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SOLAR ENERGY PROGRAM
INTRODUCTION

.

During FY 1983, the Solar Energy Program at
Lawrence Berkeley Laboratory (LBL) continued to
focus on research that will extend the technology
base for a broad range of solar energy applications
and to explore new approaches to solar energy
conversion.
Passive approaches to heating, cooling, and
lighting of buildings have been a major topic of
research. In these technologies, architectural design,
construction materials, and natural energy flows
between the interior and exterior environment are
used to control a building's interior climate and
reduce the use of nonrenewable energy. In FY 1983,
LBL's work in passive solar examined the
application of passive technologies to commercial
buildings. Projects in both systems development and
materials research were carried out.
In commercial buildings, cooling and lig!lting
requirements typically dominate energy operating
costs. For this reason, research in passive systems
development was directed at daylighting and passive
cooling. These activities were supported as
appropriate by system simulations, heat transfer
research, and performance monitoring and
evaluation. In the daylighting project, a facility for
measuring illumination levels and light quality in
scale models of buildings was fabricated. Data from
this facility were used in building energy analyses to
examine the total energy impacts of various roof
aperture configurations in office buildings. In
addition, work was initiated that will allow
comprehensive evaluation of the effectiveness of roof
apertures in two existing nonresidential buildings
incorporating roof apertures.
In passive cooling research, a multiyear program
to measure and characterize the radiative cooling
resource was completed. This effort produced heat·
transfer algorithms that were used in building energy
analyses to assess the potential impacts on building
energy requirements of radiative cooling strategies.
In addition, heat transfer research with the long-term
goal of quantifying the effectiveness of ventilation
cooling strategies was carried out. These studies
consisted of numerical modeling of convection
processes to characterize the convection coefficients
between ventilation air and building surfacesespecially for thermally massive constructions.
2-1

Previous analyses of laminar convection in
enclosures were extended to turbulent flow
conditions, such as would be experienced with most
forced ventilation cooling systems.
Systems analyses of office buildings continued
during FY 1983 with an investigation of the thermal
energy impacts of two classes of advanced aperture
materials, one having high solar transmission and
low thermal conductivity, and the other having
variable solar transmission. A comprehensive
examination of the effect of structural thermal mass
on heating and cooling energy requirements for
nonresidential buildings was carried out. Finally, in
conjunction with the American Institute of
Architects Foundation, we began a study of energy
requirements and· passive opportunities in
educational buildings. Such buildings constitute one
of the major nonresidential building types for which
substantial passive opportunities a~e expected to
exist.
Research on advanced aperture materials was
expanded in FY 1983. This work is intended to
identify and develop promising new optical materials
that will serve as the technical basis for the next
generation of high-performance glazing materials for
buildings. Research focuses on four technical areas:
(1)
(2)
(3)
(4)

Low-conductance, high-transmittance materials; e.g., durable low-emittance glazings and
transparent aerogels.
Optical-switching materials; e.g., electrochromic
coatings.
Angle-selective transmitting materials.
Materials to enhance daylight utilization in
buildings; e.g., light-guide systems.

The research includes technology assessment studies
and multiyear research planning; materials synthesis;
studies of optical, thermal, chemical, and structural
characteristics; stability and durability studies;
energy performance studies; and activities to transfer
results of our work to appropriate industrial and
other private-sector users.
LBL is also engaged in research on the active
solar cooling of buildings. Thermodynamic cycles
that have the potential for increasing the efficiency
of solar-driven absorption air conditioners by at least
a factor of 2, compared to the current state of the art,

are being studied. An air conditioner based on one
of these advanced cycles, the double-effect
regen~rative absorption cycle, has been designed,
fabricated, and installed in a new laboratory test
facility. Laboratory tests and modifications were
performed throughout FY 1983 and into FY 1984,
resulting in stable and efficient operation by March
1984. In parallel with the experimental work,
analysis of the performance and economics of solar
cooling systems has been performed. This analysis is
helping to establish realistic cost and performance
goals for all solar cooling systems under
development in the national DOE program. In
addition, work on modeling advanced storage
control strategies for absorption cooling systems was
started during FY 1983.
Installation of a 25-ton-capacity solar absorption
air conditioning system in LBL Building 71 as part
of the Solar in Federal Buildings Program will afford
LBL engineers the opportunity to gain first-hand
experience with one of the new solar cooling units
developed in the DOE solar R&D program.
Completion of the installation was seriously held up
by a one-year delay in the delivery of the solar
. collectors; they arrived at the end of FY 1983 and
will be installed in FY 1984. Most of the other
. compoilents of the system were installed during the
delay.
In both active solar cooling and passive solar,
LBL staff also provides technical support to DOE
Headquarters and the DOE San Francisco and
Chicago Operations Offices in developing program
plans, evaluating reports and proposals, and

technical monitoring of R&D activities by, other
contractors.
Research continues to explore advanced concepts
for using the microstructural properties of materials
in conversion, control, and collection of sunlight.
The goal is to find and develop solar applications for
small particle suspensions, aggregates, and diffractive
structures through a balanced program of
experimental and analytical studies. The successful
solar testing. of the Small Particle Heat Exchange
Receiver (SPHER) led to a new research effort in FY
1983 to investigate the direct radiant heating of
particle
suspensions
for
chemical
process
applications. In related research, LBL is developing
new materials formed from aggregates of small
particles (silica aerogel) for transparent insulating
A· third area in micro material
windows.
development is the study of holographic optical
elements as window coatings to redirect sunlight
deep into the interior of buildings for daylight
enhancement.
Finally, one of our more basic research projects
concerns biological energy conversion techniques
using one of the simplest and most stable biological
energy converters known: the pigmented protein
bacteriorhodopsin. This project is attempting to
elucidate how the molecular structure of this protein
uses sunlight to produce an electrical proton current
across bacterial and artificial membranes. Such
understanding should ultimately lead to the
production of novel photoelectric cells and solar
batteries.
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The strategy used to meet these objectives consists of coordinated experimental and theoretical
tasks that will lead to advanced energy analysis capabilities for passive system design and evaluation.
The emphasis to date has been on the development
and testing of techniques for predicting (I) the
resource available for passive. systems and (2) a
building's response to that resource. Here, the term
"resource" implies the naturally occurring potentials
of the environment to provide heating, lighting, and
cooling. These potentials are being investigated
through projects in the following topics:

Passive Solar Research and
Development*
R.C. Kammerud, J. W. Place, MR. Martin,
M. Adegran, P.H. Berdahl, B. Andersson,
F.S. Bauman, W.L. Carroll, J.P. Coutier, A. Mertol,
J. T. Thornton, and T. Webster
~The amount of· conventional fuel used to heat,
cool, and light buildings is determined by four factors: (I) the interaction of the building with its
environment; (2) the thermal gains associated with
the activities occurring in the structure; (3) the thermal storage characteristics of the building; and (4)
the operating characteristics of the equipment used
to convert conventional fuels to end-use energy. To
date, the building design process has not adequately
accounted for the combined influence of these factors on building energy consumption. This is not
surprising; such an accounting requires access to
techniques for properly controlling the interactions
of the building with its environment and for managing the energy flow within the structure, and such
techniques are only now being developed.
Passive heating, cooling, and lighting strategies
integrate energy control and management schemes
into the building design. The design parameters are
selected so that they enhance and control the coupling of the building with the environment, thereby
reducing the requirements for auxiliary heating, cooling, and lighting energy. In this context, the Passive
Solar Program at Lawrence Berkeley Laboratory is
directed at theoretical and experimental investigations of the energy performance implications of passive design strategies, with emphases on passive and
hybrid cooling and natural lighting of commercial
buildings~ Our specific objectives are:

(1)

(2)

•

(3)

•
•
•
•
•

convection
radiative cooling
building energy analysis through computer
simulations
performance evaluations of experimental
buildings
natural lighting

Recent accomplishments and plans in each topic are
described below.

ACCOMPLISHMENTS DURING FY 1983
Convection Research
. Of the fundamental heat-transfer processes
occurring in buildings, convection is the most difficult to characterize and therefore the least understood. As a result, our work in heat transfer has
focused on convection in buildings and consists of
both experimental and analytic studies. The objective is to develop technically sound and highly generalized predictive capabilities for the convection
processes most important to the energy performance
of passively heated and cooled buildings. These convection processes include: (I) heat transfer between
room surfaces and room air; (2) heat transfer
through openings between rooms or zones; and (3)
natural ventilationt of buildings with outside air;
The analytic work attempts to develop and apply
detailed
numerical
models
for
convection
phenomena in order to obtain simplified descriptive
algorithms for representing heat transfer. Detailed
experimental studies have provided the data needed
for validation of the numerical analysis program.

To develop analytic descriptions of the
energy processes that occur within a building and between a building and its
environment.
To develop and evaluate advanced
passive/radiative cooling systems.
To evaluate the effectiveness of passive
systems in reducing energy consumption
for space heating, space cooling, and lighting.

tNatural ventilation is defined here as the controlled exchange of
air between the interior and exterior of a building when ambient
conditions are such that energy benefits can be realized. In contrast, infiltration is defined as the uncontrolled exchange of air
with the environment, which is generally not energy advantageous.

*This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Office of Solar Heat Technologies,
Passive and Hybrid Solar Energy Division of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.
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Laminar Convection
Convection research during FY 1983 concentrated on numerical analyses with a computer program thoroughly validated for laminar convection in
enclosures. (Validation was accomplished by comparing predictions with earlier experiments at LBL
and elsewhere. 1) In order to develop correlations for
natural convection heat-transfer coefficients on internal building surfaces, the program was used to generate an extensive heat-transfer data base for a twodimensional room (shown schematically in Fig. 1).
Simulations were performed for a variety of temperature and geometry boundary conditions applicable to rooms with warm and cold surfaces on opposite vertical walls and a constant intermediate temperature on all remaining surfaces. The resulting
data base consisted of surface heat fluxes and air
temperatures, as a function of the specified boundary
conditions. The results indicated that surfaces 1, 2,
7, and 8 in Fig. 1 typically contribute about 90% of
the total heat transfer into or out of the room. Consequently, correlation development was limited to
these four active surfaces. As described in detail in
Ref. 2, an analysis of the numerical data produced a
correlation for the heat flux from the room surface to
the room air for the four active surfaces. The correlation equation, shown below, calculates the surface
heat flux (represented by the Nusselt number, Nu i) as
a linear co-mbination of the contributions from all
the room surfaces (represented as a Rayleigh
number, Ra to the 1/4 power), multiplied by a length
ratio to account for variations in individual surface
areas:
NUl.

=

KI·h

H
+ Kih' -Lh'

+ Ki/

H R

L[

1/4

Rah··

1/4
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Figure t. Two-dimensional room. used to develop correlations for convection heat-transfer coefficients; numbers
identify individual surfaces, with hot and cold surfaces at
opposite ends, as indicated.
(XBL 848-3319)

knowledge of surface areas and temperatures. The
correlation accurately reproduces the convective
heat-flux predictions of the detailed numerical
analysis computer program, as seen in Fig. 2(a). In
Fig. 2(b), heat-flux calculations using an existing
correlation recommended by the American Society
of Heating, Refrigerating, .and Air-Conditioning
Engineers (ASH RAE) are also compared with the
numerically predicted results.
Although the
ASHRAE correlation provides a fairly good prediction for the hot and cold surfaces, a comparison of
Figs. 2(a) and 2(b) demonstrates the improved accuracy and greater generality of the new correlation.
This methodology was subsequently used to produce correlations for an expanded range of room
boundary conditions. 3 Other FY 1983 studies using
the laminar version of the numerical program investigated the effect of fluid .properties on convective .
heat transfer in enclosures. This work was directed
at understanding the implications of previous LBL
experiments, which used small-scale, water-filled
enclosures to model full-scale rooms containing air.

