Lawrence Berkeley National Laboratory
Recent Work
Title
SOLAR ENERGY PROGRAM, ANNUAL REPORT 1977

Permalink
https://escholarship.org/uc/item/8j53s65t

Author
Lawrence Berkeley National Laboratory

Publication Date
1979-02-27

eScholarship.org

Powered by the California Digital Library
University of California

For Reference
Not to be taken from this room

DISCLAIMER
This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

SOLAR ENERGY PROGRAM
ANNUAL REPORT

1977

Michael A. Wahlig
Group Leader
Donald F. Grether
Deputy Group Leader

'"

Hasham Akbari
Dean Anson
Ridgway Banks
Paul Berdahl
Tom Borgers
Richard Cammack
Charles Case
Hannah Clark
Kim Dao
Mark Davidson
Sharon Forsberg
Ashok Gadgil
Susan Gillett
Barbara Greene
Don Grether

Yvonne Howell
Bill Hubert
ArIon Hunt
Alan Jassby
Ron Kammerud
Steve Kanzler
Tetsuya Konishi
Dick Kopa
Howard Lee
Bart Lucarelli
Leonard Luijk
Mike Majteles
Marlo Martin
Rolf Mehlhorn
Harry Miller

Hani Mohamed
Paul Ngai
Reiko Ohki
Lester Packer
Tom Pickett
Fenwick Salter
J ames Sandusky
Paul Shieh
Mark Tatro
Stephanie Tristram
Mike Wahlig
Tom Webster
Pat Wilde
Dick Wolgast

,.
This report is an excerpt from the 1977 Annual Report (LBL-6877)
of the Energy and Environment Division

iii

Contents

Introduction
Analysis of the California Solar Resource
P. Berdahl, D. Grether, M. Martin, and M. Wahlig

.

.

. . . . . . . . . . . .......... .
,

2

Measurement of Circumsolar Radiation
D. Grether, A. Hunt, and M. Wahlig

4

Controller Bevelopment and Evaluation of Control Strategies for Solar Heating and Cooling
of Buildings
M. Majteles, M. Wahlig, and H. Lee

6

LBL Building 90 Solar Demonstration Project
T. Webster . . . . . . . . . . . . . .

10

Development of Solar-Driven Ammonia-Water Absorption Air Conditioners and Heat Pumps
K. Dao, R. Wolgast, and M. Wahlig . . . . . . . • . . . . . . . . . . . .

13

Radiative and Passive Cooling
M. Martin, P. Berdahl, and M. Wahlig

16

Nitinol Engine Development
R. Banks, R. Kopa, H. A. Mohamed, and M. Wahlig

18

Chemical Storage of Thermal Energy
A. S. Foss and S. Lynn

20

Passive Systems Analysis
R. C. Kammerud and T. Borgers

22

FEA/HUD/ERDA Regional Solar Energy Retrofit of Low and Moderate Cost Homes
T. Webster . . . . . . . . . . . . . . . . . . . . . . . . . .

23

Solar Information Support for DOE (LLL) Solar Technology Transfer Program
Y. Howell, H. Miller, and M. Wahlig . . . . . . . . . . . . . . .

26

Solar Demonstration Program: Technical Review and Project Monitoring
F. Salter and T. Webster . . . . . . . . . . . . . . . . . . . .

27

Support Activities for DOE Solar Heating and Cooling Research and Development Program
M. Wahlig, M. Martin, and R. Kammerud . . . . . . . . . . . . . . . . . . . . . .

28

Ocean Thermal Energy Conversion: Environmental Program
P. Wilde, J. Sandusky, A.. Jassby, and M. Tatro

.30

. . . . . . . . . . . . . . . . .

Appropriate Energy Technology
C. W. Case, H. R. Clark, B. A. Greene, and F. B. Lucarelli

31

Functional Linking Between H2 Consumption, N2 Fixation, and Photosynthesis in Blue-Green Bacteria
L. Packer, L. W. Luijk, R. Cammack, and R. Ohki . . . . . . . . . . .
. . . ..

33

Photovoltaic Effects of Bacteriorhodopsin and Studies on its Mechanism of Action
L. Packer, R. Mehlhorn, P. Shieh, T. Konishi, and S. Tristram . . .

37

Environmental Assessment of Solar Energy Conversion
M. Davidson and D. F. Grether . . . . . . . . . .

41

Solar Energy

INTRODUCTION
Solar energy has emerged as a serious
alternative for supplying a sUbstantial fraction
of the nation's future energy needs. To help
fulfill that potential, the Department of Energy
(DOE) is supporting activities ranging from
the demonstration of existing technology to
research on long-term possibilities. At LBL,
projects spanning that range of activities
are currently in progress.
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An important aspect of assessing solar
applications is quantifying the solar resource.
In one project, completed this year, historic
solar data for California were rehabilitated
and assembled into a manual: The manual is
intended primarily for solar heating and cooling
applications. A continuing project has developed
special instruments and is now using them to
measure the solar and circumsolar (around the
sun) radiation. These measurements help to
predict the performance of solar designs which
use focusing collectors (mirrors or lenses)
to concentrate the sunltght.
Several efforts are'under way to aid DOE
in demonstrating existing solar technology,
or in transferring such technology to industry.
Technical and management support have been
provided to DOE's San Francisco Operations
Office (SAN) for its management of two solar
energy retrofits of low-to-moderate cost homes,
sixteen commercial solar demonstration projects,
and seven hotel/motel hot water demonstrations.
Design work was initiated this year on a solar
hot water and space heating system to be installed
on an LBL building. This work will establish
model techniques and procedures, and help reduce
fossil fuel consumption at the laboratory.
In a joint solar technology transfer project
with Lawrence Livermore Laboratory, resource
handbooks were prepared for seminars presented
to professional and trade groups in California.
Finally, technical support is being provided
for SAN in a DOE small scale technology pilot
program. In this program, individuals and
organizations will be awarded grants to develop
and demonstrate technologies appropriate to
small scale use.

.

Solar heating and, especially, solar cooling
are areas in which research is expected to
have a substantial impact in the near-term.
An absorption air conditioner is being developed
that is air cooled, yet suitable for use with
temperatures available from flat plate collectors.
In another approach, the feasibility of using

a "shape-memory" alloy (known as Nitinol) in
heat engines is being investigated. Work is
proceeding on a prototype Nitinol engine capable
of driving a moderate-sized residential air
conditioner with solar-heated hot water. The
performance of many-component solar heating
and cooling systems may be improved by controlling
their operation with inexpensive but sophisticated
micro-electronics. A program is under way to
develop and test such a controller, and to
evaluate commercially available units.
Efforts were initiated this year on "passive"
approaches to solar heating and cooling, in
which careful considerations of architectural
design, construction materials, and the environment are used to moderate a building's interior
climate. In a collaborative project with Los
Alamos Scientific Laboratory, computer programs
are being developed to evaluate passive designs.
A second "passive" project is investigating
specific passive cooling methods. In particular,
a process is being studied whereby heat storage
material would be cooled by radiation to the
night sky, then provide "coolness" to the building
the next day. Finally, the laboratory personnel
involved in these projects are also providing
technical support to the Solar Heating and
Cooling Research and Development Branch of
DOE in developing program plans, evaluating
proposals, and making technical reviews of
projects at other institutions and in industry.
Several projects are investigating longerterm possibilities for utilizing solar energy.
One project, started this year, is addressing
the environmental aspects of Ocean Thermal
Energy Conversion (OTEC). LBL is participating
in bio-ecological measurement programs at potential
OTEC sites, and providing technical support
to the Environmental and Resource Assessments
Branch of DOE's Division of Solar Energy.
Work continued this year on chemical storage
processes (such as 2S03~S02 + 02) that could
play an important role in providing long-term
storage for high temperature power generation
cycles. Two projects are exploring biological
systems. In one, the emphasis is on understanding the biological processes linking hydrogen
consumption, nitrogen-fixation, and photosynthesis in blue-green bacteria, with a view
towards increasing the productivity of the
bacteria. The second project is investigating
the possibility of developing a photovoltaic
cell, based on a catalyst (bacterio rhodopsin)
which converts light to electrical ion flow across
the cell membrane of a particular bacteria.
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ANALYSIS OF THE CALIFORNIA SOLAR RESOURCE*
P. Berdahl, D. Grether, M. Martin, and M. Wahlig
INTRODUCTION
Lack of adequate solar data would seriously
limit development of solar energy as an alternative
energy source. This project was designed to
evaluate the current extent of this limitation,
and to plan to avert such limitation in the
future. More specifically, the objectives
of the project were to:
1.

2.

Carry out an interim program to meet
immediate needs for solar data in
California by:
a.

Locating and gathering present
and potentially available
California solar radiation data,

b.

Evaluating the quality of these
data, and

c.

Publishing these data with relevant
background information in a so-lar
data manual to be used by Californians.

Consider all reasonable options and
make a recommendation to the California
Energy Commission detailing the role
it should fulfill to ensure availability
of adequate solar data for California.

The project was essentially completed early
in 1977, and draft versions of the California
Solar Data Manual 1 and the final report 2 were
forwarded to the California Energy Commission

and the U.S. Department of Energy. The cycle
of reviews and preparation of final versions
of these reports is not yet completed.
ACCOMPLISHMENTS DURING 1977
California Solar Data Manual
The Data Manual contains the results of
the project's tasks of data collection, data
correction and editing, and data processing.
The primary raw-data sets consisted of total
daily solar radiation values received by a
horizontal surface. Data sets for 19 locations
in or near California were judged to be of
sufficient accuracy and duration of record
to be included in the data manual.
The correction and editing process relied
primarily upon the comparison of measured clearday radiation values (over the course of the
year for several years) with corresponding
theoretically calculated values. This clearday analysis is documented in the final report 2
and elsewhere in the literature. 3 The analysis
revealed that a sUbstantial fraction of the
historical data set was erratic or subject
to instrumental drift. The data were improved
partly by adjusting the instrument calibration
constants a posteriori, using the clear-day
method, and partly by deleting data which could
not be rehabilitated. Fig. 1a shows a plot of
solar-radiation values for Riverside derived from
the raw data. Figure 1b shows the same plot,
derived from the corrected and edited data.

RIVERSIDE
Total Horizontal Radiation
Ave. Min. Max for 1952 - 1975

RIVERSIDE
Total Horizontal Radiation
Ave. Min. Max for 1954 - 1972
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Fig. 1. (a) A figure as it would have appeared in the solar data manual if raw solar radiation had been
used. The top curve gives the radiation received by a horizontal surface above the atmosphere
(the extraterrestrial radiation). The solid curve shows long-term averages of monthly radiation
tota 1s. The dashed curves represent the hi gh and low months of record. (b) Same as Fi g. 1 (a), but
constructed from rehabilitated data.

3
Elimination of obviously bad data is seen to
narrow the upper and lower bounds about the
average values.
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In addition to the radiation received
by a horizontal surface, two other types of
solar data were needed by users: direct
radiation, and radiation received by tilted
surfaces. Direct radiation is that which originates from the disk of the sun; this is the
quantity of primary interest for systems which
focus sunlight onto a receiver. Radiation
received by tilted surfaces is required for
many applications, especially solar heating
with flat plate collectors, since these collectors are commonly inclined toward the south
to increase the seasonal radiation received.
Long term measurements of these needed quantities
have not been made in California, so it was
necessary to employ a standard climatological
method 4 to derive them. These data are presented in the Data Manual, together with explicit
estimates of the errors generated, by the derivation process. Figure 2 and 3 show examples
of these data, again for Riverside, California.
Further information contained in the manual
is designed to supplement the basic data and
to provide additional information useful for
solar collector system design. Subsidiary
solar data presented includes (i) charts showing
the location of the sun in the sky, (ii) histograms
showing the probability of receipt of differing
amounts of radiation, and (iii) "string statistics" giving the probabilities of sequences
of consecutive cloudy days. Tables of climate
data contain monthly averages of cloud cover,
percent possible sunshine, temperature, humidity,
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Fig. 3. Monthly averages of radiation received
by a south-facing surface tilted 600 from
the horizontal. No radiation from ground
reflection is included. (XBL 784-615)
etc. Finally, a "Guide to Simplified Performance
and Cost Methods" is included to assist the
reader in choosing a simplified system design'
method for solar buildings.
Recommendations for the Future
Recommendations for improvement of the
quality and quantity of California's solar
data are intended to assure the future existence
of data for engineering design of solar collector
systems and other solar energy applications.
Over the near term future (say, 10 years),
the types of radiation data needed are the
total radiation received by a horizontal surface,
direct radiation, and radiation received by
inclined surfaces. The time resolution should
be 1 hour or better to permit detailed simulation
calculations for various systems and to permit'
modeling (i.e., the approximate calculation
of unmeasured radiation quantities).
Both measurements and modeling are essential.
Modeling is necessary because it is impossible
to make measurements of all solar radiation
quantities of interest at all sites. Measurements are necessary to provide basic data and to
verify that models produce realistic data. The
detailed recommendations 2 provide for measurements
of the above-mentioned radiation values at a
minimum of 15 California sites. The usefulness
of the data should be assured with a regular
program for instrument calibration, and routine
examination and analysis of the forthcoming
data.
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Monthly averages of direct radiation.
(XBL 784-616)

Efforts in the area of modeling should
be concentrated in two primary areas. First,
the standard climatological mode1 4 for estimating
unmeasured quantities from the total horizontal
radiation should undergo further verification.
Second, spatial interpolation techniques to
estimate radiation received at non-instrumented
sites should be refined.
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MEASUREMENT OF CIRCUMSOLAR RADIATION
D. Grether, A. Hunt, and M. Wahlig
INTRODUCTION
Circumsolar radiation refers to light
that, to an observer on the ground, appears
to originate from the region around the sun.
Aerosol particles, with dimensions on the order
of or greater than the wavelength of light,
cause this radiation by scattering light through
small angles. The aerosol particles may be
composed of ice crystals or water droplets
in thin clouds, dust or sea salt particles,
or photochemical pollutants. The amount and
character of circumsolar radiation vary widely
with geographic location, climate, season,
time of day, and observed wavelength.
Many solar energy collectors have been
proposed or constructed that focus the solar
radiation by means of mirrors or lenses. Types
of collectors include the central-receiver
and the parabolic trough. Once concentrated,the
sunlight is converted to thermal energy (and
used, for example, to drive a steam turbine)
or directly to electricity by means of photovoltaic cells.
Focusing solar energy systems typically
collect the direct beam solar radiation (that
coming directly from the sun) plus some fraction
(usually small) of the circumsolar radiation.
The exact fraction collected depends upon many
factors, but primarily upon the angular size
(field of view) of the receiver, that blackened
surface or cavity that absorbs the sunlight.
A somewhat larger receiver will collect more
of the circumsolar radiation but will experience
somewhat larger radiation losses. A knowledge
of the circumsolar radiation can be a factor
in optimizing a receiver design, or in choosing
between competing designs for a particular
application.
The pyrheliometer, the instrument normally
used to estimate the direct beam radiation,
has a 50 -6 0 field of view as compared to the
1/2 0 subtended by the sun. The pyrheliometer
thus measures a SUbstantial fraction of the
circumsolar radiation as well as the direct
beam radiation. For most focusing systems,
the pyrheliometer will overestimate the amount

of radiation that will be collected. A knowledge
of the circumsolar radiation at a given location
can thus be used to correct the pyrheliometer
measurement.
Four instrument systems have been constructed at LBL to measure the circumsolar radiation.
The basic instrument is a telescope that scans
through a 60 arc of the sky with the sun at
the center of the arc. The output is a digitization of the brightness of the sun and circumsolar region every 1.5 minutes of arc. Auxiliary
instruments include a pyrheliometer (see above),
and two pyranometers that provide a measure
of the direct sunlight plus the diffuse sky
light. Additional details of the instrument
are given in previous annual reports.
ACCOMPLISHMENTS DURING 1977
Operation of Telescopes
Three of the telescopes were orginally
deployed during 1976. In 1977, one of the
instruments continued to be operated at the
Solar Thermal Test Facility at Albuquerque,
New Mexico. A second telescope, originally
located at China Lake, California, was moved
in May to Barstow, California, the future site
of the 10 MWe Central-Receiver pilot plant.
Until August, a third telescope was operated
at Ft. Hood, Texas, the future site of a Total
Energy System employing parabolic trough collectors. The instrument was then moved to
Argonne National Laboratory to compare focusing
systems with low concentration, non-focusing
systems. The fourth telescope was used in
several short-term measurement programs, then
moved to Atlanta, Georgia in June, to the 400 kW
Central-Receiver test facility.
Analysis of Instantaneous Values
A major effort this year was to reduce
telescope data to forms suitable for applications to focusing solar energy systems.
One approach was to correlate the reading of
the pyrheliometer with a measure of the circumsolar radiation known as the circumsolar ratio.

