a fixed reflective, refractive, or diffraction
system to provide the desired light collection and
concentration. Several approaches are being exam-
ined; 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
designed to identify, develop, and evaluate new
optical and thermal technologies that promise to
increase the energy efficiency of building 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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