+ K IC ..!i.
Ra 1/4
Lc
c

H Rahl/4

Lh

-

Turbulent Convection

1/4
+ Kic , -HL
Rac'
.
c'

Laminar convection was the subject of the
preceding studies, but turbulence is also known to
(1)

Table 1. Correlation coefficients for laminar convection in a
two-dimensional room.

where H is the height (m) of the room, L is the
length (m) of the room surface, and the subscripts h,
h', c, c', and I refer, respectively, to surfaces 8, 7, 2,
1, and the remaining (inactive) surfaces. The coefficients K .. (i"'; h, h', c, c' andj = h, h', c, c', 1) were
obtained by using the method of least squares to fit
Eq. (1) to the data base and are shown in Table 1.
The correlation is relatively simple to use in that
all qua~tities of interest can be calculated with only a

Kih

h
c
h'

c'

Kjc

0.7253 . -0.4062
0.4062 -0.7253
-0.4049
0.3997
-0.3997
0.4049

Kjh'

kjC'

Kj[

-0.0650
-0.0347
-0.1256
0.0918

0.0347
-0.0650
-0.0918
0.1256

-0.1017
-0.1017
0.1427
0.1427

Note: h, c, h', and c' correspond to surfaces 8, 7, 2, and I,
respectively, of Fig. 1.
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energy), two more energy equations (one for turbulent kinetic energy, k, and one for the dissipation
rate of tUrbulent energy, E) must be included and all
of them solved simultaneously. Before this set of
equations can be solved, several constants appearing
in the model equations must be evaluated. This is
generally done by "tuning" or "calibrating" the
model predictions against experimental data. The
program uses a high-Reynolds-number form of the
k-E model to which a near-wall model has been
added in order to accurately represent the behavior
of the flow in the viscous sublayer near solid boundaries. Details of the k-E model are given in Ref. 5.
Because experimental data on turbulent flow in
room-like enclosures are lacking, a preliminary calibration of the turbulence program was performed by
comparing its predictions with data from the literature for the well-studied ·problem of fully developed
turbulent channel flow. A comparison of the velocity predictions of the turbulence program with the
experimental results of Ref. 6 and the numerical
results of Ref. 7 is presented in Fig. 3. The agreement for this flow configuration is seen to be good.
As the turbulence program becomes fully tested and
validated in the future, it will be applied to turQulent
convection phenomena occurring in building
geometries.
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Figure 2. Heat-flux predictions from the LBL correlation
(a) and the turbulent ASHRAE correlation (b) are compared with the numerically calculated results (straight
lines). Positions of the four surfaces plotted correspond, in
order, to surfaces 8, 2, 7, and 1 in Fig. 1. (XBL 848-3320)

play an important role in building convection, as in
mechanical or wind-driven ventilation, and in rooms
with heated floors (direct solar gain), in large spaces
(e.g., atria), and in spaces with large temperature
differences. To make the numerical analysis computer program capable of handling turbulence, a
two-equation k-E turbulence model was installed.
The k-E model has attracted a great deal of attention for its wide range of practical applications. In
fact, it has been the most widely used turbulence
model for the calculation of ventilation air flow in
room-shaped enclosures. This model requires that,
in addition to the usual conservation equations for
turbulent fluid flow (continuity, momentum, and

Experimental (14)
Present Work
Sindir [15]

o

.0.~-L_.1.---'-_-'----'-_-'-----L_...l..----I.-----'

00

05

10

x·'b

Figure 3. Velocity predictionli from the LBL turbulence
program are compared with experimental and numerical
results for the problem of fully developed turbulent channel flow. The y-axis represents the dimensionless velocity
and the x-axis the dimensionless distance across the channel. The Reynolds number for this case is 13,800.
(XBL 839-870A)
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Radiative Cooling

After performing these calculations hourly, the
monthly average sky temperature depression, .::l Tsky,
was computed for 193 locations in the continental
United States. The sky temperature depression,
.::l Tsky, is defined as the difference between the air
temperature at the earth's surface and the apparent
radiant temperature of the sky. The results were
plotted as contour maps for each month of the year.
The maps for January and July are presented in Fig.
4. The sky temperature depression is a measure of
the "cooling power" available to the designer of radiative cooling systems.
,
This study also enabled us to investigate the frequency distributions of sky temperature depressions
in different climates. Examples of three different
"radiative" climates are shown in Fig. 5. The top
portion (Fresno, California) illustrates a climate well
suited to radiative cooling. During the hot summer
months, the sky temperature depression usually lies

Because the sky is almost always cooler than the
earth's surface, it may be possible to use it as a radiative heat sink for the natural cooling of buildings.
Radiative cooling, which transfers heat (in the form
of thermal infrared radiation centered at wavelengths
of about 10 microns), has long been recognized as an
important contributor to the earth's heat balance.
Recently, attention has focused on how this natural
process can' be used to provide cooling for buildings.
The principles behind radiative cooling have
long been understood, but a lack of measured sky
radiance data has limited our knowledge of the magnitude and availability of the resource. During an
earlier phase of this project, sky emissivity measurements were made over a 2-year period in six U.S.
cities to gather these data. 8 Most recently, we have
analyzed and generalized these measured data to produce a model capable of predicting the sky emissivity from commonly measured meteorological
data. In this model, the infrared emissivity of the
clt~ar sky, Eo, can be expressed as a function of the
dewpoint temperature at the earth's surface9:
Eo

= 0.711

~~~)

+ 0.56 [

+ 0.73 [

~~~

r'

(2)

where Td is the dewpoint .te~perature in degrees
Celsius. :lfhe apparent radIatIve sky temperature,
T Icy can be calculated immediately from
s '

Tsky --

EI/4
a

Tair,

I January

(3)

if the ambient air temperature, T ai ,., is known.
Whenever clouds are present, the clear-sky emissivity, Eo, must be replaced by an analogous quantity
that takes into consideration the radiation emitted
by the clouds as well as by the clear portions of the
sky dome. This quantity can be estimated in several
ways, depending on the type of weather data available. Since the goal here is to use hourly data from
the Typical Meteorological Year weather tapes, a
model was developed in which the total sky emissivity, E, is calculated using 10:
E =

Eo

+ (1

-

Eo) ~

ni Ee ,i r(h;)

.

(4)
SKY TEMPERATURE DEPRESSION (degrees C)

. tel
h ·thl ayer,
Here ni is the amount of cloud cover 10

Figure 4. Contour maps of monthly average sky temperature depression, for January and July, in the continental
United States. The .sky temperature depression is a measure of the cooling resource available for radiative cooling.
The maps were plotted from computations of the sky temperature depression in 193 locations.
(XBL 848-3322)

is the infrared emissivity ofthi~ layer (~~ich
depends on the cloud type), and r IS a statIstIcal
cloud' distribution factor, which is site-dependent
and approximated as a function of the cloud base
height.

Ee,i
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between 15° and 25°e. This presents a large potential cooling resource. At the opposite extreme is the
warm, humid Miami climate (Fig, 5, middle), in
which the temperature depression averages between
5° and lO°e. This is due to the high humidity and
abundant cloud cover found in the vicinity of the
Gulf of Mexico.
Finally, the frequency distributions for the sky
temperature depressions in Phoenix (Fig. 5, bottom)
are shown to have a strong seasonal dependence. In
May and June, the radiative characteristics of the sky
are similar to the climate of Fresno. However, the
months of July and August bring the "monsoon season," with its increased humidity, cloud cover, and
increased thermal radiation from the sky.
Miami,FI

,

50

Passive Building Energy Analysis
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This project consists of (1) the development and
experimental verification of computer programs that
predict the energy consumption of passive-solar commercial buildings and (2) the application of these
programs to study the energy impacts of integrating
various passive strategies with other energy systems
in commercial buildings.
During FY 1983, the effect of envelope thermal
mass on the heating and cooling load performance of
buildings
was
quantitatively
explored.
A
comprehensive parametric simulation study was conducted. From the data it generated, we determined
the effect of a layer of thermal mass in the external
wall on annual and peak loads as a function of
several parameters: mass placement, mass thickness,
building type, climate, and zone orientation. The
energy performance simulations used the Building
Loads Analysis and System Thermodynamics
(BLAST*) computer program. The BLAST simulations used selected variations of a square one-story,
10,000 ft2 building divided into a core zone and four
perimeter zones, one facing in each cardinal direction. For this effort, only space heating and cooling
load simulations were performed; no HVAC system
or plant equipment performance was simulated. The
types of load simulated were cumulative annual
cooling load, hourly peak cooling load, and cumulative annual heating load (peak heating was not considered) for the individual exterior zones. As
described below, selected variations in building type,
climate, and thermal mass amount and placement in
the external wall were chosen to represent a
comprehensive parametric analysis of all possible
combinations.
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Figure 5. Frequency distribution of sky temperature
depressions over summer months in three climates.
Fresno, in central California (top), is hot and dry; Miami
(middle) is warm but humid, with abundant cloud cover;
and Phoenix (bottom), while hot and dry in May and June,
has a "monsoon season" in July and August. Extended
peaks at higher sky temperature depressions (I SO-30°C)
represent ideal conditions for radiative cooling.
(XBL 833-85A)

*The name BLAST is trademarked by the Construction Engineering Research Laboratory, U.S. Department of the Army, Champaign, Illinois.
.
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The building types considered were a typical
office, a multifamily residence (i.e., apartment building), and a retail building. The simulations were performed on architecturally identical buildings, with
the differences in type represented by appropriate
variations in internal loads and operating schedules.
For the thermal mass studies, a variation on the
office type representing a "high" internal load case
was also analyzed, for a total of four building types.
Three climates were represented in the BLAST
simulations by using Typical Meteorological Year
(TMY) weather data 11 for Madison, Wisconsin;
Washington, D.C.; and Lake Charles, Louisiana.
Peak cooling loads were simulated with design-day
temperatures based on the peak weather conditions
used for equipment sizing.
In all configurations analyzed except the baseline, the thermal mass was concentrated primarily in
the external walls. (The baseline case had no thermal mass in the external walls.) For the high mass
configurations, thermal mass was modeled as a uniform layer of concrete added to the opaque section
of the wall, in 4-inch and 8-inch thicknesses.
Two general wall configurations were analyzed:
one with the concrete mass layer external to a layer
of insulation, and the other with the mass layer
internal to it. The wall thermal resistance (R-14)
was kept constant by adjusting the thermal resistance
of the insulation to the thermal resistance of the concrete. The external mass case represents common
construction practice. The internal mass case, on the
other hand, while not frequently found, was chosen
because it represents a limiting case of the best possible performance improvement that might be
expected by adding thermal mass to an exterior wall.
The results of all the BLAST simulations collectively formed a data base that was used for correlation analysis. For all three load types (annual heating, annual cooling, and peak cooling), the addition
of thermal mass led to reductions from the baseline
load for every climate, building type, and orientation. The effect depends in a complex way on all of
the parameters selected for study: mass thickness
and placement, orientation, building type, and climate. Two major observations were as follows:
•

•

ticular, adding thermal mass may change not
only the peak cooling load and the time of day
at which it occurs, but also the time of year at
which It occurs. The use of design-day simulatiOI} results in this study was in part an attempt
to minimize such temporal discontinuities in
order to identify the underlying patterns of
parameter dependence.
Simplified equations that predict the effect of
thermal mass on loads were developed from the data
base by correlation methods. These equations use
easily available parameters representing thermal
mass amount, climate, and building type. The equations contain the total baseline load as. a simple
multiplicative factor; thus a specific representation
for the baseline load in terms of its components need
not be known, only its total value, and use of the
equations are independent of the method by which
the baseline load is determined.
Although simple, these relationships were found
to be inherently nonlinear. For example, the fractional reduction from the annual cooling load compared to a massless building as 'a reference can be
expressed as:

where Ko is a constant; p, cP ' and Aware the density,
specific heat, and area of the added thermal mass; t
is the thickness of the added thermal mass; T is a
constant that depends on the load type and mass
placement; and a is the asymptotic fractional load
reduction for large mass thickness.
For annual cooling, a has the form:

a=

------------~--a
b CDD 65
cI

+

+

(5b)

where CDD 65 are the annual cooling degree-days
(base 65°F) for the desired location, I represents the
annual total building internal loads, a is a constant
that depends on both zone orientation and mass
placement, and band c are constants that depend
only on mass placement.
The average predictive error of all these loadreduction equations is in the 5% to 15% range. The
largest errors usually occur when the corresponding
baseline loads are small. However, since the use of
thermal mass never decreases the load of a low-mass
building more than about 30%, with averages less
than 15% over all conditions and load types, the
predictive error is small compared to the size of the
actual load and its inherent uncertainty.