•
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This ratio is given by
R = C/(C

+ S)

where S is the intensity of the direct solar
radiation (obtained by integrating the telescope
measurement from the center of the sun out to
one solar radius), and C the intensity of the
circumsolar radiation (integral from one solar
radius out to 30 from the sun's center). This
ratio approximately corresponds to the fractional
error in using a pyrheliometer estimate for the
energy available to a highly concentrating solar
device (that only collects the energy coming
directly from the sun).
Figure 1 is a plot of circumsolar ratios vs
pyrheliometer readings for the month of February
in China Lake, California. The plot shows
1186 points; another 117 points were excluded
because the pyrheliometer reading (referred
to as "NI" in the figure heading) was too low
to be of interest. The figure shows three
fairly distinct regions. First, there is a
dense clumping of points at high (-1000 W/m2)
pyrheliometer readings and low (~1%) circumsolar
ratios. This "clump" corresponds to clear
sky conditions during the middle part of the
day (defined to be from three hours after sunrise
to three hours before sunset). The second region
is a "tail" of rapidly decreasing pyrheliometer
values accompanied by slowly increasing C/(C + S)
values. These points are for clear-sky conditions
during the three hours after sunrise and the
three hours before sunset. Under these conditions, atmospheric absorption dominates; the
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Fig. 1. Plot of the circumsolar ratio vs the
corresponding pyrheliometer reading for
each of 1,186 measurements made during
February in China Lake, California.
(XBL 782-7240)
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relatively low pyrheliometer values corresponding
to times relatively closer to sunrise or sunset.
The third region is a "crescent" of relatively
high C/(C + S) values extending from the clump
down to the bottom right-hand corner of the
plot. This crescent corresponds to periods
when forward scattering dominates, and atmospheric
absorption plays a lesser role. A possible
origin of the effect is scattering from high
cirrus clouds. If so, the range of values along
the crescent would vary with the thickness
of the cloud layer and the size of particles
it contains. The values in the crescent are
only weakly correlated with time of day.
The general features of Fig. 1 (clump,
tail, crescent) are present in the data from
all telescope locations for all seasons of
the year. There are, however, significant
variations in detail and in the relative number of points in the three regions. These
data show that a pyrheliometer measurement
often is not an adequate estimate of the instantaneous energy available to focusing solarenergy systems.
AnalYSis of Monthly Values
Typically, a focusing solar energy system
will be operated during periods of good sky
conditions (high values of solar radiation,
low circumsolar levels) intermixed with periods
of poor conditions (low-to-moderate solar radiation, mOderate-to-high circumsolar levels).
It is thus of interest to use the telescope
data to calculate an average effect over a
period such as a month.
Figure 2 shows one approach to presenting
such calculations. The data are for May 1976
through May 1977 in Albuquerque. The quantity
being plotted is the overestimate made by· a
certain type of pyrheliometer (referred to
in the figure as NIP, for Normal Incidence
Pyrheliometer) in predicting the amount of
solar radiation available to a focusing solar
power plant. In this approach, focusing systems
are characterized by two idealized parameters .
The first is an "operating threshold." The
plant is assumed to be operating whenever the
solar radiation is above the threshold, and
otherwise shut down. The threshold used in
constructing Fig. 2 was 50 watts/m 2. The
second parameter is an "effective aperture
radius" (half the field of view) of the receiver,
expressed as an angular distance from the center
of the sun. All solar and circumsolar radiation
up to the radius is assumed incident upon the
receiver, and none thereafter.
Consider, in Fig. 2; the v~lue for Ma~ch,
1977 and for an effective aperture radius of
0.28 0 (slightly larger than the half-width of
the sun). For this month a pyrheliometer would
overestimate by -6% the energy available to a
solar plant having a threshold of 50 watts/m 2
and designed essentially to capture only the
radiation coming directly from the sun. Current
designs typically have apertures on the order
of 0.80 0 . The overestimate then would range
from 1% to 2.5%. The overestimate is slightly

6

McDonnell-Douglas (the selected design) and
that of Martin-Marietta (the backup design).

less at China Lake, a desert location like
Albuquerque. For Ft. Hood, a more humid location, the overestimate ranges from 1.5% to
4% for the 0.800 aperture.
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These solar plants are planned so that
essentially all of the direct solar radiation
that is reflected from a given heliostat (mirror
mounted on a sun tracking platform) is incident
upon the receiver. Some fraction of the reflected circumsolar radiation will impinge on the
rec~iver, and the rest will be "lost."
The
analysis indicated that for the Martin-Marietta
design typically 60% of the energy content
of the circumsolar radiation would be lost.
For the McDonnell-Douglas design, which has
a somewhat larger receiver, typically about
35% would be lost. The actual energy lost
(in percentage of the energy content of the
solar-plus-circumsolar radiation) ranges from
1-5% for the Martin-Marietta design, to 0.6-3.7%
for the McDonnell-Douglas design, depending
on the season and location.

A

Y

YEAR

Fig. 2. Plot of the overestimate made by a pyrheliometer in determining the amount of solar radiation available to collectors with
different effective apertures. (XBL 782-7241)
Analysis of Specific Designs
Any given focusing solar plant can be
described only approximately by the approach
discussed above. In cooperation with Sandia
Laboratories, Livermore, computer analysis
was made of two specific designs for the 10 MWe
Central-Receiver pllot plant: the design of

The measurement program will continue,
with one of the telescopes moved to the Great
Plains. The data analysis will proceed on
a continuing basis to process and summarize
the solar and circumsolar measurements taken
during the latter part of 1977 and during 1978.
The correlation studies begun in 1977
will be expanded to investigate whether some
combination of conventional solar and/or meteorological measurements can provide an adequate
estimate of the circumsolar level.
The results obtained in 1977 suggest that
a small but important energy gain would be
made by designing plants with relatively large
receivers. However, such receivers would have
somewhat greater convective and re-radiative
losses. In 1978, the analysis of specific
designs is to be extended to include consideration of such losses. Furthermore, similar
analyses are to be performed for other focusing
systems, such as systems for photovoltaics
and lower-concentration thermal devices.

CONTROLLER DEVELOPMENT AND EVALUATION OF CONTROL STRATEGIES
FOR SOLAR HEATING AND COOLING OF BUILDINGS
M. Majteles, M. Wahlig, and H. Lee
INTRODUCTION
This project has three main objectives:
(1) the development of a relatively inexpensive
electronic controller that will be capable
of operating a solar heating and cooling system
in a near-optimized manner; (2) use of this
controller and the LBL experimental solar simulation facility to compare experimentally
the value of alternative control algorithms
under a variety of input meteorological conditions and output load demands; and (3) determination of the relative performances of this
controller and more complex control systems.

A prototype of the electronic controller
was completed and found capable of carrying
out the pre-programmed algorithms as anticipated. 1
The LBL experimental solar simulation facility
is being upgraded to allow conduction of more
precise and reproducible tests. While the
facility is being improved, efforts continue
to achieve heat balance accuracies adequate
for controller performance evaluation.
ACCOMPLISHMENTS DURING 1977
Activities during 1977 were concerned
primarily with the improvements of the experi-
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mental test facility. The test facility was
equipped with two simulators: one for heat
input and one for building load. Both simulators were designed to operate either independently of each other, or in unison by having
both driven by the same input-meteorological
data set. Instrumentation was added to the
facility, and heat balance tests have been
carried out. The tests consisted of runs both
with solar collectors and with the heat input
simulator as well as system heat loss experiments
with no heat inputs or loads. In conjunction
with these tests, the TRNSYS computer program
was employed to predict system performance
and to compare such calculations with actual
experimental results.
Heat Balance Tests
Precision instrumentation was installed
in the experimental facility and calibrated
against standards. The instrumentation consists of turbine flow rate meters and temperature sensing devices. A multi-channel dataacquisition system prints instrument outputs
at pre-set time intervals. There is an error
associated with each measurement and data processing step. It was found that the resultant
error in the digital flow-rate readout was
less than 1% over the entire range of flows
that will be used in the tests. The error
associated with the temperature readout was
found to be ±0.5 0 C for thermocouples wired to
give direct measurements of each temperature.
Wiring thermocouples in pairs produced readouts
sensitive to temperature differences between the
sensors. This technique lowered the measurement
error to about ±O.loC. Temperature readouts
using solid state sensors resulted in errors
of similar magnitude.
Efforts were made to control every element
of heat flow within the experimental system.
The storage tank lids were re-sealed to eliminate
vapor losses to the ambient air. The collector
draining system was modified to prevent mixing
air with the return fluid, so that uniform
heat exchange conditions would persist throughout
the experimental runs. Detailed analysis
of the fluid was performed to assess its thermal
characteristics. The storage volume was measured
and controlled at the start-up of each experimental run.

..

Extensive measurements were made of the
facility heat losses. An empirical equation
was derived using the data obtained during
several long experimental runs. This equation
computes the rate of heat loss as a function
of difference in temperature between the central
axis of the storage tank and the ambient air.
To compute losses from segments of the facility
hardware, weighting factors are used based
on pipe lengths and surface areas. When the
entire facility was being used, it was found
that the storage loss was approximately 50%
of the total heat losses.
The heat input and load subsystems were
monitored carefully. Precision flow measurements
were taken along with temperature differentials.

These data were used for the computer calculation
of heat quantities, including integration of
heat quantities over short time intervals,
typically 5 to 15 min.
Table 1 lists values obtained in a typical
heat balance experiment. Three methods of
temperature sensing are summarized for comparison.
Differences in the calculated individual heat
quantities using the various sensors are in
excess of 10% in some cases. However, the
magnitude of the mean error is around 6% for
all the sensors, as summarized in Table 2.
A slight superiority of the solid-state sensors
over the thermocouples is indicated from the
statistical summary in Table 2, but this is
offset by the fact that the solid state sensors
show the widest spread between the magnitudes
of the smallest and largest errors.
Heat Input Simulator
A "pseudo-collector" boiler was a part
of the initial solar facility design. 2 The
boiler output passes through a temperature
control valve (TCV) which can be activated
to allow precise adjustment, within a wide
range, of the output temperature of the pseudocollector flow loop. In the initial design,
the TCV was "slaved" such th~t the output temperature of the pseudo-collector would duplicate
LBL solar system typical heat balance
experiment.

Table 1.

Sensor

Heat Ina

Heat to
Load a

Heat
Heat
t:.
Lossa Storage a Balance a

Solid
State

l.888

6.856

0.559

-5.724

0.189

2.5

t:. Pair
of Thermocouples

2.107

7.544

0.557

-5.422

-0.571

-7.6

Thermocouples

l.856

7.201

0.557

-5.422

-0.479

-6.6

%

Error b

aIn units of 108 joules.

b,; error

= 100

Table 2.

x

Heat Balance
Heat In -jLSStorage If t:. Storage
o if t:. storage

<0t
~O

r

Errors: summary of six heat balance
experiments.
Standard
Deviation

Sensor

Smallest a
Error (%)

Largest a
Error (%)

Mean a
Error (%)

Solid State

l.9

15.2

5.7

4.5

Pair of
Thermocouples

0.9

12.0

7.2

4.6

Thermocouples

2.9

1l.9

6.7

3.3

t:.

aTabulations based on the absolute values of errors.
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that of the roof collectors. Consequently
the pseudo-collector acted as a substitute
for a large segment of roof collectors and
its output temperature fluctuated in accord
with the real collector outputs.

Simulator for Building Load

Since reproducibility of the experimental
heating and cooling system operation is essential
for quantitative comp~risons of the performance
of alternative control strategies, a more reproducible input element than the collectors was
needed to control the pseudo-collector output.
This was accomplished with an electro-mechanical
heat input simulator that tracked a programmed
temperature curve, as shown schematically in
Fig. 1. This device produces temperature increases across the pseudo-collector in accordance
with the curve fed through a strip-chart recorder.
A photO-diode is used to trace the curve and
mechanically adjust a linear potentiometer. A
voltage derived from the potentiometer is used
as input to the pseudo-collector controller, in
place of the sensor input. By using various
curves, heat inputs can be produced that correspond to solar collectors operating under diversified meteorological conditions.
Tests were run to determine errors in
the repeatibility of the simulated heat inputs.
A typical eight-hour run was reproducible with
an error of about 1%. This result was irrespective of the storage tank initial temperature, in the 30 o-60 oC range. There is an upper
limit on the storage tank temperature, at about
80 oC, above which the simulator accuracy becomes
unsatisfactory because boiling occurs prior
to mixing in the TCV. If experiments with
storage temperatures above 800 C are to be run,
some modifications in the heat input simulator
will need to be made to balance the heat quantities under conditions of boiling and water/steam
mixtures.

A "pseudo-load" air flow channel, designed
to simulate the flow of air across the heating
coil or the cooling coil located in the furnace
ductwork of an ordinary residential system,
has been partly completed. 3 In its initial
design the flow channel was configurated to
recirculate inside air and to allow mixing
with outside air. This initial design was
re-evaluated and modified to allow greater
experimental flexibility. As shown in Fig. 2,
the new load simulator design relies on digital
computational techniques to achieve controlled
and reproducible residential loads across both
heating and cooling coils.
The purpose of the simulator is to provide
residential-building-type loads for the solar
energy system. It is necessary to produce
the proper residential building air temperature, essentially isolating it from the inappropriate laboratory building environment in which
the solar system is actually located. This
has been achieved with the duct network shown
in Fig. 2a. The temperature within the duct
can be carefully controlled through the combination of an electric heater and an air conditioner. Both heating and cooling loads can
be simulated, as the duct air temperature is
made to vary over a wide range of values independent of the ambient laboratory temperature.
Provisions have been made to permit spraying
water into the duct. This would provide hot,
moist air to simulate a summer cooling load,
as necessary for testing the solar-driven air
cond it i oner.
As seen in Fig. 2b, a desktop calculator
serves as the central element of the buildingload subsystem. The calculator is interfaced
with a multi-channel data acquisition in'strument.

MS

TS
Conlrol Commond

"Curve"
Input

TS

Fi g. 1.

Storage

Heat input subsystem.

PC - pseudo collector boiler
TCV - temperature control valve
pee - pseudo collector controller
TS - temperature sensor
MS - collector/chart
SR
- strip chart recorder

(XBL 784-618)
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0) Ductwork and Sensors

Fi g. 2.

Building load subsystem.

This allows the calculator to receive all of the
inputs in digital form and process the data either
for on-line heat balance calculations or for
control purposes.

"

As a controller, the desktop calculator
performs three functions: (1) it reproduces the
desired duct air temperatures by controlling the
duct-heater current; (2) 'it provides input to
the pseudo-collector controller, thus replacing
the "programmed curve" input descr i bed above and
shown in Fig. 1; and (3) it provides load demand
information to the controller of the solar heating
and cooling system.
As a computer, the desktop calculator incorporates building and collector response models.
The inputs to the calculator consist of meteorological and insolation data required to solve the
equations of the models in addition to system
parameters. Weather tapes from various regions
can be used. Correspondingly, building and collector models can be selected for the geographical
region under analysis. Thus, the experimental
facility and the solar controller can be tested
under diverse and reaiistic weather and load
conditi ons.

(XBL 784-620)

Computer Modeling
It was decided to use the TRNSYS program,
the University of Wisconsin-Madison developed
model. This model operates on the "component
interconnection" principle, well-suited for the
mUlti-component experimental facility at LBL.
Each component is described by equations containing physical parameters measured in the system.
The equations (component models) are fixed within the program. The solar system controller is
treated as one of the components.
After gaining familiarity with the program
and updating it to the latest version, the
program was set up to run from the storage files
at the LBL computer center. The necessary
physical parameters were measured, and the solar
facility was simulated by completing the layout
and interconnection of those components handled
by the program.
'
Validation of the TRNSYS simulation commenced
with an effort to compare the calculated system
temperatures with the measured ones. Comparisons
were made for several different modes of the
solar system operation. A typical comparison
using the heat inputs simulator is shown in
Fig. 3. The agreement between measured and
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"TRNSYS" validation experiment with heating and load loops operating.
(XBL 784-617)

calculated values is quite close. Somewhat
less close agreement was observed in low flow
conditions when only the heat input subsystem
is involved (no' load). Efforts have been made
to improve the model for such low-flow modes
of operation by revising the method of representing the storage tank.
Simple controllers were also studied with
the computer model. A study of ON/OFF controllers
with low offset and hysteresis values ran into
numerical convergence problems. Similar problems
developed in studies involving proportional control schemes. Only ON/OFF controls with fairly
high offset (20 0 C) and low hysteresis (1.5 0 C)
settings ran successfully. Realistic flow-rate
values were used throughout the runs. The
static equations used to describe components
in TRNSYS apparently cause the convergence
problem. To study the control algorithms more
precisely and realistically, some TRNSYS equations
may need to be modified to include short-term
dynamic effects.
PLANNED ACTIVITIES FOR 1978
The load simulator is still being synthesized.
Upon its completion the operating algorithms
will be evaluated experimentally. A modification
of key system actuators is planned to enable
testing of proportional controllers. The LBL
controller may be modified to execute both

ON/OFF and proportional-based control algorithms.
Commercial controllers will be tested at the
LBL facility and will be compared with the
LBL controller. Both simple and microprocessor
controllers will be evaluated. Optimized control
strategies will be compared with simple preprogrammed ones to determine whether optimizing
strategies are useful in the operation of fairly
simple solar systems scaled for residential
buildings. Computational models will be used
as an aid in assessing the controller performance,
and the experimental effort will verify the
model predictions.
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R. Shaw, W. Siekhaus, Controller Development
for Solar Heating and Cool,ng Systems,
Lawrence Berkeley Laboratory report, LBL-5982
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M. Wahlig, Control System for Combined
Solar Heating and Cool,ng Systems, Lawrence
Berkeley Laboratory report, UCID-3716,
January 1975.
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M. Wahl ig, E. Binnall, C. Dols, R. Graven,
F. Selph, R. Shaw, M. Simmons, Control
System for Solar Heating and Cooling, Lawrence
Berkeley Laboratory report, LBL-4436.

