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INTRODUCTION

Solar energy has become a major alternative
for supplying a substantial fraction of the
nation's future energy needs. The U.S. Department
of Energy (DOE) supports activities ranging from
the demonstration of existing technology to
research on future possibilities. At Lawrence
Berkeley Laboratory (LBL), projects are in progress
that span a wide range of activities, with the
emphasis on research to extend the scientific basis
for solar energy applications, and on preliminary
development of new approaches to solar energy
conversion.

To assess various solar applications, it is
important to quantify the solar resource. Special
instruments have been developed and are now in use
to measure both direct solar radiation and circum-
solar radiation, i.e., the radiation from near the
sun resulting from the scattering of sunlight by
small particles in the atmosphere. These measure-
ments serve to predict the performance of solar
designs that use focusing collectors employing mir-
rors or lenses to concentrate the sunlight.

Efforts have continued at a low level to
assist DOE in demonstrating existing solar technol-
ogy by providing the San Francisco Operations
Office (SAN) with technical support for its manage-
ment of commercial-building solar demonstration
projects. Also, a hot water and space~heating
system has been installed on an LBL building as
part of the DOE facilities Solar Demonstration Pro-
gram,

LBL continues to provide support for the DOE
Appropriate Energy Technology grants program.
Evaluations are made of the program's effectiveness
by, for example, estimating the resulting potential
energy savings. LBL also documents innovative
features and improvements in economic feasibility
as compared to existing conventional systems or
applications.

In the near future, we expect that LBL
research will have a substantial impact in the
areas of solar heating and cooling. Conventional
and new types of high-performance absorption air
conditioners are being developed that are air-
cooled and suitable for use with flat plate or
higher-temperature collectors. Operation of the
controls test facility and computer modeling of
collector loop and building load dynamics are
yielding quantitative evaluations of the perfor-~
mance of different control strategies for active
solar-heating systems.
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Research is continuing on "passive" approaches
to solar heating and cooling, where careful con-
siderations of architectural design, construction
materials, and the environment are used to moderate
a building's interior climate. Computer models of
passive concepts are being developed and incor-
porated into building energy analysis computer
programs which are in the public domain. The
resulting passive analysis capabilities are used in
systems studies leading to design tools and in the
design of commercial buildings on a case study
basis. The investigation of specific passive cool-
ing methods is an ongoing project; for example, a
process is being studied in which heat-storage
material would be cooled by radiation to the night
sky, and would then provide "coolness" to the
building.

Laboratory personnel involved in the solar
cooling, controls, and passive projects are also
providing technical support to the Active Heating
and Cooling Division and the Passive and Hybrid
Division of DOE in developing program plans,
evaluating proposals, and making technical reviews
of projects at other institutions and in industry.

Low-grade heat is a widespread energy resource
that could make a significant contribution to
energy needs if economical methods can be developed
for converting it to useful work. Investigations
continued this year on the feasibility of using the
"shape-memory" alloy, Nitinol, as a basis for con-
structing heat engines that could operate from
energy sources, such as solar-heated water, indus-
trial waste heat, geothermal brines, and ocean
thermal gradients.

Several projects are investigating longer-term
possibilities for utilizing solar energy. One
project involves the development of a new type of
solar thermal receiver that would be placed at the
focus of a central receiver system or a parabolic
dish. The conversion of the concentrated sunlight
to thermal energy would be accomplished by the
absorption of the light by a dispersion of very
small particles suspended in a gas. Another proj-
ect is exploring biological systems. In particu-
lar, we are investigating the possibility of
developing a photovoltaic cell, based on a catalyst
(bacteriorhodopsin) which converts light to electri-

‘cal ion flow across the cell membrane of a partic-

ular bacteria.



SMALL SARTICLE SUSPENSIONS FOR SOLAR THERMAL COLLECTION*
A. Hunt, P. Hull, J. Bouchez, C. Amkraut, and N. Pope

INTRODUCTION

Concentrated sunlight provides an intense
source of radiant energy that offers an alternative
to fossil fuels for operating heat engines, provid-
ing high temperature industrial heat, and directly
processing fuels and chemicals. Because sunlight
originates from a radiating body at a considerably
higher temperature than other familiar energy
sources, solar radiation has guite different
characteristies from those with which we gained our
power conversion experience. Our work deals with a
novel approach to power conversion that matches the
characteristics of concentrated sunlight to the
requirement of heating a gas.

The purpose of this work is to develop a new
type of solar thermal receiver that is placed at
the focus of a central tower or parabolic dish con-
centrator system. The principle of operation
differs from other advanced receiver designs under
development in that the radiant solar-to-thermal
energy conversion is accomplished by a dispersion
of ultrafine particles suspended in a gas to absorb
radiant energy directly from concentrated sun-
light. The very large ratio of surface area to
volume, which is a property of small particles,
makes them ideally suited for this application.

The Small Particle Heat Exchange Receiver
(SPHER) can be used to operate a gas turbine, sup-
ply industrial process heat, or provide radiant
power directly to a particle suspension for thermal
or photochemical reactions. SPHER's are suitable
for a wide range of power applications and are
zasily adapted to hybrid solar/fossil operation.
The advantages of this type of receiver are its
simplicity, low pressure loss, light weight, high
optical efficiency, lower chamber temperatures for
a given output temperature, and lack of problems
associated with heat exchanger lifetime.

An open-cycle heat engine utilizing SPHER
operates by compressing ambient air and injecting a
very small mass of carbon particles into a gas
stream. The air and particle mixture enters a
transparent heating chamber where the solar flux is
concentrated. The particles absorb the radiation
and, because of their very large surface area,
quickly release the heat to the surrounding gas.
After heating the gas, the particles oxidize. The
heated gas then passes through an expansion turbine
to provide power for the compressor and load before
going to a regenerator and being exhausted.

An earlier analysis quantified the optical and

® This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Advanced Solar Thermal Technology, Solar Thermal
Power Division of the ..3. Department of Energy
under Contract numher T-TUOS.FNT.UB,
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physical processes of absorption and heating of the
particles. Related considerations investigated
include particle production methods, window and
chamber design, hybrid solar/fossil compatibility,
as well as environmental and safety factors. Ana-
lyses confirmed that the operating parameters are
flexible and suitable to a variety of solar thermal
power applications. A small laboratory apparatus
built earlier demonstrated the direct heating of a
gas by a small particle suspension.

ACCOMPLISHMENTS DURING FY 1980

Considerable progress was made during FY 1980
to advance the SPHER concept toward the test and
demonstration stage. The analytical work was
expanded to study the optical properties of small
particle suspensions as selective solar absorbers,
to clarify the requirements for the particle gen-
erator, to study the receiver design, and to exam-
ine the operation of the system for a wide range of
conditions. Investigation continued this year into
a related concept, the Solar Engine (SOLGIN). This
is a new design for a small, reciprocating, direct
absorption engine for use with small scale point
focus solar concentrators. In an effort to broaden
the understanding of radiatively coupled small par-
ticle systems, an examination was started into con-
siderations of direct radiant processing of chemi-
cal feedstocks in the form of particle suspensions.

The experimental work was concentrated on the
generation and analysis of the ultrafine carbon
particles that are the heart of the SPHER. A new
particle generation technique utilizing the pyro-
lysis of hydrocarbon gas was developed and found to
be superior to the flame generation technique.
Laboratory measurements of the generator operation
established its capability for supplying particles
in the quantities and with the properties necessary
to operate an experimental receiver. The receiver
chamber is undergoing final design, and a solar
simulator was constructed for laboratory testing.

Analytic Studies

The goal of this year's analytic studies of
small-particle suspensions was to determine how the
physical and optical properties of the particles
affect the operation of direct absorption
receivers. The efficiency of a suspension of
absorbing particles in capturing sunlight and
minimizing losses from radiation by the heated par-
ticles is dependent on the particle size, shape,

‘and optical properties of the material comprising

the particles. The ratio of the amount of energy
removed from a beam by absorption or scattering to
the cross~sectional area of the particle is defined
as the absorption efficiency, Qaps, or scattering
efficiency, Qgeas respectively. To reduce the
amount of light scattered back out of a receiver,
the ratio Qgea/Qaps Must be minimized. If the par-
ticles are very small and absorbing, this condition
is met, and their interaction with light can be



described by Rayleigh scattering theory. Under
these conditions, Qgpg is proportional to the par-
ticle radius and Qg5 is proportional to the fourth
power of the radius, so that the ratio of scatter-
ing to absorption is proportional to the cube of
the radius. To maximize the optical efficiency of
the receiver, the particle size is chosen to be
less than 0.1 microns in diameter, resulting in
scattering losses of less than about one percent.

The mass of particles, Mg, required to provide
the necessary absorption in the chamber is an
important quantity that can be calculated using
Beer's law and neglecting multiple scattering (a
reasonable assumption for small particles because
the ratio of scattering to absorption is small).
The mass of particles of density p and radius r
required to reduce the intensity of a beam to I
from I, in a distance d is given by

Yrp 1n (I/1)
M 2z — 9
8 3Qabs d

The general behavior of Mg as a function of
particle size is shown in Figure 1. This figure
illustrates that the required mass of particles to
produce a given absorption reaches a constant value
if the radius is small (as predicted by Rayleigh
scattering theory). Large particles absorb an
amount of light that is proportional to their
cross-sectional area, leading to a roughly linear
relationship between the required mass and the
radius. The behavior in the intermediate region is
shown as a dashed line because it depends heavily
on the shape and optical properties of the parti-
cles. In fact, the experimental data for carbon
particles (discussed later) indicates a strong
minimum in the dashed region indicated by a bar in
the figure.

Another dominant factor in determining the
performance of a small particle suspension for a
solar receivsr is the dielectric response function

= (n +1ik)"~ = €1+ie that describes the material
from which the particies are made. The goal is to
maximize the absorption efficiency in the visible
part of the spectrum and to minimize it in the
infrared part. The absorption efficiency for Ray-
leigh scattering may be written

2
N~ -1
Q = UxIm { ——
abs { N2 + 2 }
where x is the ratio of the particle circumference
to the wavelength of light. The absolute maximum
of the function in the braces is unbounded and
occurs at ¢, = -2, €, = 0. The closer the dielec-
tric function approacéhes this point, the larger the
Qapg Will become. This corresponds to a "resonant
mode" for surface states in spherical particles,
and materials that approach this condition can be
used to maximize the absorption in the visible
region of the spectrum. To minimize the value of
Qaps in the infrared, e, and e, should be as large
as possible. Metals in the infrared have just this
type of behavior., Carbon is an excellent choice of
materials for solar absorber applications because

of its high absorptance in the visible and its
metal-like optical characteristics in the infrared.
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Fig. 1. Illustration of the dependence on particle
size of the mass of particles required to produce a
specified absorption. Region (a) is for the small
particle limit (Rayleigh scattering); (b) is where
the wavelength and particle size are comparable
(Mie scattering); and (e¢) is the large particle
limit (geometrical scattering). The hatched region
indicates the area of the experimental results.
(XBL 811-87)

The design of a realistic solar receiver must
consider the confinement and flow of the particle
suspension as well as the effect of the optics of
the solar collection system. An important design
guide for the chamber is that the overlap between
the illuminated region and the particle suspension
should be maximized. This overlap insures the max-
imum use of the particles as the absorber. Tech-
niques were developed to analyze the required mass
loading for cylindrical and conical receiver
shapes. The analysis for a cylindrical shape is
straightforward, but concentrating optical systems
usually produce beams with considerable divergence.
A conical-shaped receiver is a good approximation
to this beam divergence. The analytical treatment
is tractable because the decreases in beam inten-
sity due to absorption and to geometry are separ-
able. The results of this analysis offer the basis
on which to design a chamber and to determine the
requirements of the particle generator. Figure 2
illustrates the preliminary design of a receiver
for laboratory testing.

The SPHER uses a transparent window to confine
the suspension of absorbers. An analysis was per-
formed to determine the efficiency of receivers
using both one window and two windows in tandem.
To better understand the operation of windows in
high-temperature environments, the analytic work
was extended to study the thermodynamic stresses,
sealing techniques, and cost for high-temperature
windowed systems. The results confirmed that high
silica materials can be used in practiecal, cost-
effective windows for high-temperature operation.

A detailed analysis of the equilibrium proper-
ties of small particles in a radiant field was per-
formed to investigate the effects of flux density,
optical properties, and particle size. The
analysis indicated that small particles can be used
for radiant heat exchangers up to very high tem-
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peratures (greater than 2000° C). This high-
temperature capability is particularly important in
processes such as the direct splitting of water
into hydrogen and oxygen, the decomposition of car-
bor dioxide to produce carbon monoxide, and the
oxidation of nitrogen to produce nitrates.

Solar Engine

Work has continued on the design and analysis
of a new type of reciprocating solar engine that
uses a small-particle suspension to absorb concen-
trated sunlight directly within the cylinders. The
SOLGIN operates by drawing an air and particle mix-
ture into the cylinder, compressing the mixture,
opening an optical valve to allow concentrated sun-
light to enter through a window in the top of the
cylinder head, absorbing the solar flux with the
particles, and converting the heat trapped by the
air and particle mixture into mechanical energy
with the downward stroke of the piston. SOLGIN
differs from other gas~driven engines using solar
energy in three main respects. First, the radiant
flux is deposited directly in the working fluid
inside the cylinder; second, the heat is directed
to the appropriate cylinder by optically control-
ling the solar flux; third, the gas is heated dur-
ing a significant portion of the compression
stroke.

The thermodynamic efficiency of the engine
was determined by use of an analytical model.> The
efficiency depends on the compression ratio and the
timing of the solar heating and is plotted in Fig-
ure 3 for a range of the parameters for a two-
cylinder engine; the efficiency increases signifi-
cantly for a larger number of cylinders. Efficien-
cies exceeding 50% can be obtained.

Experimental Work

Three different methods for producing carbon

2-4

Efficiency (%)

Fig. 3. The efficiency of the two-cylinder engine
as a function of the timing of heat input. The
variable y indicates the relative time for the
onset of solar heating. When y = 0, the heating
begins at the center of the compression stroke and
when y = 8, the heat is added beginning at top dead
center. r is the compression ratio.

(XBL 811-89)

particles suitable for high-temperature receiver
applications were investigated experimentally. The
methods included the use of a fuel-rich flame, the
decomposition of carbon with a high intensity arc
in argon, and the pyrolytic decomposition of ace-
tylene gas. The optical absorption, particle den-
sity, and carbon production rates were determined
experimentally. The size, shape, and state of
agglomeration were studied with H?th scanning and
transmission electron microscopy.

A schematic diagram of the experimental
apparatus for particle production and collection
and for opacity and mass measurements is shown in
Figure 4, The diagram shows the experimental setup
used for producing particles from a fuel-rich
flame. An extinction tube used with a He-Ne laser
is used to determine the opacity of the gas-
particle suspension. Nuclepore filters are used to
collect the particles for weighing and scanning
electron microscopy.

Opacity measurements of the particle suspen-
sions showed consistent extinctions in excess of
95% for one-way light paths of 5 cm. The extinc-
tion and mass-loading measurements together indi-
cated specific extinction coefficients of 15-20

/gm. These results are extremely encouraging
because they establish that the particles have four
times greater absorption than the Rayleigh theory
predicts, reducing the already very low requirement
for particles. The higher absorption probably
arises from two causes. An electron micrograph of
a collected sample of carbon particles is shown in
Figure 5. The median size of the smallest com-
ponents is about 0.04 microns in diameter. Exact
calculations for spherical particles this size give
extinetion coefficients about twice that predicted
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(XBL 806-10318)

by Rayleigh theory. The second reason probably
arises from the chain-like character of the
agglomerates. Under some circumstances, a cylin-
drical particle can produce a larger mass normal-
ized extinction than a spherical particle.

A particle generator based on the pyrolysis of
acetylene was chosen for development for efficiency
and stability reasons. At present a pyrolysis gen-
erator is being scaled up to operate with a 2 kW
recelver chamber that is in the final design stage.

PLANNED ACTIVITIES FOR FY 1981

The main goal of the program in FY 1981 will
be to build and test a complete SPHER receiver.
The success of the work will rely on the continued
experimental and analytical investigation of
small-particle systems. The experimental program
will concentrate on the continued development of
the pyrolysis particle generator, including mea-
surements of the yield and optical characteristics
of the particles. A windowed receiver chamber will
be constructed and mated with the particle genera-
tor. Instrumentation will be developed to measure
the performance of the system. Laboratory tests of
the receiver will be conducted with a small solar
simulator. After successful laboratory results, we
plan to test the complete receiver at a national
solar thermal test facility.