For all load types, mass placed on the inside
surface of the exterior wall causes a significantly larger load reduction than does the same
amount of mass placed on the outside surface.
The ratio is roughly four or five to one.
In general, thermal mass is not as effective in
reducing peak cooling loads as it is in reducing
annual heating or cooling loads. The effect on
peak cooling is very complex, however. In par-
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To extend this work, we plan to conduct further
simulation studies in which all the energy-using systems are modeled, since there appears to be no simple relationship between the effects of thermal mass
on individual zone loads and the corresponding
effects on the peak loads of multiple-zone airhandling system coils, on the building boundary
energy consumption, or on peak utility demand.
Figure 6 shows the annual cooling load reduction
versus base load, Lo, due to internal mass placement
for three climates (M, Madison, Wisconsin; W,
Washington, D.C.; L, Lake Charles, Louisiana) and
selected zone orientations (N, north; S, south).
Points connected by solid lines are from the BLAST
simulations; those connected by dashed lines were
predicted by Eqs. (5a) and (5b). These simplified
equations can predict the detailed variations seen in
the plot of selected climate/orientation combinations
for internal mass, even though the cluster pattern in
this case is a sharply pointed "fishhook" that dou-

bles back on itself as the internal load increases from
the lowest value (residential) to the highest (retail).

Experimental Buildings Evaluation
Twenty-three passive commercial buildings have
been designed and built with DOE support. 1 These
experimental buildings push the state of the design
art; they incorporate advanced conservation features
and passive heating, cooling, and lighting strategies.
The buildings are being used to examine the effectiveness of these passive strategies in commercial
buildings, thereby better defining research needs in
heat transfer, modeling, analysis, and design. The
information gathered directly from these buildings is
also valuable for confirming or modifying the occupancy and energy related assumptions typically made
during the design process.
The Non-Residential Passive Experimental
Buildings Program has now entered the performance
evaluation phase. Studies are being made of (1)
occupancy effects on thermal performance and occupant satisfaction and (2) thermal/energy .< performance. Data are being collected on the design process and on the designs themselves. In addition, performance data are being collected for a 12-month
period after occupation; these data consist of reports
on occupancy schedules and occupant satisfaction as
well as energy use. In some projects, specialized
automated monitoring and data acquisition systems
are recording hourly data.
The Extended Analysis Project of the Passive
Group consists of two projects: (1) analysis of the
effect of roof monitors on lighting, heating, and cooling, with special consideration given to lighting control strategies, both manual and automatic; and (2)
analysis of the thermal effects resulting from variation in occupancy and occupant interaction with passive systems. In FY 1983, the major effort was
devoted to developing a methodology for the analyses and preparing for additional data collection.
The roof monitor study is of particular interest
because roof monitors playa major role in the passive systems of 80% of the experimental buildings.
The study should provide considerable information
to direct future research in a field that is still identifying the basic potentials of different daylighting
approaches.
Figure 7 illustrates the method for analyzing
lighting control strategies. Two sites will be analyzed
in this manner. Many discrepancies unrelated to
lighting control are possible when comparing an
actual building and a computer simulation. These
are eliminated by running BLAST simulations (based·
on actual building performance) in all cases. The
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Figure 6. Plot of asymptotic load reduction, Ll, vs. base
load, L o' for three climates (M, Madison, WI; W, Washington, D.C.; L, Lake Charles, LA) and selected zone orientations (N, north; .S, south). Points connected by solid
lines are from the BLAST simulations; those connected by
dashed lines were predicted from the simplified Eq. (5b)
for Ll shown in the text. The "res" points are for a
residential building, "ret" for a retail building; "01.7" and
"02.7" represent intermediate cases.
(XBL 848-3317)
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only difference is the manner in which the lighting
schedule for the simulation is generated; the rest of
the building description is identical. Lighting
schedules under manual control will be taken
directly from data collected at the site. Lighting
schedules for other control alternatives will be generated by combining solar radiation measurements at
the site with radiation and illumination measurements taken in a scale model.
Thermal analysis of other issues related to occupant comfort, satisfaction, and interaction with passive systems draws on the work of Min Kantrowitz,
an LBL subcontractor who identified the following
important occupant-related issues: (1) thermal mass:
the difficulty of recovering from night thermostat
setbacks, the comfort implications of differences
between air and radiant temperatures, and competition between thermal mass and acoustic treatments
for surface area; (2) differences between the way the
building was built or is used and the assumptions
made during the design phase; and (3) responsibility
for operation of the building and the passive systems, and the level of instruction given to the
responsible people. BLAST will be used to simulate
alternatives in each case. Several buildings from the
experimental program will be simulated to provide a
range of situations for each topic.

of this moderating process, calculations of lighting
electricity consumption, cooling electricity consumption, heating fuel consumption, peak electricity
demand, and annual energy operating costs were
made for the building in a range of U.S. climates.
The following combinations of orientation and tilt
were examined: horizontal; south-facing vertical;
south~facing tilted 60° from the horizontal; northfacing vertical; north-facing tilted 45° from the
horizontal; combined south-facing and north-facing
verticals; and combined. east-facing and west-facing,
both tilted 60° from the horizontal. In each case,
simulations were performed for a range of roof glazing areas between 0% and 10% of the building floor
area, except for north-facing vertical glazing, where
the weak collection of sunlight indicated a need to
examine larger glazing areas.
Figure 9 shows the results of some of these simulations for linear roof apertures on the prototypical

Natural Lighting Analysis
Energy analyses were performed on a prototypical, single-story office building outfitted with a
variety of linear roof apertures. (See Fig. 8 for an
example.) The emphasis in these studies was on
assessing the effect of roof glazing area, orientation,
and tilt in moderating the interaction of the building
with the solar resource. To assess the implications

FigureS. A linear roof-aperture system with diffusing
glazing tilted toward the south.
(XBL 825-10228A)
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Figure 9. Results of simulations of linear roof apertures on a prototype office building in Atlanta, Georgia, showing the effect of roof-aperture ratio on annual energy consumption and cost. Typical Meteorological Year data were used. (a) Lighting electricity consumption; (b) cooling electricity consumption; (c)
boiler fuel consumption; and (d) operating energy cost.
(XBL 848-3318A)

Typical
office building in Atlanta, Georgia.
Meteorological Year (TMY) weather data were used
in these simulations. In Fig. 9(a), annual lighting
electricity consumption (at the site) is plotted against

aperture ratio, the ratio of total roof glazing area to
building. floor area. (The consumption of primary
energy by the utility to generate power would be
three to' four times higher than consumption at the
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site, because of generating inefficiencies and electri- .
cal network losses.) The four curves correspond to
roof glazing that is (1) vertical facing north; (2) vertical facing south; (3) horizontal (skylights); (4) vertical
facing both south and north (equally divided). At all
aperture ratios, horizontal glazing has the lowest
lighting electricity consumption, reflecting the highly
effective annual collection of both diffuse skylight
and beam sunlight. The north-facing glazing, on the
other hand, has the highest lighting electricity consumption at all ratios. This reflects the negligible
collection of beam sunlight and the weaker collection
of diffuse skylight (because the vertical glazing faces
only half the skydome). Lying about halfway
between these two curves is the curve for southfacing glazing. Vertical glazing facing south collects
sl!bstantially more beam sunlight than does vertical
glazing facing north, but is substantially less effective
than horizontal glazing in the annual collection of
both diffuse skylight and beam sunlight. If lighting
electricity reductions were the only impact of roof
apertures, then horizontal glazing would clearly be
the preferred. However, the thermal impacts of roof
apertures are also important.'
Figure 9(b) plots annual electricity consumption
for cooling (fans plus a direct-expansion cooling unit)
against aperture ratio. At small aperture ratios
(around 1%), consumption decreases as the ratio
increases, because all the admitted sunlight is
displacing electric light of higher heat content. In
fact,at these low ratios, the glazing orientations that
most effectively collect sunlight during the cooling
season are also those that reduce cooling electricity
consumption most, i.e., horizontal glazing, which has
the lowest lighting electricity consumption; vertical
north-facing glazing, by contrast, produces the
highest consumption of both lighting and cooling
electricity.
At larger ratios, however, the order of the curves
reverses: the best orientations for collecting sunlight
during the cooling season produce the highest cooling consumptiGR..----:r.his-is-because solar gains at
larger aperture ratios frequently exceed illumination
requirements and create a thermal load that is not
offset by the reduction in heat from unused electric
lights.
In general, the cooling electricity consumption
curves suggest that horizontal is not the preferred
orientation for roof glazing, contrary to the results
for lighting electricity consumption.
In Fig. 9(c), boiler-fuel consumption is plotted as
a function of aperture ratio. The curves are fairly
flat, and the cost per unit of heating-fuel energy at
the site is substantially lower than the corresponding
cost of electrical energy. Consequently, from an
2-12

economic point of view, the variations in boiler-fuel
consumption with aperture ratio are relatively inconsequential.
Finally, Fig. 9(d) plots annual operating energy
cost-the combined results of (a), (b), and (c)-as a
function of aperture ratio. At small ratios, all the
cost curves decrease as the ratio increases, and the
rate of decrease is largest for the glazings that collect
sunlight most effectively (e.g., horizontal skylights).
At larger ratios, however, the cost curve for horizontal glazing levels off and then starts to increase,
because increases in cooling energy consumption and
summer-time peak demand offset the decrease in
lighting energy consumption. For all vertical glazings, costs continue to decrease up to the maximum
aperture ratio shown, 10%. However, at this ratio,
all three curves for vertical glazing are essentially
level, suggesting little benefit in still larger ratios, at
least for this particular arrangement of building type,
glazing material,and electric lighting controls.
We may summarize all these results as follows:
(1) For small apertures, horizontal glazing yields the
greatest cost benefit. (2) For larger glazing areas,
vertical glazing facing south only or both south and
north yields the greatest cost benefit. (3) Vertical
glazings of the same orientations-south or both
south and north-also produce the largest cost benefit per unit of building floor area. (4) Horizontal
glazing produces the largest cost benefit per unit of
installed glazing area. In general,substantial potential benefits come from fairly small glazing areas.
For example, at a 2% aperture ratio; horizontal glazing produces an energy' c)penitfiig cost savings of
about $20 per square foot of glazing.
In addition to this parametric analysis of glazing
area, orientation, and tilt, simulations were also performed to determine the sensitivity of the energy and
cost predictions to various assumptions in the
analysis. Among the factors examined were: thermal comfort conditions in the building, more sophisticated thermal controls in the building, glazing
characteristics, obstruction of daylight by snow and
dirt, and various internal surface treatments.
Of particular significance was the detailed examination of thermal conditions in the prototype build'ing. This examination suggested that air temperature
alone is not an adequate indicator of thermal comfort in buildings that aggressively use environmental
resources to reduce energy consumption. In order to
deal with nonuniform thermal environments, the
Passive Research and Development Group has
added a detailed thermal comfort analysis subroutine
to BLAST, thereby facilitating a more accurate
assessment of the thermal performance of passive
buildings.

.

PLANNED ACTIVITIES FOR FY 1984
Convection Research

(2)

Extensive testing and validation of the turbulence model will be completed during FY 1984.
This effort will assess the program's predictive capabilities for all flow parameters of interest, including
velocity, temperature, turbulent kinetic energy, and
turbulent viscosity. The program's ability to handle
buoyancy-driyen convection phenomena will also be
tested. fhe 'accuracy of the numerically predicted
surface coIiVection coefficients will be particularly
important for future applications to turbulent convection processes in building geometries.
Two studies will investigate the effects of variations in surface convection coefficients on ·building
energy performance. These studies should provide a
framework for more clearly defining future research
on convection in buildings. In the first, the BLAST
building energy analysis program will perform simulations of residential and commercial buildings to
assess the potential impact of known variations in
surface convection coefficients on the predictions of
building energy loads. In particular, coefficient variations will be investigated for (1) surfaces with low
thermal resistance (windows), (2) thermal energy
storage (massive surfaces), and (3) surfaces of variable roughness (heat transfer enhancement). The
second study will focus on the effect of these coefficients on thermal energy storage in buildings. Analytic and numerical solutions of the conduction heat
transfer equation will be made to examine the calculated heat transfer rate and periodic stored energy as
a function of periodic room air temperature, convection coefficient, and thermophysical properties of the
storage material.

Commercial Building Energy Analysis
Systems analysis activities will focus on two
topics:
(1)

In an extension of work accomplished in
FY 1983, the effect of thermal mass on the
external wall construction of single-family
residences will be explored. This work will
consist of two phases. The first will be a
comparison of BLAST modeling predictions with measured data collected from
one-room test cells constructed specifically
to exemplify thermal-mass effects. The
second will.be a comprehensive parametric
study based on BLAST predictions for a
realistic residential building, and a correlation analysis based on the parametric data
base.