LBL BUILDING 90 SOLAR DEMONSTRATION PROJECT
T. Webster

INTRODUCTION
This project was one of eleven projects
selected to be part of the FY 1977 DOE Facilities
Solar Demonstration Program, a portion of the

Solar Federal Buildings Program. The objectives
of this program are to establish model procedures
and techniques for assessing and implementing
solar systems for federal facilities, and to
assist in energy reduction within DOE facilities.
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The following criteria were used to select
projects for this initial program:
Buildings should be suitable for retrofitting;
i.e., possessing orientation, location,
and configuration amenable to solar.
Solar space and hot-water heating should
be emphasized.
Buildings should be typical government
buildings.
Design and construction should not cost
more than $200,000.
These projects are funded by the DOE Division
of Solar Energy through the Construction, Planning, and Support Division. LBL Plant Engineering
is responsible for design and construction
of the project with assistance provided by
the LBL Solar Group.
Building Description
LBL Building 90 was constructed in 1958 .
and is a typical three-story office building
(with fourth-story addition and basement) with
approximately 88,000 gross ft~ of floor-space.
It houses about 400 people from the Energy
and Environment, Earth Sciences, and Engineering
and Technical Services Divisions. The building
is located in an open hill-top area, has a
front wall facing southwest, and has no obstructions to sunlight around it. About 46%
of the building walls are single-pane glass;
the remainder are I-in. insulated panels.
The roof is tar and gravel on top of 2 in.
of insulation supported by corrugated metal
decking.
The heating system is a 100% outside-air,
hot-water system consisting of three heating
elements: intake-air preheating coils, duct
heating coils, and perimeter convection coils.
The water is currently heated by two gas-fired
boilers. Domestic hot water is heated by an
indirect heater with hot water supplied by
the boilers.

..

A number of measures have already been
taken to conserve energy in the building:
time clocks switch fans off at night, automatic
dampers reduce the amount of ventilation-air
on cold days, controls switch off hot-water
circulation when outdoor temperature is above
600 F, and domestic hot water is set at 1100 F.
In addition, a return air system is currently
being designed to reduce consumption further.
ACCOMPLISHMENTS DURING 1977
In the preliminary design, the solar heating
system consisted of a saw-tooth array of flatplate solar collectors mounted on galvanized
steel trusses on the roof of the building.
Because of the design of the existing roof,
the support structure must be attached to the
building's structural-members through roof
penetrations. The collectors were oriented
due south (35 0 off building axis) and tilted

at 48 0 (latitude + 100 ) for maximum annual
space heating performance. The collectors would
drain back to storage when shut off at night
to protect against freezing. A high-temperature
cut-off would limit maximum storage temperature
in the summer. A pressurized, insulated storage
tank was to be buried in the back of the building
under a roadway. The existing main circulating
pumps would supply solar-heated water from
storage to the existing heating system. Domestic
hot water is heated by the existing indirect
heater, utilizing the solar-assisted main heating
water.
The preliminary system performance estimates
were calculated using the procedure in an early
draft of the ERDA Facilities Solar Design
Handbook being prepared at Los Alamos Scientific
Laboratory (LASL). Assuming the building to
be one zone, building loads for this analysis
were calculated with the NECAP buildingsimulation computer program at LASL. Monthly
insolation data was obtained from a draft of
the LBL Solar Data Manual being prepared by
the LBL Solar Group.2 The cost optimization
procedure of the Solar Design Handbook was
used to evaluate optimum system size. This
analysis, based on the system cost estimate
and assuming existing fuel prices ($2.86/10 6 btu
fuel oil at LBL), indicated the system would
not be cost effective. However, the analysis
did indicate what system size would be practical
for a demonstration project.
The Preliminary Proposa1 3 contains estimates
for systems of two sizes: 2300 ft2 with a
53% solar fraction, the maximum collector area
that could easily fit on the roof; and 1250
ft Z with a 33% solar fraction, recommended as
a practical minimum for demonstration purposes.
Final Design
The 1250 ft2 system was authorized by
DOE for design in March 1977. A modification
of the design to include one bank of on-siteconstructed collectors was approved in April.
The schematic flow diagram in Fig. 1 shows
the 1977 final system design. This system
is basically the same as the preliminary design,
but a number of changes and improvements were
made:
.
1.

The three-dimensional trusses for collector
support have been abandoned because of
high cost.' Prefabricated supports are
currently being evaluated.

2.

Storage was reduced from 2500 gal to 2000 gal
and was relocated above ground.

3.

Collector "drain down" was abandoned because
of possible operating problems and low incidence of freezing in this locality. Storage
water will be pumped through collectors
during freezing weather to protect them
against freezing.

4.

To limit system temperature in summer,
water will be circulated through collectors
at night when storage is greater than 1800 F.
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Fig. 1.

Bldg. 90 solar heating system schematic diagram.

5.

A heat exchanger was added between storage
and the existing heating system because
of pressure limitations of the boiler.

6.

The expansion tank was relocated to the
4th floor to minimize tank size and cost.

7.

A three-way modulating valve will be installed
to reset heating-supply water temperature
when warranted by outdoor temperature.

8.

The basement heating system was arranged to
operate independently of the solar system,
to reduce complexity of system and controls.

The initial analysis with the CAL-ERDA buildingsimulation computer program indicates that
with loads reduced by addition of a returnair system, the lower temperature (120 0 F) supply
water would meet heating loads with the existing
duct-coil system. A final pre-construction
cost estimate for the system was $131,000.

version of the CAL-ERDA computer program.
Collectors will be bid prior to construction
bidding so that design details can be completed.
Final design drawings and specifications will
then be completed and released for bid. Construction should be completed by the fall of
1978. An instrumentation system is planned
and will be installed along with the system.
The instrumentation data will be transmitted
over 'phone lines to IBM in Huntsville for
analysis.
REFERENCES
1.

ERDA Facilities Solar Design Handbook,
ERDA 77-65, August 1977.

2.

California Solar Data Manual, LBL Energy
and Environment Division, January ,1977
(Draft) .

3.

Preliminary Design Proposal, LBL, March
1977 .

PLANNED ACTIVITIES FOR 1978
System performance and system operating
parameters will be re-evaluated using a new

(XBL 781-6781)
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DEVELOPMENT OF SOLAR-DRIVEN AMMONIA-WATER ABSORPTION
AIR CONDITIONERS AND HEAT PUMPS
K. Dao, R. Wolgast, and M. Wahlig
I NTRODUCTI ON
The objective of this project is the development of absorption refrigeration systems for
solar heating and cooling applications. Absorption cooling has been the leading solar candidate
for residential and small commercial applications.
However, several liabilities of the present
state of this technology have served to inhibit
more widespread utilization; namely, the need
for water cooling towers (and their associated
maintenance problems) as an essential component
of the LiBr-H20 absorption chillers most commonly
used, the constant value of the coefficient
of performance (COP) with increasing temperature
(in constrast to Rankine cycle systems, which
have increasing values of COP with increasing
temperature), and the high cost of these units.
The approaches adopted by the LBL effort are
directly aimed at overcoming these obstacles.
Ammonia-water has been selected as the refrigerantabsorbent pair because the condenser and absorber
components for these working fluids can be aircooled rather than water-cooled, thus obviating
the need for water cooling towers. Currently
under investigation at LBL are advanced absorption
chillers whose COP increases with temperature,
maintaining an almost constant fraction of
the Carnot COP over a wide range of operating
temperatures. Reports will be prepared on
these cycles when their analyses are completed.
The cost problem is being addressed with the
assistance of industrial firms. LBL's efforts
consist of striving to design prototype chillers
that use heat exchangers and other components
that can be fabricated at reasonable cost,
and continuing to use the resources of industrial
consultants who have experience in the practical
building and marketing of these units. In
addition, the services of industrial firms
are being used to fabricate the major components
of the chiller and to provide cost estimates
for mass produced components.
Finally, it is recognized that these
absorption-cycle units may also be operated
as heat pumps for solar heating purposes.
Designs including provision for operation in
both air-conditioning and heat-pump modes are
under study. Such dual use is expected to enhance the cost-effectiveness of these absorptioncycle systems.
The first phase of this project consisted
primarily of the design and fabrication of a
test model,1 using as a base the condenser,
absorber, precooler, evaporator, and solutionpump components from an Arkla gas-fired, ammoniawater absorption chiller. The modifications for
operation with solar-heated hot water included
the addition of the following components:
generator (a packed-tower, counter-flow heat
exchanger), preheater and rectifier (both shelland-tube, one-pass, counterflow heat exchangers),

storage tanks, adjustable expansion valves,
and measurement instruments.
This version of the air conditioner permitted
operation at temperatures near 200 0F. This temperature level, coupled with the use of air cooling rather than water cooling for the condenser
and absorber coils, meant that the chiller was
being operated close to the cutoff point (that
low temperature where the generator ceases
operation). Calculations had indicated that
chiller operation was possible under these conditions. The main objectives of the experimental test program were, therefore, to determine
the stability of operation near cutoff conditions
and to determine experimentally the accuracy of
the calculated values of operating temperatures,
pressures, and coefficient of performance.
Completed in late 1976,2 this first phase
of the air conditioner development has demonstrated experimentally that it is technically
feasible to use the ammonia-water absorption
cycle solar cooling with generator temperatures
~1950F (when the condenser and absorber temperatures are ~1100F, and the evaporator temperature is ;;;45 0F). In addition, it was discovered
that several changes should be incorporated
in subsequent designs, such as: (a) replacement
of the packed-tower generator with a forcedcirculation type, thus increasing the heatexchange effectiveness and .reducing the cost
of this component simultaneously; (b) use of
a combined preheater-rectifier for the vapor
path, instead of using separate components
for these functions; and (c) reduction of the
pressure-drop across the absorber (thereby reducing the evaporator temperature) by the introduction
of more parallel flow paths in the absorber stage.
ACCOMPLISHMENTS DURING 1977
The second phase of the project continued the
development of the single-effect, ammonia-water
absorption air conditioner. A completely new 3ton unit is being constructed, taking into account
all the results and conclusions of the firstphase experimental tests. All parts are designed
for solar heat input in the range of 2000F-2400F.
The heat exchangers will be tube~in-tube for high
effectiveness at low cost. A schematic diagram
of the unit being fabricated is shown in Fig. 1.
Figure 2 shows the physical lay-out of the
unit.
The objectives of this phase of the development are:
(1) to test the effectiveness of the lowcost, tube-in-tube heat exchangers
used for the generator and preheater;
(2) to measure the increase in COP due
to the use of a combined preheaterrectifier for the vapor and solution
paths, instead of using separate com-
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Fig. 1.

Schematic diagram of the single-effect absorption
chiller being fabricated.
(XBL 781-6923)

ponents for these functions (calculations showed an increase of about
7 to 9% in COP);
(3) to test the efficiency of the newly
designed pair of reCiprocating pumps.
One pump uses the pressure drop of the
weak solution (otherwise wasted) to pump
about 70% of the strong solution from
the absorber to the generator. The
remaining strong solution will be pumped
by the other paired reciprocating pump
which is driven by a small flow of highpressure ammonia vapor from thegenerator
These pumps replace the usual electri
cally driven diaphragm pumps;
(4) to estimate the production cost of
the unit. The unit was designed with
special attention to reducing the
cost of the components and of the
overall assembly.

The design, working drawings, and fabrication
have been completed for all components except
the generator and the evaporator, whose fabrications should be finished by late February 1978.
The major components, namely the preheater, the
pumps, the condenser-absorber, and the generator
are being fabricated by outside manufacturing
companies. The remaining components are being
fabricated by LBL shops.
The new pumps, called "double-feedbackcontrolled, tandem, reciprocating pumps" have
been fabricated and tested under no-load conditions. The testing used nitrogen gas at 10
to 60 psig as the driving fluid, while ambient
air was used as the pumped fluid. The purpose
of this initial testing was to confirm the
operation of the feedback control of the pumps.
Test results showed that the pumps are selfstarting and their speeds can be controlled from
o to about 300 cycles per min. Further tests
are under way to determine the performance
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General lay-out of the unit being fabricated .
(XBL 781-6924)

of the pumps under heavy liquid loads. The
assembly and installation of the new chiller
are expected to be completed by late April 1978.
Testing, therefore, should begin in May 1978.
The expected performance of the new chiller
is as follows, taking into account the measured
pressure-drop characteristic of the fabricated
preheater:
Capacity:
Coefficient of performance:
Hot water temperature:
Condensing temperature:
Chilled water temperature:

3.5 tons

The conceptual design of another new,
advanced absorption cycle has also been completed.
This cycle is called the "single-effect, regenerative absorption cycle." More accurate
calculations are needed to confirm the estimated
COP of this cycle, which can be·in the range
of 65 to 80% of the Carnot COP. The Carnot
COP for this cycle is defined as:
(TB - TO)(TE + 460)/(TB + 460) (TO - TE)

0.71

PLANNED ACTIVITIES FOR 1978

112 0 F

The installation and testing of the new,
single-effect absorption air conditioner will
occur during the first part of 1978, followed
by an evaluation and report of the testing
program results. Assuming that test results
substantiate the performance goals of this
single-effect chiller, as described above in
the 1977 program description, commercialization
opportunities for this unit will be pursued
during the latter part of 1978. This will
be accomplished primarily through contacts
with industrial consultants to this project,
and also through direct contact with other
representatives of companies currently active
in the air conditioning industry.

225 0 F (input to unit)

45 0 F (output of unit)

Preliminary analysis of the "double-effect,
regenerative, absorption cycle" has been completed.
The performance of this new advanced adsorption
cycle was calculated for a fixed condenserabsorber temperature To of 1100 F, for a fixed
evaporator temperature TE of 40 0 F, and for
boiler temperatures TB variable from 1600 to
3000 F. Calculations using ammonia-water as
the refrigerant-absorbent pair showed that
the COP varied with boiler temperature TB as
follows:
TB(OF) 160 180 200 220 240 260 280 300
COP

40' OIA X 5tHT.

0.05 0.36 0.55 0.74 0.85 0.94 0.99 1.00

The work on the analysis of advanced
absorption cycles will continue into the middle
part of 1978. At that time a specific system will
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be designed that will be capable of achieving an
approximately constant fraction of Carnot efficiency
over the input temperature range of 170 0 F to 300 0 F.
This unit will then be fabricated and tested,
with scheduled completion by the end of 1979.
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RADIATIVE AND PASSIVE COOLING
M. Martin, P. Berdahl and M. Wahlig
INTRODUCTION
It has long been known that the earth's
surface cools more rapidly on cloudless nights
than it does under overcast conditions. Infrared
radiant energy, emitted from the surface, passes
through the clear atmosphere into outer space.
Under overcast conditions, the cloud layer
itself emits infrared radiation that is in
turn absorbed by the earth, thus inhibiting
rapid cooling. Even under clear-sky conditions,
atmospheric gases (chiefly carbon dioxide and
water vapor) emit substantial amounts of infrared
radiation, and the radiative balance achieved
is popularly known as the greenhouse effect.
The net amount of energy that can be radiated
from a surface on the earth depends on both the
physical characteristics of the surface, and
on the amount of atmospheric back-radiation
incident on the surface. A number of correlations have been proposed to relate the total
amount of atmospheric infrared radiation to
the local air temperature and humidity.1 However,
few-measurements have been made in which the
spectral details of the atmospheric infrared
radiation have been recorded, and these measurements have typically been made on a single night,
with no attempt to correlate details of the
spectrum with prevailing weather parameters. 2,3
The objective of this project, which was
started in March of 1977, is to assess the radiative cooling resource in order to determine the
extent to which radiative cooling can supplement or replace refrigeration systems for the
space cooling of buildings. Radiative cooling
is known to be quite effective in arid regions,
and the most promising areas for application are
probably those in which large diurnal temperature
fluctuations occur. The extent to which a suitably designed radiator system could contribute to
cooling a building in more humid areas has not yet
been investigated. Furthermore, the development
of selective emitter surfaces, which radiate preferentially in the 8 to 12 micron region of the '
spectrum (where the atmosphere is most transparent),4 presents the possibility of extending the
use of this technique to climatic regions where
it would not previously have appeared feasible.
It is important that radiative cooling
not be considered in isolation from the other

two important passive cooling methods that
have been in use for centuries, namely, convective and evaporative cooling processes.
A current example of the application of these
techniques is found in the Skytherm system,5
in which a plastic-covered roof pond forms
both the thermal storage system and the radiating, convecting, and possibly evaporating
surface. One of the goals of this project is
to develop computer subroutines (to be used with
a dynamic, building loads program) to' predict
the performance of a variety of passive cooling
methods under various climatic conditions.
ACCOMPLISHMENTS DURING 1977
At the beginning of the project in March of
1977, work was started on two complementary tasks:
the development of a computer model to predict
atmospheric infrared radiation as a function of
wavelength; and the design of a spectral radiometer,
four of which are to be installed throughout the
United States to collect atmospheric radiation
data during the summer of 1978.
An existing computer program (LOWTRAN),6
which calculates the spectral transmissivity
of the atmosphere under a variety of weather
conditions, was modified to predict the infrared
emittance from the atmosphere as observed at
ground level. Input to this program includes
temperature and water vapor profiles, aerosol
content, cloud cover, and elevation above sea
level. A sensitivity analysis was performed
to assess the effects of changes in these
parameters on the spectral radiance.
The spectral radiance of the atmosphere
in the vertical direction is plotted in Fig. 1
under three conditions, to illustrate the effect
of water content on the radiation emitted. The
solid curve represents the radiance calculated
for a precipitable water vapor column of 3 cm.
The upper curve shows how the atmospheric radiance
increases as the water vapor content is doubled,
and the lower curve shows a decreased radiance
corresponding to an atmosphere with half the
original amount of vapor.
Figure 2 shows four different spectral
radiance calculations representing the infrared
radiation received from the horizon, from the
zenith direction, and from two intermediate
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equipped with an eight-position filter wheel and
pyroelectric detector. The prototype assembly
includes a stepping mechanism to allow the filter
wheel to be positioned automatically, and a
rotating mirror assembly to direct the infrared
beam alternately in the vertical direction
and into a reference blackbody cavity. The
entire instrument will be under microprocessor
control and will be accessible to LBL through
a MODEM telephone link. The signal received
through each of the eight filters will be stored
every half hour and transmitted to LBL from
the random-access memory of the microcomputer,
at intervals of one or two days. Dry-bulb
and wet-bulb temperature readings will be recorded
with each set of infrared measurements.