The analytical program will continue with the
investigation of the important features of direct
absorption systems. Emphasis will be placed on
studying the geometrical aspects of the interaction
between the radiant flux and the particle
suspension.

Fig. 5. Transmission electron micrograph of parti-
cles generated from the apparatus diagrammed in
Fig. 4. The smallest particle diameter is approxi-
mately .05 microns.

(XBB 806-~7255)
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PASSIVE SOLAR ANALYSIS AND DESIGN*

R. Kammerud, W. Place, B. Andersson, F. Bauman, C. Bauer, W. Carroll, E. Ceballos,
C. Conner, B. Curtis, N. Friedman, A. Gadgil, A. Mertol, M. Nansteel, D. Nawrocki,
M. Tavana, J. Thornton, T. Webster, and M. Wahlig

INTRODUCTION

The quantity of conventional fuel used to
create a usable environment within a building is
determined by (1) the interaction of the building
with its surroundings, (2) the thermal loading
effects of the activities occurring within the
structure, and (3) the operating characteristics of
the equipment used to convert conventional fuels to
end-use energy. Significant reductions in the
energy consumed in order to heat, cool, and light a
structure can be realized by properly controlling
the thermal coupling between the building and its
environment and by appropriately managing the
energy f{lows within the structure. To fully real-
ize the benefits derived from these passive stra-
tegies, the collection, dissipation, storage, and
distribution of thermal energy within the
building's boundaries must be understood in terms
of the design parameters of the structure and the
environmental conditions under which the building
is used. In this context, the specifiec objectives
of the Passive Solar Analysis and Design Group at
LBL are:

® to develop detailed, analytic descriptions
for the collection, dissipation; storage,
distribution, and management of thermal
energy in buildings;

e to develop, analyze, and test innovative
passive design concepts for application to
specific building types and energy end
uses; and

® to synthesize the results of the technical
and design research in order to produce
architectural and engineering design tools.

The focus of the program is the commercial building
sector.

Long-range program directions have been
selected based on an examination of existing energy
use data for commercial buildings. When disaggre-
gated by building type and end-use category, the
data provide the following information:

® The comparable magnitudes of heating, cool-
ing, and lighting energy, and their obvious
interactions within a specific building,
indicate the need for a balanced program
which addresses the three end uses from an
integrated, rather than generic, systems
standpoint.

# This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Solar Applications for Buildings, Research and
Development Branch, Passive and Hybrid Division of
the Office of Solar Applications for Buildings,
U.S. Department of Energy under Contract No.
W-7T405~ENG-48.,

® Because there is a strong interaction
between the three dominant energy end uses,
energy management is a key element in the
passive design process.

o Both energy use intensity and growth rate
imply the need for a programmatic focus on
retail, wholesale, office, public, and edu-
cational building types for both new and
retrofit applications of passive design
principles.

@ Although the growth rate of energy use in
the hotel and motel category is relatively
small, the energy intensity and total
energy use in buildings of this type are
large. This category of buildings, there-
fore, is an additional target for retrofit
applications of passive design concepts.

To date, the LBL program has concentrated on
the development testing and verification of publiec
domain analysis tools necessary for exploring the
application of passive concepts to commercial
buildings, inecluding (1) the development of thermal
models for incorporation into BLAST' and (2) the
development of stand-alone analysis capabilities
for convective heat transfer under natural and
forced conditions. This latter analytical tool is
a critical element in the examination and charac-
terization of energy management within passive and
hybrid structures. A comprehensive tool for study-
ing the thermal behavior of passive solar hot water
heating systems has also been developed. The
analysis technique is appropriate for conventional
thermosiphons and for innovative systems, designed
at LBL, that ensure positive protection from freez-
ing.

In addition to the technical and design
research activities, projects which synthesize the
results of technical research with architectural
design issues have been initiated. During develop-
ment of passive analysis capabilities for commer-
cial buildings, applications of developmental ver-
sions of BLAST to direct solar-gain residential
buildings have been performed. These studies have
examined:

e the effect of thermal mass on the heating
and cooling loads of conventional and pas-
sive solar buildings;

e the interaction between thermally massive
construction and common auxiliary system
control strategies; and

® the impact on cooling load of direct-gain
passive heating systems.

T BLAST (Building Loads Analysis and System Thermo-
dynamics) is copyrighted by the Construction
Engineering Research Laboratory, U.S. Department of
the Army, Champaign, Illinois.



Table 1. Passive analysis capabilities of BLAST.

Direct solar gain systems.

Thermocirculation systems and Trombe walls.
Roof pond systems.

Movable insulation.

Direct ventilative cooling.

Daylighting.

Building envelope and internal thermal mass.

Shading by attached or detached devices with com-
plex geometries.

Simultaneous dynamic analysis of multizone build-
ings.

Variable convective heat transfer coefficients at
all surfaces.

Environmental coupling through solar radiation,
thermal radiation, and wind driven convection.

Mean radiant temperature and/or air temperature
thermostat control.

Applications of BLAST in commercial building design
projects have been a continuing part of the pro-
gram; these case studies not only produce reliable
technical input for the project design teams, but
also provide direct feedback to LBL regarding the
types of analysis capabilities that are needed by
the private sector.

ACCOMPLISHMENTS DURING FY 1980

BLAST Development and Validation

) Thermal models have been developedz"5 and are
being incorporated into BLAST-3.0, which is
scheduled for release in early FY 1981. The major
passive analysis features added to the program are
listed in Table 1. In addition, standard features
of the program allow users to specify the types of
internal thermal loads (heat sources), their
schedules, and the strength of their couplings to
the internal space through radiation to exposed
surfaces and convection and by evaporation to the
ambient air. The program was originally written
in order to provide user-oriented analysis capabil-
ities for commercial buildings; it therefore
includes dynamic simulation of mechanical systems
and central energy plants. Program input consists
of an English language description of (1) the
building geometry, materials and construction; (2)
mechanical systems and controls; (3) the internal
loads, including lighting, occupancy, and equip~
ment; and (4) hourly weather data. Output consists
of (1) building loads; (2) the energy consumed by
the central plant; and (3) the energy associated
with the air handling system operation.

The daylighting algorithm which has been
incorporated inte BLAST-3.0 provides embryonic
analysis capabilities that allow examination of the
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energy-consumption tradeoffs among heating, cool-
ing, and lighting design strategies. Currently,
the analysis requires input from daylighting exper-
iments. In the longer term, a more independent
daylighting analysis may be desirable. To provide
input to the existing analysis capability and to
examine future analysis needs, a daylighting pro-
ject has been initiated. The project will include
(1) experimental daylighting measurements in scale
models under sky conditions and in an artifiecial
sky dome facility; (2) tradeoffs between heating,
cooling, and lighting loads based on building
energy analysis using the daylighting measurements;
and (3) synthesis of the results into design guide~
lines for specific classes of daylighting systems.
The experimental work has begun and will provide
input data to BLAST-3.0 for tradeoff analysis.
BLAST studies will provide the technical data on
which the design tool development activities will
be based.

The

The predictions of the BLAST thermal loads
program have been compared to measurements per-
formed in a small test room located at Los Alamos
Scientific Laboratory. Comparisons were made
between the measured and calculated air tempera-
tures for three distinct weather periods. The
results of one of these comparisons are shown in
Figure 1. In all cases, the predictions from BLAST
were in excellent agreement with the measured data.
The deviations were well within the limits implied
by uncertainties in the test room construction and
the properties of its construction materials.

The validation studies have been extended’ to
a full-scale high thermal mass test building
located in an environmental chamber at the National
Bureau of Standards. Whereas the test cell compar-
isons verify the ability of the program to account
properly for solar excitation of an unconditioned
structure, the data from the environmental chamber
allows validation of the load calculation and of
the excitation of thermal storage mass by direct
ventilation cooling systems. To improve on exist-
ing validation data, a fully automated air infil~
tration measuring system has been developed. The
system will be used to supplement the standard
thermal measurements normally collected and com-
pared to computer codes. The addition of infiltra-
tion data will remove one of the largest uncertain-
ties in the validation process.

BLAST Applications

Two types of BLAST applications have been
performed. In the first type, energy analyses of
prototype direct solar gain systems have been per-
formed in order to examine the sensitivities of the
building heating and cooling loads to variations in
design parameters and auxiliary system control
strategies. The studies examined the effect on the
annual thermal loads that result from varying the
south-facing glazing area on a direct-gain residen-
tial building located in each of the 26 cities for
which Typical Meteorological Year (TMY) weather
data is available. In some types, the results were
obtained for two variations of the building
design: in one case, all internal wall surfaces
consisted of standard low-mass gypboard construc-
tion and, in the other case, the internal partition
walls were assumed to be a 4-in. conerete construc-
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tion. Ventilation cooling was assumed throughout
the year. Typical results from this study are
shown for Washington, D.C. in Figure 2. We found
that in most heating climates, as in Washington,
D.C., that for south-facing glazing areas less than
about 132 £t (11% of the floor area) the heating
benefits of south-facing glazing are dominant, but
at larger glazing areas, the increase in cooling
load which accompanies increased glazing area
became more significant than the heating load
reductions. A second striking feature of the study
is also apparent in Figure 2: the importance of
internal thermal mass in reducing the cooling load
when forced ventilation is used. Although both
building configurations included substantial mass
in the insulated 4-in. conecrete floor slab, the
cooling performance is substantially improved by
adding considerably more mass. Other important
results include the observation that thermal mass
can have a deleterious effect on the performance of
buildings that incorporate night setback thermostat
control strategies.

The second type of BLAST application has con-
sisted of applying the program to commercial build-
ings during the design process. Extensive analyses
have been performed on three projects during the
schematic design phase. 1In one case, the results
were used to determine the effectiveness of direct
ventilation cooling and thermally massive construc-
tion on reducing cooling loads. In another case, a
variety of passive heating and cooling strategies
and energy conservation features were examined in
order to define the scope of a retrofit project.

In addition, several other DOE contractors and
design firms in the private sector have been
trained in the use of BLAST, and technical support
has been provided for their independent applica-
tions of the program.

Natural Convection and Energy Management

A computerized numerical technique for study-
ing natural and forced convection in room
geometries has been developed. The computer pro-
gram has been validatedd-! using data from the
literature and from an experiment performed by LBL
in conjunction with the Department of Mechanical
Engineering at the University of California, Berke-
ley. The convection project includes the study of
natural ventilation phenomena, energy management
strategies, convective heat transfer coefficients,
temperature stratification, and stack effect venti-
lation systems. Initial applications to residen-
tial scale systems have been performed in order to
examine the validity of the common assumption in
building energy analysis that convection coeffi-
cients are sensitive only to the direction of heat
flow and not to temperature differences between
building surfaces and the room air.10»11 Tnitial
results indicate that surface convection coeffi-
cients vary substantially from the standard assump-
tions and that this may be reflected in significant
errors in heat transfer to and from thermal storage
materials and in calculated thermal loads.

Toward the end of FY 1980, an analytic com-
ponent was added to the convection research. Exam-
inations of the numerical analysis results proved
that some features of natural convection in an
enclosure with a room geometry can be represented
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Fig. 3.

Schematic representation of a thermosi-
phon hot water system which provides positive

freeze protection. The system utilizes a pri-
mary loop filled with a nonfreezing liquid such
as glycol to transfer thermal energy from the
solar collector to a heat exchanger in the hot
water storage tank.

(XBL 803-6909)

analytically. Efforts were therefore initiated to
investigate the possibility of developing a hybrid
convection analysis program which combines numeri-
cal techniques at the boundaries with analytic
methods in the core, thereby providing far more
efficient analysis and allows the convection stu-
dies to be extended to many more applications prob-
lems.

Domestic Hot Water and Process Heat

A passive solar hot water heating system that
incorporates positive protection from freezing has
been designed and thoroughly analyzed. A typical
system configuration is shown schematically in Fig-
ure 3. The system utilizes a glycol-filled primary
loop from the solar collector to a heat exchanger
located in a conventional storage tank. This
design eliminates the danger of freezing from
mechanical malfunction and utilizes no parasitic
power. A detailed simulation modell2,13 for the
system has been developed and used to study perfor-
mance as a function of climate, collector parame-
ters, heat exchanger design, and hot water use pro-
f‘ile.m The results of the analysis indicate that
relatively simple heat exchangers consisting of
straight tubes parallel to the axis of a cylindri-
cal storage tank will provide system performance
that is nearly equivalent to that for a standard



thermosiphon. An experiment is currently being set
up to validate the analysis and parametrically
examine the effectiveness of various heat exchanger
configurations. If the concept is experimentally
verified, one of the major barriers to widespread
use of thermosiphons will be eliminated, and their
regional applicability will be dramatically
increased.

During FY 1980, simplified performance predic-
tion techniques were explored. Based on detailed
simulations, a correlation between system perfor-
mance and system design parameters was identified.
Assuming the correlations hold in future analyses
and experiments, the simplified method will serve
as a practical design tool for the engineering com-
munity.

PLANNED ACTIVITIES FOR FY 1981

Upon release of BLAST-3.0, thermal model
development activities at LBL will focus on (1)
further validation of existing capabilities using
data from full-scale buildings where simultaneous
measurements of thermal parameters and infiltration
have been carried out, and (2) on development of
algorithms that describe the thermal behavior of
innovative passive solar building configurations.
Examples include waffled concrete ceiling struc-
tures; thermodeck structural floor and ceiling ele-
ments coupled to ventilative and/or evaporative
cooling systems; infrared reflective glazing
materials; and optical shutter materials. In addi-
tion, further work will be devoted to energy
management systems and to improvements in the
representation of convection processes in BLAST.
These activities will lead to a new version of
BLAST in FY 1982.

Parametric studies of commercial buildings
incorporating passive heating, cooling and/or
lighting systems will begin on completion of
BLAST-3.0 development. These studies will be
directed initially at improving the ability of the
designer to select basic design directions during
the early phase of the design process. The initial
studies will include:

o ventilative cooling strategies;

o daylighting tradeoffs with heating and
cooling loads;

® comparisons of solar control glazing, shad-
ing, and summer movable insulation in con-
trolling cooling loads; and

® thermal mass effects.

This type of study will be an ongoing part of the
LBL program.

The convection analyses and experiments will
be directed at:

o characterization of the natural ventilation
potentials of commercial buildings utiliz-
ing stack effect systems such as atriums;
and

® examination of, and algorithm development

for, convective heat transfer within and
between thermal zones.

In addition, the analysis capability will be
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applied to specific problems that arise in the
analysis of passive systems and for which no
acceptable algorithms currently exist. An example
of this is the effect on thermocirculation system
performance of inlet and outlet vent configura-
tions.

Data collection from the hot water experiment
will begin in early 1981. The data will be used
for:

validation of the thermosiphon simulation
computer code; and

comparison of different heat exchanger
designs.

Later experiments will be oriented toward collec-
tion of a system performance data base to be used
in the further identification of simplified
correlative techniques for predicting system per-
formance.

The daylighting experiments will continue dur-
ing FY 1981 and daylighting designs will be exam-
ined. The results will be used to examine the
tradeoffs of lighting with heating and cooling
loads for various building types and climates.
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NITINOL ENGINE DEVELOPMENT"
R. Banks, W. Hubert, and M. Wahlig

INTRODUCTION

Low-grade heat, in the form of thermal energy
at temperatures below the boiling point of water,
is a widespread energy resource that could make a
significant contribution to worldwide energy needs
if an economical technology can be developed for
converting it to useful work. The Nitinol Engine
Development project is investigating the feasibil-
ity of using the thermally activated shape-change
phenomenon in certain intermetallic Shape Memory
Alloys, particularly in the nickel-titanium com-
pound "55-Nitinol," as the basis for thermal-to-
mechanical energy conversion at temperatures avail-
able from such sources as industrial waste heat,
low~-temperature geothermal brines, solar-heated
water, or the moderate-temperature differences of
the ocean thermal gradient. An important advantage
in using a solid rather than a fluid working medium
in such applications is the possibility for elim-
inating the heat exchangers required by closed-
cycle fluid systems, which often are a major cost
and require frequent maintenance in conventional
low-temperature energy conversion technologies.

A prototype Nitinol heat engine has been in
operation at the Lawrence Berkeley Laboratory since
August 1973. Several iterations of engine design
since then have led to an improved understanding of
the important practical considerations in applying
this material to energy conversion in continuously
cyeling heat engines. These studies, as well as
experimental and theoretical investigation of the
material's thermodynamic and metallurgical proper-
ties, have confirmed that Nitinol engines for the
recovery of thermal energy from low-grade or waste
heat can be constructed; however, the question of
economic feasibility is still unresolved.