In collaboration with the American Institute of Architects, specifications for several
prototypical. school buildings will be
developed, and the energy use of these
buildings will be analyzed, using BLAST
simulations. The main determinants of
energy use will be identified, and the sensitivity of energy use to changes in those
specific determinants will be quantitatively
explored in parametric analyses using
BLAST.

Later in the year, two smaller efforts will begin
to investigate more fundamental questions regarding
the effectiveness of passive systems in commercial
buildings. One project concerns glazing materials
whose optical transmission can be dynamically
varied. The extent to which they can reduce total
electricity consumption for cooling and lighting in a
daylit office building will be examined. This will
provide a quantitative basis for assessing the conservation potential of advanced glazing materials. The
second project will incorporate a cqmprehensiv~
model for calculating thermal comfort parameters
into BLAST to more fully evaluate the comfort
implications of passive strategies.
.

Experimental Buildings
Using the monitoring methodology developed
during FY 1983, we will instrument two buildings to
collect data on their performance and operation over
5 to 10 months. Information on the effectiveness of
various roof-monitor configurations with different
electric-lighting control strategies will be collected.
We will also assess (1) the importance for thermal
issues of occupant interactions with the building and
(2) the sensitivity of energy use and comfort conditions to changes in building operation and design.
LBL will also contribute to the production of
four comprehensive building performance case studies and take major responsibility for producing two
system studies that will coordinate results from
several participants in the experimental buildings
program.

Natural Lighting
The natural lighting analyses performed in FY
1983 will be extended to localized roof apertures in
office buildings witD general electric lighting systems
and to linear roof apertures in office buildings with
task/ambient lighting systems. Design integration
studies will be initiated in FY 1984. The emphasis
will be on using the analysis results in a design· process that will integrate. the roof apertures with other
2-13
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· building systems, such as the building structure, electric lighting, interior design, the HVAC system, and
other passive strategies. At a lower level of effort,
studies will also be conducted on devices for projecting beam sunlight into multistory buildings.

Ventilation Cooling
A new topic of research is ventilation cooling.
In nonresidential buildings, this is typically
integrated into the HVAC system as an economizer
cycle. In order to cool the interior of a thermally
massive building by night ventilation, a large volume
of outdoor air must be mechanically circulated
through the interior spaces. Although night ventilation has been shown to reduce the cooling-system
loads in various climates,11 the fan energy required
to accomplish this reduction is not known. The
BLAST program is being modified so that it can
compare reduced yearly cooling coil loads and
increased fan power usage.
Passive cooling strategies in large nonresidential
buildings consist largely of the effective distribution
and storage of daytime heat and its elimination from
the building whenever outdoor weather conditions
are favorable. Since conventional building designs
are not well adapted for using structural mass as a
thermal storage element that can exchange heat with
ventilation air new building and system designs are
being develop~d. In one such design, ventilation air
circulates through hollow masonry panels in floors
and ceilings, which act as thermal storage; thermal
contact with the occupied space is primarily through
.convective transfer of room air circulated through
the hollow cores, or by direct radiative transfer to
the cores. We will evaluate the cooling effectiveness
of these systems and compare the estimated fan.
power requirements with those encountered in a conventional night ventilation scheme.
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Optical Materials Studies*
S. Selkowitz, A. Hunt, C. Lampert,t and M. Rubin
Significant reductions in energy consumed by the
building sector will come not only from better building design strategies but also from the development
and introduction of new fenestration materials.
Since the inception of our program in 1976, identification, characterization, and exploratory development of promising new fenestration materials have
been major program activities. Research on new
optical materials for glazing and on modifications of
existing materials is intended to assist industry with
development of the . next generation of advanced
fenestration systems; During the past 7 years, the
Office of Buildings Energy Research and Development at DOE has supported research studies on
low-emittance films, electrochromic coatings, and
gradient-index materials that minimize reflection, as
well as a number of smaller studies on other materials aspects of fenestration systems. In FY 1983,
additional support for related exploratory studies was
obtained from the LBL Director's Office and from
the Office of Energy Systems Research, Division of
Energy Conversion and Utilization Technologies in
DOE. We also initiated a major new research program on advanced optical and thermal technologies
for aperture control, with support' from the Office of
Solar Heat Technologies, Passive and Hybrid Solar
Energy Division. A multiyear research plan was
prepared, circulated, and revised in accordance with
reviewers' comments. An annual technical conference and industry forum is now held each year in
August in conjunction with a meeting of the International Society for Optical Engineering (SPIE).

GLASS AND PLASTIC SUBSTRATES

our research program. We therefore continued
measurements of the optical properties of glass glaz~
ing materials. These properties have not been avail-'
able in a complete and self-consistent form, even for
the most common varieties of glass used in windows.
This year, we completed measurements on standard
clear glasses, glasses with absorbing additives, and
high-purity glasses. Large variations in properties
were sometimes observed among the products of different manufacturers. However, the most important
extension over previously available data was the
determination of a complete set of optical constants
from the near ultraviolet through the little-studied
far infrared. Figure 1 shows the components of the
complex index of refraction for clear soda-lime silica
glass as determined by the Kramers-Kronig analysis
of reflectance measured with a Fourier-transform
spectrometer.

Planned Activities for FY 1984
We will complete measurements on glass substrates and publish results after circulating them for
industry review. We will begin planning and data
collection for the next phase of this work, which will
examine comnion and experimental plastic films and
sheets as well as glasses and plastics with a variety of
thin-film coatings. A new spectrophotometer, covering the spectrum from UV· through near infrared,
will be added to our optical laboratory to extend our
data collection and analysis capabilities.
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Accomplishments During FY 1983
Accurate characterization of the optical properties of glazing substrates is essential to all parts of
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*This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Office of Buildings Energy
Research and Development, Building Systems Division, and by
the Office of Solar Heat Technologies, Passive and Hybrid Solar
Energy Division and the Office of Energy Systems Research, Energy Conversion and Utilization Technology Program of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
tMaterials and Molecular Research Division.
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Figure 1. Real (n) and imaginary (k) parts of the complex
index of refraction for soda-lime silica glass.
(XBL 8412-5271)

LOW-CONDUCTANCE, HIGHTRANSMITTANCE GLAZINGS

1.0
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An, ideal glazing material for residences in cold
climates would have good optical clarity, high solar
transmittance to admit sunlight in winter, and low
thermal conductance to reduce heating costs. Such
windows would perform better than insulated walls
on an annual basis, even in northern orientations in
cold climates. Two specific promising research
activities are under way to develop the technical
basis for these advanced windows.
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Low-Emittance, Gradient-Index Coatings
Accomplishments During FY 1983
Since 1976, we have contributed to the development and analysis of coatings that reflect infrared
but transmit visible light and thereby suppress radiative heat transfer in windows. Commercially available coatings based on multilayer metal dielectric
films have satisfactory optical properties but are not
sufficiently durable to be used in nonsealed glazings.
By producing a, film with a continuously varying
index of refraction to reduce reflection in the visible
spectrum, we could use materials that are inherently
more durable and less transparent than the metal
and semiconductor films that have better optical
properties. Initially, we are studying TiNXO y films
made either by reactive sputtering or by chemicalvapor deposition. In FY 1983, we completed a
detailed review of existing data on these oxy-nitride
coatings and an initial analysis; this analysis suggested that substantial improvements in coating properties are possible. Samples were obtained from
several sources, and measurements of optical properties confirmed our analytically derived predictions.
Figure 2 shows a broad region of induced low reflectance that would be possible with such films.

Wavelength (ILm)

Figure 2. Increased transmission (Tg' T h ) and decreased
reflection (Rg' R h ) of, respectively, gradient-index TiN
coatings and homogeneous coatings.
(XBL 8412-5270)

. than the wavelength of light; therefore it transmits
rather than scatters light. Aerogel is an excellent
thermal insulator .because of its low density and
extremely small pore size. A l-inch-thick aerogel
window would have an R value of about 7. The
goals of this project are to improve the optical and
thermal properties of aerogel, develop methods to
protect it from the environment, and discover less
expensive synthesis methods to accelerate its introduction to the commercial window market.

Planned Activities for FY 1984
We will continue to analyze and characterize
coatings from several sources and will purchase a
reactive magnetron sputtering system that will enable
us to fabricate films to our own specifications.

Aerogels
An unusual material, silica aerogel, is being
developed at LBL for application as a transparent,
insulating window. I ,2 Aerogel is a microporous silica material containing a high fraction of voids (up
to 97% by volume). It is transparent rather than
translucent because the po're size is much smaller
2-16

Accomplishments During FY 1983
A feasibility study was carried out to evaluate
the potential of aerogel as an insulating glazing
material. I Three primary areas were identified as
requiring research. First, the optical properties of
aerogel must be improved. Color effects arise from a
small amount of residual scattering of blue light that
produces a reddening in the transmitted light.
Therefore, an important goal of the research is to
reduce this scattering by understanding its origin and
modifying the preparation procedure to minimize
the effect.
Second, aerogel is an open-pore, low-density
material that must be sealed from the environment.
Because' of its low density, aerogel is also a relatively
weak material that must be strengthened. Third, the
preparation of aerogel requires a combination of

time, temperature, and pressure that may pose problems for commercialization. Alternative methods of
preparation that reduce these requirements are therefore under investigation.
During FY 1983, two major experimental tasks
were undertaken. A supercritical drying system
capable of producing temperatures up to 300°C and
pressures to 3000 psi was constructed. The system
was completed in mid-FY 1983, and the first aerogels were produced. To study the cause of light
scattering and its relationship to the structure of
aerogel, a polar nephelometer was designed and constructed (Fig. 3). The polarization state of the
incoming light is fixed by the polarizer. The scattered light is collected by the slit, lens, and filter system and detected by a photomultiplier. The intensity of scattered light is plotted as a function of angle
on an x-y plotter.
Results of the differential light scattering measurements on several aerogel samples were similar to
those produced by Rayleigh scattering theory, suggesting that the scattering may be interpreted as originating from small particles or dipoles. However,
the material does not meet the requirements for
independent scattering centers upon which the Rayleigh theory is based. Other samples produced
results that differed significantly from these.
Such striking differences in the scattering
behavior suggest that different microstructural properties are responsible for its causes. We have
advanced the hypothesis that the scattering was due
to structural inhomogeneities that are larger than
typical pore sizes. 3 We plan to explore theoretical
models of scattering to account for these data. A
successful interpretation of the data may provide
information on ways to vary aerogel preparation
methods that will reduce the scattering and pr'oduce
a clearer material.

Planned Activities for FY 1984
Initial production of aerogel is under way, but
, several problems remain. Some shrinkage and sample cracking occur during preparation. New production methods will be investigated to reduce shrinking. Techniques to reduce cracking by releasing the
gels from the molds will be explored. Preparation
methods using base-catalyzed tetramethylorthosilica~e (TMOS) give clearer samples than those using
aCid-catalyzed tetraethylorthosilicate (TEOS). However, we have not used TMOS because of its toxicity.
We plan to explore safe methods of TMOS-based
aerogel production as well as new methods of using
TEOS.
Light scattering appears to be an ideal tool to
study the preparation process and characterize the
final properties of aerogels. We plan to continue the
study of light scattering techniques to understand
and improve the properties of aerogels, based on
experimental and theoretical studies.
In addition to light-scattering studies, measurements of thermal conductivity will also be made.
Based on these measurements, potential improvements using low-conductance gas-filled and evacuated aerogels will be analyzed.