SPECTRAL RADIANCE

~ 6.0 em H20

.
'"

PLANNED ACTIVITIES FOR 197.8
Wavelength, I'm

Fig. 1. The solid curve shows the atmospheric
radiance from the zenith, (3 cm precipitable water vapor). The upper dotted
curve shows the radiance when the water
vapor is doubled (6 cm). For the lower
curve the water vapor is halved (1.5 cm).

Four field radiometers, based on the prototype, are scheduled for installation in May
of 197.8. These instruments will collect data
for four months, at locations selected on the
basis of summer cooling requirements and climatic
diversity. The results will be correlated
with temperature and humidity data, and with
radiosonde measurements where available.
The experimental data will be used to
verify the output from the atmospheric infrared
radiance computer program (described in the
previous section). In parallel, the subroutine
used to calculate the radiance will be integrated
into a dynamic building loads program that
can be used to predict the performance of a
variety of radiative cooling system designs.

SPECTRAL RADIANCE
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Fig. 2. Spectral radiance of a clear, midlatitude
summer atmosphere. Zenith angles (from top
to bottom) are: 900 , 7.5 0 , 60 0 , 00 •
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angles. Work is under way to obtain the spectral
radiance received from a hemisphere incident on
a flat surface which is capable of being tilted
in an arbitrary direction.
The second task, undertaken simultaneously,
was to develop an infrared spectral radiometer
suitable for unattended field use. The design
is based on the Barnes model 12-880 radiometer
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NITINOL ENGINE DEVELOPMENT
R. Banks, R. Kopa, H. A. Mohamed, and M. Wahlig
INTRODUCTION
The objective of the Nitinol Engine Development Project is to determine the feasibility
of using a dynamic phase change in, a crystall ine
solid as the basis for conversion of heat energy
to mechanical work. Temperature-dependent
changes in the elastic properties of certain
Shape Memory Alloys make possible the conversion
of relatively low-temperature heat to mechanical
work by means of "solid state" heat engines.
Such engines show promise of having competitive
conversion efficiencies and capital costs when
compared to other types of engines for lowtemperature energy conversion.
Of the dozen or more binary and ternary
alloy systems known to exhibit the Shape Memory
Effect (SME), the project has concentrated
investigation on the nickel-titanium alloy
"55-Nitinol," developed at the U.S. Naval
Ordnance Laboratory! Silver Spring, Maryland,
in the late 1950's.
In addition to its SME
properties, Nitinol possesses favorable mechanical characteristics such as high tensile
strength and corrosion resistance, as well as
potentially lower production costs than most
other Shape Memory Alloys now known to exist.
A prototype Nitinol heat engine has been
in operation at the Lawrence Berkeley Laboratory
since August 1973. 2 Since that time, several
iterations of engine design have led to an
improved understanding of the important practical
considerations in applying this material to
energy conversion in continuously cycling heat
engines. 3 These studies, as well as experimental
and theoretical investigation of the material's
thermodynamic and metallurgical properties,
have confirmed the potential for developing
useful and practical mechines for the recovery
of thermal energy from low-grade or waste heat.

Preliminary operation of the Cam-Track
engine indicated that the mechanical cycle,
arrived at empirically in the course of developing and testing the concept, was consistent
with enhanced working lifetime of the Nitinol
power elements. Problems that were encountered
in the areas of mechanical friction losses
and engine instrumentation, however, suggested
that improved performance of the Cam-Track
engine would be most efficiently approached
through experimental simulation studies, conducted prior to initiating actual design modifications on the engine itself. Accordingly,
program emphasis for the balance of the year
shifted towards completion of the design and
fabrication of the fully instrumented cycle
simulator (described below), and initiation
of experimental and theoretical investigations
of the Nitinol thermodynamic cycle.
Work Begun in 1977
The design of a new electronically controlled
Cycle Simulator for a parametric study of Nitinol
characterization was begun early in 1977. In
this device, Nitinol materials will be subjected to simulated engine cycles in which a
number of test parameters are systematically
varied so that a "map" of efficiency values
can be obtained as a function of operating
(and material) parameters. Such a map can
serve as a guide for choosing the optimal design
of a Nitinol heat engine, for comparing the
theoretical and experimental conversion efficiencies of Nitinol, as well as for further
research and development of other promising
thermoelastic materials. In addition to conversion efficiency, an important goal is the
determination of an engine cycle which offers the
lowest progressive degradation and irreversible

ACCOMPLISHMENTS DURING 1977
Work Continuing from 1976
In early 1977, a prototype engine designed
to fulfill some of the unique requirements
inherent in using a solid, rather than a fluid,
as the working medium of a heat engine was
completed and submitted to preliminary tests.
This prototype, known as the Nitinol Cam-Track
engine, was designed to permit wide flexibility
in the mechanical cycle to which the Nitinol
working elements were coupled, so as to match the
mechanics of the device as closely as possible
to the dynamic behavior of the Nitinol wire
elements;4 this design is illustrated in Fig. 1.
The Cam-Track engine, an experimental mechanism,
was configured and scaled so that it could
also function as a prime-mover to be integrated
into a solar-powered, vapor-compression airconditioning system, when proven to operate
at sufficiently high power-output levels.
Figure 2 shows the completed engine.

Fig. 1. Cutaway view showing the design of
the Nitinol Cam-Track engine. (XBL 767-3131)
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Fig. 2.

The Nitinol Cam-Track engine.

damage, and therefore the longest life of the
Nitinol-wire elements.
The objective of the Cycle Simulator
design was the realization of a test system in
which a single Nitinol wire could be subjected
to specific classes of thermodynamic cycles
(e.g., isothermal, adiab atic, constant stress,
"programmed stress," heat recuperation, etc.)
as selected during this investig ation. The
test parameters , which can be varied singly
or in combination, includ e: stress levels ,
stress rates, percent of elongation of the
wire, temperature levels, heating and cooling
rates, cycling speeds, etc . The system is
fully automated and capable of continuous operation for millions of cycles . The stresselongation re la tionship (work diagram) and all
pertinent test data are automaticall y recorded
on a video tape at predetermined intervals.
Materials Studi es
The mechanical and thermodynam ic behavior
of Nitinol in relation to the martensitic transformation of the Shape Memory Effect has been
under investigation both theoretically and
experimentally. The objective of this investigation is to optimize the performance of Nitinol
in energy conversion devi ces with refere nce
to the thermodynami c conversion efficiency.
and the fatigue st rength of the material.
Work done so far ha s concent rated on the
thermodynamic convers i on efficiency and the
parameters that determine thi s efficiency.

(CBB 755-4474)

For a given alloy composition thes e parameters
are: (1) the transformation temperat ures and
their functional dependence on external stresses,
heat treatment, and therma l cycli ng; (2) latent
heat of transformation, as determined by transition entropy and the equi librium transition
temperature; (3) the recovery stres ses developed
by Nitinol upon heating (the upper limit of
these stresses is restricted by the yield stress
of the high-temperature phase); and (4) the
specific heat of Nitinol.
Transformation temperatures and their
functional dependence on externa l stress have
been measured by means of a specia lly designed
dilatometer. From these data the transition
entropy has been calculated using a modified
Clausius-Clapeyron equation. A met hod has
been developed by which the equilibrium transition temperature can be determined from experimentally measured transformation temperatures. 5
The recovery stresses of Nitinol have been
estimated as a function of stra in, temperature,
and the yield stress of the high-temperatur e
phase. Experimental work is now in pro gress
to compare the measured and predicted values
of the recovery stress.
PLANNED ACTIVITIES FOR 1978
The cycle simulator work and the materials
studied will be continued to identify rigorous
parameters for the optimally efficient application of Nitinol to energy conversio n in heat
engines. Depending on the outcome of these
studies, the information gained wi ll be applied
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either to improving the performance of the
Cam-track engine, or towards developing new
concepts for high-performance Nitinol engines.
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FOOTNOTES AND REFERENCES
1.

The name of the alloy is derived from the
chemical symbols for nickel and titanium,
and the abbreviation of the Navar-Ordnance
Laboratory (now the Naval Surface Weapons
Center) in Silver Spring, Maryland, It
was here that the alloy's shape memory
properties were first observed in the late
1950's.

CHEMICAL STORAGE OF THERMAL ENERGY
A. S. Foss and S. Lynn
ACCOMPLISHMENTS DURING 1977
I NTRODUCTI ON
Economical energy storage is essential
if solar power plants are ever to supply a
significant fraction of the needs of a power
grid. The purpose of this study is to develop
technically feasible, efficient flowsheets
for the use of the sulfur oxide system,
(1)

and the methane system,
(2 )

in energy storage. The forward reactions for
these two systems are endothermic and can be
used to absorb energy. The reverse reactions
are exothermic and release the energy that
has been stored. Both the forward and reverse
reactions occur at temperatures above 5000 C;
however, storage can be at ambient temperature
so that there is no energy dissipation during
the storage period. This method of energy
'storage is thus suitable for incorporation
with high-temperature power generation cycles
and for long-term energy storage.
To place the costs of the chemical storage
systems developed in this study in perspective,
they must be compared with the costs of alternative storage systems. For such a comparison
to be valid the assumptions made in costing
must be equivalent. For this reason a flowsheet
for a sensible-heat storage system is being
developed as a part of the chemical-energy
storage project.
Funding for this work was initiated in
November 1975. During 1976 the major effort
in the project was in flowsheet development.
The major factors affecting system efficiency
were identified, and the primary energy losses
were made the subject of further study.

Chemical Storage
A major fraction of the effort during
this year has been the development of computer
simulations of the various steps of the process
using the sulfur oxide system. This work has
concentrated on the development of storageprocess configurations, and on their integration
in a manner that maximizes the overall heat
efficiencies, with the steam cycle of a parallel
solar power plant.
A simplified sketch of a flow sheet for
this coordinated system is given in Fig. 1.
Major features include operation of the heatabsorption step at 40 atm and operation of
the heat-release step at 10 atm. These conditions enhance heat economy, help reduce equipment size, and allow the pumping of only liquids.
The coordination of the storage system with
the power plant involves S03 vaporization by
200-psi steam and the preheating of boiler
feedwater in both the heat-absorption and heatrelease steps. Estimation of the equipment
costs for such a system is still in progress.
In all these evaluations, steam generation
conditions have been taken to be 10000 F and
3000 psi; these permit turbine operation at
the standard value of 2400 psi. One stage
of reheat to 10000 F has also been incorporated.
Details of the flowsheet were presented by
Dayan et al. (1977).1
Calculations to date indicate that overall
efficiency for the combined power plant and
storage system (new electrical output/total
thermal input) is about 30%. The total output
of the storage system would be about 18% that of
the daytime power plant, and could be delivered
at a variable rate to meet the demand~ These
numerical results correspond to one set of
values of a large number of parameters and
are not necessarily optimum. Further work will
be required to determine where the optimum lies.
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Fig. 1. Simplified flow sheet of sulfur oxide
storage system co-ordinated with a steam
power plant. (XBL 784-619)
.
Sensible-Heat Storage
The sensible-heat storage system is based
. on a design reported by Boeing (1976)2 for use
with a Brayton-cycle power plant. This design
has been modified for application to a steamcycle power plant. Further modification has been
introduced to improve the overall thermal efficiency
by taking advantage of the difference between the
maximum collector temperature and the maximum
steam-cycle temperature. When this temperature
difference is of the order of 278oK, a thermal
efficiency of the order of 95% is possible with
the flowsheet that has been developed. The high
efficiency results from cycling the sensible-heat
storage system over the temperature range between
the above limits.
In the Boeing design, helium is proposed for
the cycle fluid. Preliminary calculations indicate
that, for the flowsheet proposed here, water vapor
at a pressure of about 500 psia would have a
number of advantages. Lower cost of the heattransfer medium is only one. The higher molar
heat capacity of water vapor permits a lower volumetric flowrate for a given rate of heat transfer.
That, in turn, reduces significantly the parasitic
power requirement for its circulation. The use
of water vapor will also affect the design of the
heat-storage system and the power plant in ways
that are currently.being studied.
PLANNED ACTIVITIES FOR 1978.
Comparison of Storage Systems for Solar
Electric Power Plants
The work to date has concentrated on the
process design and operating details of two

chemical storage systems (the sulfur-oxide
and methane systems). One major effort for
the coming year will be the comparison of the
technical features and economics of these two
systems for solar heat storage. Points for
comparison include the ease of incorporation
of the endothermic reactors into the central
receiver system, integration of the exothermic
reactors with the power generation system,
degrees of storage-system interdependence on
power plants operating in parallel with storage
systems, efficiency differences related to the
intrinsic chemical and thermodynamic properties
of the chemical reactions, ease of storage of
the gases and liquids, materials problems, and
strengths and weaknesses of the systems when
operating under diurnal cycles.
Cost Estimation of Sensible-Heat Storage

The Boeing 'sensible-heat storage system
was not designed for use with a steam-cycle
power plant. Hot helium was used directly
in gas turbines operating on a Brayton cycle.
It has therefore been necessary to redesign
this system, to some extent, to make it compatible with steam-cycle power generation.
The overall efficiency of the storage system
appears to be improved when this is done. The
costs of this redesigned system will be estimated during the coming year. The thermal
efficiency will also be calculated. Both will
be compared to the respective estimates made
in the Boeing design and to alternative storage
systems being' proposed for steam-cycle power
plants.
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PASSIVE SYSTEMS ANALYSIS
R. C. Kammerud and T. Borgers
INTRODUCTION
Essentially all buildings are passively
heated, and/or cooled to some extent by virtue
of 1) insolation on exterior surfaces, 2) insolation entering windows, and 3) controlled
and/or uncontrolled ventilation. A substantial
fraction of the heating load is met naturally
by insolation on the building surfaces, and
some portion of the cooling load is often an
unfortunate by-product of this same building/environment interaction. In order to meet
even greater fractions of the heating and/or
cooling loads by passive means, the collection,
dissipation, storage, and transfer·of thermal
energy within the boundaries of the building
must be understood and quantified in terms
of the building parameters and the climatic
and environmental conditions under which the
building is used. Additionally, this generalized
understanding of thermal performance can lead
to improved strategies for control of thermal
enefgy flow and therefore result in improved
control of the comfort conditions in the
structure.
The objective of this project is to develop
and validate the analytic tools on which the
generalized understanding of the thermal performance of both residential and commercial
buildings can be based. These tools will be
utilized in the evaluation of passive solar
and large thermal mass designs, and in the
definition of design and operating guidelines
for passive systems. The analysis capabilities
will be provided in existing public domain
computer programs (BLAST and Cal-ERDA) for
building energy-analysis and will therefore be
available to the building designer and engineer,
the solar and conservation researcher, and
those segments of the community involved in
the regulatory processes.
Technical Approach
Over the past year there have been substantial
efforts to improve building-energy analysis capabilities. Two new programs have been developed,
BLAST and Cal-ERDA. The structures of the programs are very simi lar in that they have separate
Loads, Systems, Plant routines; and both incorporate "simple," user-oriented, building-description language inputs. Both of these programs
take into account features such as construction
details, surface properties, floor plan, HVAC
system and controls, internally generated loads,

and occupancy. This project focuses on improving
and modifying the two programs in those areas
where existing capabilities are expected to be
inadequate for passive systems, and adding
algorithms and models which describe generic
passive systems. The two programs to be modified
are not redundant; they complement one another.
Both are required to provide analysis capabilities
that include commercial buildings.
Primarily, the programs differ in the type
of load calculation performed. BLAST uses a
thermal-balance technique, in which energy
balances on all surfaces and on room air are
simultaneously performed in response to excitations such as insolation, lighting loads, etc.
It takes into account the radiative, conductive,
and convective components of the energy flow
at each inside and outside surface. The calculation produces all surface temperatures, the
air temperature, and the building (zone) load
which is then used as input to the System and
Plant routines. The primary limitation ~f this
technique is the number of surfaces that can
realistically be balanced simultaneously.
Its strength is that it provides a desirable
format for model development and validation,
because the component models have physical
descriptions. The operational parameters and
equations of the modeled component and its
interactions with the rest of the building
elements are described in an intuitive, rather
than mathematical, manner.
Cal-ERDA uses an approximate procedure for
calculating the envelope and zone loads. To compute the heat gain to a space, and the resulting
zone loads on the heating or air conditioning
system, weighting factors are used. The weighting
factors are a time-series of numbers which
characterize the time delay between instantaneous
heat fluxes and zone HVAC loads for the structure;
they therefore include the effects of the mass
and absorptance of the zone furnishings, floors,
and partitions. The load is not a simultaneous
response to many excitations, as in the thermal
balance technique, but is a sum of approximate
responses to individual excitations. The advantage
of using this technique is the efficiency and
speed of the resulting' loads calculation; a large
set of simultaneous equations need not be solved.
An additional simplifying assumption used in CalERDA is that the load calculation is performed at
a constant inside-air temperature. The actual
temperature and load are then obtained by perturbation techniques. The combination of constant-
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temperature calculations and the use of weighting
factors and perturbation techniques contributes
to Cal-ERDA's speed of calculation and makes
possible the extensive multizone capabilities
required in analyzing commercial buildings.

and to develop a plan for incorporating the modifications and additions that are envisaged for
1978.