® This work was supported by the Assistant Secre-
tary for Energy Technology, Fossil Fuel Utilization
Division of the U.S. Department of Energy under
Contract No. W-TU405-ENG-48.
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ACCOMPLISHMENTS DURING FY 1980

During this past year, for the first time, we
had available Nitinol wire specimens that had com-
pleted several million working cyecles in uniaxial
strain (linear tension) on the Tensile Fatigue Test
Stand (shown in Fig. 1). Constructed at LBL during
1979, the stand continuously cycles Nitinol wires
under controlled stress between baths of hot and
cold water. Powered by the thermoelastic Shape
Memory Effect (SME) response of the wires being
cycled, the stand 1s a heat-engine. We believe
this machine is the first device to exploit the SME
of Nitinol wires in pure tension to achieve this
many cumulative reproducible working cycles.

Single wires were taken from the power element
of the Fatigue Test Stand at regular intervals,
and their performance was evaluated on a high-
resolution Laser-Beam Dilatometer. The dilatome-
ter, developed during prior years of the project
for characterizing the strain-temperature behavior
of Nitinol wires in tension, heats and cools a
specimen at slow and uniform rates so that changes
in axial displacement (magnified by a factor of
200) may be precisely correlated with small changes
in temperature over the material's complete thermal
transformation range.

The dilatometer evaluations confirmed qualita-
tive observations of the test stand's performance
that Nitinol wires, whose properties have been sta-
bilized by cycling in the test stand, exhibit
improved thermomechanical characteristics in two
important respects. The first improvement is an
overall increase in potential displacement (length
of "stroke") of the cycled material, as compared
with that of reannealed but uncycled wire from the
same stock. (Reannealing essentially restores the
material to its initial condition.) The second
improvement is a reduction in thermal hysteresis,
the temperature difference required for the cooling
and heating shape changes of the wire's thermoelas-
tic response as a result of extended cycling on the
test stand.



Dilatometer Measurements in Detail

The cyelical behavior of Nitinol wire that was
reannealed but not engine-cycled can be compared
with that of wires that had sustained 10° c¢ycles
and 5.3 ¥ 10° cycles respectively on the Fatigue
Test Stand in Figures 2, 3, and 4. On cooling,
strain (elongation) occurs under a moderate uniform
stress load of approximately 2.3 kpsi. The cooling

path is shown as
generated plots,
the dilatometer.

an unbroken line in computer-
in Figures 2-4, of data taken from
Shape~recovery (axial contrac-

tion), caused by
crosses.

reheating, is indicated by

In the uncycled wire, thermoelastic strain
begins at a very moderate rate at about 25°C, with
a more pronounced threshold occurring at 7.5°¢C.

Fig. 1. Nitinol Tensile Fatigue Test Stand.
(CBB 809-11931)
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Fig. 2. Strain-Temperature Hysteresis Loop for

Uncyecled Nitinol Wire. Measurements were made at
constant stress of 2.3 kpsi.
(XBL 811-85)
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The major portion of strain in this specimen (and
the maximum strain rate) occurs between the tem-
peratures of +5° and -5°C, and displacement is
essentially complete at the temperature of -20°C,
On reheating, strain reversion (the shape recovery)
begins at approximately 25°C and is essentially
complete by 60°C. The distance between the active
sections of the heating and cooling paths denotes
the thermal hysteresis of the cycle, in this case
about 30°C. Maximum strain in this specimen was
approximately 1.3%.
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Fig. 3. Strain-Temperature Hysteresis Loop for

Nitinol Wire that has undergone 1 x 10° cyeles in
the Fatigue Test Stand. Measurements were made at
constant stress of 2.3 kpsi.

(XBL 811-88)
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Fig. 4. Strain-Temperature Hysteresis Loop for

Nitinol Wire that has undergone 5.3 x 10° cycles in
the Fatigue Test Stand. Measurements were made at
constant stress of 2.3 kpsi.

(XBL 811-91)



Wire taken from the Fatigue Test Stand after
1 working cycles was subjected to testing on the
dilatometer (Fig. 3) under identical stress and
temperature conditions as for the first sample pre-
viously described. Maximum strain in this specimen
is approximately 3.5% for the complete thermal
range of +80° to -20°C. However, in the thermal
range defined by the operating temperatures of the
test stand (+42° to -18°C), the wire had developed
a novel pattern of thermoelastic behavior. Strain
in this specimen begins at approximately 35°C (on
cooling) followed by an elongation of about 0.75%,
accomplished at the temperature of 20°C. This dis-
placement is followed by a secondary strain thres-
hold at ~20°C and rapidly increasing elongation to
a total (local) strain of about 1.7% at the minimum
(test stand) cycling temperature of 18°C. Because
this subordinate or "working" strain-temperature
cycle corresponds rigorously to the operating
parameters of the test stand, some sort of micro-
structural accommodation in the material may have
occurred which optimized its performance under
actual working conditions. Thermal hysteresis for
the working cycle was reduced to <10°C, according
to the dilatometer measurements.

On further cooling (in the dilatometer) a
third thermoelastic strain threshold appears, ini-
tiating a ternary strain-temperature cycle that
preserves many of the features of the thermal hys-
teresis loop of the original uncycled specimen of
Figure 2. This cycle occurs at temperatures never
atfained in the test stand's operating range of 0°
to -20°C, and it is accounted for, presumably, by
transformation and reversion of low-temperature
erystal (martensite) variants unaffected--and
therefore unoptimized--by microstructural accommo-
dﬁgions occurring during the course of the first
10° working cycles.

The strain-temperature cycle for wire taken
from the test stand after completion of 5.3 x 1
working cycles (Fig. 4) is qualitatively similar to
that of the specimen tested at 10° cycles, although
the consequences of the test conditions have become
even more pronounced in the behavior of the more

stabilized wire. The subordinate strain threshold
observed at 20°C (on cooling) for the 10°-cycle
wire has now disappeared. Strain for the working
cycle begins slightly above 30° and proceeds almost
uniformly, reaching a local maximum of approxi-
mately 1.75% at 26°C, the temperature of the cold
water bath at this stage of the cycle-testing
schedule. The rate of elongation on cooling now
exceeds the rate of contraction on heating, as
indicated by the more nearly vertical slope of the
unbroken line in the "“working cycle" portion of the
graph compared to the slope of the heating path
opposite. Shape recovery on heating, for this
"working cycle," also begins very close to the
final (local) minimum temperature loop in this por-
tion of the graph. At 5.3 x 100 cycles the area of
the "unavailable™ portion of the cycle~-from 0° to
~20°C--has become somewhat reduced, as has overall
strain in the complete thermal transformation
range. Displacement within the thermal extrema of
the test stand operation, however, remains essen-
tially unchanged.

Time and manpower constraints during this
final period of the Nitinol Engine Development Pro-
Ject precluded correlating these changes in the
macroscopic thermoelastic behavior of Nitinol wires
from the test stand either with possible changes in
the physical metallurgy of the material or with
changes in the thermodynamic conversion efficiency
of cycles employing these stabilized Nitinol
materials. However, increased thermal sensitivity
in these specimens does relate directly to sys-
tematic improvements in the observed operation of
the Fatigue Test Stand (i.e., an increased cycling
rate at reduced AT, under constant load). There-
fore, it may be reasonable to assume that effi-
ciency, as well as work output potential of the
material, may be enhanced as the result of repeti-
tive cycling under actual working conditions.

PLANNED ACTIVITIES FOR FY 1981
Support for this project was discontinued as

of the end of FY 1980, and the project has been
terminated.

APPROPRIATE ENERGY TECHNOLOGY*
C. Case, B. Lucarelli, J. Kessel, H. Clark, J. Kay, and J. Linse

INTRODUCTION

In 1977, the Energy Research and Development
Administration (ERDA), now incorporated in the
Department of Energy (DOE), established an
appropriate technology small grants program. The

* This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Inventions and Small Scale Technology, Appropriate
Technology Division of the U.3. Department of
Energy under Contract lNo. W-T405-ENG-48.
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purpose of the program is to fund projects that
design, manufacture, and/or demonstrate small-scale
energy technologies which conserve depletable fos-
sil fuels or use renewable energy resources. DOE
makes the grants available annually on a competi-
tive basis to small businesses, individuals,
nonprofit organizations, public agencies, and
Indian tribes. The maximum grant award is $50,000.

To date, DOE has funded more than 1,100 proj-
ects nationwide for $19 million. The grants cover
a complete spectrum of small-scale energy technolo-



gies, including solar active and passive systems,
4ind machines, biomass conversion systems, energy
conservation devices, recycling methods, aquacul-
ture systems, hydroelectric devices, and geothermal
heating systems.

ACCOMPLISHMENTS DURING FY 1980

Since the program's start in 1977, LBL has
assisted the DOE in establishing project review
procedures and in evaluating the program's effec-
tiveness. Our function has evolved from providing
technical advice on a regional basis to conducting
energy studies on a national level.

In the past, LBL provided DOE with technical

support in three ways:
1. reviewing grant proposals for technical
and economic merit;
2. monitoring projects in Arizona, Nevada,
and the western Pacific; and
3. advising DOE on effective technical review

procedures for the grants program.

As the program evolved, the regional DOE and
state energy offices took over these functions.
DOE then asked LBL to change the focus of its work
and to conduct energy studies that determine the
program's energy savings potential and the economic
and technical feasibility of developing selected
small-scale technologies and renewable energy
resources. The next sections describe these stu-
dies, which are being completed in FY 1981.

Energy Impact Analysis

Because of the diverse array of technologies
and end-use applications of DOE-funded appropriate
technology projects, DOE has been unable to assess
the program's energy savings potential, an assess-
ment that is necessary for comparing the program
with other DOE programs. To obtain this informa-
tion, DOE asked LBL to assess the program's energy
savings potential and cost-effectiveness.

We began our analysis in 1979, assessing the
energy savings potential of 20 projects from Region
X.1 wWe completed the analysis in 1979 and found
that most of these projects could save a signifi-
cant amount of energy either directly, from the
original project, or indirectly, from demonstration
and commercialization effects. However, the sample
was small and specific only to Region IX; there-
fore, we could not extrapolate our findings to
estimate the energy savings potential of the
national grants program.

For our continuing analysis, we are evaluating
a sample of 57 projects funded in FY 1979.2 The 57
projects have been selected from eight of the ten
federal regions and cover the full range of tech-
nology categories funded: wind, biomass, solar,
geothermal, hydro, and conservation.

The analysis is being conducted in 4 steps:
1.
2.

evaluation of project energy savings;

assessment of economic feasibility;
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3. estimation of replication potential; and

4. extrapolation of sample energy savings to

estimate program energy savings.

For a project to have replication potential,
the project must be cost-effective and the grantee
must have a plan to market the device produced or
to disseminate the results of the project. From
the assessment of the 60 projects, we will attempt
to estimate the energy savings potential of all
projects funded in FY 1979.

Technology Assessment Study

We are also assessing the technical and
economic feasibility of small wind energy systems
in the U.S.3 The analysis is being conducted from
a sample of wind energy projects funded by the
grants program in FY 1978. The projects apply wind
systems in the agricultural, residential, and
industrial sectors for pumping water, generating
electricity, and heating water. Electric projects
range in size from 1 to 35 kw. For this study, we
are assessing each project for technical perfor-
mance, economic feasibility, and physical infra-
structure requirements. The end product will be
report which discusses near-term applications of
small wind systems and the physical infrastructure
requirements that can make feasible a larger array
of small wind energy applications.

a

Biomass Energy Assessment

We have completed a comprehensive assessment
of California's biomass and its energy potential.
The study estimates the amount of biomass in the
form of agricultural, municipal, and forestry
wastes produced in California in 1976 and then pro-
jects these estimates to 2025. The study considers
the use of biomass for producing electricity, low-
Btu gas, alcohol, and methane, with an emphasis on
producing alcohol and methane as fuels for the
transport sector.

In terms of economic feasibility, we found
that the production of ethanol from feed grains and
of methane from animal and human wastes are already

cost-effective if the energy is used on site. By
1990, with moderate increases in energy prices,
off-site energy use should be cost-effective.
Methanol produced from wood will be a cost-
effective technology by 1990 for large plants which
consume 3,400 tons or more of wood per day.
Overall, the state's biomass can meet only 20% of
the projected demand for fuels in the state's tran-
sport sector even with a reasonable conservation
effort. Moreover, the feasibility of producing
methanol will be limited by a fragmented biomass
fuels market and by the large size of methanol syn-
thesis plants, which will require long-distance

transport of biomass.

To conclude, the state's biomass can supply a
significant fraction of the state's transportation
energy demand, but because of the fragmented
biomass market and high costs of biomass transport,
small-scale applications of biomass technologies
with on-site use of the energy will probably be the
dominant use of biomass for the next 50 years.



PLANNED ACTIVITIES FOR FY 1981

In FY 1981, we will complete our analysis of
program energy savings. In a third and final
analysis, LBL will evaluate the energy savings
potential and cost-effectiveness of 30 projects
funded by DOE in FY 1980. This analysis plus the
prior studies should provide DOE with the data
needed for evaluating the grants program. We plan
to expand our assessments of specific technologies
in FY 1982. The following technologies will be
considered:

® small-scale alcohol fermentation plants,
® anaerobic digesters,
® active solar systems, and

® wind energy systems (an expansion of the FY
1981 study).

For each technology assessment, we will document
the technical innovations and cost-effectiveness of
a large sample of projects and identify projects

which have exceptional energy savings potential.
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ENERGY CONVERSION BY
RETINAL PROTEIN, BACTERIORHODOPSIN*

L. Packer, A. Quintanilha, R. Mehlhorn, C. Carmeli, P. Sullivan,
P. Scherrer, N. Kamo, S. Tristram, J. Herz, and A. Pfeiffhofer

INTRODUCTION

Light generates a pH gradient and an electri-
cal potential across the purple membrane of Halo-
bacterium halobium. We are investigating the
time-resolved changes in protonation of the side
chains of specific amino acid residues and the
correlation of these changes with photon absorption
and the ensuing photoreaction cycle. Our aim is to
determine the precise molecular description of the
photocycle and of the time-dependent steps in the
uptake, translocation, and release of protons by
the retinal protein catalyst in this membrane, bac-
teriorhodopsin.

The photocycle is initiated by absorption of
visible radiation (with an absolute maximum at 570
nm) by the all-trans retinal chromophore. The ini-
tial steps of the photocycle involve the isomeriza-
tion of the chromophore to the 13-cis retinal. A
deprotonated Schiff base forms with a tq,2 of about
50 umsec. Proton release occurs in this time range

® This work was supported by the Assistant Secre-
tary for Energy Research, Office of Basic Energy
Sciences, Chemical Sciences Division of the U.S.
Department of Energy under Contract No. W-7405-
ENG-48.
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(illustrated in the upper half of Figure 1).

Later, the deprotonated species decays (t1/2 about
3-5 msec), restoring the original all-trans form of
the chromophore. During this time, protons are
taken up from the cytoplasmic surface of the pro-
tein. This process is shown in the bottom half of
Figure 1. The deprotonated photointermediate is
referred to as the My, species.

To assess significant structural features of
the lipid and the protein, which are important for
proton movement, we have used chemical modification
of amino acid side chains, spin labeling, and deu-
terium isotope effects on purple membranes. Purple
membranes have also been reconstituted into lipo-
somes before and after such treatment. The purpose
of this step is to derive information relevant to
the occurrence of proton movement at the cyto-
plasmic surface of the purple membrane. This
information will help us understand the importance
of the electrochemical potential developed across
the closed vesicle membrane in the regulation of
light energy conversion.

ACCOMPLISHMENTS DURING FY 1980

Chemical Modification Studies

Modification of Positively Charged Amino Acids



PROTEIN CONFORMATION STATES OF BACTERIORHODOPSIN ASSOCIATED
WITH PROTON TRANSLOCATION ACROSS THE PURPLE MEMBRANE
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Fig. 1. Protein conformation states of bacterio-~
rhodopsin associated with photon translocation

across the purple membrane.
(XBL 8011-2373)

Lysine. Modification of up to 80% of the
£€-amino groups of lysine, that is five of the six
available lysine r‘esidues,1 with imidoesters
(methyl acetimidate, ethyl acetimidate and methyl
butyrimidate) which introduce progressively more
bulky groups onto the lysyl residues but leave the
charge substantially unaltered, showed little
effect on the rate of Myqo formation and decay.
Similar results were obtained when the charge of
the amino group was changed by the use of succinic
or acetic anhydride, or pyridoxyl phosphate. These
studies demonstrate that the €-amino groups of
lysine are probably not involved in a coordinated

pathway of proton translocation by the protein.