OPTICAL SWITCHING PROCESSES AND
MATERIALS
A variety of optical switching devices can be
used to modulate solar heat gain and daylighting
through building glazings: These functions are
important to control glare and overheating, to reduce
cooling energy consumption and size requirements of
the heating, ventilation, and air-conditioning
(HVAC) system, and to minimize peak electrical
load. Our prior reviews of optical switching materials suggested that specialized solid- and liquid-state

Baffle

Laser

Photomultiplier
~igure 3. Diagram of the polar nephelometer used for the angular light scattermg measurements;
(XBL 832-1260)
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materials could be developed to perform dynamic
optical switching functions that equal or exceed the
performance of existing mechanical systems for sunlight control. Switching materials can provide optical control of the glazing by being automatically
responsive to light intensity, spectral content, and/or
temperature or can be controlled electrically in
response to any specific set ,ofl interior and exterior
conditions. An idealized spectral response of such a
coating is shown in Fig. 4.
Optical switching phenomena can be categorized
as chromogenic, electro-optic, or kineto-optic. For
large-area window applications, chromogenic materials appear to be the most promising. Of the chromogenic materials, electrochromic, thermochromic, and
photochromic ,types appear the most promising.
Some compounds exhibit combined properties.
The overall DOE-supported effort to develop
switching films includes the efforts of four major

,
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partlclpants. In addition to our research role, we act
as scientific coordinators for the entire effort.
Accomplishments During FY 1983
Our recent overview studies indicate that a
variety of chromogenic materials have promise as
large-area switching films. 4 ,5 Initial emphasis in the
DOE program is placed on electrochromic materials
. since there has been a major prior research and
development investment in examining their role as
display devices and because their controllable switching offers higher performance potentials. Certain
transition-metal oxides and hydroxides exhibit electrochromism. These oxides are the most useful for
window switching. A schematic of how these films
might function in a multilayer' device is shown in
Fig. 5. Nonstoichometric tungsten oxide films based
on W0 3 show considerable promise as visible and
near-infrared switching materials. An example of
results with a material synthesized by radiofrequency
sputtering (investigated by another contractor in the
DOE program)5 is shown in Fig. 6.. This film shows
the enhanced infrared response necessary to contra(
the near-infrared portion of the solar spectrum.
Other materials, such as Mo0 3, Ti02 and Ni0 2,
have not been studied as extensively as W0 3 but
may nevertheless have useful properties for optical
switching. The overall electrochromics research
effort includes basic materials characterization, better
device design, and development of transparent ionstoring counterelectrodes. LBL efforts focus on
characterizing and developing improved electro. chromic materials, initially Ni0 2 .
Materials for use as photochromic and thermochromic optical shutters' were also studied. Our
overview investigation covered a vast number of
previously recognized but poorly characterized
phenomena. Some photochromic inorganic oxides
dispersed in polymers may be useful for lightactivated passive switching. Metal halide dispersions
in glasses also exhibit many desirable features for use
as sunlight-control systems. Chiral nematic liquid
crystals and double metal iodide compounds may
offer thermochromic (heat-triggered) solar-light control. These, along with other materials research
recommendations, have been incorporated into a
multiyear research plan.

Figure 4. Idealized broadband spectral response desired
for a solar optical shutter. This example ignores the effect
of absorption and shows a highly transparent film
transforming into a highly reflecting one. Such a shutter
effect can control certain portions of the solar spectrum to
provide or restrict both solar heating and lighting.

Planned Activities for FY 1984
Further studies to identify and better qualify
options, for switching materials will be performed.
Research will focus on electrochromic NiO x films,
which can be switched to a dark bronze reflective

(XBL 828-6452)
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Figure S. Schematic of an electrochromic optical switch shown in each
of two states, transparent and colored. A current pulse causes an ion.based chemical reaction to take place in the electrochromic material
(HES, high-energy solar; NIR, near-infrared; IR, infrared).
(XBL 841-64)

state. Alternative techniques for depositing the NiO x
films will be studied. A reactive magnetron sputtering system will be used for deposition. Research on
thermochromic coatings will focus initially on thermochromic liquid crystals.· We plan to synthesize
these materials and characterize their properties as a
function of temperature and spectral response.

MATERIALS FOR IMPROVED DAYLIGHT
UTILIZATION
The intensity and spatial distribution of daylight
transmitted through windows and skylights must be
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controlled in order to reduce electric lighting requirements. Conventional solutions rely on architectural
elements and interior or exterior devices to control
daylight admission and distribution.
Greatly
improved performance would result from materials
or systems that could: (1) transmit maximum daylight with minimal cooling load impact (i.e., reject
solar infrared radiation); (2) collect and distribute
daylight beyond the perimeter zones in buildings;
and (3) provide angular selectivity in the acceptance
and redirection of incident light at the building
envelope.
In earlier studies, we evaluated the performance
of a variety of devices for daylight acceptance and
control on the basis of their reflective and refractive
optics. In 1982, we turned our attention to innovative optical materials and devices that showed the
potential for replacing more complex mechanical systems. We reviewed the feasibility of approaches
such as fiber-optics systems, hollow light guides,
holographic coatings, selective-reflectance materials,
and various scattering media. One promising
approach for collecting and redirecting daylight using
fluorescent concentrators is the subject of a patent
disclosure.

Accomplishments During FY 1983
0.5

1.0

1.5

Optical systems for daylighting require collection, transmission, and distribution subsystems. In
FY 1983, we reviewed alternative approaches, potential performance, and fundamental optical limitations to performance for each major system. We
then focused on characterizing the performance of
transmission, or light-guide, systems.

2.0

photon energy (eV)

Figure 6. Reflectance spectra of an RF-sputtered
polycrystalline W0 3-type film. Structurally modified, this
material can behave as a near-infrared switch. An evaporated film is shown for comparison. (Adapted from
R.B. Goldner. s)
(XBL 8311-4670)
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Our major effort was to investigate means of
transporting daylight deep into buildings. We compared the transmission properties of glass, plastic,
and liquid-core light guides, as well as some specialized hollow-core light guides. Some new, lowscattering plastic materials developed for fiber-optics
communications have high transmittance for visible
light. Figure 7 shows that a PMMA (polymethyl

methacrylate) core fiber can transmit more than 60%
of concentrated daylight for a distance of 10 meters.

PLANNED ACTIVITIES FOR FY 1984
We will continue transmission measurements
and analysis of several different light-guide systems
for a range of source conditions. We will also investigate methods of producing low-cost, hightransmittance plastic fibers to determine if substantial improvements are possible.
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Active Solar Cooling*

Absorption Chiller Research

M. Wahlig, K. Dao, M. Warren, J. Rasson,
R. Armer, and A. H eitzt
This project has three major tasks: (1) research
on improved absorption cycles for active solar cooling and heating; (2) systems and economic analysis
of active solar cooling and heating systems to establish cost and performance goals for the national
research program; and (3) technical support activities
for the active solar cooling program.

*This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Office of Solar Heat Technologies,
Active Heating and Cooling Division of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.
tHead of Heitz Energy Engineering, Inc.
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The objective of the research on absorption-cycle
chillers is to achieve a significantly higher conversion
efficiency than is possible in other approaches to
solar cooling and heating of buildings. Being essentially heat pumps, absorption-cycle chillers can be
used for heating as well as cooling if the refrigerant
fluid does not freeze in the outdoor coil during heating applications. We restrict our fluid choices to
those for which this heating option is available.
The absorption-cycle research program consists
of four phases, each successive phase leading closer
to the final machine. The first phase was successfully completed some time ago. By modifying a
conventional gas-fired ammonia/water absorption
chiller, we demonstrated the capability of our
analysis techniques to predict accurately the performance of single-effect (Le., single-stage) absorptioncycle chillers under operating' conditions appropriate
for solar-powered cooling.

.,.

.
,"

In the second phase, a completely new solardriven single-effect chiller was designed, fabricated;
and tested, using the experience gained during the
first phase. This new ammonia/water chiller had
several unique features for recouping thermal and
mechanical energy. The second phase was successfully completed2 in FY 1982.
In the present, third phase, we are investigating
the performance improvement obtained by adding a
unique second stage to the single-effect· chiller tested
in the second phase. The concept of the resulting
double-effect regenerative cycle (or cycle 2R) has
been described previously.3 Basically, with the addition of the second stage, the overall chiller efficiency
increases continuously as a function of the inlet temperature from the solar collectors. This 2R chiller
has been designed, 4 fabricated, and assembled; the
debugging and testing was started during FY 1983
and will continue into FY 1984.
In the fourth phase, a new concept in
refrigeration-absorption cycles-one that should
yield a still higher efficiency while requiring less
heat-exchanger area, for a potentially lower costwill be investigated. The basic concept of this
single-effect regenerative cycle (which we call cycle
lR) has also been described previously.s A version
of the lR cycle will be fabricated in FY 1985. The
success of the cycle lR chiller depends on our experience in developing the cycle 2R chiller. A
refrigerant-absorbent fluid pair with suitable properties at 300°F or higher, if it can be found, should
further increase the efficiency of the lR chiller.

Headquarters (HQ) Active Solar Heating and Cool~
ing Division, Office of Solar Heat Technologies.
These activities include program planning; technical
monitoring and evaluation of ongoing projects,
including site visits and review of progress reports;
coordination of review of unsolicited proposals;
assistance in the preparation and evaluation of
responses to program solicitations; and coordination
of related activities by other organizations.
ACCOMPLISHMENTS DURING FY 1983
Absorption Chiller Research
The 2R Chiller

Tests and modifications of the 2R chiller were
performed throughout FY 1983 and into FY 1984,
resulting in stable and efficient operation of the 2R
chiller by March 1984. Major problems encountered
and addressed but only partially resolved during this
period were:
•
•
•
•
•

Systems and Economics Analysis
•

The objectives of the systems and economics
analysis activities are: (1) to establish cost goals for
active solar cooling and heating technologies, based
on the present value of future energy savings; (2) to
assess the current state of absorption and Rankinecycle solar cooling technologies; (3) to analyze the
results of computer simulations to determine where
improvements can and must be made in thermal and
electrical performance; (4) to make recommendations
on research needs to develop cost-effective active
solar cooling technologies; and (5) to analyze
advanced solar absorption cooling system configurations and control strategies that can offer improved
performance.

Poor heat transfer characteristics of
absorbers.
Mechanical failures of the multistage
pump.
Cyclic fluctuations of fluid flows because
of liquid/vapor phase separation in components designed for low pressure drops.
Inadequate vapor/liquid separations at the
end of each boiling stage.
Loss of vapors through liquid expansion
valves.
Improper control of flow distribution
between different flow paths.

Typical experimental runs are summarized
Table 1.

In

Candidate FluidsJor the Cycle lR Chiller

Technical Support Activities

Preliminary cycle calculations 'using data
obtained from SRI International for six fluid pairs
(R-21/DMA; R-21/DGDE; R-21/DMH; R-22/DMA;
R-22/DGDE; and R-22/DMH)+ have indicated
poorer performance than NHiH20, even at temperatures up to 300°F. The main reasons are higher
heat losses because of the requirement of higher circulation rates. Finding a better refrigerant-absorbent
pair has thus proved to be as elusive as ever, and we

Our technical support activities provide assistance for the active solar cooling program to the
DOE San Francisco Operations Office :(SAN) Fossil,
Geothermal and Solar Division and to the DOE

*The absorbents are N,N-dimethylacetamide (DMA), N-Ndimethylhexanamide (DMH), and diethylene glycol dimethyl ether (DGDE).
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Table 1. Results of typical 2R chiller experimental runs.
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Principal accomplishments during FY 1983
include:

•

41

Absorber
. temperature

Systems and Economics Analysis

•

Expected
COP

Condenser
temperature

have decided to design the lR chiller prototype with
NH3/H20 as working substances.

•

Experimental
COP

Boiler
temperature

Capacity
(tons)

Analysis of electrical and thermal energy
performance of both commercial and
residential absorption and Rankine-cycle
cooling systems.
Participation in the DOE/Solar Active Program Research Requirements (APRR)
assessment, including completion of baseline cost and performance evaluations of
residential and commercial absorption and
Rankine solar cooling technologies6- 8 and
preparation of the APRR second-round
evaluations.
Development of research recommendations for the most promising cooling technologies and presentation of a paper on
research goals for active solar cooling systems based. on our work for APRR. 9- fl

In addition, new work was begun on modeling
advanced storage control strategies for absorption
coolin~ systems, using the TRNSYS simulation program. I
Projected Energy Savings, Cost Goals, and System
Costs

The thermal and electrical characteristics of
solar-driven absorption and Rankine cooling systems
have been evaluated6- 8 for a number of different system concepts, including single- and double-effect
absorption systems, Rankine turbines driving a
mechanical compressor with and without electric·
power generation, and three heat-rejection options
(air cooling, evaporative cooling, and wet cooling
towers). Both commercial systems (25 tons of cooling in a seven-zone light commercial office building)
2-22

and residential systems (3 tons for a single-story
residence) have been considered. The systems
analysis is based on recent computer simulations 13
for four cities representative of different climate
regions: Miami, warm and humid; Phoenix, hot and
dry; Fort Worth, warm. and humid with mild
winters; and Washington, D.C., warm summers and
cold winters.
The energy savings produced by an active solar
heating ·and cooling system are determined in part by
the energy requirements of space conditioning by
conventional means. Since considerable advances in
fossil-fired heating and cooling equipment are
expected between now and the year 2000, the
predicted energy savings for solar systems will be
reduced accordingly. The development of pulsecombustion gas-fired furnaces, for example, will
increase the heating efficiency of gas furnaces to 90%
or greater. The performance of conventional
electric-driven heat pumps and vapor-compression
air conditioners will also be improved by the use of
more efficient motors and optimized heat exchanger
areas. Our analysis assumes a seasonal coefficient of
performance (COP) of 4.0 for commercial cooling
systems..
A representative solar-driven commercial
absorption cooling system is shown in Fig. 1. The
baseline 25-ton absorption chiller operates with a
COP of 0.7 at a design inlet temperature of 90°C
(l95°F) and has an electrically operated back-up
chiller. Advanced chillers proposed or currently
under development are projected to operate with a
COP as high as 1.55 at an operating temperature of
140°C (280°F) .. For the baseline systems, the collector loop consists of about 232 m 2 (2500 ft2) of
evacuated-tube collectors. For advanced systems,
providing the same solar fraction, the collector loop
consists of about 85 m2 (915 ft2) of advanced
integrated compound parabolic-reflector/evacuatedtube collectors or equivalent high-performance
linear-trough collectors. Back-up can be provided
with a conventional electric chiller or with a gas

..