The weighting factors and perturbation
coefficients used in Cal-ERDA have been derived
by parametrically studying the load response
to various driving excitations, using a thermalbalance approach. It is expected that the
existing weighting factors and perturbation
coefficients must be modified and/or recalculated
for passive-solar and large thermal-mass systems.
Therefore, two efforts are required in order
to provide passiv~-analysis capabilities that
include commercial buildings. Detailed models
must be provided in a thermal-balance program
(BLAST) in order to calculate the approximation
parameters used in Cal-ERDA for the multi zone
building.

The initial emphasis in this project is
on identifying those areas in BLAST where the
existing, conventional-building analysis capabilities might be inadequate for passive systems,
on modifying BLAST as necessary, and on utilizing
the modified program to alter the approximate
techniques used in Cal-ERDA. In particular,
the following areas will be investigated:

PLANNED ACTIVITIES FOR 1978

(1) the relationship of the distribution
of thermal mass and the size and location
of glazing in direct gain systems;
(2) the interaction of the thermally massive,
passive structure with the auxiliary
HVAC system, including the effects
on performance of increased HVAC cycling
time;

This project began in November of'1977
as a joint undertaking of LBL and Los Alamos
Scientific Laboratory (LASL). In subsequent
efforts, LBL will concentrate on model development
and incorporation into BLAST; LASL will utilize
the results of the LBL effort to identify and
implement appropriate approximate methods for
modeling passive systems within Cal-ERDA.

(3) The effects on human comfort of envelope
storage and high internal surface
temperatures of large thermal mass
buildings.
These topics concentrate attention on
understanding the basic, large thermal-mass
building, both with and without direct gain
coupling to the environment. In parallel,
the algorithm-development efforts initiated
in 1977 will lead to:

ACCOMPLISHMENTS DURING 1977
During 1977 the scope of the project was
defined in cooperation with LASL personnel.
The efforts were divided such that LBL will
be primarily responsible for BLAST modifications
and development of passive-system algorithms,
while LASL concentrates on inco'rporating these
algorithms into Cal-ERDA.
During the last two months of 1977, algorithm
development efforts were begun; convective heat
transfer between building zones and natural
convective processes which take place in a
Trombe-wall system are being emphasized. In
both cases, algorithms are being developed
based on the fundamental fluid dynamics of air
flows driven by differences in temperature. In
addition, investigation of the detailed calculation procedures used in the BLAST load-program
has been initiated. The goal is to better understand the program methodology and assumptions,

(1) Trombe-wall analysis capabilities,
including both the natural convection
and conductive coupling to the occupied
space;
(2) An algorithm describing the passive
coupling of building zones which
includes thermal conduction, forced
convection, and natural convection.
Finally, algorithm validation efforts will
be initiated during 1978. Data from LASL test
cells will be used to validate the convection
algorithms. A full-scale building validation
effort will be planned for implementation in 1979.

FEA/HUD/ERDA REGIONAL SOLAR ENERGY RETROFIT
OF LOW AND MODERATE COST HOMES
T. Webster

INTRODUCTION
This project was a cooperative effort undertaken by HUD, FEA, and ERDA within the Region IX
area common to these agencies. The general
objectives of the project are the same as those
of the National Demonstration Program, that is,
promotion of solar energy to reduce demand on
conventional fuel supplies. However, unlike

other programs, this effort is directed to the
demonstration of retrofitted solar heating
systems on low and moderate cost homes. The
basic objectives are (1) to evaluate the social
and economic impact of this application of solar
technology, (2) to assess the savings resulting
from various ~nergy conservation measures, and
(3) to publicize the efforts of the participating
agencies.
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Two houses in each of two locations (Sacramento
and Las Vegas) were selected for retrofitting;
all houses were well insulated, and one house
in each location was equipped with a solar space
and domestic hot water heating system. The
houses were provided by HUD. The solar systems
were funded by DOE and designed by Koepf and
Lang under contract to LBL. FEA coordinated
the projects, funded the house insulation and
weather stripping, and will monitor the houses
for three years.
The LBL activities during 1976 consisted
of organizing the project technical requirements
(which resulted in the issuing of a memorandum
of understanding), preparing ~ conceptual design
report and initial cost estimate, and selecting
an architect/engineer to prepare detailed design
drawings and specifications. The design was
completed and issued for construction bidding
in December 1976. System design information
and a more detailed project description are
contained in the 1976 Energy and Environment
Division Annual Report. 1 System parameters
are shown in Table 1.

coverplate, and had not been changed to
accommodate the thinner plastic Kalwall
glazing.
b.

Collector area requirements were specified
incorrectly on the drawings (i.e., 300
gross ft2 rather than 300 net ft2) resulting
in installation of 16 collectors (277 net
ft2) instead of 18.
-

c.

The Rho Sigma RS500 temperature controller
did not work, and was replaced with a standard on-off type (RS 104).

d.

Perforated hose clamps were erroneously
used to install collector silicone hose
and had to be replaced with solid band
clamps.

e.

The roof structure of the house was not
adequate for the added weight of collectors and it required additional supports.
Additional supports under affected bearing walls were also required by the building inspector. Most of the structural
changes were funded by HUD.

f.

Inspectors required backflow preventers
in two places.

ACCOMPLISHMENTS DURING 1977
Activities during 1977 consisted primarily
of constructing the two solar systems. Construction bids were received by LBL during
January. The low bidder for Las Vegas, Action
Air Conditioning, was awarded a contract for
$9,567. However, of the four bids received for
Sacramento, three were designated non-responsive
because affirmative action documents were not
completed; the fourth bid was much greater
than budget. Therefore, the Sacramento system
was re-bid. In addition, Revere collectors
were purchased by LBL to expedite the project.
A contract was awarded during February to Thor
Grendahl and Sons for $12,401.

Las Vegas
The Nevada sites were also not without
difficulties, including:

Sacramento

a.

Solarmaster brand collectors as submitted
by the contractor were rejected because
no independent test-performance curves
were available. Ying Mfg. brand .collectors
were finally selected.

b.

Seals of Ying collector coverplates (20mil Lexan) were inadequate, resulting in
dust and water leakage into the collectors.
The collectors were resealed with RTV,
and weep-holes were drilled in the ends
to relieve condensation inside the coverplate.

c.

The check valve in the vent line did not
prevent flow through this line and had to be
rearranged to minimize flow. Apparently,

The following are some of the more notable
problems that arose during construction:
a.

The Revere collectors were delivered two
weeks late. The coverplate seals were
inadequate and had to be resealed at the
site with RTV caulking compound. The seals
are designed for the Revere standard glass

Table 1.

Design and performance parameters for solar heating system.
DHW Storage
Load Capacity

Lat itude

Co 11 ector
Slope

Collector
Area

House
Load

Sol ar
Fraction

Deg

Deg

ft2

Btu/hr-oF

Gal/
Day

Gal

SACRAMENTO

38.5 0

200

277

500

60

600

65

LAS VEGAS

36 0

70

200

459

60

450

60

%
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the collector return line had too much
resistance because of the long underground
run to the storage tank.

The high costs for these systems appear
to be attributed primarily to the following
factors:

d.

Two ~T sensors for the controller (Rho
Sigma-RS104) and the controller itself, had
to be replaced to obtain COl'rect operation.

a.

e.

A leak occurred in the union domestic hot
water (DHW) heating coil. The leak was
discovered because the tank was overflowing,
The unions were replaced with hard-soldered
couplings,

Site-dependent factors/special construction-plastic glazed collectors for vandalism
protection, secure enclosures for storage,
HUD requirement precluding use of garage
for storage tank, and minimal yard space
necessitating unobtrusive location of storage.

b.

Retrofitted system--necessity to work
in tight spaces and utilize existing utilities systems.

c.

High~quality components for long life and
reliability. Less expensive components
(e.g. pumps, piping, and controls) could
be used in a non-demonstration system.

d.

On-site construction--few of the components
were shop fabricated or modularized.

e.

Prob1ems--collector sealing, wrong components installed, control malfunctions.
Some of these problems may have been avoided
if an on-site inspector had been available.

f.

g.

A modified refrigerant coil was used for
the solar heating coil. The coil was undersized and did not perform or drain well
(drain-down of the coil is used to prevent
coil freezing in winter, since the coil
is located in an outside duct). A new
heating coil, larger and designed for water,
was installed. A higher-head pump and
a throttling valve on the discharge side
of the coil were required to make the new
coil operate properly.
A new, larger three-speed fan motor was
required to overcome the increased resistance of the solar heating coil when the
air conditioner was operating. A tria1and-error procedure was necessary to establish proper fan speed for all modes
of operat i on.

CONCLUSIONS
A few tentative conclusions can be drawn
from the experiences on these projects:

In September, both systems were complete
and accepted by LBL. Operation and maintenance
manuals were submitted to HUD, after drawings
were completed by Koepf & Lang, for transfer
to the new home owners. The property transfer
from LBL to HUD was then completed. These
activities marked the end of LBL's involvement in
the project except for preparation of a final report.

a.

The system should be designed with as many
shop-fabricated, or purchased, modular
components as possible to reduce installation costs.

b.

"Standard" retrofit designs are difficult
to achieve because of the number of sitedependent factors. Many compromises must
be made for each specific installation
that affect cost, complexity, and performance.

c.

Storage tanks should be located inside
an existing enclosure or garage, if possible, to reduce costs.

System costs
Both contractors were required to submit
actual cost breakdowns for the system installations. Table 2 summarizes the actual costs
for each system.
Table 2.

System actual costs.
LAS VEGAS

SACRAMENTO

Co 11 ectors
Storage Tank
Piping &Mechanical
Installation
Elect. &Controls
Site work/enclosures
Mi sce 11 aneous
Overheat & Profit
TOTALS

Materials

Labor

Total

Materials

Labor

Total

$3184
657
1423
561
760
334
321

$1436
151
1638
340
860
958
126

$4620
808
3061
901
1440
1292
447
3158

$1619
609
1250
185
530

$ 240
360
2136
513
600
969
672

$1859
969
3386
698
1130
969
672
279

$7240

$5329

$15727

$4193

$5490

$9962
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d.

e.

Special collector construction (e.g., plastic glazing) may add cost and jeopardize
performance and durability of collectors.

preclude a cost-effective installation
(though this depends on future costs of
gas or electricity).

Site-dependent factors should be thoroughly
evaluated to determine feasibility of providing solar. Some of these factors may

REFERENCE
1. Energy & Environment Division, Annual Report
(1976), Lawrence Berkeley Laboratory Report,
LBL-5982.
.

SOLAR INFORMATION SUPPORT FOR DOE (LLL)
SOLAR TECHNOLOGY TRANSFER PROGRAM
Y. Howell, H. Miller, and M. Wahlig
INTRODUCTION
The Solar Technology-Transfer Program
for the Western Region has been presenting
seminars coordinated by Lawrence Livermore
Laboratory (LLL) to certain multiplier groups
(groups that can hasten the dissemination of
solar energy technology). LBL has had responsibility for producing resource handbooks
for seminar distribution that would facilitate
business or design decisions about solar energy systems. The handbooks are tailored to
meet the special needs of each seminar audience
in its particular geographic region.
ACTIVITIES DURING 1977 AND FUTURE PLANS
Procedure
LBL worked with LLL, each multiplier group,
and seminar speakers, to assess the information
needs of the target audience and to determine
what data would be appropriate to meet those
needs. The materials were then written, compiled, and edited at LBL. Draft handbooks were
reviewed by the seminar speakers. The handbooks,
in their final form, were subject to feedback/
evaluation by the seminar attendees. These
evaluations have been generally favorable.
Handbook Content
Target audiences for the three handbooks
produced by LBL in 1977 were the American Society
of Plumbing Engineers (ASPE); the Technology
Transfer Society (T2S), which operates in conjunction with the Los Angeles Office of the
Small Business Administration (SBA); and the
American Institute of Plant Engineers (AIPE).
The handbooks developed for these audiences
are described below.
Information in the handbooks, although
"customized" for each audience and its geographic
region, fell into the following sections:
Mechanics
The design parameters of solar components
and systems were described clearly, in appropriate detail. A glossary of terms was included
to facilitate further reading.

So lar Data
Insolation and weather data from LBL's
"California Solar Data Manual" were presented for
the region where the seminar took place. A
glossary of descriptive terms and a list of solar
data sources for other regions were also included.
Computer Programs for Systems Optimization
Some of the more widely used solar-design
computer programs were described and compared.
Both detailed programs (Cal-ERDA, TRNSYS) and
simplified methods (F-chart, SOLCOST, LASL
method, RSVP) were included in this section.
Solar Legislation
Existing and proposed solar legislation,
on both the state and federal levels, was listed
and summarized.
Standards, Codes and Testing
Applicable standards and codes were listed
and compared. A description of the State Energy
Commission's Solar Testing and Inspection program
was included, with a compilation of collector
test facil ities.
Solar Buildings
The reader was furnished with a list of
a few local buildings using solar energy.
Most buildings were demonstration-oriented
or, at least, well-instrumented for acquisition
of performance data.
Solar Firms
Local solar architects, engineers, installers, builders, manufacturers, and distributors
were listed to provide the reader with access
to the local solar community.
Information Access
The reader was provided with references
to solar information-services, associations,
societies,· and to colleges offering solar
courses. An extensive "customized" bibliography was made available.
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Solar Business Development

Future Plans

The subject of solar marketing was covered
in the handbook for the SBA seminar, titled
"How to Get into the Solar Energy Business."
Topics covered included: market projections,
solar marketing techniques and tips, and discussions of factors that affect market penetration (economics, consumer acceptance, financing, insurance and liability, etc.).

A continued Solar Technology-Transfer
Program will present seminars and provide information to the existing multiplier groups
in various geographic locations, and wi." develop contacts with additional such groups.
Bankers, builders/developers, and building
officials are likely candidates for future
efforts because they will have a direct effect
on the rate of solar commercialization.

SOLAR DEMONSTRATION PROGRAM:
TECHNICAL REVIEW AND PROJECT MONITORING
F. Salter and T. Webster
INTRODUCTION
The Solar Applications Group at LBL provides
technical consulting and management services
to support the DOE San Francisco Operation
Office's (DOE/SAN) overall management of sixteen commercial-building solar demonstration
projects and seven hotel/motel hot water solar
projects located throughout the Western States.
These projects are part of the National Solar
Heating and Cooling Demonstration Program,
whose primary objective is to stimulate a solar
industry, and to promote the use of solar energy
as a means of reducing demand on conventional
fuel supplies.
LBL began work on the commercial solar
demonstration projects in August, 1977. These
projects represent the second cycle of the
Commercial Demonstration and were selected
from the proposals of the Program Opportunity
Notice (PON) DSE 76-2. 2 This PON emphasized
solar space-heating projects, but allowed for
space cooling, and/or domestic hot water, in
conjunction with space heating.
LBL began work on the hotel/motel projects
in October, 1977. These projects, although
part of the national program, are separate
from the yearly cycle of proposals, and were
selected from the proposals of the PON EG-77N-03-1450. 3 This PON was restricted to solar
hot water applications, and emphasized stimulating widespread commercial construction of
this particular solar application which appears
to have the greatest immediate potential for
cost effectiveness.
ACCOMPLISHMENTS DURING 1977
Project Monitoring
The LBL Solar Application Group provides
day-to-day project monitoring and liaison between solar project contractors and their representatives and DOE/SAN Project Managers.
Our monitoring includes review and approval
of periodic reports from contractors on such
items as cost, schedule, and project technical
status. Daily technical problems are resolved
as they occur, and frequently relate to system

calculations, instrumentation, improvement or
changes in system design, review of proposed
equipment substitution, costs, and scheduling.
Drawing and specification submittals are reviewed, and meetings are arranged as required.
LBL is also liaison between the contractors
and IBM in Huntsville, Alabama for planning
and installation of instrumented systems. In
this regard, LBL is attending training programs and meetings with IBM. LBL has obtained
an On-Site Monitor and is available for trouble
shooting on the instrumented commercial projects.
Technical Reviews
LBL participates in the following technical reviews during the course of a project:
Commercial Projects
1.