However, lysine groups do play a structural
role essential for activity. Using either dimethyl
adipimidate (DMA) (8.3 A) or glutaraldehyde
(7.5 A), bifunctional reagents which chemically
cross-link lysyl residues, we found a very strong
inhibition of Myqp decay3 and a decreased proton
uptake in reconstituted liposomes. Cross-linking
with longer chain bifunctional reagents (like
dimethyl suberimidate (11.3 A) of individual bac-
teriorhodopsin molecules to each other had no
effect on activity. These effects suggest that
intramolecular conformational changes and not
protein-protein interactions in the membrane are
essential for activity.

Arginine. With both 2,3-butanedione (BD) and
phenylglyoxyl (PGO) treatments, similar effects
were obtained for the modified purple membranes.
Modification of three of the seven arginine resi-
dues resulted in a 33- and 18~fold inhibition of
the t /o of the first and second phases of Myqo
decay, respectively, and a 19~fold increase in the
amount of Myqo stationary state when assayed at
pH 8. These results indicate that the positive
charges of the guanidinium groups of unmodified
residues are essential for photoecycling activity.

Modification of Negatively Charged Amino Acids

Glutamate and Aspartate. Water soluble carbo-
diimides cause the carboxyl groups of these amino
acids to become either neutral or positive. These
modifications slowed down the Myq1o decay; had no
effect on its formation; and caused a large
increase in its photostationary state.

In the presence of the added nucleophile, gly-
cine methyl ester (GME), carbodiimide [1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide--EDC] treat-
ment is expected to yield the amide adduct. With
increasing concentrations of GME (1-250 mM), and in
the presence of EDC, the degree of inhibition of
My41o decay was partially decreased, suggesting that
GME may be competing with a nucleophilic group on
the protein. Evidence supporting this idea has
come from double modification experiments. EDC-
treated samples previously modified by ethyl
acetimidate showed My1, decay kinetics similar to
that observed in samples modified by EDC in the
presence of high GME concentrations. The similar-
ity suggests that EA-modified lysines have become
unavailable for reaction with EDC, preventing the
formation of intramolecular cross-links. Since EDC
can only cross-link closely lying groups, we
suspect that the €-amino groups of lysine must be
very close to the carboxyl groups.

Other important results of carbodiimide modifi-
cation are the total disappearance of one of the
photointermediates (Ogug) in the photocycle and the
inability to generate the acid stable form of the
protein (with an absolute maximum at 605 nm).

These results suggest that the protonation of one
(or more) carboxyl residues is necessary for the
generation of that photointermediate as well as for
the acid stabilization of the protein.

Tyrosine. By investigating the time course of
lactoperoxidase catalyzed iodination of purple
membranes, we have been able to obtain evidence of
an involvement of at least one tyrosyl residue in
proton release and one or several tyrosyl residues
involved in reprotonation.S’ Modification of one
type of tyrosyl residue (localized on the cyto-
plasmic surface, according to modification studies
done on intact cell envelope vesicles) markedly
slows Myqp decay but does not alter the optical and
Raman spectral characteristics of the chromophore.
Iodination of another tyrosyl residue alters the
optical and Raman spectra of the chromophore and
markedly stimulates Myqp, formation.

The modifications exhibit a strong effect on
the pH-dependence of the photocycle, shifting the
curve to lower pH values. This shifting suggests
that the introduction of rather bulky groups onto
the tyrosyl residues may alter the pK's and steri-
cally effect their ability to take part in proton
movements. What follows provides evidence for this
explanation.

Deuterium Isotope Effects

In agreement with previous r‘epor'ts,7 we find
that the rise time of Myq, is slowed by a factor of
4.7 in D0 whereas the decay time is slowed by a
factor of only 2.1. We have measured similar iso-
tope effects for a number of chemically modified



Table 1. Kinetic parameters and isotope ratios for rise and
decay of My1qp.
Risé? Decay?
H D H, D H D H, D
(o]

Sample Cio B KK Y bty Kk
Control 0.069 0.33 4,76  3.65 7.7 2.11
EAC (Carboxyl) 0.099 0.42 4,24  ggb 131D 1.45
I, (Tyrosine) 0.026 0.11 4,15  b2gb  1pu2 2.48
NBS (Tryptophan) 0.043 0.147 3.40  19.2 67.3® 3.5
DMA (Lysine) 0.072 0.35 4.86 33.0 Ue.2b 1.4
EA (Lysine) 0.062 0.32 4.9 10.8 27.4 2.5
BD (Arginine) 0.096  0.49 5.1 3590 1055 2.9
PGO (Arginine) 0.142  0.71 5.0 3550 7280 2.0

aHalf‘ lives in milliseconds

bDecay kineties are biphasic, only slow phase given.

c s
Assay conditions:

protein 0.15-0.30 mg/ml in 100 mM KC1

and 5 mM phosphate; pH 7.5-8.0.

purple membranes. The similarity indicates that
the basic mechanism remains similar in the modified
samples (see Table 1). The activation parameters
for the rates of rise and decay of Myqp yere deter-
mined from their temperature dependence. For
tyrosine modified samples, for example, the activa-
tion parameters are consistent with a decreased pK
for a tyrosine residue (lowered Ea), an increased
steric effect caused by iodine substitution (nega-
tive ST), and an overall decrease in the rate of
reprotonation (increased GT) of the Schiff base.

If the tyrosine residue is directly involved in the
reprotonation of the Schiff base, the effect of its
modification on the activation parameters is not
surprising.

Light-Induced Surface Potential Changes
of Purple Membranes

The positively charged paramagnetic amphiphile
4-(dodecyl dimethyl ammonium)-1-oxyl-2,2,6,6-
tetramethyl piperidine bromide (CATqp) partitions
between the membrane and the aqueous phase. There-
fore, CAT1p was useful in monitoring changes in
surface potential associated with the release and
uptake of protons from the purple membrane. Using
laser flash EPR and photolysis, we showed that the
uptake and release of the CATqp probe closely fol-
lows the kinetics of the rise and decay of the Myqo
intermediate.!® This correlation indicated that
the probe senses exposed negative charges at the
surface from which protons are released. The
number of light-induced surface charges per Myqp in
the photostationary state was calculated to be
approximately 1. The value is more than 50%
decreased for carboxyl and guanidinium group modi-
fication and for heavily modified tyrosine samples,

suggesting that some of these groups may be located
at the surface of the protein and may be involved
in the uptake and release of protons from the aque-
ous environment.

Control of the Photocycle by the Transmembrane
Potential Gradient

When reconstituted into liposomes, bacterio-
rhodopsin will generate light-induced electrochemi-
cal gradients across the lipid bilayer. Our recon-
stituted systems generate pH gradients of 0.6-1.0
and transmembrane electrical potentials of 60-80
mv.'T  The photostationary state of Myq, at the
same light intensity and protein concentration was
much higher in the reconstituted system than in the
isolated purple membranes. Valinomyecin (0.5 HM)
decreased the photostationary state of Myqo by one
order of magnitude in the reconstituted system but
had no effect in isolated purple membranes. Niger-
iein (0.5 M) had no effect on either system.
Because we observed that, at the concentration
used, Valinomycin collapses the transmembrane
potential and Nigericin collapses the pH gradient,
we assume that the electrical gradient was probably
the major controlling factor on the kineties of the
photocycle.

Steady state, light-induced electrochemical
gradients across bacteriorhodopsin containing lipo-
somes showed a substantial slowdown of the Myqp
decay kineties with virtually no effect on the rise
kinetics. Again, Valinomycin, but not Nigericin,
brought the decay kinetics of My4o to those mea-
sured in the absence of steady state illumination.



These responses suggest that within the pro-
tein, light may generate strong electric dipoles
that could be very sensitive to the transmembrane
electric potential gradients, which can be esta-
blished across the bacterial membrane.

DISCUSSION

The sharp pH dependence seen in controls and
the downward shift of the dependence in the rise
and decay of the Myqp species in tyrosine-modified
purple membrane preparations suggests a direct
involvement of reversible tyrosine protonation in
the pathway of proton movement through bacteriorho-
dopsin (Fig. 2). Reversible dissociation of pro-
tons at both the outer and inner purple membrane
surface would be expected to be pH- and pK-
dependent, hence regulated by the electrochemical
gradient. Since the pH gradients are small <1,
pK effects on the photocycle are not to be
expected, and indeed, we find that the main control
parameter is the transmembrane potential.

Proton Uptake., Several structural require-
ments appear to be important for reprotonation of
bacteriorhodopsin. Our results with modification
of carboxyl and guanidinium groups suggest that a
charge transfer complex essential for reprotonation
may exist between the two types of groups. More-
over, the large changes in the entropy of activa-
tion for the Myqp decay provides strong supporting
evidence that interaction between these two types
of groups is an essential structural feature
involved in proton uptake and the photocycle's
reprotonation phase. Furthermore, as judged by
double modification experiments, an interaction
between carboxyl groups and at least one amino
group of lysine also appears to be important for
reprotonation. The above structural requirements
together with the inhibitory effects of

bifunctional cross-linking reagents which restrain
motion of intramolecular amino groups of lysine
located within 8.3 A of one another suggests that
protein conformational changes are essential to
proton uptake and My1p reprotonation. Tyrosine may
also act as a donor for 3chiff base reprotonation.

Proton Release. The specific groups involved
in release of protons at the outer surface of the
purple membrane probably include tyrosine residues;
this conclusion is drawn from the observed effects
of iodination and nitration'2 that shift the disso-
ciation pK of the phenolic hydroxyl group of tyro-
sine residues. The pK shift may accelerate proton
movement from this group on the tyrosine to a
nearby basic group which may be water, OH-, a group
on the lipid of the purple membrane, or a buffer
anion. The acceleration would be expected to occur
in the range where proton release is pH dependent.
Based on the pronounced deuterium isotope effect on
proton release as seen before and after iodination
of tyrosine, it can also be argued that the tyro-
sine residues are involved in the early stages of
the photocycle, i.e., those associated with the
proton release.

Carboxyl groups may also play a role in the
movement of protons; modification of these groups
has inhibited the generation of one of the inter-
mediates in the photocycle and the formation of an
acid-stable species.
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Fig. 2. A proposed pathway for uptake and release
of protons by bacteriorhodopsin. We include on the
pathway the reversible deprotonation of the tyro-
sine residues before and after the Schiff base.
(XBL 805-5111)

Light-induced changes in the surface potential
of the purple membrane suggest that protons are
released from protonated groups at the surface,
because these surface potential changes are closely
coupled to the formation of the My4, species. Our
experiments provide evidence that the groups
involved may be carboxyl and tyrosyl residues.

PLANNED ACTIVITIES FOR FY 1981

Our studies of the molecular architecture of
bacteriorhodopsin in relation to its energy conver=-
sion activity have been particularly fruitful in
revealing that certain amino acid structural rela-
tionships and certain amino acid side chains play
an essential role in the light-driven release and
uptake of protons. We wish to arrive at a more
fundamental understanding of the molecular basis
for this activity.



Our research next year will take advantage of
a spectacular new development: the discovery by
Professor Y. Mukohata of Osaka, Japan of a mutant
species of Halobacteria, which forms a "white mem-
brane."” The white membrane is an aggregate of pro-
tein and lipid molecules which can be recognized by
electron microscopy as a patch in the plane of
halobacterial membranes. This patch totally lacks
retinal but apparently contains the apoprotein por-
tion of bacteriorhodopsin, because a native purple
membrane can be formed by the addition of all-trans
retinal. Procedures have been developed for the
isolation and purification of this patch, which is
clearly the material par excellence for chemical
modification studies designed to inform us about
the importance of the protein structure and about
different types of retinal analogues in the energy
conversion process. We are the only laboratory in
the U.S. that has been given this strain.
Professor Mukohata, the discoverer, has spent three
months on an NSF U.S.-Japan Cooperative Program,
working with us to develop the methods of culti-
vating the organisms and preparing the white mem-
branes. We intend to pursue studies using and com-
paring this material with native purple membranes.

Our research will also exploit the ability to
modify groups in purple membranes in the dark and
in the light. We have made some preliminary
discoveries indicating that the ability to gain
accessibility with external chemical modifying
reagents to different groups differs in the dark
and the light. Certain groups are available for
reaction only in the light, such as the tyrosine
groups, which are available for modification using
nitration reagents. To better understand the pro-
tein conformational cycle driven by light energy
absorbed by the retinal chromophore, we will per-
form chemical modifications in the white membrane
and in regenerated purple membranes, both in the
dark and during illumination, to determine the
degree to which activity is affected after the
specific modifications. These studies indicate the
groups that become exposed and the part of the pho-
tocycle in which they will appear. Knowing the
deuterium isotope effects, we ought to arrive at a
better understanding of which groups play an essen-
tial role in the proton translocation, proton
uptake and proton release process, all of which are
aspects of the overall ability of this retinal pro-
tein system in bacterial membranes to generate a
proton electrochemical gradient after absorption of
a photon of 570 nm light.
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EXPERIMENTAL AND THEORETICAL EVALUATION
OF CONTROL STRATEGIES FOR ACTIVE SOLAR ENERGY SYSTEMS*

M. Warren, S. Schiller, M. Wahlig, G. Sadler, C. Vilmer, and C. Weaver

INTRODUCTION

Improved solar energy control systems will
reduce the use of nonrenewable fuel sources for
heating building spaces and domestic hot water.
accelerate this reduction, an experimental test
facility has been constructed at LBL to test the
system efficiency and cost effectiveness of alter-
native control strategies for collecting solar
energy and delivering it to the building load. In
parallel with this experimental effort, a computer
analysis capability has been developed to study the
dynamics of interactions between collector, load,
and control system, and an investigation has been
initiated into control-related reliability problems
of installed solar-heating and solar-cooling sys-
tems. LBL has also provided technical support to
DOE in the.controls area, including program plan-
ning and monitoring of outside contractors.

To

ACCOMPLISHMENTS IN FY 1980

Experimental Test Facility.

The experimental test facility was constructed
to evaluate the operation and performance of active
hydronic solar energy system control strategies and
equipment. The facility, shown in Figure 1, con-
sists of a collector loop heat-input simulator, a
storage tank, a load loop air channel with fan
coil, an auxiliary heater, and associated pumps and
valves. Only the apparent temperature of the col-
lector and the load demand thermostat condition are
simulated, enabling control strategy and equipment
comparisons based on identical meteorological and
load conditions. The facility is described in
detail elsewhere.!:2,

This year the experimental test facility was
operated to simulate a specific residential solar-
assisted heating system for several days, using
both simulated weather and typical meteorological
year (TMY) weather and insolation data for Madison,
Wis. in January. The residential building loads
and incident insolation are calculated using
TRNSYST and are used as inputs to drive the experi-
mental system simulation. Early in the year a
number of four-hour and one-day experiments were

'* This work has been supported by the Assistant
Secretary for Conservation and Solar Energy, Office
of Solar Applications for Buildings, Systems
Development Branch, Active Heating and Cooling
Division, U.3. Department of Energy under Contract
No. W-T405-ENG-48.

T TRNSYS is a transient system simulation computer
program developed at the University of Wisconsin
and consists of a central algebraic and differen-
tial equation solver, a library of component models
and associated input and output routines.
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repeated to verify operation and energy balance of
the collector loop and of the load loop separately.
At the end of the year, a number of two-day experi-
ments using TMY data were run.

Test Facility Improvements

Several improvements and modifications have
been made to the test facility during FY 1980.

The storage tank was drained to a level of
approximately 1,000 gal to accommodate a design
solar fraction of 50% for Madison. Seven equally
spaced thermocouples were installed in the storage
tank to measure the temperature profile. Because
of the finite number of thermocouples in the
storage tank, the measured energy storage can vary
typically 5 MJ from hour to hour when there is a
sharp gradient in the storage tank temperature.
With the reduced storage tank volume, it was found
that air was drawn into the collector and load loop
piping causing minimal or no flow during start-up
conditions. Several valves were moved and piping
rearranged to correct the problem. Similar prob-
lems have been encountered in a number of installa-
tions, stressing the importance of correct place-
ment of pumps and valves.

The test facility control software was rewrit-
ten to utilize hourly weather and building load
data and quarter-hour insolation values, which can
be inputed before an experiment. Another routine
was written, in conjunction with the addition of
some electronic hardware, to record the energy con-
sumption from the electricity and gas meters. To
predict more accurately the collector temperature,
a simple one-node collector capacitance model was
implemented for the stagnating collector simula-
tion, thereby modeling more realistically the
on/off cyecling of the collector loop.