Estimates for the improved systems assume reductions in parasitic power consumption' of about 20%
for the internal chiller pumps and about a factor of 2
for the heat-rejection components. The energysavings of the baseline. and improved solar-driven
absorption cooling systems are shown in Table 2.
The conventional cooling system is a vapor- .
compression chiller with a seasonal electrical coefficient of performance (ECOP) of 4.0.
The performance of the systems with advanced
collectors and chillers has been estimated by assuming that (1) the thermal COP of the absorption
chiller is increased from 0.7 to 1.55 and the operating temperature is increased from 90°C (195°F) to
140°C (280°F), based on projections of advanced
chiller performance to be achieved by research in
progr~ss; (2) the collector area is reduced to give the
same solar fraction for cooling, taking into account
both the increased chiller COP and the use of an
integrated compound parabolic-reflector/evacuatedtube collector; and (3) back-up cooling is provided
by an integrated gas boiler that drives the 1.55 COP
chiller.

.
...

Figure 1. Water (evaporatively) cooled commercial
absorption cooling system.
(XBL 827-7250)

boiler firing the absorption chiller. For advanced
systems, the gas back-up boiler can be integrated into
the absorption chiller.
Performance estimates for the baseline system
have been obtained from the detailed simulation. 13

,.,(.

Table 2. Energy and cost savings in Phoenix for commercial-scale solar-driven absorption
cooling systems.
Solar System Configuration
(back-up energy source)
Improved
(electric)

Baseline
(electric)
Conventional
electrical energy
Solar electrical
energy required
Net electrical
energy savings
Solar natural
gas required
Net natural gas
energy savings
Year 1982 first-year annual
fuel cost savingsa
Year 2000 10-yr levelized
annual fuel cost savingsb
Incremental system cost
Approximate year 2000 payback

Advanced·
(electric)

Advanced
(gas)

91.4 GJ e

91.4 GJe

91.4 GJ e

91.4 GJ e

52.3 GJ e

40.0 GJe

34.4 GJ e

23.7 GJ e

39.1 GJ e
37.2 MBtue

51.4 GJe
48.7 MBtue

57.0 GJ e
54.1 MBtue

67.8 GJ e
64.3 MBtue
30.6 GJg
-30.6 GJ
-29.0 Matug

$748

$979

$1,088

$1,148

$1,331
$136,600
>100 yrs

$1,742
$50,700
29 yrs

$1,936
$35,600
18 yrs

$1,936
$22,400
12 yrs

aGas $5.00/MBtu, electricity $20.11/MBtu.
bGas $12.56/MBtu, electricity $35.78/MBtu.
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Figure 2 shows the projected improvements in
electrical energy savings for a 25-ton-capacity, solardriven absorption cooling system as the electrical
efficiencies for heat rejection, chiller operation, and
collector loop operation are improved. The effect of
'advanced system performance on electrical energy
savings is also shown. The main benefit of the
advanced systems arises from reduction of the collector area and therefore its cost, and from reduction in
the heat rejection required by the chiller. Integrating
the gas back-up into the chiller also decreases the
.total system cost because separate back-up equipment is not needed.
The cost of today's systems has been estimated
by engineering analysis. It is clear that the cost of
active solar cooling systems must be reduced if cost
goals are to be met. Assumptions must be made
about the cost reductions possible with future systems. The precise costs that can be reached are a
matter of speculation. The projected incremental
costs of present, improved, and advanced solardriven absorption cooling systems installed in the
year 2000, as expressed in constant 1981 dollars, are
also shown in Table 2.
Today's installed collector and support cost of
$390/m2 ($36/ft2) must be reduced to about $1Q0/m2

($9/ft2). At present, a 20-ton gas-fired, water-cooled
absorption chiller has an installed cost of about
$490/ton. If· the cost of advanced solar-driven
absorption chillers with integral gas back-up can be
reduced to that of today's chillers, the ultimate cost
of the advanced absorption chillers would be reduced
from about $820/ton to $490/ton. On the basis of
this analysis, an active solar-driven, highperformance absorption heat pump in a cooling-only
mode with an integrated gas-fired heat pump backup should achieve costs that give approximately a 9year payback.
Simulation Analysis

Work in developing computer simulation models
of advanced control strategies for solar absorption
cooling systems began in FY 1983. TRNSYS, version 11,12 was used to model different control strategies. A new dual-tank storage model and control
models have been developed and incorporated into
TRNSYS. The simulation modeling nas been
transferred from the CDC 7600 computer to the
VAX/VMS numerical modeling and program
development machines. Limited work was also
undertaken to understand solar system control
dynamics. 14
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Technical Support Activities
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The main technical support activity during FY
1983 was the technical monitoring of solar cooling
research projects being performed by outside (nonLBL) contractors. Eighteen site visits to 12 contractors were conducted. In addition, LBL coordinated
the review of 14 topical and final reports written by
the outside contractors.
LBL maintained cognizance of the progress of
each outside research project through review of
monthly progress reports and by frequent phone and
mail contacts. LBL prepared and sent to DOE/SAN
monthly summary reports on all the DOE solar
absorption and Rankine cooling projects.
The reviews of five unsolicited solar cooling proposals were conducted by LBL during FY 1983, and
the resulting recommendations for action were
transmitted to DOE/SAN.
LBL assisted DOE/SAN in preparing the technical sections of two Requests for Proposals during FY
1983: one on the control of solar cooling systems
and the other on the measurement of thermodynamic properties of zeolite/refrigerant combinations for solar ice-making. LBL staff also participated in the technical review of proposals received in
response to these solicitations.
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LBL participated in planning, orgamzmg, and
conducting two major topical review meetings held
during July 1983, one on absorption cooling and one
on Rankine-cycle cooling. LBL staff also participated in the following workshops and meetings: a
workshop on active solar heating and cooling run by
the Electric Power Research Institute (EPRI) in
August 1983; a topical review meeting on desiccant
cooling conducted by the Solar Energy Research
Institute (SERI) in July 1983; a workshop on the
Solar in Federal Buildings Program organized by the
Energy Technology Engineering Center in April
1983; and a topical meeting on second-law thermodynamic analysis held by DOE in May 1983. An
invited paper on . accomplishments, status, and
outlook for the DOE solar cooling and heat pump
programs was presented at the American Solar
Energy Society annual meeting in June 1983. In
addition, LBL staff organized and co-chaired sessions
on absorption heat pumps and desiccant cooling at
the annual Intersociety Energy Conversion Engineering Conference (IECEC) meeting in August 1983.
LBL also provided technical inputs to DOE/SAN
and DOE/HQ for annual and multiyear active-solar
program planning documents. In related activities,
LBL participated in systems analysis planning meetings coordinated' by SERI, and in meetings of the
oversight board for the active solar program
"research requirements" planning process.
Coordination activities in connection with the
U.S.-Mexican joint project on solar· refrigeration
continued, with LBL hosting a visit by the Mexican
principal investigator in September 1983. Frequent
discussions with SERI staff members working on the
solar desiccant cooling program facilitated coordination of the overall DOE solar cooling program,
comprising absorption, Rankine, and desiccant cooling elements. Numerous discussions with staff
members of Oak Ridge National Laboratory (ORNL)
similarly helped to coordinate the absorption heat
pump research activities supported by DOE/ Conservation (for which ORNL has technical support
responsibility) with the absorption cooling activities
supported by DOE/Solar. Two visits to LBL during
FY 1983 by Gas Research Institute (GRI) staff
members provided opportunities to exchange information on the DOE and GRI programs in solar cooling and absorption heat pumps. Frequent meetings
during the year at DOE/SAN facilitated the necessary coordination between LBL's technical support
effort and DOE/SAN's program management responsibilities for the solar cooling program.
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PLANNED ACTIVITIES FOR FY 1984
Absorption Chiller Research
Testing of the 2R chiller in the cooling and heating modes will continue in FY 1984. The goal is to
obtain an experimental performance map for the
.. chiller over a representative range of operating temperatures and capacities applicable to both modes.
Most of the testing will be done using electric
diaphragm pumps as temporary substitutes for the
internally vapor-driven multistage pump. The tests
are expected to conclude near the end of FY 1984 or
early in FY 1985.
Development of the vapor-driven multistage
pump will also continue, especially work on the
seals.
The design and fabrication of some components
of the lR chiller should begin in FY 1984.

Systems and Economics Analysis
Systems and economics analysis of advanced
active solar cooling systems will continue in FY
1984 in cooperation with DOE/HQ and SERI. As
part of the DOE Documentation Project; drafts are
being prepared for two chapters entitled "Economics
of Active Solar Heating and Cooling" and "Cost
Goals for Active Solar Cooling."
Work will continue using hourly TRNSYS simulations to evaluate the improvement that can be
obtained in overall chiller performance from revised
system configurations and control strategies. LBL
has most of the active solar system simulation routines that were developed by Science Applications,
Inc. (SAI)13 and has experience in running and
evaluating them. LBL serves as a repository of these
SAl-developed systems. analysis capabilities for the
solar heating and cooling program.
Improvements in sensible-heat storage configurations and control strategies will be simulated to
study potential improvements in system performance. We have developed a storage model for
TRNSYS that includes a second small buffer storage
tank. We will write a TRNSYS control algorithm'
that will simulate two different control configurations for the tanks: (1) a switched tank configuration
suggested by Newton and Davis 15 ; and (2) a buffer
tank configuration. Because chiller systems operate
much of the time at less than 50% of design load, it
is important to examine the performance effectiveness of different system configurations and control
strategies with hourly simulations.

As is well known, the performance of conventional chillers can be improved by resetting the
chilled-water temperature upwards from 45°F to
55°F, provided that there is adequate dehumidification and an adequate supply of air to meet the
demand. Because solar-driven chillers operate under
varying conditions, such a temperature-reset strategy
may improve their performance even more than in
the case of conventional chillers. To evaluate this
and other strategies, we are developing a simulation
using TRNSYS version 12 that will keep track of
space humidity, air volume, and fan energy requirements in a simple building model.
Previous evaluations of storage options for active
solar cooling used simple and unrealistic chiller
models. TRNSYS simulations using recently
developed chiller models 13 will be used to evaluate
the performance improvement that can be gained
with various hot-side and cold-side storage options.
We will also evaluate control and system effects for
double-effect and advanced absorption systems and
examine system operation under standard residential
and commercial loads in several cities that represent
different climate regions.
A new effort to develop a simulation model for
evaluating the performance of advanced absorptioncycle machines will begin in FY 1984, building upon
LBL's expertise and experience in simulation
analysis and innovative absorption-chiller technology.
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Technical Support Activities
Technical support activities will be similar to
those performed in FY 1983. .The number of solar
cooling contractors is expected to decrease as
projects are completed, and a corresponding decrease
in the scope of the LBL technical monitoring activities is expected. At the same time, several solicitations for new research projects will be issued by
DOE/SAN, and LBL will assist in the preparation of
the technical scope statements for these solicitations
and in the technical review of proposals received.
Program planning activities will be an important
part of the FY 1984 effort. LBL will assist in preparing the draft 5-year research plan for the DOE solar
heating and cooling program and will participate in
the planning process for several cross-cutting program elements, such as systems analysis and system
performance monitoring.
Coordination activities with other organizations
involved in similar programs will also continue during FY 1984, primarily with SERI researchers working on desiccant cooling and with ORNL staff
involved in absorption heat-pump research.
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The Photoelectrical Activity. of
Bacteriorhodopsin: The Role of
Carboxyl and Tyrosine Amino Acids*

interacts with the protein environment because its
absorption spectrum is substantially red-shifted from
the 368-nm peak of free retinal to the 570-nm range.
This red shift is important for solar energy conversion because it allows efficient capturing of available
light in a wavelength region of high light intensity.
Understanding how the protein effects this spectral
shift is important for technological applications since
such an understanding may make it possible to
broaden the range of wavelengths for light harvesting.
However, a more important aspect of the retinal
interaction with the protein is that it causes a onedirectional movement of protons across the membrane against a substantial electrochemical potential
gradient. A pivotal element of the process is the
deprotonation of the Schiff's base linkage that binds
the retinal pigment to lysine 216 of the protein. The
pigment undergoes a cis-trans isomerization during
the photocycle, and some investigators suggest that
an attendant conformational change may be important in ensuring that the proton movement is unidirectional. Such a conformational change may
cause a realignment of proton donors and acceptors,
which may include the amino acid tyrosine and the
carboxyl-bearing residues aspartate and glutamate.