Final design review

2.

Construction progress review

3.

Final inspection and start-up
Hotel/Motel Projects

1.

Final design review

2.

Final inspection and start-up

For the final design reviews, the project solar
contractor submits project schedules, design
drawings, specifications and an acceptance test
plan. These documents are reviewed separately
by DOE/SAN Project Managers, PRC Systems Sciences
Company (PRC), and LBL. They then are reviewed
in common at a meeting with the contractor and
his representatives. (PRC is not involved in
the hotel/motel projects.) The review includes
evaluation of system design and performance,
equipment selection, rationale for modifications
or deviations from the proposed system, preparations for instrumentation on designated projects,
schedules and costs, status and content of the
bid documents, review of the acceptance test
plan, and usually, a site inspection. Meeting
notes and recommendations resulting from the
final design review are then written and submitted
to DOE/SAN, and are transmitted to the contractor
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at DOE discretion. The recommendations resulting
from the review are not binding for the system
designer, except when they concern life-safety
items.
LBL holds construction progress reviews
when construction is 50% to 90% complete.
Construction and construction drawings and
specifications are reviewed at the demonstration
site for solar subsystems or components which
have been delivered or installed. The acceptance test plan is also reviewed at this time.
Finally, instrumentation progress is reviewed
on appropriate commercial projects.
During final inspection and start-up,
LBL reviews the completed solar system for
conformance with the contract documents, determines whether the control system performs
properly in all modes of operation, examines
"as built" drawings, reviews operation and
maintenance manuals, and participates in trouble
shooting when necessary. On projects where
instrumentation is required but is not completed,
'LBL examines the remaining instrumentation
construction schedule and attempts to expedite
the process where possible.

Monthly Project Assessment
On each project, LBL prepares a monthly
progress report which includes a system description along with basic system data. The report
covers design, equipment delivery, and installation progress for the previous month. Significant problems are noted, and job completion
and remaining scheduling are discussed . .
Proposal Reviews
The LBL Solar Applications Group participates in the technical review of proposals
submitted in response to the various Program
Opportunity Notices of the National Solar Heating
and Cooling Demonstration Program.
REFERENCES
1.

NationaJ Program for Solar Heating and Cooling of Buildings, ERDA 76-6, November 1976.

2.

Commercial Integrated Projects for Use
in Demonstrations of Solar Heating and
Cooling, PON DSE 76-2, ERDA, 1976.

3.

Hot Water Initiative for Hotel/Motel Installations, PON EG-77-N-03-1450, ERDA, 1976.

SUPPORT ACTIVITIES FOR DOE SOLAR HEATING
AND COOLING RESEARCH AND DEVELOPMENT PROGRAM
M. Wahlig, M. Martin, and R. Kammerud
INTRODUCTION
This project consists of technical supporting
activities for the Solar Heating and Cooling
Research and Deve 1opment Branch of the DOE
Office of Solar Applications. These activities
include: a) peer review of unsolicited proposals; b) technical evaluation of projects performed by other contractors, including site
visits and review of progress reports; c) preparation and evaluation of Program Research
and Development Announcement (PRDA) and Request
for Proposal (RFP) solicitations; d) program
planning, reviews, and summations; and e) interlaboratory coordination of these activities.
The LBL effort has been primarily in the areas
of controls for solar heating and cooling systems
and passive cooling, and secondarily in other
solar areas in which LBL has a measure of expertise as a result of ongoing R&D projects
(namely, absorption cooling, systems studies,
and non-engineering aspects). Most of the staff
members of the Solar Energy Group have participated in this effort in some way during 1977.
ACCOMPLISHMENTS DURING 1977
Review of Unsolicited Proposals
LBL solar energy group members participated
in one formal review session for unsolicited
proposals received by ERDA in the areas of
cooling, heat pumps, and controls. In addition,

seven other unsolicited proposals were given
peer review on an as-received basis, with the
reviews being summarized and forwarded to ERDA/
DOE Headquarters (the transition from ERDA
to DOE was formally accomplished in October
1977) along with recommendations for action.
These proposals offered projects dealing with
controls or with passive cooling topiCS.
Preparation and Evaluation of Program
So 1 i c Hat ions
A number of PRDA and RFP solicitations
were issued by ERDA in 1977 for projects involving R&D activities related to solar heating
and cooling. LBL participated in the preparation
of these documents, especially the drafting
of the Statement of Work for th~ controls categories in the RFP on Controls and Passive Systems.
LBL was responsible for planning, arranging,
and managing the Technical Evaluation Committee
that evaluated the responses to this RFP.
Subsequent to the selection (by ERDA) of the
best proposals for awards, LBL staff assisted
ERDA/SAN (the San Francisco Office) in formulating the Statement of Work for the ensuing
contracts. Several months afterwards, LBL
prepared for DOE Headquarters a set of recommended tasks that could be the basis of another
round of RFPs that might be issued later in
FY 1978.
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In addition, LBL solar energy staff members
participated in the technical reviews of the
PRDA on Collector Materials and Fluids, the
PRDA on Passive and Hybrid Systems, and the
RFP on Solar Activated Cooling Projects.
Project Monitoring
Project monitoring consists of the continuing technical evaluation of projects being
performed by other contractors, including site
visits, review of progress reports, and organizing contractor meetings when appropriate.
As a result of the PRDA and RFP solicitations,
a number of new projects were started in 1977
in those areas wh~re LBL has monitoring responsibility; namely controls and passive cooling.
Initial contacts with these new contractors
were made late in 1977 through visits to LBL,
by phone, and by interactions at meetings.
Site visits are sche~uled for early in 1978.
Several other controls projects and passive
cooling projects were initiated in 1977 as
a result of unsolicited proposals:to ERDA/DOE,
and these are also being monitored by LBL,
as is another project that has been ongoing
since 1976.
.
Monthly progress reports and other communications have been received and read for all
of these projects. Periodically, status summaries are prepared and sent to DOE Headquarters
in Washington, D.C.
Gradually, the contracts for those projects
that LBL is reviewing have been transferred
to the DOE/SAN Office, for the convenience
of having the LBL technical monitors and DOE
contract monitors at nearby locations. All
except one of the controls and passive cooling
contracts are now at SAN.
When requested to do so, LBL personnel
have participated in negotiating meetings with
contractors, to provide input on the definition,
or change in scope, of certain projects.
A meeting of all the contractors engaged in
controls projects is scheduled for late February
1978.

some preliminary work has been done toward
the development of a Controls Program Plan.
Several specific topics have arisen that
have required special attention within the
framework of the overall R&D plan. One is
the need for standardization in the collection
of operating data from solar energy systems,
so that each experimenter will not be repeating
mistakes of his predecessors, and so that the·
results of different operating systems may be
fairly compared. Accordingly, efforts to satisfy
these needs have led to the scheduling of a
Workshop on Instrumentation and Data Acquisition
for Solar Systems, now set for Apri 1 1978; LBL .
has participated in the planning for this meeting.
A similar need, the subject of much activity during the latter half of 1977, is to
establish performance evaluation factors and
data acquisition requirement~ for passive solar
systems. LBL has joined with Los Alamos Scientific Laboratory (LASL), the National Bureau
of Standards (NBS), the Planning Research Corporation (PRC) and DOE Headquarters in the
development of these passive performance indicators. Several working meetings have been
held on this subject, and several task plans
have been drafted and reviewed by the various
participants in this project, including LBL.
Los Alamos (LASL) carried out preliminary
planning for a Workshop on Adaptive Controls,
tentatively scheduled for January 1978, and
LBL was involved peripherally in this planning
activity. It was subsequently decided not
to hold this workshop in January; but rather
to merge it with another Controls Conference
scheduled for May 1978. Planning for this
Controls Conference has involved LBL to a small
extent during 1977, but will develop into a
major activity here in 1978 as the meeting date
approaches.
As part of the continuing effort to improve
the efficiency of executing the overall R&D
program plan, PRC has assisted DOE Headquarters
in the drafting of a revised Management Plan
for the Research and Development Branch. All
of the DOE Support Laboratories, including
LBL, have reviewed and provided feedback on
the several options for this revised plan.

Program Planning, Reviews, and Summations

Inter-Laboratory Coordination

LBL has summarized the status of the overall R&D program in the areas of controls and
passive cooling several times during 1977,
sometimes for presentation by LBL staff members,
and at other times for the use of DOE Program
Managers for their presentations.

LBL has participated in the two 1977 meetings of the Support Laboratories Coordinating
Commjttee, which meets regularly to discuss
the state of implementation of the R&D Program,
and to insure that the various Laboratories
are acting harmoniously in their performance
of the many tasks.

The National Program Plan for Research
and Development in Solar Heating and Cooling,
ERDA 76-144, is in the process of being updated
and improved, and the DOE Laboratories are
providing key support roles in this endeavor.
In particular, LBL has participated in numerous
working-group meetings during 1977 for the
purpose of formulating a comprehensive Passive
Solar Systems Program Plan. To a lesser extent,

Related Activities
LBL staff members have assisted in the
evaluation of proposals submitted to ERDA/DOE in
response to PON's (Program Opportunity Notices)
issued by the Solar Heating and Cooling Demonstration Branch. These included the review panel
at Huntsville for the 2nd-Cycle Commercial Heating
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and Cooling PON, and, the evaluation panel at SAN
for the Hotel/Motel Hot Water Initiative PON.
In all, about thirteen LBL staff members
were involved in the review of proposals for
solar PRDA's, RFP's, and PON's during 1977.
PLANNED ACTIVITIES FOR 1978
Activities in all of the above areas will
continue throughout 1978. Unsolicited proposals
will be reviewed and evaluated as they are
'received. It is likely that a new set of RFP's
will be prepared and released before the end
of 1978. The monitoring of outside projects
will continue on an expanded basis, as more
projects are started and as the existing projects complete the major part of the tasks they

,
contracted for in 1977. Overview presentations
of the Controls Program and the Passive Cooling
Program are scheduled for many of the solar
energy workshops that will be held in 1978.
The Controls Conference in May 1978 will be
a major event in terms of LBL participation.
At the present time, solar energy R&D Workshops
have been scheduled for February, March, April,
and May of 1978. The first versions of the
Passive Program Plan and the Controls Program
Plan should be completed during 1978. Additional meetings of the Support Laboratories
Coordinating Committee will be held during
1978. Finally, it is certain that numerous
LBL staff members will be called upon to assist
in the review and evaluation of proposals submitted to DOE solar energy PRDA's, RFP's, and
PON's issued during 1978.

OCEAN THERMAL ENERGY CONVERSION:

ENVIRONMENTAL PROGRAM

P. Wilde, J. Sandusky, A. Jassby, and M. Tatro
INTRODUCTION
In cooperation with the Atlantic Oceanographic and Meterological Laboratory, Miami. and
under Dr. Lloyd Lewis, F. A. Koomanoff, and
Sigmund Gronich of DOE's Solar Energy Division,
LBL will be providing management assistance,
technical monitoring, analytical support, and
methodological development capabilities for
the environmental aspects of the Ocean Thermal
Energy Conversion (OTEC) program. The OTEC
program is an attempt to generate useful power
using the temperature difference between the
warm surface waters of the ocean and the uniformly cold waters of the deep ocean. For
a proposed engine using ammonia as the working
fluid, the minimum temperature difference required is 200 C. Practically, OTEC sites must
be in tropical and subtropical oceanic areas,
and in water depths between about 800 to 1000
meters.
At present, two types of operations are
being considered: 1) the electric option,
in which generated power is transferred from
a moored, floating OTEC platform into the electrical grid system of the United States; and
2) the manufacturing plant-ship option, in
which the power is used at sea to manufacture
some product such as ammonia, hydrogen, or
aluminum for shipment to shore. Proposed sites
for the electric option are off Hawaii and
Puerto Rico and in the Gulf of Mexico. The
initial thermal region deemed suitable for
plant-ship operations is in the South Atlantic
just south of the Equator, off Brazil.
ACCOMPLISHMENTS IN 1977
The OTEC program started at LBL in the
summer of 1977 with the occupation of the first

environmental "benchmark" site in the Gulf of
Mexico near New Orleans, at 29 0 N 880 W. This
site was reoccupied in November 1977. LBL,
in co-operation with the Gulf Coast Research
Laboratory, is taking bio-ecological/chemical
measurements at this site. These are trial
operations to develop techniques and methods
to be used at subsequent sites. The overall
purpose of these measurements is to provide
background environmental data, to aid in
actual site selection for an operating OTEC
plant, to alert engineers and designers to
design parameters potentially affected by the
environment, and to catalogue information required by regulatory agencies for operating
permits.
In addition, LBL is assisting DOE headquarters by monitoring contracts on general
environmental assessment of proposed OTEC systems, and providing technical review for other
OTEC program areas studying physical modeling,
fouling, and corrosion.
PLANNED ACTIVITIES FOR 1978
The environmental-benchmark program will
be expanded to incl~de bi-monthly occupations
of five sites: three in the Gulf of Mexico,
one off the southeast coast of Puerto Rico, and
one off the island of Hawaii. The bi-monthly
surveys in the electric-option areas are part
of a one-year study. In the summer of 1978, the
thermal region suitable for plant-ship operations
off Brazil will be visited during a regional
oceanographic survey. Initial operating OTEC
test-systems are scheduled to occupy the sites
in early 1979.
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APPROPRIATE ENERGY TECHNOLOGY
C. W. Case, H. R. Clark, B. A. Greene, and F. B. Lucarelli
INTRODUCTION
During the summer of 1977 the Director
of the DOE/ERDA Division of Buildings and Community Systems commissioned the DOE/ERDA San
Francisco Operations Office (SAN) to establish
a pilot program for appropriate energy technology
grants. Th~ program is designed for individuals,
small businesses, state and local agencies,
local non-profit groups, and Indian tribes
residing in Federal Region IX, which includes
Arizona, California, Nevada, Hawaii, and the
Pacific Trust Territories. DOE/ERDA set aside
$500,000 exclusive of operating costs, to be
distributed in small grants of around $10,000,
although grants can be for as much as $50,000.
These grants will be for small scale energy
innovations and demonstration projects which
fall within the guidelines of appropriate energy
technology. These guidelines encourage projects
which make the best use of available renewable
energy resources, are labor intensive, utilize
locally available materials, emphasize decentralized technologies, are environmentally
sound, and increase community energy self-reliance.
The SAN Office established a three-step
procedure for reviewing the proposals and granti ng the awards:
a)

Prescreening and reviewing the proposals
to make sure the applications are
properly completed and to see if any
of the proposals require special handling;

b)

Reviewing the proposals for technical
and economic merit;

c)

Reviewing the proposals by Peer Review
Committees appointed through the governor's office of each state. These
Committees, along with DOE/SAN, will
make the final decisions concerning
the allocation of the grants.

LBL's role in the process is as follows:

Table l.

Perform the prescreening for all proposals received from the various states;

b)

Review the proposals from Arizona,
Nevada, and the Pacific Trust Territories for technical/economic merit
(the applications from California
will be reviewed by the California
Office of Appropriate Technology,
while those from Hawaii will be reviewed by the University of Hawaii);

c)

Perform various program management
functions, which include establishing
the procedures used during review
processes, as well as compiling and
analyzing data from these processes.

ACCOMPLISHMENTS DURING 1977
The grant-solicitation phase started on
September 21, 1977 and lasted until November 21,
1977. The San Office compiled a mailing list
of prospective applicants and sent out program
announcements and about 12,000 short, easy-toread applications. Radio and newspapers gave
the program extensive exposure. By the November
21 deadline, the SAN Office had received back
1116 applications. Table 1 shows the applications
allocated by state, and Table 2 shows them by
applicant group.
After sending out receipt cards to the
applicants, SAN forwarded the proposals to
LBL. During the first two weeks in December,
we prescreened the applications to make sure
they were complete and came from eligible applicants and states, as well as to see if any of the
proposals required special handling. (Proposals
which required special handling, about 10%, include
those which we sent to other government agencies
for funding.) When the prescreening was completed,
we sent the California applications to the
California Office of Appropriate Technology and
the Hawaii applications to the UniverSity of Hawaii.
Tables 3-5 show additional data taken from the
prescreening operation.

Applications and funding levels by state.

Area

Arizona
California
Hawa i i
Nevada
Pacific Trust
Total

a)

Funding
Request ($K)

% of Total
Request

% of Total
Population

Number of
Propos al s

% of Total
Received

119
845
70
67
15

11
76
6
6
1

$ 2,199
16,654
1,019
1,444
271

10%
5
7
1

2
NA

1116

100%

$21,587

100%

100%

77

8%
87
3
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Table 2.

Services Divison, are participating in the review.
The active and passive solar groups from the Solar
Energy Program are reviewing the majority of
applications. The ecosystem stability group,
various LBL mechanical engineers, personnel from
some of the geothermal groups, and the windows
and lighting group are reviewing a significant
number of the applications.

Number of applications by applicant type.