Experiments were conducted to determine system
energy losses and the collector and load loop
energy balances. Energy losses for each subsystem
(storage tank, collector loop, and load loop) were
determined observing the decay in storage tank tem-
perature over several days with zero load or energy
input.

Residential System Description

The building chosen for simulation, the
weather data, and the residential heating load
model are taken from the "Standard Assumptions and
Methods" recommended by the Solar Energy Research
Institute (SERI). A typical, well-insulated 1,700
e single-story home located in Madison, Wis. was
chosen for study. Meteorological data from TMY
tapes combined with detailed building description
determined the hourly heating requirements for the
building for use in the test facility load loop.
Hourly heating loads were calculated using the
TRNSYS residential load model, TYPE 29. Quarter-
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hour insolation values incident ih the plane of the
collectors were calculated from TMY January data
for Madison, Wis. using the TRNSYS solar radiation
processor.

The components of the active solar system were
sized using F-Chart 3.0. To provide a 50% annual
solar heating fraction required a collector array
of 50 and a water storage volume of about 3,800
liters (1000 gal).

The experimental procedure using the test
facility is to test a particular control strategy
during several "typical days" and then extrapolate
results to determine long-term performance charac-
teristics. The performance of a solar system
during a particular day is dependent on the insola-
tion, ambient temperature (which determines collec-
tor losses and building load), and the system's
performance during the previous day. To evaluate
the utilization of energy collected on a particular
day, it is important to consider what the energy
use is on the day following as well. Thus the
minimum time required for a proper evaluation is
two days, with the temperature of the storage tank
on the first day indicative of the past day's
operation.

The weather and insolation patterns for Janu-
ary in Madison were examined along with hourly
storage tank temperatures predicted by TRNSYS for
January to determine which days were appropriate
for simulation. Based on the quantification of
January days into categories, such as high amount
of insolation, low ambient temperatures, and poor
previous day, two pairs of days were chosen for
detailed test facility simulation: a "bad-good"
series (January 26-27) and a "good-bad" series
(January 18-19).

Performance indicators recommended by Ward®

ge

Solar heating and cooling test facility.
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are used for evaluating solar systems. These
include collection efficiency, system thermal effi-
ciency, solar coefficient of performance, system
overall efficiency, and solar fraction. An addi-
tional performance indicator, storage tank tempera-
ture change, indicates the extent to which avail-
able solar energy is taken from, or added to, the
storage tank over a given period.

Test Facility Results

Experiments were run using simulated meteoro-
logical and load inputs to evaluate experimental
repeatability and to verify system energy balances.
Experiments also compared two control strategies: a
storage~coupled heating mode and a direct
collector-to-load heating mode. In the more typi-
cal mode of operation, storage-coupled heating,
collectors heat the storage tank and energy is
drawn from storage to heat the load when energy is
available and needed. With the direct-heating
mode, the collectors can supply heat to the load
without going through the storage tank. The
direct-heat mode requires additional piping,
valves, and control.

Tables 1 and 2 show results from test facility
experiments. The quantities used in the tables are
defined as follows: building load (QLOAD), auxili-
ary energy for load (QAUX), the natural gas usage
(GAS), solar energy delivered to the load (QSOLAR~
LOAD), insolation of the collector (QI), collected
energy (QC), storage tank losses (SL0SS), load loop
piping losses (LLOSS), collector loop piping losses
(CLOSS), parasitic energy used (PARA), average
storage tank temperature (Ty,,y), stored energy
(QS), and change in stored energy (DQS).

Table 1 shows typical four-hour summaries of a
2U-hour experiment for a cold January day in Madi-
son with good insolation. The 24-hour system



energy balance is within 2%, indicating good
accounting of energy flows in the collector and
load loops and in the storage tank. This energy
accounting is done minute by minute as the experi-
ment progresses and i1s summarized on a floppy disk
file after each thermostat cycle and at one~ and
four-hour intervals. A detailed record of the
experiment is also printed out. Energy flow quan-
tities are calculated from measured temperatures
and flow rates. Energy losses are calculated from
measured fluid and room temperatures and experimen-
tally estimated loss coefficients. The parasitic
and auxiliary gas consumption are measured with
standard utility meters interfaced to the experi-
ment instrumentation. The solar energy delivered
to the load, QSOLAR-LOAD, includes the heat from
the fan coil, QLOAD, less the auxiliary input,
QAUX, and takes credit for heat lost from the load
loop piping, LLOSS. The allocation of useful heat-
ing from the storage and load loop losses depends
on the specific system layout.

from the system, Qqut, and the energy balance, AQ.
The energy loss terms, SLOSS, LLOSS, and CLOSS also
agree well from run to run. However, there is some satisfy the building heating requirements. It then
variation from run to run in the auxiliary energy
usage, QAUX, in the change in stored energy, DQS,
and in the contribution to the load from solar, used to model the test facility.
QSOLAR-LOAD. This variation is of the order of 25 conditions in Madison, the TRNSYS parallel auxili=-
MJ over the day and represents less than 5% of the
total energy flow during the day, which was the
accuracy goal for measuring energy flows in the
test facility. heating load.

Table 1. Typical four-hour summary results from a Direct Heating Test Facility Run.

Simulation is
of 18 January (TMY} in Madison, Wisec., a cold weather day with good insolation.

Time T amb T tanklQS] QLOAD  SLOSS LLOSS  QAUX QI Qe CLOSS PARA  GAS
(hr) (°c) °c) (M) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ)
0 -5.4  31.5[209.6] - - - - - - - - -
i -8.8  30.7 86.9 2.9 4,7 72.2 o 0 0 b5 176
8 -11.7  29.6 95.8 2.3 3.7 75.9 2.7 0 0 4.9 216
12 -9.8  36.6 83.1 3.6 5.8 45.5  416.0  191.1 4.6 7.8 89
16 -9.7 42.3 66.9 7.1 9.1 8.6 405.7 197.6 7.2 6.7 16
20 14,1 37.5 85.8 6.7 8.7 1.7 6.6 0 0 3.0 16
2y -13.1  33.3[242.4] 99.4 4.8 6.5 34,1 0 0 0 4.0 81
Totals - +1.8[32.8] 517.9  27..4 38.5 248.0 831.0 388.7 11.8  30.9  59i
Notes:

Qin = QC + QAUX - DQS = 388.7 + 248 - 32.8 = 603.9 MJ

Qout = CLOSS + LLOSS + SLOSS + QLOAD = 11.8 + 38.5 + 27.4 + 517.9 = 595.6 MJ
24-hour balance 2(Qin - Qout)/(Qin+Qout) = 8.3 MJ/599.8 MJ = 0.0138
QSOLAR-LOAD = QLOAD + LLOSS - QAUX = 517.9 + 38.5 - 248.0 = 308.4 MJ

Quantities in brackets represent storage energy QS and change in storage energy DQS.

Comparison of Test Facility Results with TRNSYS

ducted for the same test days.

used for the experiments.

Test days were run twice for each of two dif- coil as long as the return water temperature is not
ferent control strategies: direct heating and greater than the storage tank bottom temperature.
storage~coupled heating. Table 2 shows the one-day Existing TRNSYS parallel and series auxiliary heat-
‘energy balance totals for the different runs of the ing modes do not model this operation. The paral-
same day. The different runs show excellent agree- lel mode draws the storage tank down to room tem-
ment in the load demand, QLOAD, the total energy perature unrealistically, thus underestimating the
inputs to the system, Qip, the total energy output auxiliary energy consumption. The series auxiliary
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results are also shown on Table 2.
program's format allows the simulation of the test
facility system using identical meteorological and
load inputs as well as approximately the same com-
ponent parameters and interconnections.
simulation was started on January 1 at 1 a.m.,
using TMY weather data, with a storage tank tem-
perature of 20°C, and run continuously for the
entire month. Initial average storage tank tem-
peratures and time-dependent building loads, as
determined by TRNSYS for a given period, were then

To assist in evaluating the results obtained
from the test facility, TRNSYS simulations are con-
Typiecal simulation

The TRNSYS

The TRNSYS

The test facility operating strategy has an
auxiliary boost mode where the auxiliary heater
increases the temperature of the water to the fan

heating mode of TRNSYS draws the storage tank tem-
perature down until the storage can no longer

switches to an auxiliary only mode. This more
nearly approximates typical control action and is
For identical

ary mode used only 9,424 MJ of auxiliary energy
while the TRNSYS series auxiliary mode required
11,060 MJ of auxiliary energy to meet the January



Table 2. Comparison of Test Facility Runs with TRNSYS Simulation for
January 18 in Madison, Wise., a cold weather day with good
insolation.

Quantity Units Run 7 Run 11 Run 8 Run 12 TRNSYS
Strategy - Direct Direct Storage Storage Series

Time hr 0-24 0-24 0-24 0-24 408-432

Tamb 5yg oc -10 -10 -10 -10 -10

Initial Tyape  ©OC 31.1 31.5 31.1 31.6 31.2

Final Tigni o¢ 32.5 33.3 32.3 32.4 36.4

Change Tiank oc 1.4 1.8 1.2 0.8 5.2

DQStank MJ 24.7 32.8 21.0 14.6 9h.,7
SLOSS MJ 27.6 27.4 27.4 25.6 35.4
QLOAD MJ 517.8 517.9 517.9 517.3 514.6
LLOSS MJ 38.6 38.5 36.0 32.1 24.2
QAUX MJ 234.5 248.0 230.5 204.9 268.3
QI MdJ 831.0 831.0 832.1 831.5 831.4
Qtp MJ 410.7  401.1 424.0 428.5 421.8
QC MdJ 390.7 388.7 386.8 412.5 421.9
CLOSS MdJ 12.4 11.8 11.8 1.2 15.6
PARA MJ 32.7 30.9 33.4 31.9 -

Qin MJ 600.5 603.9 596.3 602.8 595.5
Qout MJ 596.4 595.6 593.1 586.2 589.8

Balance (AQ) MJ 4. 8.3 3.2 16.6 5.7

Balance (%) - 0.7 1.4 0.5 2.8 0.97

QSOLAR-LOAD MJ 321.9 308.4 323.4 344.5 270.5

Solar to load % 62 60 62 67 53

Table 2 compares energy flows predicted by
TRNSYS with the direct-heating and the storage-
coupled heating modes run on the test facility.
The solar energy collected, (QCth), as predicted by
the test facility simulation Hottel-Whillier-Bliss
collector model, agrees well with the TRNSYS simu-
lation for clear days with good insolation,
although in the direct-heating mode the collector
loop tends to be on for a slightly shorter time.
For both modes, the pseudocollector boiler system
delivers slightly less energy (QC) than predicted.
This may be due to a limitation in the boiler out-
put control.

Differences between the TRNSYS simulation and
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the test facility direct and storage strategies are
also indicated in Table 2 by the change in stored
energy, the load loop piping losses, and the load
handled by either solar or auxiliary energy. As
expected, the test facility boost mode of operation
increases the system performance slightly by using
the stored solar energy at slightly lower tempera-
tures.

The energy input to the system for the TRNSYS
and test faeility rums, Qi,, (energy from the col-
lectors, from auxiliary, and from storage) agrees
very well, as does the energy output, Qout (energy
to the load and all losses). The overall energy
balance is quite good for all of the 24-hour runs.



Table 3. Comparison of two-day runs on test facility for direct heating and storage coupled
heating modes for identical building load and meteorological conditions (January 18-19
in Madison, Wisc.). TRNSYS simulation results are also shown for comparison.

Quantity Direct Direct Storage Storage TRNSYS
Run 7 Run 11 Run 8 Run 12 System 3

QC/QI Collection efficiency 35.5 36.3 37.7 40.3 43,4

M‘%‘M Thermal efficiency 39.0  42.0 42.0 46.1 37.6

QSOLAR-LOAD

SARA 3CopP 7.3 8.3 7.4 8.8 -

QSOLAR-LOAD :

QLOAD Solar fraction 5.3 48.7 48.8 53.5 43.4

ATtank Storage temperature change (°C) -4.8 6.4 5.4 -T7.2 -1.0

The only significant discrepancy is the solar con-
tribution to the load, which varied an average of
about 10%. Parasitic energy for the control
valves, pumps, and fans is not accounted for in the
TRNSYS simulation.

Comparison of Storage Coupled and Direct Heating

A series of experiments were conducted using
both direct heating and storage-coupled heating
modes using real weather and insolation data for
two January days in Madison. Table 3 indicates the
difference in the performance between the two stra-
tegies for these two days through some performance
indicators. Collection efficiency is the ratio of
the energy collected by the collectors to the inso-
lation on the collectors. Thermal efficiency is
the ratio of solar energy utilized by the load to
insolation incident on the collectors. Solar coef-
ficient of performance is the ratio of the solar
energy utilized by the load to the parasitic energy
required to run the solar system. Solar fraction
is the ratio of the solar energy utilized by the
load to the total load. As indicated in the table,
no significant difference exists between the con-
trol strategies for these days although the direct
heating loop strategy does seem slightly better.
Both modes of test facility operation utilize
greater energy from storage than predicted by the
TRNSYS simulation, as indicated by the storage tank
temperature change. To determine long-term compar-
isons, more testing would be required.

Theoretical Studies to Support Experimental Program

Study Of Collector Loop Dynamics

During FY 1980, work wgs completed on modeling
of collector loop dynamicg, 7 and a report was
prepared for publication. Since the temperature
drop encountered in the collector loop piping could
affect the control set points, a set of curves were
developed deseribing the predicted temperature
drops to be expected in piping runs, as shown in
Figure 2. These curves indicate that typical sys-
tems with properly insulated piping will have a
minimal temperature drop across the piping runs and
thus should not affect the control set points.

TEMPERATURE LOSS IN PIPES

VS
FLOW/ LOSS FACTOR*

8°r
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o (Pipe inlet temp. -
5 environment temp.)
g 6° I 150° .
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_g; {00° .
S0 gof me/UAp;,=200
T typical solar
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53 2T
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Fig. 2. Temperature loss in pipes versus flow/loss
factor. * Temperature 1loss based on:

me (Tin - Tout) = Upipelpipe (Tin + Tout)/2 - Tal,

where Upipe is the heat loss per unit length.

Upipe = 0.6 W/m-°C., tic/Aq = 90 W/nP-OC

where A, is the collector area.

%% Typical hot water system:

Ag=51P; Lpjpe = 7.5 m. dhe/Upjpdipipe = 100.

#%% Typical heating system:

Ao = 50 wP; Lpipe = 37.5 m. fe/Upypdipipe = 200,
(XBL 806-7161)
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Fig. 3.

represent the temperatures of the interior and exterior walls and room air.

The dynamic building model uses three resistance-capacitance nodes to

The

heat input to the air is represented as a thermal current source, P.

Study Of Building Load Dynamics

A model of a residential building, a fan coil
heat-delivery system, and a bimetal thermostat,
developed previouslyg (to simulate the effects of
heat input on room air dynamics) has been applied
to examine the building thermal behavior in
response to heat input from an active solar space-
heating system. 0 The effects of the variable
storage tank temperature, of outdoor temperatures,
and of fan coil sizes on the cycling rate, on the
on-time and off-time of a heating cycle, on room
air temperature swing, and on offset of the average
air temperature from the setpoint (droop) are
determined by computer simulation. Heat input is
provided directly to the air as, for example, when
a heating fan coil is turned on. The three nodes
shown in Figure 3 represent the temperature of the
interior surface of the exterior wall, Twex(t); the
temperature of the air in the space, Tair(t); and
the temperature of the interior wall, Twin(t). The
equations for the temperatures are determined from
the resistance-capacitance network, using Kirchhoff
analysis. The values of the thermal resistances
Rq, Ry, R3, and Ry and the thermal capacitances Cq,
Cp, and C3 are typical of a well-insulated,
single-zone building.

For given conditions of outdoor temperature,
anticipation, and thermostat setpoints, the storage
tank temperature has a direct effect on swing as
shown in Figure 4. The droop, the offset of aver-
age room temperature from the setpoint, also
depends on the amount of thermostat anticipation
and on the heat-delivery duty cycle. The higher
the storage tank temperature, the larger is the
swing in room temperature and the smaller is the
offset of the average air temperature from the set-
point (droop). Results indicate that to maintain
room temperatures within comfort limits by minimiz-
ing both swing and droop, a hydronic solar space-
heating system requires a control system that
ad justs anticipation and setpoints in relation to
the outdoor and the storage tank temperatures.