L. Packer, R. J. Mehlhorn, A. Quintanilha, E. Lam,
E. Hrabeta, J. Herz, and W. Baird

The bacterial membrane protein bacteriorhodopsin (bR) has been identified as one of the most
promising biological light-energy converters for technological development. In nature, this catalyst couples the absorption of visible-light photons in the
570-nanometer range to the translocation of hydrogen ions across the bacterial membrane. Among biological energy converters, bacteriorhodopsin is outstanding because of its relatively simple structure
and its great stability. It is readily isolated from the
bacterium Halobacterium halobium and can be
stored as sheets of purple membrane for years
without loss of activity.
The primary sequence of amino acids in bR-a
linear sequence-has been determined. 1 The threedimensional arrangement of these amino acids is not
yet known, although a number of structures, based
on thermodynamic considerations and electrondiffraction data, have been postulated. 2,3 Because it
is generally supposed that an accurate knowledge of
the structure of this protein would provide important
insights into how it converts energy, considerable
effort is being expended throughout the world to discover this structure.
A major unresolved question is how bR accomplishes its proton-pumping function after absorbing
a photon of light. We know that the retinal pigment

ACCOMPLISHMENTS DURING FY 1983
The Membrane Bioenergetics Group has studied
the molecular mechanism of energy conversion in
bacteriorhodopsin by chemically modifying selected
amino acids and correlating altered structure with
altered function. This approach has shown that tyrosines, tryptophans, and the carboxyl amino acids,
glutamate and aspartate, are critically important for
the protein's integrity. In addition, we are using
computer modeling of the bacteriorhodopsin structure to attempt to' predict the tertiary arrangement of
amino acids in the membrane. The computer model
incorporates all available data, including the data
from our chemical modification studies.

*This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Biological Energy
Research Division of the U. S. Department of Energy under Contract No. DE-AC03-76SF00098. A portion of the research was
supported by the National Aeronautics and Space Administration,
Extraterrestrial Biology Division.
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Chemical Studies
Reaction of Carboxyls with Spin Labels

Electron diffraction has reached the limits of
resolution with available technology, and it is now
clear that insufficient detail is· realized to make an
unequivocal determination of structure. Alternative
met!lods are therefore are being sought for elucidating the positions of specific amino acids.
Recently, we effectively used electron spin resonance techniques to study the topography of spinlabeled carboxyl groups.4 Labeling was achieved by
coupling amine-bearing nitroxides with the hydrophobic activating reagent N-(ethoxycarbonyl)-2ethoxy-I,2-dihydroquinoline. The distance of the
modified carboxyls from the aqueous membrane surface was inferred by studying the line broadening of
the nitroxide signals by membrane-impermeable
paramagnetic ions of copper, nickel, and ferricyanide. The effect of these agents was calibrated in
terms of their interaction with spin-labeled fatty
acids whose membrane locations are wellestablished. Results showed the existence of carboxyls within the hydrophobic core of the membrane, at least 16 A from the aqueous surface. This
finding has helped resolve a controversy about the
feasibility of imbedding potentially charged moieties
in non-aqueous membrane domains.

genous retinai pigment, they form the acid species at
pH values two units more alkaline than those causing formation of the blue species in native purple
membranes. The rate of light-to-dark adaptation is
also relatively more rapid in the reconstituted white
membranes, suggesting that they have a looser structure.
Effect of Tyrosines on the Color of bR

Retinal pigment in ethanol has an absorption
maximum at 381 nm, but, when the pigment is
bound to bacteriorhodopsin, its absorption maximum is at 570 nm. Most of this red shift is deemed
to be due to the Schiff's base linkage, but there can
be no doubt that other structural elements influence
the absorption characteristics. Prominent among
these factors are interactions between retinal and
aromatic and charged amino acids. When two or
more tyrosines were iodinated in the protein, altered
spectral properties became apparent. 7 It was
observed that the absorption maxima of the 570-nm
ground state as well as those of three photointermediates were blue-shifted. In addition, the decay
kinetics were markedly slowed by the iodination.
From these studies, it can be concluded that two or
more tyrosines interact with the retinal chromophore
so as to affect its color.
Modification of Tryptophan and Tyrosine by a Novel
Light-Dependent Reaction

Chemical modification with the nitrating reagent
tetranitromethane was shown to be both pH- and
light-dependent. 8 Reaction at pH 8.0 affected an
average of 0.7 tyrosine residues in the dark, whereas
illumination with wavelengths greater than 540 nm
caused an average of 2.0 tyrosines to be altered. No
tryptophans were modified at this pH. The absorption maximum was shifted to 530 nm only for the
light-treated sample. The changes in the optical properties of the light-modified protein were reversed
when dithionite reduction of the nitrotyrosines to
form amino tyrosine was carried out. Reaction of
bR with tetranitromethane at pH 5.5 revealed that
0.8 tyrosine and 1.2 tryptophan residues were labeled
per protein and that the absorption peak was again
shifted toward· shorter wavelengths (Fig. 1).9
Cleavage of the proteiil into two fragments with the
enzyme chymotrypsin showed .that the modified
amino residues are located in the larger of the two
fragments, thus limiting the possible assignment of
these residues. The spectral shift caused by the
modification implies that the nitrated residues are
situated in close proximity to the retinal chromophore.

Labeling of Carboxyls with an Optical Reporter
Group

The pH-sensitive reporter, nitrotyrosine methyl
ester, was reacted with carboxyls in bR, using the
same procedure as for spin labeling. 5 Whereas nitrotyrosine methyl ester in aqueous solution exhibits a
pK value of 6.6, the covalently bound probe in bR
has a pK of about 10, consistent with its intramembrane location in a hydrophobic domain. Forward
and backward pH titration showed a marked hysteresis. The pK of the backward titration shifted to
about 8, suggesting that the protein had suffered a
conformational change to bring the labeled carboxyl
to the membrane surface.
Nearly identical behavior of "white membranes"
isolated from a retinal-lacking mutant strain showed
that an interaction of the nitrotyrosine with the retinal chromophore did not affect the interpretation of
the optical data. However, certain properties of
white membranes differ from those of native purple
membranes, including the capability of forming the
blue-shifted species that arises upon acid treatment. 6
When white membranes are reconstituted with exo2-28
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Since the reaction pattern of tetranitromethane
under illumination differed from the result in the
dark, the light-dependent reaction was studied in a
model system to elucidate its mechanism. IO To
mimic the· hydrophobic environment of the reaction
in bR, the reaction of tetranitromethane with substituted phenols was studied in cyclohexane. The
results showed that a donor-acceptor complex of the
tetranitromethane and the phenol absorbed a photon
and that the resulting charge-transfer complex
underwent an electron transfer to form the radical
pair. Decomposition then produced the reactive
N0 2 radical, which formed a covalent bond with the
phenol.
.
Further characterization of bR membranes
treated at pH 5.5 under illumination has been carried out. II Resonance Raman spectroscopy showed
that the modified protein contained a Schiffs-basebound proton as found in unmodified bR, but that
interactions between neighboring proteins were lost
upon nitration. It was also found that the kinetics of
the photocycle were altered in the modified protein.

spectrum, a twofold increase in tryptophan fluorescence, an increased bleaching rate with hydroxylamine, and a disappearance of the negative exciton
band in the 600-nm circular dichroism spectrum.
Fixation of the protein with the crosslinking reagent
glutaraldehyde prior to detergent treatment had only
two effects, the prevention of solubilization and the
disappearance of the negative exciton band mentioned. Photocycle kineti<;:s were altered by detergent
treatment such that rise times for the M412 state
were accelerated two- to threefold and decay rates
were slowed. The results indicate that the interaction between the retinal piment and the protein is
sensitive to a loosening of the protein structure by
the detergents.
Electrical Activity Associated with the Photocycle

Charge movements in bacteriorhodopsin were
measured in purple membrane sheets oriented in a
strong electrical field. 13 Voltage fluctuations
observed with laser flash photolysis correlated kinetically with the photocycle. When electrical responses
of iodinated-tyrosine bR were compared with
unmodified control membranes, the return of
charges to the ground state was slowed in the iodinated membranes. This study provides additional
support for the involvement of tyrosine residues in
the proton-pumping activity of bR and shows that
altered chemical properties of critical tyrosines cause

Stabilization and Disruption of bR with Chemical
Crosslin king and Non-Ionic Detergent Treatment

Bacteriorhodopsin membranes were exposed to
two non-ionic detergents: Triton X-lOO and octyl
glucoside.1 2 In addition to stabilizing the protein,
this treatment caused a blue shift in the absorption
2-29

a decoupling of the electrical activity from the photocycle.

3.

Studies with bR Incorporated into Synthetic
Membranes
Isolated membrane sheets of bacteriorhodopsin
were incorporated into liposomes of soybean lipids
by ultrasonic treatment. 14 · The photoelectrical
activity of the resulting reconstituted membranes
was studied with spin-probe methods recently
developed in our laboratory. Measurements of
transmembrane electrochemical potentials in conjunction with photocycle· assays revealed that the
chromophore was· sensitive to the transmembrane
electrical potential.

Computer Modeling of bR
During the past year, the protein structure simulation facilities of the NASA-Ames Research Center
have been used to study a number of the proposed
structures of bacteriorhodopsin. 15 It was recognized,
however, that the available computer programs must
be modified to speed up the calculation of electron
densities corresponding to particular molecular
assemblies. This task has recently been completed,
and we are currently concentrating on achieving best
fits of the models to raw electron diffraction data.

PLANNED ACTIVITIES FOR 1984
The role of carboxyl groups in bR will be further
defined by analyzing surface potentials,· multivalent
cation effects, and laser-based Doppler velocimetry
of chemically modified purple membranes. Carboxyl
groups will be crosslinked to lysine residues under
conditions favoring either intra- or intermolecular
bonds to study the effect of conformational constraints . on membrane function. A specific lysine
residue \\Till be spin-labeled to provide further topographic information about amino acids within the
protein. In addition, chemical modification and
crosslinking studies of the hydrophilic tail of bacteriorhodopsin will be pursued to determine what
part this structure plays.
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LBL Building 71 Solar Cooling
•

The Solar Cooling System will provide substitute capacity for the existing Building 71 chilled
water system by installing a solar-driven chiller next
to and in parallel with the existing electric chillers,
which will be retained for back-up. The system will
consist of roof-mounted collectors, storage tanks, a
noininal 25-ton-capacity lithium bromide chiller
package and associated pumps, piping, insulation,
valves and fittings, controls, and instrumentation.
The chiller package is being supplied by Arkla Industries, Inc., and will be field-tested in the system.
Because more than 25 tons of cooling are continuously required at Building 71, the solar chiller will
operate at full load for an average of 6 hours per day.
Table 1 summarizes the design parameters of the
cooling system. In addition, the collector array will

Project*
F. Salter

o

for Structural Studies' '~f Bacteriorhodopsin,"
Methods Enzymol. 88, p. 772.