._---_._--'-----------Group Type

AZ

CA

HI

NV

PTT

Total

Individual
Sma 11 Bus i ness
Local Nonprofit
State Agency
,Loca 1 Agency
Indian Tribes

55
36

398
261

43
15

33
14

5
6

534
332

13
7
5
2

106
19
37
14

4
7
0
0

8
6
2
4

1
3
0
0

132
42
44
20

118

835

69

67

15

1104

Total

By mid-January, when the review is finished,
we will send the review sheets to the various Peer
Review Committees of each state. The review
sheets for each application will contain a total
point score based on the project's technical and
economic merits as set forth by the small-scale
energy guidelines referred to above. DOE anticipates that the Peer Review Committees will be
finished with their reviews by mid-February, and
that awards will be made by about March 1. This
is approximately a 90-day turn-around for the
total review process, from the November 21, 1977
application cutoff date to the March 1 award date.

PLANNED ACTIVITIES FOR 1978
During the first few weeks in January, we
will review for technical and economic merit the
201 applications from Arizona, Nevada, and the
Pacific Trust Territories. A number of individuals
and groups from the University of California, and
from LBL's Energy and Environment Division, Earth
Sciences Division, and Engineering and Technical

During 1978 LBL also plans to help SAN with
the monitoring of the DOE-funded projects, and to
help with Phase II of the program. Phase II will
include the same features as the pilot program, but
will expand to include the other western states. '

Funding request by applicant type ($K).

Table 3.
Areal
Group Type

AZ

CA

HI

NV

PTT

Total

Individual
Sm. Bus i ness
Local NonProfit
State Agency
Local Agency
Indian Tribes

$ 961
840

$6,455
6,264

$ 434
328

$ 584
396

$ 42
179

$ 8,476
8,007

186
85

2,997
483
1,218
237

72

185
0
0

152
91
58
163

14
36
0
0

2,421
880
1,353
450

TOTAL

$2,199

$16,654

$1,019

Table 4.

77

50

$1,444 $271

$21,587

•

Average funding request by applicant type.

Areal
Group Type
Individual
Small Bus.
Local Nonprofit
State Agency
Local Agency
Indian Tribes

AZ

CA

HI

NV

PTT

Total

$17,480
23,318

$16,219
23,999

$10,084
21,875

$17,700
28,263

$ 8,391
29,879

$15,873
24,116

14,325
12,120
15,426
25,000

18,866
25,425
32,920
16,923

17,866
26,439
0
0

19,015
15,152
28,881
40,739

14,160
11,833
0
0

18,218
20,938
30,748
22,494
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Table 5.

Funding requests by technology.

Technology
Agr i cu lture
Related
Bioconversion
Solar Heating
&Cooling
Solar Passive
Solar-Photovbltaic
Solar-Other
Transportation
Related
Energy Conser vation-Building
Energy Cons.Appliances
Energy Cons.Recycling
Wi nd
Ocean
Hydroelectric
Education
Other
Subtotal
Solar-Combined
with Other Tech.
Other Combinations
GRAND TOTAL

No. of
Applications

% of
Total

Total
Funding

% of
Total

Average
Funding

24
51

2%
5

$ 601,854
1,076,589

3%
6

$25,077
21,011

214
43

19 .
4

. 3,493,189
686,224

20
4

16,323
15,959,

8
68

1
6

150,287
1,440,191

1
8

18,786
21,179

80

7

1,988,603

11

24,858

68

6

1,303,773

7

19,173

80

7

1,422,418

8

17,780

44
90
17
19
20
83

4
8
2
2
2
7

975,043
1,692,087
284,646
533,913
319,196
1,594,009

6
10
2
3
2
9

22,160
18,801
16,744
28,101
15,960
19,205

909

82%

$17 , 562,002

127
80

11

NA
NA

1116

. 100%

7

$21,587,000

100%

$
NA
NA

100%

$

FUNCTIONAL LINKING BETWEEN H2 CONSUMPTION, N2 FIXATION,
AND PHOTOSYNTHESIS IN BLUE-GREEN BACTERIA
l. Packer, L. W. Luijk, R. Cammack and R. Ohki
I NTRODUCTI ON
Blue-green bacteria (also designated as
blue-green algae or cyanobacteria) are unique
photosynthetic organisms because in certain
species a single organism is capable of carrying
out both an oxygen-evolving type of photosynthesis and fixation of atmospheric nitrogen.
Large-scale, mass-culture projects to produce
biomass from these organisms have been established in Mexico and Africa. These organisms
have also been used to process organic wastes,
and are being considered for use in producing
ammonia fertilizer. Hence it is of considerable interest to determine ways to increase
bioproductivity, particularly photosynthesis
and N2 fixation, of these organisms. N2-fixing
species of blue-green bacteria can produce
considerable quantities of H2 gas through energetically wasteful "leak" in some of the steps
in the reduction, catalyzed by nitrogenase,
of N2 to ammonia.

Indeed, the loss of H2 during the process of
N2 fixation is widespread amongst symbiotic
bacteria, which provide a major source of combined nitrogen for higher plant species. In a
survey of many symbiotic N2-fixing species,
Shubert and Evans have reported that the average
loss of energy due to this process is from 30% to
50%. The presence of a hydrogenase enzyme in such
organisms is believed to increase the efficiency
of N2 fixation by providing a mechanism for
recovery of the lost H2.2-7 This appears to be
the case in two species of heterocystous bluegreen bacteria, Nostoc muscorum and Anabaena
cylindrica, whic~under study in this laboratory.5-=-7-These spec i es, when grown in the presen'ce
of H2 gas, have an increased activity of the enzyme
hydrogenase which actively consumes atmospheric H2.
Our studies have demonstrated that in such
cultures N2 fixation and photosynthesis are sig. nifi~antly enhanced by H2 consumption. Because
of the obvious importance of this observation

34

to the enhancement of bio-productivity of these
organisms, we are investigating the functional
linking between H2 consumption, N2 fixation,
and photosynthesis.
Figure 1 shows schematically two vegetative
cells and a heterocyst in a N2-fixing, filamentous, blue-green bacterium. On the left, a
vegetative cell is shown to carry out 02-evolving
photosynthesis, producing carbohydrates (CH20)
and biomass. Some products of photosynthesis
can be translocated into adjacent heterocysts,
there serving as reducing power for nitrogenasecatalyzed reduction of N2 to ammonia. The wasteful
unidirectional leak of H2 by nitrogenase may be
partially overcome by recapture of lost H2 by
hydrogenase-catalyzed H2 consumption. Energy for
N2 fixation is provided by cyclic photophosphorylation and/or by adenosine triphosphate (ATP)
production from the oxidation of molecular H2
by 02 (oxyhydrogen or Knallgas reaction) using
reducing power derived from the unidirectional
consumption of H2 gas via hydrogenase.
On the right a vegetative cell is shown to
carry out hydrogenase catalyzed H2 consumption;
two possible linkings between C02 fixation and
H2 consumption are shown; i.e., H2 as a source of
reducing power to C02 reduction and/or for the
oxyhydrogen or Knallgas reaction which enhances
energy levels by ATP synthesis. Present evidence
favors the latter route.
ACCOMPLISHMENTS DURING 1977
H2 Consumption and N2 Fixation
When we began this research about two years
ago, we were investigating whether heterocysts
and vegetative cells of two species of bluegreen bacteria, Nostoc muscorum and Anabaena
cylindrica, possessea-a hydrogenase which consumed

H2 gas with a Km of about 50 flmoles. This catalyst
could also produce H2, but only if the cell
preparations were fortified with an artificial, low-potential mediator like methylviologen.
Hence we concluded that H2-production activity
by hydrogenase was not physiologically significant
and that no net production of H2 occurs by
this pathway.
During 1977 we pursued these studies and
were able to demonstrate that hydrogenase activity is inducible by H2 in growing cultures
of both organisms. When cultures were grown
under N2-fixing conditions in the presence of
a gas mix (N2:C02:H2 = 75:5:20) H2-consumption
activity increased by tenfold compared with
the activity of the original aerobically grown
cells. This N2-fixing growth condition also
increases nitrogenase activity. Using H2-andhydrogenase induced cultures, ·we were able
to show that the basic level of nitrogenase
activity was enhanced twofold. Moreover, in
the presence of H2, the activity could be increased two-to-threefold further, yielding
N2 fixation at a rate of five fl moles N fixed per
mg chlorophyll per hr (16 fl moles ethyl~ne formed
from acetylene per mg chlorophyll per hr).
Pathway of H2 Consumption
H2-induced cells of N. muscorum consume H
at a rate between 20-40 flM per mq chlorophyll per
hr under anaerobic conditions in the light. In
the dark, the activity was 5-10 times lower than
that in the light. An inhibitor of photosynthetic oxygen evolution, dichlorophenyl~dimethylurea,
DCMU (10- 5 M)~ inhibited H2 consumption in the
light by 40-50%; if 2-12% 02 was added, a twofold
stimulation in H2 consumption occurred in the
light. In the dark, oxygen had the effect
of increasing the rate of H2 consumption tenfold
so that the final activity was similar to that

--Vegatative cells-----.lr-I_ _ _ _ Heterocyst _ _ _ _ _--,Ir-Vetegotive cells--

hI'

hI'

=== Cell membrane
ZZZZZ Z'Cell wall

'< x x XX& Envelope

1. Uptake of atmospheric N2
II. Wastefu I leak of H2 by nitrogenase
m. Recapture of H2 by hydrogenase
IlL. Uptake of atmospheric H2
:lz:. N2 fixation
n. C02 fixation

Fig. 1. Relation of pathways of H2 metabolism to N2 fixation and photosynthesis in
heterocystous blue-green bacteria.
(XBL 781-2712)
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seen in the light. These observations were
interpreted to indicate that 02 is probably an
efficient and final electron acceptor for H2. Our
interpretation also explains the DCMU inhibition
in the light, which could be ascribed to the
elimination of 02 evolved by water photolysis.
H2 consumption in the presence of 02 both
in the light and the dark was inhibited 90%
by 1 mM KCN, but was unaffected by DCMU. When
H2-consumption activity was assayed in the
presence of phenazine methosulphate and methylviologen, which act as artificial electron
acceptors for H2 via hydrogenase,8 the same
level of H2 consumption activity was observed
as in the presence of 02. However, the fact
that 1 mM KCN did not inhibit this activity
indicates that KCN does not inhibit hydrogenase
itself, but probably inhibits H2 consumption
by blocking the respiratory chain. Bothe et al. 9
have reported similar effects of 02 on H2 consumption in aerobically grown A. cylindrica. The
results of both laboratories support the view
that electrons from H2 are transferred to 02 via
an oxyhydrogen reaction in aerobically grown and
hydrogenase-induced cultures.
H2 Consumption and Photosynthesis
To study the relationship between H2 consumption and C02 incorporation in hydrogenase-induced
cultures, we followed H2 consumption in the
presence of NaHC03 (8 mM). H2 consumption
increased twofold. The NaHC03 -stimulated·
activity was inhibited 90% by the oxygen-evolution-inhibitor dichlorophenyl-dimethylurea. We
also measured C02 incorporation under the same
conditions. H2 did not stimulate C02 incorporation
as much as HC03- stimulated the H2 consumption.
The stimulation of C02 incorporation was variable,
up to 30% in aerobic, and 10% in H2-induced
cultures. The reason for this variability is
still not understood.
Our present studies suggest that the stimulation of H2 consumption by NaHC0 3 is probably due
to enhanced photosynthesis which produces molecular
oxygen by water photolysis. 02 then serves as the
final electron acceptor for H2. Enhanced photosynthesis in hydrogenase-induced cultures is
probably the result of increased energy synthesis
through the oxyhydrogen reaction, which provides
an alternative mechanism for the synthesis of ATP
(Fig. 1).
Having observed that HC03- stimulates H2 consumption and that H2 consumption stimulates C02
incorporation, it was decided to determine if some
of the carbon products of photosynthesis were modified by H2 in hydrogenase-induced cultures Initial experiments with cultures exposed to Hi4C03indicat~d that the products of photosynthetic
C02 fixation, observable by two-dimensional .
chromatography,lO differ qualitatively more than
quantitatively. We have not yet determined if
these differences are due to aerobic-versusanaerobic culture conditions or to an increase
of H2 consumption. Although the results are preliminary, they are of suffici~nt interest for
follow-up studies to reveal the physiological
pathways involved in H2 enhanced photosynthesis.

Photosynthesis and N2 Fixation
In hydrogenase-induced cultures the addition
of 8 mM NaHC03 resulted in a 50-80% inhibition
of nitrogenase activity. This inhibition was
reversed by dichlorophenyl dimethylurea, the
inhibitor of C02 fixation. This reversal indicates the possibility that C02 incorporation
and N2 fixation compete for energy supplied
as ATP. Further experiments are in progress
to elucidate more details of this relationship
between N2 and C02 fixation in regard to H2
consumption.

During the past year well have been
developing a method for suitably concentrating
samples of blue-green bacteria cells for low
temperature EPR spectroscopy. First, we removed
some of the non-specific iron and manganese
that interfere with observation of EPR centers
of metalloproteins. Removal involved growing
cultures in media which are deficient in iron
and other metals, freezing and thawing samples
in the presence of a metal ion chelator (ethylene
diamine tetracetate) and then concentrating
the samples by centrifuging them in EPR tubes
before observation. Intact filaments and cell
preparations from two blue-green bacteria species
prepared in this manner yielded clear EPR spectra
down to 50 K without manganese interference.
The following two components have been tentatively identified: a heme protein at g = 6.0
and a new type of iron-sulfur protein at g = 1.92.
The following two soluble components were detected
in intact cells: ferredoxin; an iron superoxide dismutase; and a large amount of an Fecontaining component, mainly in the soluble
fraction, which may be a storage form of iron.
Under Fe-limited conditions of growth, we detected
a diminished response from the A and B centers
of photosystem I, the g = 1.92 signal, and the
soluble ferrodoxin signal; the center X was
undetected. All of these signals could be
restored by reintroduction of iron into the
culture medium. This provides important evidence
that iron has a role in the synthesis and/or
structure of these components. We found all of
the above components to be present in heterocyst
and vegetative cell preparations from aerobically
grown cells. This preparation method should
afford a means of characterizing electron transfer
components in intact cell preparations. In
future studies it will be used for characterizing
pathways of H2 consumption.
Ammonia Excretion by N2-Fixing Filaments
Blue-green bacteria have been employed
for many years as a nitrogen source for growing
rice, being particularly useful for this purpose
because this plant grows in moist paddies.
Blue-green bacteria might, however, become
an important ammonia producer for dry-land
crops if a mechanism could be found, either
through chemical or genetic manipulation of the
growing microorganisms, such that ammonia utilized
for assimilation into proteins might be partially
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excreted into the surrounding environment. It was
recently reported that the glutamine-synthetase
system plays a role in nitrogenase induction. 12 - 13
Initial studies have employed oxalyl diaminopropionic acid, a glutamate analog mainly found in the
seeds of the legume Lathyrus sativus (a powerful
neurotoxin in man).14-15 Two species of N2fixing cultures grown in the presence of micromolar quantities of this analog were found
to excrete relatively large quantities of ammonia.

of N2-Fixation in Nodulated Symbionts,"
Proc. Nat. Acad. Sci .. (U.S.A.) 73, 1207
(1976).
2.

H. Bothe, J. Tennigkeit, G. Eisbrenner,
and M. G. Yates, "The Hydrogenase-Nitrogenase
Relationship in the Blue-Green Alga Anabaena
cylindrica," Planta 133, 237-242 (1977).

3.

K. Schneider, and H. G. Schlegel, Biochim.
Biophys. Acta 452, 66-80 (1976).

Higher concentrations of the analog inhibited differentiation of heterocysts. This
represents an exciting finding. It may provide
a means to investigate regulatory pathways
of ammonia assimilation into protein in these
organisms, and the pathway relation to heterocyst differentiation.

4.

R. O. D. Dixon, Arch. Mikrobiol. 85, 193201 (1972).
-

5.

E. Tel-Or, L. W. Luijk, and L. Packer, "An
Inducible Hydrogenase in Cyanobacteria
Enhances N2 Fixation," FEBS Letters 78,
49-52 (1977).
-

PLANNED ACTIVITIES FOR 1978

6.

To elucidate more fully the functional
linking between H2 consumption, C02 fixation
and N2 fixation, it is intended that:

L. Packer, E. Tel-Or, and L. W. Luijk,
Fed. Proc. 36, 881 (1977).

7.