This will require more than a simple on-off bimetal
thermostat.
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Reliability and Maintainability of Controls
for Active Solar Energy Systems

Although a majority of the systems installed
in this country effectively collect the sun's
energy, systems that fail because of faulty con-
trols have damaged the reputation of active solar
energy systems. Low efficiency, improper operating
modes, high auxiliary energy usage, and equipment
damage can result from control or system failures
caused by poor design and installation practices,
defective components, and improper strategies. An

INFLUENCE OF STORAGE TEMPERATURE ON SWING
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Fig. 4. Storage tank temperature influences room
air temperature swing. As the storage tank tem-
perature decreases, the swing decreases for a given
outside temperature.

(XBL 8011-7564)



investigation of these failures has been initiated
to determine what is needed to improve the effec-
tiveness and reliability of solar control systems.

A preliminary review of the literature on the
performance of solar control systems indicated
several areas where further investigation can be
very beneficial: freeze protection, fault-detection
systems, effects of flow rates and set points on
system performance, and the interaction of com-
ponents as a system. Since failures of the freeze
protection system can be both costly and destruc-
tive, an evaluation of freeze protection techniques
is given the highest priority.

Technical Support Activities

This past year the laboratory has been
actively involved in proposal review and contract
monitoring for the Controls Element of the DOE
solar heating and cooling Research and Development
program. Activities have included coordination
with the Solar Energy Research Institute, conduct-
ing project reviews, and reviewing the reports of
DOE controls contractors. LBL served as host to a
project review for the solar controls work at
Drexel University and Middlebury College. We also
prepared an overview of the controls program in
collaboration with SERI.'!

PLANNED ACTIVITIES FOR FY 1981

The experimental test facility work is being
interrupted and probably terminated. The analysis
capabilities are being transferred to provide
needed assistance to the Active Solar Cooling pro-
gram. The emphasis of the remaining controls work
is on investigating and solving reliability and
maintainability problems.
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ACTIVE SOLAR COOLING”

K. Dao, M. Wahlig, A. Heitz, R. Glas, S. Mitina,
E. Molishever, B. Boyce, J. Rasson, and F. Salter

INTRODUCTION

This project includes both inhouse research
and development (R&D) activities and technical sup-
port activities for the active cooling program.

The inhouse R&D activity includes the development
of improved absorption-cycle systems for active
solar cooling and heating applications. The objec-
tive is to achieve a significantly higher conver-
sion efficiency than is possible using other cool-
ing approaches. A secondary objective is to avoid
the necessity for water cooling towers by using
air-cooled condensers and absorbers.

The quest for higher conversion efficiencies
is consistent with the overall national solar cool-
ing program goal of achieving cost-effective solar
cooling systems. The major cost component of a
solar cooling system is the collectors; the collec-
tor area required to satisfy a given load can be
reduced (lowering costs) as the efficiency of the
chiller component is increased.

An absorption-cycle chiller is essentially a
heat pump and, accordingly, can be used for heating
as well as cooling as long as the refrigerant fluid
does not freeze in the outdoor coil during heating
applications. Thus an absorption chiller using the
ammonia/water pair (ammonia as the refrigerant,
water as the absorbent) can be used for heating as
well as cooling, but one using the water/lithium
bromide pair can be used only for cooling because
the water in the outdoor coils would freeze in
heating applications.

In accordance with these considerations, a
phased plan has been devised to develop an advanced
high-efficiency absorption chiller that is far
beyond today's state-of-the-art. This is to be
achieved through the design, fabrication, testing,
and evaluation of a series of incrementally
improved absorption chillers.

The first phase of this project consisted of
the partial reconstruction for selar-powered opera-
tion of a conventional gas-fired ammonia/water
absorption chiller. This phase was successfully
completed some time ago,1 and it demonstrated the
capability of our analysis techniques to predict
accurately the performance of single-effect,
absorption-cycle chillers under operating condi-
tions appropriate for solar-powered operation.
(Single-effect cycles employ only one boiler.)

The second phase includes the design and
fabrication of a single-effect ammonia/water
absorption chiller that incorporates several unique
design features: tube-in-tube heat exchangers for

* This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Solar Applications for Buildings, Active Heating
and Cooling Division of the U.S. Department of
Energy under Contract W-T405-ENG-48.

high effectiveness at reasonable cost and a pair of
internally powered solution pumps for reduced
parasitic power use. This chiller, which
represents the starting point for the development
of the higher efficiency units in subsequent
phases, is currently in the test and evaluation
stage.

The third phase of the project is the develop-
ment of an advanced higher efficiency cycle, a
double-effect regenerative cycle (which we call
cyecle 2R) that adds a unique second stage to the
chiller developed in phase two. With the addition
of this second stage, the overall chiller effi-
ciency increases continuously as a function of the
inlet temperature from the solar collectors. The
basic concept of this 2R cycle was described some
time ago. Since then the design has been com-
pleted, and fabrication has started.

The fourth phase takes advantage of the
experience gained in previous phases to develop a
still higher efficiency chiller, yet one with less
hardware and thus with the potential for lower
cost. This chiller is based on a single-effect
regenerative cycle (which we call cycle 1R).
Although the basic concept has been described by
our group previously,” this chiller is still in an
early design stage. The success of the cycle 1R
chiller depends on our experience gained from
developing the cycle 2R chiller and on locating a
refrigerant/absorbent fluid pair with suitable
properties at the higher boiling temperatures
where ammonia/water performance drops off.

The technical support activities provide
assistance in the active solar cooling program area
to the DOE San Francisco Operations Office (SAN)
Conservation and Solar Division and to the DOE
Headquarters (HQ) Active Heating and Cooling Divi-
sion, Office of Solar Applications for Buildings.
These activities include program planning, techni-
cal monitoring and evaluation of ongoing projects,
including site visits and review of progress
reports, coordination of review of unsolicited pro-
posals, assistance in the preparation and evalua-
tion of responses to program solicitations, and
coordination of related activities by other organi-
zations.

ACCOMPLISHMENTS DURING FY 1980

Absorption Air Conditioner Development

A major effort during FY 1980 has been the
testing of the single-effect absorption chiller.
Most of this effort has been expended on a single
component: the solution circulation pump.

The development of the pump is critical to the
viability of the single-effect chiller as a solar
cooling machine. Conceived to operate at fairly
low input temperatures (about 215°F), the single-
effect chiller requires large circulation flow
rates (of the order of two and one-half gallons of



ammonia-water solution per minute for a three-ton
chiller). If a conventional electric diaphragm
pump were used, the electric power required (about
3/4 np) would render the chiller economically unac-
ceptable. A piston circulation pump (called the
recuperative pump) was therefore designed to recu-
perate 70% of the pumping power from the weak solu-~
tion stream, thus reducing to 1/4 hp the external
power required. A second piston pump (called the
makeup pump), driven by high~pressure vapor, was
designed to run in parallel with the first pump,
thus eliminating altogether the requirement for any
external electric power for pumping the strong
solution.

We have had only limited success in developing
these pumps during FY 1980. Extensive testing of
the pumps using high-pressure air or nitrogen and
water has shown that the pumps performed very well
on the test bench. But when the pumps were con-
nected to the chiller, mutual interactions
prevented proper pump operation. The nature of the
interactions is only partially understood. Pres-
sure drops and water-hammer effects in the long
lines of the chiller were some of the causes for
interference with the switching of the pump valves.
Valve redesign and proper choice for the location
of the pilot pressure taps have eliminated these
problems. Dirt in the chiller was another problem
that caused valve sticking. This problem has not
been eliminated yet because of difficulty in clean-
ing the chiller. Valve redesign using bellows may
be the answer. Ammonia vapor absorption by the
liquid ever present in the makeup pump switching
lines may be the most difficult problem to over-
come.

The status of the pumps' development as of the
end of FY 1980 is: (1) the recuperative pump can
be made to operate very reliably with the chiller;
and (2) the success of the vapor makeup pump is in
doubt, and a small electric makeup pump may be
needed after all.

Considerable effort has also been spent during
FY 1980 on continuing the development of the
advanced cycle 2R and cycle 1R absorption chillers.
For both of these cycles, higher efficiency (than
the usual single-effect cycle) is predicated on a
closer approach to the Carnot cycle by using the
available heat input at the highest possible tem-
perature and by rejecting heat at the lowest possi-
ble temperature. This requires that the design
incorporate multipressure staged processes for
boiling and for heat rejection. Since the absorp-
tion cycle must be a closed-loop flow circuit, the
transition of a fluid element from the heat-input
process to the heat-rejection process must be
regenerative (or recuperative): i.e., the heat from
a high-temperature fluid element going from the
boiler to the absorber must be transferable to a
fluid element going in the opposite direction.

The choice of the regenerative paths is what
differentiates the cyecle 2R from the cycle 1R
design. Cycle 2R is simpler than cycle 1R (which
is the reason 2R is being designed and fabricated
first) but cycle 2R requires more heat-exchanger
area. Thus the cycle 2R chiller will allow the
basic multistage boiling and absorption processes
to be studied without the complication of the com-

plex regenerative path connections of the cycle 1R
design.

The detailed design and all drawings for the
cycle 2R chiller have been completed during FY
1980. Fabrication of parts has begun, and fabrica-
tion and assembly are expected to be completed by
the end of FY 1981,

Work on the cycle 1R chiller during FY 1980
consisted of a first attempt to learn how to model
the cycle and a detailed investigation of a method
for selecting appropriate fluid pairs for a practi-
cal cycle 1R machine.

Detailed computer modeling of the 1R absorp-
tion cycle proved to be a formidable task. A
straightforward approach was attempted during FY
1980; it consisted of writing out the equations
(about 100) expressing conservation of mass, con-
servation of energy, thermodynamic properties (for
ammonia/water mixtures), and heat-exchanger rela-
tionships, and then trying to solve this set of
highly nonlinear equations. No solutions were
found as the iterative scheme did not converge,
even for a simpler version of this model.

A decision was made to learn techniques for
solving these equations by first modeling the
single~effect absorption chiller by this method.
The solution technique led to a successful computer
model for the single-effect chiller. The method
for adopting this model to the 1R chiller remains
for future investigation.

The other cycle 1R task during FY 1980--
investigation of a method for selecting fluid
pairs--has been quite fruitful. A solid foundation
for a method for approximating the properties of
binary mixtures has been achieved. The traditional
method for calculation of mixture properties is
based on setting up and solving an equilibrium
equation for the fugacities of each of the com-
ponents in the vapor and liquid states. However,
the direct solution of the fugacity equation is
impractical here because it requires complete and
accurate knowledge of volumetric properties of
vapor and liquid phases--information that is not
generally available and is difficult to obtain
experimentally.

A decision was made to devise an independent
approach to approximate with sufficient accuracy
the necessary properties of the binary fluid mix-
tures. An appropriate equation for this purpose
turned out to be one that calculates the thermal
efficiency of an ideal absorption power cycle.

This cycle can be constructed by replacing the con-
denser and evaporator of a conventional single-
effect absorption refrigeration cycle with an ideal
isothermal turbine and by taking into account every
possible heat and work recuperation.

The resulting basic equation for binary fluid
mixtures is:
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where
t = 1/T = reciprocal of absclute temperature T
v = specific volume
h = specific enthalpies
p = system pressure

X = weight fraction of the more volatile
component

All properties are saturated properties and the
subsecripts have the following referents:

v refers to the vapor phase, and
s refers to the liquid phase or the solution.

Note that the solution's heat of mixing is
included in the enthalpy hg.

There are many ways of approximating the indi-
vidual terms of Equation (1). The choices depend
on the available experimental data, on the accuracy
required, and on judgment. A specific method for
solving Equation (1) has been developed and adopted
and will be reported in the near future.

Accordingly, a basic set of experimental data
needed to determine the binary fluid properties [by
using Equation (1)] for performance calculations of
the 1R absorption cycle have been specified, along
with the accuracy required for each parameter. A
statement of work was written in FY 1980 to enable
DOE to issue a Request for Proposal (RFP) solicit-
ing the measurement of this basic set of data for a
number of candidate fluid pairs. After review of
the proposals received, DOE negotiated a contract
with SRI International at the end of FY 1980. SRI
will conduct a literature search and follow up with
measurements of the as yet unmeasured parameters
during FY 1981.

Technical Support Activities

The following program planning activities took
place during FY 1980:

e Preparation of the first and second drafts
of multiyear Program Element Plans for
Rankine and Absorption Solar Cooling Sys-
tems.

® Writing of a "white paper" on solar cooling
technologies, as input to the DOE's five-
year planning exercise.

e Preparation of documents for DOE/HQ on
solar cooling's potential to achieve even-
tual market penetration and on the DOE
solar cooling program's role in accomplish-
ing this.

e Participation in major planning meetings
for the Active Solar Heating and Cooling
Program at DOE/HQ and DOE/SAN.

e Organization of a meeting at LBL at which
U.S. and Mexican participants prepared a
draft proposal for a joint U.S.-Mexican
project in solar refrigeration; discus-
sions later with SERI, DOE/HQ, DOE/SAN and

other organizations on implementation of
this joint project.

The following are some of the major FY 1980
activities in technical monitoring and evaluation
of solar cooling projects by outside (nonLBL) con-
tractors:

® Conduction of, and participation in, 21
site visits and project reviews covering 14
different DOE contractors; review of seven
final reports and phase reports; assistance
to DOE/SAN in specifying the Statements of
Work for follow-on efforts by several of
these contractors.

e Initiation of a contract with SERI for LBL
to provide technical monitoring of the five
U.S.-Saudi (SOLERAS) solar cooling proj-
ects. During FY 1980, LBL staff partici-
pated in the project startup meetings,
preliminary design reviews, and critical
design reviews, in addition to continuing
interactions with SERI and with the project
contractors.

® Preparation and sending to DOE/SAN of
monthly summary reports on all the DOE
solar cooling projects; preparation and
sending to DOE/HQ of several reports on
solar cooling R&D program accomplishments
and status.

e Accomplishment of preliminary activities in
developing a methodology for comparative
assessment of solar cooling technologies
(e.g., absorption vs Rankine cooling) and
projects.

During FY 1980 LBL carried out the review of
nine unsolicited proposals. For each proposal, the
comments of all the reviewers were summarized and
sent to DOE along with a recommendation for action.

LBL assisted DOE/SAN in preparing and evaluat-
ing responses to an RFP on the Determination of
Properties of Fluids for Solar Cooling Applica-
tions. LBL prepared the draft statement of work,
secured reviewers for the technical evaluation com-
mittee, and conducted that committee's review of
the proposals received in response to the RFP.

LBL staff were engaged in a number of coordi-
nation activities related to the solar cooling pro-
gram during FY 1980:

# Participation in DOE Program Reviews,
including

-Systems Development Division Review, in
Reston, Va.

~-Commercial Demonstration Program Review,
in Norfolk, Va.

~Active Solar Heating and Cooling Contrac-
tors Meeting, in Nevada

-Passive Update Meeting, in Washington,
D.C.

e Attendance at solar conferences:

-Operational Results Conference, in
Colorado Springs, Colo.

~Systems Simulation and Economics Analysis



Conference, in San Diego, Calif.

-Annual International Solar Energy Society
Meeting, in Phoenix, Ariz.

Participation in the DOE active solar heat-
ing and cooling technical managers' coordi-
nation meeting in Nevada.

Participation in the bimonthly review and

coordination meetings associated with the

cooling marketing study projects funded by
DOE.

Coordination with NASA/MSFC (Manned Space
Flight Center in Huntsville, Ala.) on the
status and future priorities of the solar
cooling projects that they are managing for
DOE.

Coordination with Oak Ridge National
Laboratory concerning the cooling projects
(for which they are technical monitors)
that make use of waste heat sources.

Coordination with the Gas Research Insti-
tute on cooling and heat pump programs and
projects of mutual interest, especially
solar-powered cooling applications using
gas auxiliary energy.

Assistance to the American Samoa Energy
Office with their plans for using large-
scale solar cooling systems as a solution
to one of their major energy problems, the
scarcity and high-cost of diesel fuel.

Coordination of the utilization of the LBL
Building 71 Federal Buildings Solar Demon-
stration Project as a field test installa-
tion for a new 25-ton packaged absorption
chiller recently developed as part of the
DOE solar cooling R&D program.

PLANNED ACTIVITIES FOR FY 1981

Absorption Air Conditioner Development

The testing of the single-effect chiller will
continue. Further improvement of the vapor pump
will not be pursued; the chiller will be operated
using an electric makeup pump for the remaining
chiller tests. The testing is expected to be com-
pleted and the results published during FY 1981.