This active solar cooling project is part of the
Department of Energy's Solar in Federal Buildings
Program. The program is intended to demonstrate
the Federal Government's confidence in the solar
industry and to stimulate growth and technical
improvements in solar technology through the installation and demonstration of a variety of commercially applicable solar energy systems in buildings
owned or occupied by the Federal Government. The
program provides technical and financial assistance
through interagency agreements to Federal agencies
for design, acquisition, construction, and installation
of solar heating and cooling equipment projects.
Building 71, which houses the Heavy Ion Linear
Accelerator (HILAC), was chosen as the site for one
of these demonstration projects. The LBL Plant
Engineering Department is responsible for project
engineering and contract administration. LBL's
duties have included preparation of the project proposal, preliminary engineering, conceptual design,
selection of design criteria, selection of an outside
architect/engineer for final engineering and preparation of plans and specifications, engineering and
administrative support for the architect/engineer,
periodic review of the final design, and administration of the bid process and subcontract negotiations;
present duties include construction supervision,
acceptance testing, and field testing of the system.
The LBL Active Solar Research Group provides
technical assistance and review of the project.
Overall administration is provided by the San
Francisco Operations Office of the Department of
Energy (DOE/SAN). DOE/SAN has subcontracted
technical management of the project to the Energy
Technology Engineering Center (ETEC).

Table 1. Parameters of LBL Building 71 solar cooling system.

*This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Office of Solar Heat Technologies,
Active Heating and Cooling Division of the U.S. Department of
Energy under Contract No. DE-AC03-76SFOOO98.
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Chiller capacity

25 tons

Chiller COP

0.73

Average operation

6 hr/day (at 22-ton
loading)

Generator entering-water temp.

185"F (adjustable
170°F to 200°F)

Exiting chilled-water temp.

45"F

Entering condenser-water temp.

80°F

Maximum storage temp.

250°F

Collector area

5100 ft2 (gross area)

Collector type

evacuated-tube
collector

Storage tank

2500 gallons

Thermal ballast tank

500 gallons

Expansion tank

500 gallons

use Energy Design HP 250 evacuated-tube solar collectors to accomplish the 250°F maximum design
temperature. The collector design emphasizes simplicity and durability to minimize maintenance.
This is essential, because roof radiation when
HILAC is operating will restrict access to the collectors. Fluid will be contained in stainless steel tubing
so that glass-tube breakage will not disrupt system
operation, and tube replacement can be scheduled
for periods when the accelerator is not operating.
Further reliability is accomplished by using highquality Pyrex-type evacuated tubes that are less
prone to breakage. Also, the collectors have no
cover glass, making tube replacement easier.

•

Construction was 87% complete at the end of FY
1983.

PLANNED ACTIVITIES FOR FY 1984
Construction was partially stopped in December
1983 because of a lack of funds; additional funds
were approved in April. Project completion has
been rescheduled for July 15, 1984.
Remaining contract work to be completed in FY
1984 includes installation of solar collectors and
adjacent piping; completion of controls, instrumentation, electrical wiring, and insulation; and start-up.
In addition, some change order work will be
required. These changes focus primarily on the need
for deionization equipment and special cleaning and
testing of the solar loop to eliminate chlorides and
fluorides from the solar-loop fluid. This. special
work is necessitated by a manufacturing change from
copper to stainless-steel collector tubing. (Both General Electric and Energy Design found that copper
tubes and fins were subject to degradation from oxidation in evacuated-tube collectors. Energy Design's
change to stainless steel has not been totally successful because of stress-corrosion cracking; this can
occur in stainless steel at stagnation conditions in an
evacuated-tube collector when chlorides and
fluorides are present.)
This project has been selected by DOE for special instrumentation for the National Solar Data Network. Appropriate instrumentation will be installed
during the final phase of system installation and
checkout, and data-taking will commence after system acceptance.

ACCOMPLISHMENTS DURING FY 1983
Construction was seriously held up in FY 1983
by a year's delay in delivery of the solar collectors.
The delay resulted from manufacturing problems,
including rejection of the first complete set of solar
collectors because of inadequate performance.
Acceptable solar. collectors finally arrived on September 29, 1983.
Meanwhile, the following components of the
solar cooling system were installed:
•
•
•
•
•
•
•

Control panels and pneumatic tubing

Chiller package, With chilled-water pump
and solar-collector pump
Storage, thermal ballast, and expansion
tanks
Heat dump
Condenser pump
Essentially all major piping
Insulation on ab,ove-roof piping
Electrical work (95% complete)
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Solar Energy Conversion Using
Microstructured Materials: Direct
Radiant Heating of Small ·Particle
Suspensions*
A. Hunt, H. Chu, P. Hull, R. McLaughlin, F. Miller,
R. Russo, and W. Yuen

•

The Solar Advanced Micromaterials Research
and Development Group is investigating the use of
micro structured materials for the collection conver.
'
SlOn, and control of sunlight. Research is in three
main areas: (1) the direct use of concentrated sunlight for heat and chemical applications, (2) the
development of microporous optical materials, and
(3) the study of diffractive structures for the collection and control of sunlight. Development of transparent microporous materials for insulating windows
(aerogels) is reported in the Aperture Materials article. This article describes research in the use of particle suspensions as solar absorbers to provide heat
f~r power or process .applications and the study of
dIrectly solar-heated particles to provide useful fuels
and chemicals. Research on the use of holography to
produce diffractive thin-film coatings for the control
of sunlight is also described.
For the past several years, we have been investigating the use of holographic optical elements
(HOEs) for the collection and control of sunlight:
This year, we investigated the use of HOEs to
redirect sunlight falling on the windows of a structure. This redirection of sunlight can provide daylight to room locations far from the windows. The
feasibility of this approach was investigated for the
Office of Energy Systems Research of the DOE Conservation Program, analyzing in particular the use of
thin and thick holograms. The resulting assessment
report2 concluded that the HOE approach was feasible and could be quite cost effective. A research program to investigate the design and fabrication of
holographic window .coatings for daylighting purposes was recommended to DOE.
In FY 1983, we continued to investigate new
approaches to solar thermal energy conversion that
are based on the direct absorption of concentrated
*This work was supported by the Solar Thermal Research and Advanced Development Program managed by the San Francisco
Operations Office, the Office of Energy Storage Technologies, and
the Office of Energy Systems Research, all under the Assistant
S~cretary for Conservation and Renewable Energy, and by the
DIrector's Discretionary Fund through the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.
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sunlight by particles suspended in a gas. The central
activity in the past few years has been the development of the
Small Particle
Heat Exchange Receiver
3
(SPHER) to produce high-temperature gas for
power or industrial process heat applications. In this
concept, concentrated sunlight from a field of heliostats or a parabolic collector is directed into a windowed chamber (the receiver), where the radiant
energy is absorbed by submicron carbon particles
suspended in air. The particles heat and transfer
,their thermal energy to the air very effectively. They
also oxidize at the operating temperature to leave a
clear gas stream suitable for operating a turbine for
electrical power production or for supplying industrial process heat. Earlier work produced the initial
analysis of the optical, physical,and thermal properties of radiantly heated suspensions of very small
particles for use as solar absorbers.
FY 1982, a 30-kW high-.temperature-gas
receIver, the SPHER Mark I, was desilned and built
at LBL to demonstrate the concept. Late in the
same year, this receiver underwent solar testing at
the DOE central receiver Advanced Component Test
Facility at the Georgia Institute of Technology. The
test successfully demonstrated that suspensions of
small particles can act as solar absorbers and heat
exchangers to heat gases to high temperatures. 5-8
The scope of the work was expanded in FY 1983 to
include the investigation of radiantly heated particle
suspensions to produce chemical reactions.

!n

!

ACCOMPLISHMENTS DURING FY 1983
In FY 1983, the results of the Mark I receiver
test were analyzed and a final report was written
describing the test and experimental results. 5 There
were three key results. First, the design goalsabsorbing 90% of the sunlight in the particle suspension with an output gas temperature of 750·C and a
power output of 30 kW-were achieved. These
results confirm that small-particle suspensions act
effectively as solar absorbers and heat exchangers.
Second, the carbon particles functioned as predicted,
requiring only a very small mass of particles, and the
particles oxidized at the operating temperature to
leave a clear exit gas stream. Third, the temperature
of the particle suspension was found to be significantly higher than the temperature of the walls of the
receiver. This last result formed the basis for
extending the research to higher temperatures for
thermochemical applications.
As a result of the successful solar test of the
Mark I receiver, there has been interest in continuing
the development of high-tern perature-gas receivers
based on the SPHER concept for electric power pro-

.

•

,

duction. DOE initiated comparative studies of various high-temperature-gas receivers for small central
receiver solar thermal power plants. 9 The SPHER
concept ranked high in these studies, and it is anticipated that a conceptual power plant design study for
a SPHER will be performed.
Work was initiated in FY 1983 to investigate the
direct radiant heating of suspensions of small particles to supply energy for producing useful fuels and
chemicals. Direct high-temperature chemical processing using concentrated sunlight offers distinct
economic advantages over solar thermal/electric
conversion. This is especially true for chemical production processes that require electricity to reach
very high temperatures. The direct use of sunlight to
drive these reactions eliminates the considerable
Carnot-cycle losses inevitable in the heat-tomechanical energy conversion required to operate an
electric generator.
Studies of radiantly heated particle suspensions
were undertaken in FY 1983 to explore critical issues
in radiantly driven chemical reactors and receivers.
When these design issues are better understood, the
range of possible applications to solar thermal systems will be clarified. The research was concentrated in two main areas. The first was the analytic
study of the heat transfer within radiantly heated
particle suspensions. The second was the development of conceptual· designs for radiant chemical
reactors and the implementation of those designs in
experimental bench-scale tests.

ture should be close to the particle temperature. The
important controllable experimental variable is the
particle size. Therefore, this phase of the work began
investigating the effects of particle size on both the
heating rate and the ultimate temperature reached by
the particles.
In another study, we completed the analytical
investigation of a solar engine that. uses small particles as the solar absorber. TO In thIS approach, concentrated sunlight passes directly into the cylinders
and is absorbed by small particles suspended in the
working gas. The heated gas expands to drive the
pistons. The two-cycle operation of the engine is
controlled by an "optical valve" that directs the sunlight from one cylinder to the other. We found that
the engine's efficiencies compared favorably with the
Otto and Diesel cycles.

Experimental Studies
Significant progress was made in the experimental program, although the problems were more difficult than had been anticipated. An important experimental goal was reached with the detailed flux mapping of the arc image light source. This is a necessary first step in designing a radiant receiver because
the distribution of radiant flux (as modified by the
absorbing suspension) determines the total power
transferred into the suspension. The detailed map of
the flux density in three-dimensional space was used
in the design of the first generation quartz
receiver/reactor. The Solar Thermal-Activated Radiant Reactor, or STARR, was fabricated in the LBL
glass shop, and preliminary tests were undertaken
late in the fiscal year. Figure 1 shows photograph of
the reactor under test. The lighted region rising from
the bottom indicates the beam 'geometry by the light
scattered from the suspended particles.
The second major experimental effort was
devoted to development of methods to entrain fine
particles in a moving gas stream. Magnetite particles
were used as a test case because of their desirable
optical properties and their possible role in a twostep thermochemical water-splitting cycle. Sufficient
progress was made in entraining fine powders for the
current experiment, but more work must be done in
this area.

Analytical Studies
Studies of heat transfer in radiantly heated twophase suspensions confirmed our earlier work and
broke new ground. A conceptual model of the temperature and density in a radiantly heated absorbing
fluid was created by using the experimental results
from the Mark I test. This conceptual model formed
the basis of a new, one-dimensional-flow heat
transfer model that yielded quantitative results useful for understanding the behavior of various
receiver designs. In particular, we were able to
explore the' differences in operation between
receivers in which the gas was flowing toward the
source of radiant energy and away from it.
We also initiated studies of the heat transfer
between the particles and the suspending gas. This
problem was identified as a critical unknown in
direct-flux high-temperature chemical reactors using
small particles because of the role of heat transfer in
determining particle temperatures. In some cases, it
is desirable to heat the particles and minimize the
gas temperature. In' other reactions, the gas tempera-

PLANNED ACTIVITIES FOR FY 1984
The research described above enabled us to open
up entirely new ground in the field of solar heatprocessing of fuels and chemicals. This research, in
conjunction with the results of the successful solar
test of the SPHER Mark I receiver, has established
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Energy Storage Initiative and is described in the
Chemical Process section of the Annual Report.
Finally, as yet another application of radiantly
heated small-particle suspensions, we have initiated
studies of the solar detoxification of hazardous
chemical wastes. In this approach, small particles
are entrained in the vapors of the toxic chemical,
and the suspension is passed into a reactor at the
focus of the solar concentrator. In FY 1984, we will
attempt an experimental demonstration of the destruction of a surrogate for refractory toxic waste.

•
•
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