By September 1981, the fabrication of the 2R
chiller should be completed. Testing is expected
to begin by about December 1981, followed by test-
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ing and evaluation throughout the remainder of FY
1982.

The cycle analysis work on the cycle 1R
chiller will continue during FY 1981 as we continue
to reduce the theoretical cycle to a practical
design. The required measurements of the proper-
ties of candidate fluids for the 1R cycle should be
completed by SRI International by the end of FY
1981; we will work closely with them to insure the
maximum utilization of the data measured during
that project. The final 1R design and working
drawings are expected to follow during FY 1982.

Technical Support Activities

Activities in FY 1981 will be similar to those
carried out in FY 1980, Implementation of the new
multiyear solar cooling program plan will be one of
the major activities. Appreciable effort will be
expended in developing the Statement of Work for a
major program solicitation that will serve as the
main vehicle for implementing the plan. We should
progress a long way toward establishing realistic
cost and performance goals for solar cooling sys-
tems, making use of new marketing analyses and sys-
tem simulation capabilities. The joint U.S.-
Mexican project should get underway, and prelim-
inary negotiations will be conducted for a possible
U.S.-Greek program in solar cooling. Technical
monitoring and. review of the DOE and SOLERAS solar
cooling projects will continue. Unsolicited propo-~
sal reviews will be undertaken as received. LBL
will continue to participate in DOE program
reviews, in solar energy conferences, and in coor-
dination activities with other organizations carry-
ing out related programs.
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PASSIVE COOLING"

M. Martin, D. Elmer, P. Berdahl, F. Sakkal,
M. Wahlig, R. Fromberg, M. Kruskopf, and R. Sobolewsky

INTRODUCTION

Passive or hybrid cooling occurs when thermal
energy is rejected from a building to natural heat
sinks in the environment. Such heat sinks include
the atmosphere, the sky, and the ground. Cooling
to the atmosphere occurs through ventilation and
evaporative cooling; to the sky by infrared radia-
tive cooling; and to the ground by conduction to
the earth. Although air temperature reduction is
the most obvious means for achieving comfort under
overheated conditions, the comparable importance of
humidity levels, mean radiant temperatures, and
amount of air motion is well established. The pri-
mary objectives of this project are to evaluate the
effectiveness of passive and hybrid cooling systems
for displacing conventional fuels now used to power
air conditioning and to develop systems that do
this in an optimal manner.

The emphasis of the project to date has been
on the assessment of the "resource” for comfort
conditioning based on infrared radiative cooling.
Infrared radiative cooling systems are composed of
a radiator surface which is exposed to the sky, an
(optional) infrared-transparent windscreen to
reduce convective heat gain from the air, and a
means for transporting heat from the building's
interior to the radiator surface. The current work
includes measurement of atmospheric infrared emis-
sion characteristics in order to identify geograph-
ical regions in which selective and nonselective
radiators may be effective. This effort employs
both atmospheric radiation models and experimental
sky radiation measurements. Promising radiator
surfaces and infrared-transparent windscreens will
be experimentally evaluated at an outdoor test
facility at LBL.

To predict accurately the net heat exchange
between the sky and a surface of known infrared
characteristics, knowledge is needed of the inten-
sity of infrared radiation produced by the atmo-
sphere as a function of both zenith angle and
wavelength. Most published measurements in the
literature pertaining to the spectral radiance of
the sky were obtained on one or two nights or per-
tain to clear skies only. Therefore, to obtain
data on which estimates of cooling system perfor-
mance can be based, it was necessary to make our
own measurements, during the day and night, over
periods of months. During 1978 and 1979, a major
effort was devoted to construction of four spectral
infrared sky radiometers and the siting of these
instruments at various locations in the southern
United States. These radiometers were set up to
measure the radiance of the zenith sky at half-hour

* This work was supported by the Assistant Secre-
tary for Conservation and Solar Applications,
Office of Solar Applications for Buildings, Passive
and Hybrid Division of the U.S. Department of
Energy under Contract No. W-7405-ENG-48.

intervals in six wavelength bands ranging from 8 to
22 um. In 1979 the instruments were modified to
perform measurements at several different zenith
angles. Auxiliary measurements performed consist
of total infrared sky radiance (using a pyrgeome-
ter), alr temperature, and dewpoint. Further
details of the measurement system may be found in
the 1978 and 1979 Annual Regorts1’2 and
elsewhere.””

ACCOMPLISHMENTS DURING 1980

Data collection with the four spectral
infrared sky radiometer systems continued during
1980. Two of these systems were moved to different
southern cities to ensure the widest possible geo-
graphical coverage of the resulting data set. The
continuing analysis of the spectral sky radiance
data has led to improved characterization of sky
radiance during clear sky conditions. Future
analysis should lead to improved information for
cloudy skies as well.

The LBL experimental test facility for evalua-
tion of radiator cooling assemblies was completed,
and the first tests were performed.

The Passive Solar Cooling Group assists U.S.
Department of Energy management activities in the
planning and execution of the National Passive
Cooling Program. This included the development and
evaluation of three solicitations (e.g., Requests
for Proposals) for DOE in 1980, and technical moni-
toring responsibilities as new projects are funded.
Coordination between these activities and the work
at LBL is discussed in the following paragraphs.

Spectral Infrared Sky Measurements

During the Spring of 1980, the spectral sky
radiometer systems in Gaithersburg, Md. and Tucson,
Ariz. were moved to West Palm Beach, Fla., and
Boulder City, Nev. The systems in San Antonio,
Tex. and St. Louis, Mo. remained in place. The end
of the summer data-acquisition period marks the end
of the sky radiance measurement portion of this
project. Although a substantial amount of data
analysis remains to be performed, sufficient data
has been collected to produce a thorough prelim-
inary assessment of the resource for radiative
cooling in the six cities in which measurements
have been made.

Analysis of the Sky Radiance Data

One component of the spectral sky radiance
analysis is the comparison of numerical calcula-
tions with radiometer measurements. A modified
version of LOWTRAN 3B computer model/»® was used to
compute sky radiance based on vertical profiles of
temperature, humidity, and minor atmospheric con-
stituents. These computed radiances are compared
with measured values for clear sky conditions. In
general the agreement with the computer model is



very good.9 In the center of the atmospheric win-

Jow near a wavelength of 11 um the agreement is Esky = 0.747 + 0.00624 po ’ (2)
excellent, but a measurable disagreement appears in

the region of 8-10 um. The maximum discrepancy,

o o
which corresponds to an observed radiance greater -207C < po < 227C.
than predicted, is about 0.6 Wem2-sr~!.um! at a
wavelength of 8.8 um.9 This error is about 15% of The standard (random) error in the use of Equation
the clear sky radiance at this wavelength. (2) is 0.031. The experimental (systematic) error
is estimated to be 0.030. Figure 1 shows the
Another result of the data analysis is the correlation for each of the months of data used to
development of a correlation to predict the total form the overall correlation, as well as the
sky radiance for clear skies. The measurement of overall correlation itself. No significant sys-
total (thermal) sky radiance S is made with an tematic difference exists between data sets from
Eppley pyrgeometer operated in conjunction with the various locations. Thus, the result given by
each spectral infrared radiometer. The spectral Equation (2) may have rather general applicability.
radiometer is used to calibrate the pyrgeometer and
to detect the presence of clouds. In place of the Figure 2 shows a comparison of the derived
total sky radiance S, it is convenient to employ correlation with relationships recommended by other
the sky emissivity defined by researchers'?-12 as well as with calculations based
M on the LOWTRAN 3B computer model. From left to
Esk = S/(oTa), (1) right, the crosses on this figure represent the
¥ following LOWTRAN model atmospheres: midlatitude
where O is the Stefan-Boltzmann constant and T, winter, U.S. standard, midlatitude summer, and
is the absolute air temperature near the ground. tropical. Because a sky emissivity of 1.00
A correlation of 2,945 nighttime clear sky data corresponds to a zero resource for radiative cool-
points for €gyy and the dewpoint temperature po in ing, this figure indicates how well the radiative
degrees Celsius yields the relation: cooling resource is known for clear skies.
0.90+
0.85
080
Total
clear sky
emissivity
Q75 Overall fit
€=0.741+6.24 x1073 T,
\ \ @ ’ 0.70 | i | |
-15 10~ -5 O 5 10 15 20
Dewpoint temperature Ty, (°C)
Q5=

Fig 1. The measured emissivity of clear skies as a function of dewpoint tempera-
ture. The short line segments show the correlations obtained for various individual
months: 1, 2, 3, and 4 represent June, July, August, and September, 1979 at Gaith-
ersburg, Md.; 5 and 6 represent January, February, 1980 at Gaithersburg, Md.; 7 and
8 represent July, August, 1979 at St. Louis, Mo.; 9, 10 and 11 represent June, July,
August, 1979 at Tucson, Ariz. The monthly fits are drawn centered at the average
value of sky emissivity and dewpoint for the month concerned. The overall fit is a
least~-squares fit through the 2,945 individual measurements.

(XBL 8011-92)
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Fig 3. Computed efficiency versus dimensionless
temperature difference curves for differing ambient
conditions. The circles represent baseline condi-
tions. The triangles show the effect of a decrease
in air temperature.
an increase in windspeed. The efficiency curve is

not very sensitive to these changes.
(XBL 8012-2538)
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Fig 4. Measured efficiency versus dimensionless

temperature difference for a white-painted radiator
surface with 2 mil polyethylene glazing. Measure-
ments were made at night with the panel facing
directly upward. The solid line is a least-squares

fit through the data points.
(XBL 8012-2543)

Test Facility for Radiative Cooling Assemblies

Systematic performance measurements were
obtained for the first time with this new facility.
Further description of the facility may be found in
References 13 and 14. Both nonselective (white-
painted) and selective (Y mil aluminized Tedlar)
surfaces were tested, each glazed with a 2 mil
sheet of polyethylene. The tests were designed to
determine the amount of radiative cooling which can
be produced by a given surface as a function of
radiator temperature.

Analytical and numerical system modeling was
performed in order to evaluate various radiative
cooling assemblies. For glazed radiator surfaces,
these models indicated that plots of efficiency n
versus a dimensionless temperature difference T are
nearly independent of the detailed conditions of
the test, such as sky emissivity, wind speed, air
temperature, ete. The efficiency for radiative
cooling n is defined as

_ 4

n = R/[U—esky)]oTa , (3)
where R is the radiative cooling rate in Wem2,
The denominator in this expression represents the
maximum cooling permitted by the Second Law of
Thermodynamics for any radiator with temperature
less than or equal to the air temperature T,. The
dimensionless temperature difference T is defined
as

T EIKTFTQ/U1-%kQTaL S

where T, is the absolute radiator temperature.
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Tigure 3 shows a computer-generated plot of n
rersus T for a typical radiator panel. Performance
changes caused by variations in the ambient air
temperature or wind speed are small. In the exper-
iments the wind speed was typically less than 2
n/s.

Figure 4 shows the performance results for
five sets of measurements on ordinary white painted
surface with a 2 mil polyethylene glazing. A least
squares fit to the data points characterizes the
performance of this radiator panel.

Several criteria are important for obtaining
good test results. First, the presence of dew on
the windscreens must be detected and the
corresponding data discarded because liquid water
interferes with longwave infrared transfer.
Second, the wind speed should be less than about 2
m/s to prevent motion of the thin polyethylene
windscreen. Finally, the sky emissivity should be
less than 0.85 to produce a sufficiently large
cooling rate for the calculation of accurate effi-
ciency values using Equation (3).

Programmatic Activities

The Passive Cooling Group supports the Depart-
ment of Energy's Passive Cooling Program in several
areas. Personnel participate in planning activi-
ties and preparation of solicitations. DOE issued
three such documents during the Spring of 1980,
resulting in the selection of nine proposals for
funding early in 1981. The project staff also
serve as technical monitors on all current DOE Pas-
sive Cooling Projects and and are responsible for
the technical review of both solicited and unsoli~
cited proposals.

PLANNED ACTIVITIES FOR FY 1981

Analysis of the spectral infrared sky radiance
data will continue with the publication of two
technical papers and one report during 1981. One
technical paper will develop a method for estimat-~
ing the total infrared sky radiance under cloudless
conditions, based on air temperature and dewpoint.
The report will present statistical summaries of
all data collected from measurements at six loca-
tions. The second technical paper will treat the
spectral and angular components of infrared radia-
tion from cloudless skies in some detail, including
comparisons with the LOWTRAN computer model. An
additional technical paper (scheduled for FY 1982)
will introduce a method for estimating the daily
average spectral and angular distribution of sky
radiation when only the daily average sky emis-
sivity is known. The method envisaged is applica-
ble for cloudy as well as clear skies.

Further work with the Experimental Test Facil-
ity for Radiative Cooling will be deferred until FY
1982, in order to accommodate some of the following
activities.

A major systems analysis effort is to be
undertaken to perform a comparative assessment of
passive cooling technologies. One component of
this effort will be the construction of simplified
computer models of generic passive-cooling systems
for various types of residential and commercial
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buildings in different parts of the U.S. The
models will produce estimates of the projected
energy impact of various passive cooling systems.
These estimates will be used to formulate a Passive
Cooling Area Plan to be used by DOE in planning the
National Passive Cooling Program.

The other component of the systems analysis
effort will consist of detailed computer modeling
of existing passively cooled buildings. Computer
models based on suitably modified existing programs
(such as BLAST16) will be formulated. These models
will be validated using data collected by two Pas-
sive Cooling Experimental Facilities (at Trinity
University and the University of Arizona). Each
Passive Cooling Experimental Facility presently
consists of two well-instrumented experimental
buildings specifically constructed to test a
variety of passive cooling strategies. These
facilities play a central role in the National
Cooling Program, and will provide data for the
validation of computer simulations to other
research organizations. Comparison of experimental
results with model calculations will enable both
the validation of the computer models and the
development of improved experimental procedures.
The LBL role as DOE Technical Monitor for these
projects assures close coordination between LBL and
the Experimental Facilities.
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sive Solar Conference, Amherst, Mass., 1980,
p. 167; Lawrence Berkeley Laboratory publica-
tion Pub-375, 1980.

16. D. Hittle, "BLAST, The Building Loads Analysis
and System Thermo-Dynamies Program," Users
Manual, vol. 1, U.S. Army Construction

Engineering Research Laboratory technical
report CERL-TR-E-153, available from National
Technical Information Service, Springfield, Va.
22151.

LBL SOLAR DEMONSTRATION PROJECT”
T. Webster

INTRODUCTION

The Building 90 solar demonstration project is
one of eleven projects selected to be part of the
FY 1977 Department of Energy Facilities Solar
Demonstration Program, a pilot program for the
Solar Federal Buildings Program recently authorized
by The National Energy Act. The objectives of this
pilot program are to establish procedures and tech-
nigques for assessing and implementing solar systems
for federal facilities and to assist in reducing
energy use within DOE facilities.

The LBL project was funded by the DOE Division
of Solar Energy via the Construction, Planning and
Support Division. LBL Plant Engineering was re-
sponsible for design and construction of the proj-
ect with assistance provided by the LBL Solar
Group. A detailed description of the building,
solar systems, preliminary and final design con-
siderations, construction problems, and final costs
are contained in the 1977, 1978, and 1979 Energy
and Environment Division Annual Reportis.

* This work was supported by the the Assistant
Secretary for Conservation and Solar Energy, Field
Applications Branch, Office of Active Heating and
Cooling, U.S. Department of Energy under Contract
No. W-TUOS5-ENG-48.

ACCOMPLISHMENTS DURING FY 1980

The solar system was designed to operate in
conjunction with a new building exhaust air-return
system. Because of delays of about a year in
installing the system (due to funding problems),
the solar system was operated independently of the
building. Water was circulated between the collec-
tor and storage but was not actively connected to
the building heating system during 1980. This type
of unloaded operation resulted in high operation
temperatures and offered an opportunity for a
thorough "shakedown" of the system. The return-air
system installation will be completed in early
1981.

The following problems were identified and
corrected during 1980:

e The freeze protection sensor/controller
allowed circulation to start at 45-50° F
instead of 35° F as designed; the con-
troller was adjusted to the final setpoint
by a trial and error process.

® Whenever the pump was activated for freeze

protection, a thermosiphon action in the
same direction as the pump flow caused warm
water to continue circulating after the
pump was turned off. This resulted in very
high system losses. Motor-operated ball
valves were installed at the circulation
pumps to correct this problem.



8 The collector pump cycled excessively dur-
ing morning startup; the AT controller was
adjusted to reduce this cycling to a
minimum.

9 One pump relay failed and was replaced.

The instrumentation system was made fully
operational in March 1980. Monthly advisory
reports are being issued by Vitro Labs until the
return-air system installation is complete. Data
from these reports point out a number of interest-
ing facts about the system operation. The follow-
ing data are from the August report and are
representative of system operating characteristics
during the year.

@ Average storage temperature for the month
was 178° F. This high average temperature

results from operating the system unloaded.

Average collector array efficiency for the
month was 19% (of total available insola-

tion). This efficiency should improve for
loaded operation.

Because of the high operating temperature,
the solar system provided 4% of the heating
load in spite of not actually being
activated. The system is designed so that
the operating temperature is set by a
three~way mixing valve (whose controls are
not yet activated), and solar heat is pro-
vided whenever the heating system return
water temperature is lower than the storage
temperature. The storage was hot enough so

that solar heat was provided even though
the mixing valve was not set for a low
operating temperature.

Total system losses were 33% of collected
energy. JStorage and transmission losses
were each about 12% with the remainder
being startup, intentional heat dump, and
unexplained losses.

The maximum temperature of 190° F, neces-
sary to activate the heat dump mode (i.e.,
to circulate hot fluid at night), was
rarely achieved.

The solar COP (collected energy divided by
pump energy) was about 67.

Domestic hot water use for the building was
an average of only 40 gal per working day,
considerably less than the expected one gal
per day per person.

Average daily incident solar radiation on
the collector array was 1,721 Btu/S.F.~day
versus the long-term average of 1,866
Btu/S.F.-day shown in the Solar Data Manual
for Richmond, California.

PLANNED ACTIVITIES FOR FY 1981

After completion of the return-air system, the
solar system will be activated, and formal monthly
reports that will document the actual performance
of the system will be issued by Vitro.

SUPPORT FOR COMMERCIAL SOLAR DEMONSTRATION PROGRAM*
F. Salter, S. Psters, and T. Webster

INTRODUCTION

The Solar Applications Group at LBL provides
technical consulting and management services to
support the Department of Energy's San Francisco
Operations Office's (DOE/SAN) overall management of
commercial-building solar demonstration projects
and hotel/motel hot water solar projects located
throughout the northwestern states and Hawaii.
These projects are part of the National Solar Heat-
ing and Cooling Demonstration Program,' which has
the primary objectives of stimulating a solar
industry and promoting the use of solar energy as a
means of reducing demand on conventional fuel sup-
plies.

The group is currently involved in support for
the projects in this program shown on Table 1.

¥ This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Field
Applications Branch, Office of Active Heating and
Cooling, U.S. Department of Energy under contract
No. W-TU405-ENG-48.
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ACCOMPLISHMENTS DURING FY 1980:

LBL was directed by DOE to terminate partici-
pation in the solar demonstration program by the
end of FY 1980 and to restrict our activity level
to one full-time employee during FY 1980. To carry
out these instructions, we transferred a number of
projects to DOE/SAN and to the Energy Technology
Engineering Center (ETEC) during the course of the
year. All but essentially completed projects were
transferred by the end of FY 1980.

Table 1. Projects being assisted.
Projects Program Solicitation

1 NSF-1 Cycle I

Y DSE-76-2 Cycle IT°

5 PON 4200 Cyele III3

3 PON 1450 Hotel/motel!




As for the projects remaining with LBL,
activities during FY 1980 included monthly reports,
midconstruction and final project inspections,
instrumentation checkouts on sites instrumented by
Vitro Laboratories,f resolution of operation and
instrumentation problems, review of participant
Final Reports and Data Collection Reports, and
refurbishment considerations on several projects.

PLANNED ACTIVITIES FOR FY 1981

LBL will continue technical consulting and
management activities on the remaining complete or
nearly complete projects until these projects are
transferred to the Solar Energy Research Institute
during the course of FY 1981.

T ¥itro superseded IBM.

REFERENCES

1. U.S. Energy Research and Development Adminis-
tration, National Program for Solar Heating and
Cooling of Buildings, ERDA 76-6, Washington,
D.C., November, 1976.

2. U.S. Energy Research and Development Adminis-
tration, Commercial Integrated Projects for Use
in Demonstrations for Solar Heating and Cool-
ing, Program Opportunity Notice DSE-76~2, Wash-
ington, D.C., 1976.

3. U.S. Department of Energy, Commercial
Integrated Projects for Use in Demonstrations
of Solar Heating and Cooling, Program Opportun-
ity Notice EG-78-N-01-4200, Washington, D.C.,
1978.

4, U.S. Energy Research and Development Adminis-
tration, Hot Water Initiative for Hotel/Motel
Installations, Program Opportunity Notice EG-

77-N-03-1450, Washington, D.C., 1976.

MEASUREMENT AND ANALYSIS OF CIRCUMSOLAR RADIATION"
D. Grether, D. Evans, A. Hunt, M. Wahiig, and S. Kanzler

INTRODUCTION

This project provides measurements and ana-
lyses of the solar and circumsolar radiation for
application to solar energy systems that employ
lenses or mirrors to concentrate the incident sun-
light. Circumsolar radiation results from the
scattering of direct sunlight through small angles
by atmospheric aerosols (i.e., dust, water droplets
or ice crystals in thin clouds, ete.). The solar
energy system will typically collect all of the
direct solar radiation (originating only from the
disk of the sun) plus some fraction of the circum-~
solar radiation. The exact fraction depends on
many factors but primarily on the receiver's angu-
lar size (i.e., its field-of-view). A knowledge of
the circumsolar radiation is a factor in prediecting
or evaluating the performance of concentrating sys-
tems.

The project employs unique instrument systems
{(known as Circumsclar Telescopes) that were
designed and fabricated at LBL. Each system has a
"scanning telescope” mounted on a precision solar
tracker. The telescope scans mechanically through
an arc of 6° with the sun at the center of the arc.
A digitization of the brightness of the sun or cir-
cumsolar radiation is taken every 1.5' of are, with
a complete scan taking one minute of time. One of
the auxiliary instruments is a pyrheliometer, which
has a fixed field of view (typically 5-6°) and is

* This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Solar Applications for Buildings, Photovoltaic
Energy Systems Divisisn U.S. Department of Energy
under Contract No. W-TU05-ENG-48.

used to provide an estimate (called the "normal
incidence™ reading) of the direct solar radiation.
The telescope and pyrheliometer have matched ten-
position filter wheels: one open or "clear-filter"
position, eight interference filters that divide
the solar spectrum into eight intervals of roughly
equal energy content, and one opaque filter to mon-
itor detector noise. The data are recorded on mag-
netic tape, with one tape holding one week's worth
of data per telescope.

The telescopes have been operated primarily at
locations for which the instruments can play a dual
role: (1) characterization of a region or climate,
and (2) provision of site~specific data for pro-
posed or actual concentrating solar energy systems.
The data are used at LBL and other DOE-supported
institutions (e.g., Sandia Laboratories and SERI)
in considering the performance of concentrating
systems.

A secondary project purpose is to relate the
data to the atmospheric processes that attenuate
the solar radiation available to terrestrial solar
energy systems.

Details of the instrument system and examples
of the measurements and summarized data have been
given in previous annual reports. This present
report is based primarily upon References 1 and 2.

ACCOMPLISHMENTS DURING FY 1980

Measurement Program

For the past several years, LBL had supported
the operation of, and analyzed the data from, all
four telescopes. This year, the budget was suffi-



sient for LBL to support only two telescopes. San-
dia National Laboratories in Albuquerque, N.M.,
zgreed to operate one, but only in conjunction with
tests at the Central Receiver Test Facility. LBL
continued to support an instrument at the Advanced
Components Test Facility at Atlanta, Ga. An
instrument that had been upgraded at LBL during
1979 was installed in October, 1979 at the Jet Pro-
pulsion Laboratory Parabolic Dish Test Facility at
Edwards, Calif. As well as providing specific data
for the test facility, the telescope is providing
climate characterization data for the Mojave desert
area. The instrument that was located in nearby
Barstow, Calif. for this latter purpose was
returned to LBL. Barstow is the site of the 10 MWe
Central Receiver Pilot Plant (Solar One) that is
currently under construction.

A sunphotometer, on loan from the National
Oceanographic and Atmospheric Administration, was
mounted on the telescope installed at Edwards. The
sunphotometer is used to estimate the turbidity of
the atmosphere, a quantity that is related to the
atmospheric scattering of sunlight by aerosols.

The intent is to investigate possible correlations
between turbidity values and circumsolar levels.
The photometer, originally hand-held, was placed in
an environmentally sealed and temperature-
controlled housing, and the output was connected to
the telescope's data-acquisition system.

Summary of Clear-Filter Data

Summaries of the clear-filter (nonwavelength
selective) data through December, 1979 were
prepared. The method for obtaining this type of
summary is described in Reference 3. Sample
results are shown in Figure 1 for the Mojave desert
area. Displayed in Figure 1(a) is the monthly
average circumsolar ratio, which is defined as the
monthly total circumsolar radiation (from the edge
of the sun out to 3°) divided by the sum of the
direct solar radiation (coming from the sun's disk)
plus circumsolar radiation. This quantity is
approximately the same as the fractional overesti-
mate that a pyrheliometer would make in estimating
the monthly total direct solar radiation. Figure
1{b) shows the ratio of the monthly total direct
solar radiation to the extraterrestrial value
(outside the earth's atmosphere). This quantity
(similar to the commonly used K7 of Reference 4)
compensates for the seasonal changes in day length
and the varying earth-sun distance, and hence can
be taken as an indicator of "ecloudiness.™ The cir-
cumsolar ratio shows a distinet seasonal dependence
with a winter peak of as much as 7% and summer
minima of about 2%. A noticeable correlation also
occurs with the total/extraterrestrial parameter;
cloudy months tend to have high circumsolar levels.
Comparable data from Albuquerque (not shown) do not
have any obvious seasonal dependence. Rather, the
circumsolar ratio shows a trend of increasing
values from 2-3% in May and June, 1976, to 4-5% in
February and March, 1977, and then, with
considerable fluctuations, a relatively steady
value thereafter.

Colored Filter Data

This year, a considerable effort was devoted

to analyzing the colored-filter pyrheliometer data
for application to wavelength selective systems,
such as concentrating photovoltaic devices. As a
tool in the analysis, the atmospheric transmission
computer program LOWTRANS was combined with an
extraterrestrial solar spectrum. The resulting
Solar Spectral Model (SSM) provides a spectrum for
any specified set of atmospheric conditions.

The first step in the analysis was to charac-
terize the transmission function (transmission
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Fig. 1(a). The monthly value of the circumsolar
ratio, as defined in the text, plotted from July,
1976 through December, 1979 for the Mojave desert
area: China Lake, then Barstow, and finally
Edwards, Calif. The small vertical arrows indicate
the changes from one telescope location to the
next.

Fig. 1(b). The corresponding value of the monthly
total direct solar radiation divided by the extra-
terrestrial solar radiation.
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versus wavelength and time) of each filter over an
approximately three-year use period. The filters
are of the interference type (multilayered dielec-
tries) and are known to be subject to degradation.
Spectrophotometer measurements of the filters'
transmission were made at LBL this year. Figure 2
displays the spectrophotometer measurement for a
particular filter. Comparisons to similar measure-
ments provided by the manufacturer when the filters
were new suggested that many of the filters had
changed in overall transmission. A method! was
developed to track the change in transmission over
time, using the colored-filter pyrheliometer read-
ings for clear-sky conditions, when the atmosphere
is relatively stable and the atmospheric attenua-
tion processes are relatively well-understood. For
each month of data, ratios of colored-filter to
clear-filter pyrheliometer readings were extrapo-
lated to zero air-mass, where the air-mass is a
measure of the amount of atmosphere between the
telescope and the sun. The extrapolated values are
relatively independent of actual atmospheric condi-
tions and the season of the year but quite sensi-
tive to changes in filter characteristics. The
analysis showed that most of the filters had under-
gone a slow but steady decrease in transmission
over time, typically about 2%/yr. In contrast, one
of the filters was observed to have experienced an
abrupt reduction in transmission of about 17% dur-
ing a particular month. To account for such
effects, ad hoc "aging" factors were adapted, with
a linear dependence being generally adequate to
describe the data. The LBL spectrophotometer meas-
urements together with the aging factors are then
taken as specifying the filter transmission func-
tions.

Given a knowledge of the filter transmission
functions, the second step was to invert the
pyrheliometer readings to obtain the spectral dis-
tribution of energy in the sunlight. As indicated
by Figure 2, the transmission of any given filter
has a complex dependence on wavelength. As a
consequence, the inversion cannot be carried out
exactly and an estimation method must be used. The
method developed for estimating, described in
detail in Reference 2, involves calculating an
effective transmission over a nominal pass-band for
each filter. The dotted rectangle in Figure 2
shows the nominal pass-band and an effective
transmission value corresponding to the displayed
filter transmission curve. The calculation uses an
SSM spectrum to take into account, approximately,
the shape (but not the magnitude) of the actual
solar spectrum over the filter's wavelength region.
The resulting effective transmission values have
been shown to be insensitive to the details of the
model. The energy content of the solar spectrum
within the nominal pass-band is obtained by (i.e.,
the inversion is carried out by) dividing the
pyrheliometer reading by the effective transmis-
sion.

Figure 3 displays in bar graph form the
inverted values for two sequences of colored-
filter, clear-sky pyrhelimeter readings. Super-
posed on the data is an SSM-modeled spectrum for
nominal clear-sky conditions. For ease in compari-
son, the average of the modeled spectrum over each
pass-band has bee.: plotted as a solid square at the
center of the band. The two data sequences and the

T T T T T T T YT YT T
L 4

1.0 -

L 4

- 1

z L E
o | :
" . 4
0 | .
= L )
2 osf ~
e i 4
- L 4
= ! |
- .
0.0 bduaas [ AP PSP D, PSP

0.6 0.7 08 0.9 1.0

A(microns)
Fig. 2. The solid curve is the transmission versus

wavelength, as determined on a spectrophotometer,
for a particular colored filter. The dotted rec-
tangle shows the nominal pass-band and an effective
transmission for the filter.

modeled spectrum are for the same air mass value
and have nearly the same clear-filter pyrheliometer
readings (about 940 W/tf). The variation in spec-
tral composition of the data is noteworthy. One
sequence 1s in quite good agreement with the model,
and the other has a relative depletion in the 1.0 u
wavelength region; a portion of the spectrum that
is particularly sensitive to photovoltaic applica-
tions.

PLANNED ACTIVITIES FOR FY 1981

For 1981, plans are to continue operating the
instruments at Atlanta and in the Mojave desert
area and to move a telescope to the site of Solar
One by June, 1981. This latter telescope is to be
interfaced to the data-acquisition system of Solar
One so that the circumsolar radiation can be
readily taken into account in evaluating the
plant's performance. Plans call for the telescope
currently at LBL to be rehabilitated, upgraded, and
relocated.

Work will continue on the analysis of the
clear-filter data with an increased emphasis on
analyzing the systematic behavior of circumsolar
radiation with respect to atmospheric conditions
and their measurements. The goal is to develop a
model of the circumsolar radiation so that esti-
mates can be obtained for locations lacking actual
measurements.

The effort on the colored-filter pyrheliometer
data will be concluded using the data available to
date, with summaries produced of the energy content
of the solar spectrum for various locations, atmos-
pheric conditions, seasons of the year, etc. Some
attention will be given to the colored-filter scan
data.



FILTERED PYRHELIOMETER DATA
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Fig. 3(a). Colored-filter pyrheliometer data for a Fig. 3{b). Data for a second date but for the same
particular date and time. The bar graph is for the air-mass value and essentially the same clear-
actual data, inverted as described in the text. filter pyrheliometer value as in 3(a).

The solid curve is a modeled solar spectrum for
nominal clear-sky conditions but for the same air-
mass as the data. The solid squares are averages
of the model over the pass-band of the filters and
are included for comparison to the data.

If sufficient support is available, a new Ariz., May 1980; Lawrence Berkeley Laboratory
instrument will be designed as part of the FY 1981 report LBL-10802, June 1980.
program. The design would incorporate our 3. D. F. Grether, D. Evans, A. Hunt and M. Wahlig,

knowledge of the character of circumsolar radiation
as obtained with the current instruments and with a
control system based on micro-processor devices.

T i i - -
he instrument would be simpler to operate and tional Solar Energy Society, Atlanta, Ga., June

maintain and would take fewer data points over a
. L -
somewhat increased range of parameters. Actual ;Zzg’ Jix:e?;$9Berkeley Laboratory report LBL
y .

construction would begin in FY 1982.
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