L. Packer, E. Tel-Or, and L. W. Luijk, "H2

1. We will identify pathways of H2 consumption. The oxidation-reduction catalysts that
accept electrons from H2 will be investigated
in hydrogenase-induced cultures by low temperature EPR and spectrophotometric methods.
2. We will investigate whether H2 provides
electrons or increased adenosine triphosphate
(ATP) levels for nitrogenase-catalyzed N2 reduction in heterocysts and for C02 reduction in
vegetative fragments. These experiments will
involve assays of nitrogenase and of C02 incorporation in the presence of known inhibitors
of photosynthetic electron transfer, of dark
electron transfer to 02 (oxyhydrogen or Knallgas
reaction), and of ATP synthesis.
3. The competition between N2 fixation
and C02 fixation will be further investigated,
and the influence of H2 consumption on the
competition will be examined.
4. We will continue our studies to identify
products of photosynthesis in H2-induced cultures
after exposure to H14C03- by established techniques of two-dimensional paper chromatography.
5. The regulatory mechanisms of hydrogenase
and nitrogenase induction are an interesting
problem, one in which certain aspects can be readily investigated in blue-green bacteria. We shall
study nitrogenase induction using an in~ibitor
of glutamine synthetase, oxalyl diaminoproprionic
acid. We have found that this substance, even
at very low concentrations, markedly stimulates
ammonia excretion in two species of N2-fixing
blue-green bacteria. We intend to explore whether
such chemical analogs involved in the assimilation
of ammonia may be useful for ammonia production
by growing microorganisms.
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PHOTOVOLTAIC EFFECTS OF BACTERIORHODOPSIN
AND STUDIES ON ITS MECHANISM OF ACTION
L. Packer, R. Mehlhorn, P. Shieh, T. Konishi and S. Tristram
I NTRODUCTI ON
We have been developing a photovoltaic cell
that utilizes catalytic conversion of light to
energy electrical ion flow across a cell membrane.
The protein catalyst bacteriorhodopsin, isolated
in purple patches from the cell membrane of ihe
halophilic bacterium Halobacterium halobium,
is well suited to the device because its energy
transduction is a direct process unlike the complex system of pigments, proteins, and hydrophobic
cofactors that are" employed for light-energy
transformation by photosynthes"is in higher plants.
Because of its potential for photovoltaics,
the mechanism of light-energy transformation
by bacteriorhodopsin is presently one aspect
of our studies. The possibility of using these
proteins in laboratory-scale photovoltaic devices
was first demonstrated in the laboratory of
Skulachev in Moscow,2 where it was shown that
proton pumping vesicles of lipid and bacteriorhodopsin could be induced to adsorb to the
surface of planar membranes formed across a
small orifice in a TEFLON vessel. Unfortunately
such membrane films are not stable for more than
an hour under optimum conditions.
The planar membrane technique was improved
when the structural matrix of a Millipore filter
was used to provide long-term mechanical stability
for membranes with diameters in the centimeter
range. 3- 6 Using the Millipore-filter system,
we are attempting to optimize photocurrent
and voltage and to increase stability of the
membrane photocell under conditions of continuous illumination.
ACCOMPLISHMENTS DURING THE CURRENT CALENDAR
YEAR
Structural Elements of the System
Photovoltaic assay parameters of membrane
composition and procedures for attaching bacteriorhodopsin onto the planar membrane have
been varied to achieve maximum possible photocurrents and voltages. The two structural
elements of the system are (a) the lipid-impregnated filter membrane, and (b) the bacteriorhodopsin-containing spherical lipid vesicles.
Each of these structural elements was studied
with the following results:
(a) Optimal lipid impregnation of the filter
membrane was observed to require considerable
time. The resistance of the filter membrane
and the subsequent photovoltages increased
over a period of hours, reaching a plateau
after immersion for 15 hours in a decane solution
of soybean lipids.
(b) Bacteriorhodopsin was incorporated into
lipid vesicles using a standard ultrasonic
irradiation procedure. We found that maximum
photovoltages could be achieved by forming lipid

vesicles with prolonged (30 min) sonication
of the lipids alone, followed by a brief (3 to
5 min) sonication of purple membrane sheets
mixed with the vesicles. Photovoltages were
affected by the bacterial strain from which
BR was obtained (R1 was better than S9), and
the lipid-to-protein ratio of the vesicles.
Maximum photovoltages were realized when the
lipid-to-protein ratio was 30:1, a surprisingly
high value compared to the low ratios found
in the purple membrane patches isolated from
the bacteria. In principle, photovoltages
should be higher when lipid-to-protein ratios
are smaller because of higher bacteriorhodopsin
concentrations at the filter interface and
also because back-leakage of pumped protons
would thus be diminished.
To form a photocell, we have combined the
Millipore filter and the bacteriorhodopsincontaining vesicles under conditions which
promote adsorption. Maximum photovoltages
have occurred in the presence of calcium ions
that caused attachment of the vesicles to the
filter membrane. The maximum photopotential
reached a steady-state value after about 40 min.
Once the vesicles were tightly attached to
the filter, washing the aqueous compartments
on either side of the filter membrane more
than ten times with calcium-free media reduced
the max imum photovo ltage by on ly 30%.
Specific purified lipids (e.g. phosphat idyl
choline) impregnated into the Millipore filter
gave poorer results than a relatively crude
fraction of soybean lipids. Although some of
these lipids conferred a higher-resistance across
the filter membrane, no straightforward relationship
between membrane resistance and photopotentials
could be demonstrated. The highest photovoltages
obtained, 350 millivolts for a single membrane,
compare well to the maximum-possible-value suggested by an analysis of current-voltage curves. 3
The photovoltaic cell, optimized as described
above, was illuminated continuously, and its
open-circuit voltage and short-circuit current
were measured over time to assess its stability.
A decline in the photovoltage and current leading
to a complete cessation of activity after 90 min
was observed. Since it has been shown earlier 4,5
that the system is stable for months in the dark,
the destruction is light activated. It is also
noteworthy that the isolated purple membrane
patch is considerably more stable (more than
6 hrs),4 suggesting that the reconstitution
technique had enhanced the system's susceptibility
to photodestruction.
There is considerable interest in technological applications of the bacteriorhodopsin
membrane including, possibly, coupling the system
to specific ion-exchange membranes for specific
ion accumulation. We have been interested in
utilizing the'electrical output of the membrane
to electrolyze water. To this end, we have
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connected several Millipore filter membranes
in series. As shown in Fig. 1, a maximum voltage
of 1.55 V is achieved when five membranes are
illuminated.
Proton Translocators in Lipid Vesicles
In order to develop practical photochemical
cells based on bacteriorhodopsin or analogous
molecules, it will be important to understand
bacteriorhodopsin's mechanism of action (Fig. 2).
Chemical modification is a good approach to
gaining some understanding because bacteriorhodopsin is the only protein in the purple
membrane preparation and is extremely stable. 4- 7
As shown in Fig. 2, both catalysts of primary
energy-transducing membranes are involved in
proton translocation. Bacteriorhodopsin carries
out light-energy transformation by proton translocation across the cell membrane and is comprised
of a single protein. One portion of the protein,
in the vicinity of the retinal chromophore, is
involved with photoexcitation events and the
photoreaction cycle which initiates the vectorial
movement of the proton. This section of the
molecule appears to be concerned with proton
pumping activity. Aromatic amino acid residues,
like tyrosine and tryptophan, are important for
the proper environment of the chromophore. The
remainder of the molecule efficiently channels
the vectorial translocation of the proton by
a mechanism which is not yet well understood.

Mitochondiral ATPase is a large complex
catalyst consisting of about twelve polypeptides.
T~e Fl portion is the site of hydrolysis and ATP
synthesis. The hydrophobic membrane proteins
which are associated with it appear to be involved
in proton translocation. One of these, the
7,SOO-dalton, subunit-9 proteolipid, passively
catalyzes proton translocation in model membrane
systems. Hence, in this molecule, two regions
may pe visualized: the pump region (F1 portion)
and the channel region (hydrophobic proteolipid
portion).
The gate that controls coupling
the proton between these two regions may be
in the vicinity of the oligomycin sensitivityconferring protein (OSCP).
During the past year, we have studied the
effects of chemical alteration induced by both
monofunctional and bifunctional reagents on
photocycling of the bacteriorhodopsin molecule.
Cross-linking bacteriorhodopsin with a
bifunctional reagent, dimethyl adipimidate
(8.SA), has shown that the protein exists in
a dark-adapted conformation that is distinct
from its light-adapted conformation. The more
compact light-adapted conformation may facilitate interacting the retinal chromophore with
nearby amino acid residues. 8 These two conformations differ in their exposure to the aqueous
medium (as shown with 3H20 and 020), displaying
a 5-7% difference in tritium exchangeability.9

0.3}.1om filter membrane (O.Bcm in diameter. 0.5cm 2 in area)
impregnated with Soybean lipid
(b) Photopotential generation by lights
Bathing solution: 5 mM Tris·buffered. 100 mM sucrose. pH 7.3
Inner compartment: Bacteriorhodopsin liposomes (containing
on five membranes sequentially
31.5 p.g protein/ml) plus 300 mM CaCI2
Inner compartment filter membrane surface: lBJLg Bacteriorhodopsin/0.5 cm 2 in area
1550mV
Outer compartment of first membrane was connected to inner compartment of
second membrane by through calomel electrodes and wire. and so on
OffS
Inner compartment of first membrane and outer compartment of the
last membrane. in series were connected to electrometer

(c) Photopotential generated by
illumination of all five
membranes simultaneously
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Fig. 1. Open circuit photopotential of a series connection of five lipid-impregnated
millipore filter membranes with adsorbed bacteriorhodopsin lipid vesicles. (XBL 774-3312)
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activated proton gate has generated worldwide
interest and research. Our present findings
contribute important information about the
role of protein conformational changes in the
vicinity of the retinal chromophore and about
how hydrophobic amino acids of the protein
environment affect activity.

H+-PUMP and CHANNEL
Bacteriorhodopsin

ATPase

0===:::::::

0==
Subunit- 9

Fl
energytransducer

Channel

cr

Fig. 2. Mechanism of the proton translocators,
bacteriorhodopsin and the proteolipid
subunit-9 polypeptide of the mitochondrial
adenosine triphosphatase.
(XBL 781-2711)
Treatment with dimethyl suberimidate (II.5A)
causes intermolecular cross-linking of bacteriorhodopsin, as shown with gel-electro Pheresi S yet
does not impair proton pumping activity.IO,l l This
implies that mobiity of bacteriorhodopsin molecules
relative to one another is not required for activity. Why this protein is arranged in crystalline
membrane arrays is thus still an open question;
we believe the cluster arrangement of three
molecules may facilitate light absorption and
help properly orient the protein in the plane of
the membrane. Intramolecular cross-linking with a
shorter bifunctional reagent, dimethyl adipimidate,
inhibits light-driven proton translocation. IO
Modification of tryptophan I2 .and tyrosineI 3
with monofunctional reagents showed that at
least some of these amino acids are located
in close proximity to the retinal chromophore
of bacteriorhodopsin. Such modification was
associated with alterations in proton translocating activity, suggesting that these amino
acids participate in Coupll"ng light energy
to proton-pumping process. 2
How bacteriorhodopsin's structure is related
to its function as a unidirectional, light-

Another proton-trans locating protein, subunit-9
isolated from the yeast mitochondrial-ATPsynthetase complex (Fig. 2), was also studied
as part of our overall effort to understand
how membrane pumps, ionophores, and channels
function. Our assay involved collapsing a
light-induced proton gradient formed by bacteriorhodopsin in liposomes attached to a planar
membrane. I4 We were able to demonstrate unequivocally that in lipid vesicle systems these
proteins act as proton ionophores and are specifically inhibited by the inhibitor of the native
membrane enzyme ATPase, oligomycin. Confirming
evidence was provided with subunit 9 preparation!
isolated from an oligomycin-resistant mutant. I4 , 5
These studies indicate that the subunit 9 protein
lipid may form the link between proton gradients,
formed by the mitochondrial respiratory chain,
and synthesis of chemical energy as adenosine
triphosphate by the membrane ATP synthetase.
FUTURE PLANS
(1) To study the structure of the bacteriorhodopsin-containing Millipore filter membranes.
The intent of these studies is to understand
the present requirement for high lipid-to-protein
ratios and also to prolong the active lifetime
of the photocell. Preliminary evidence suggests
that lipid oxidation is a major factor in the
deterioriation of the system, and thus that
observed instability will be decreased by free
radical scavengers 1n the lipid phase and by
lipid-soluble singlet oxygen quenches and superoxide free radical traps in the membrane interface region.
We also plan to make planar membranes
without lipid to avoid photo-induced lipid
damage. Searching for ways to orient sheets of
purple membranes and to anchor them to a planar
membrane surface, we will explore chemical
cross-linking and embedding within a polymer
matrix.
(2) To continue with studies on the mechanism
of bacteriorhodopsin function. Some of the
strategies we will employ are:
(a) To pursue further chemical modification studies to identify how amino acid
residues are involved in photoexcitation
of the chromphore (photocycling).
(b) To design experiments that will
reveal which amino acid resldues of the
molecule are involved in proton translocation. These will include cleavage of
the retinal pigment and tests of the bleached
protein's ability to manifest proton ionophore actlvity in reconstituted liposomes
or the Millipore filter assay system.
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Both studies will help clarify what regions
of the bacteriorhodopsin molecule are distinctly
involved in light-induced, proton-pumping activity
and how the photoexcitation events are coupled
to the vectorial proton transport. The studies
may help us understand how the molecule has
evolved to function so efficiently as a light
energy converter and how the structure of the
molecule prevents the backflow of protons.
A longer-range goal is to mimic the mechanism
of light energy transduction by bacteriorhodopsin
and to construct a biosolar cell based upon
a simpler synthetic system.
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ENVIRONMENTAL ASSESSMENT OF SOLAR ENERGY CONVERSION

..

M. Davidson and D. F. Grether
I NTRODUCTI ON
The objective of this project is to examine
the implications of widespread application of
solar energy technologies. The approach is to
take present concepts of a technology, which
are typically in the design study or pilot plant
stage, and to investigate the socioeconomic and
environmental consequences of the technology,
should it supply a substantial fraction of
the nation's energy requirements.
ACCOMPLISHMENTS DURING 1977
The principle activity for this year was the
completion of a detailed study of the Central
Receiver power plant.
The study covered three
major areas.
Socio-Economic Implications
An economic input/output (I/O) model,
described in the previous annual report, was
further developed. In particular, EPA effluent
data were added.
As a first step in applying the model a
"bill-of-goods" was constructed, 11hich estimates
the demands on each of 93'industrial categories
from building a Central Receiver plant of 100
MWe in size of the intermediate load type. The
model is then used to obtain a "cumulative"
demand on the 93 industrial categories that
includes the effect of multiplicative factors
in the economy. The results are tabulated in
Ref. 1. As an example, suppose one envisioned
a vigorous construction rate of 100 standard
size (100 MWe) plants per year. The tables can
then be used to obtain the increase in output
of the various industries. Industries especially
affected include: primary iron and steel (11% '
increase), heating, plumbing, and structural ,
(19%), glass and glass products (8%), stone and
clay products (4%), and iron/ferroalloy ores
mining (10%).
The model was also used to calculate the
increase in manpower requirements caused by the
plant construction. The cumulative increases
were largest in categories such as manager and
other administrators, assemblers, machine operators,
and welders. In all, some 10,000 man years
would be required for a 100 MWe plant, assuming
current industrial practices (no mass production
especially tailored to central receiver plants).
Over the lifetime of the central receiver
plant (assumed to be 30 years) a total of about

1.0 x 10 7 MWh of energy would be generated. The
model was used to estimate that to generate the
equivalent amount of energy from coal, the labor
requirements (including construction of the plant
and the coal mining) would be about 3,900 man
years. Thus, the solar plant may be considered
to be more labor intensive. However, if mass production techniques are introduced into the construction of central receiver plants then the
manpower requirements would be reduced.
Finally, the effluents from the manufacturing
of the solar plant were estimated, based on 1990
EPA standards. A comparison was made to the
effluents for different types of fossil fuel
plants generating the energy equivalent bf the
solar plant. Table 1 (reproduced from Ref. 1)
shows this comparison. Surprisingly, the natural
gas fired plant is superior in many categories.
However, the central receiver (generally) has
lower emissions than coal fired plants, which are
the fossil plants most likely to be constructed
in the future.
Two comments on Table 1 are in order. First,
the particulates charged to the central receiver
are primarily from the cement industry and tend
to be large compared to those from fossil plants.
Large particles are generally considered less
hazardous and thus the Table is probably biased
in favor of fossil plants. The second comment
is that the Table excludes C02 emissions, which
are not considered a pollutant by EPA. There
is no doubt that the solar plant would be responsible
for far less C02 release than'fossil plants.
Environmental Impl ications
The one inescapable consequence of solar
electric power plants of the central receiver
type is that large land areas in arid or semiarid areas would be partially covered with
heliostats (mirrors mounted on sun tracking
platform). A 100 MWe intermediate load plant
would require about 3 km 2 of land. There are
a number of additional effects, the nature
and severity of which will be highly dependent
upon specific siting and construction methods.
Reference 1 details a number of possible problems.
These include destruction of habitat from offroad vehicle use, either during construction
or from recreational activities of the increased
human population; change of the hydrological
cycle; and impact on endangered species.
Climatological Implications
The solar plants will alter the pre-existing
radiative and water balance between the ground
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Table 1.

Comparison between central receiver and various fossil for major air
emissions. (Units are tons of effluent per 1.0 x 107 MWh, the total
energy generated by a 100 MWe intermediate load central receiver plant
operating over a 30 year lifetime.)
Plant Type
Oil fired
combined cycle

Central
receiver

5.2x10 2

1. 7x1Q3

1. Ox10 3

1.4x104

3.1x1Q1

0.9x10 4

1.1x103

3.8x10 4

1.5x104

1. Ox10 4

1.4x104

9. x102

CO

2.7x12 3

1.0x10 3

8.0xl0 2

5.lx10 3

5.2x10 3

Hydrocarbons

8.0x10 2

6.8x10 2
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1. Ox10 3

9.3x10 1

Emission Type

Coal
fired

Residual
fue 1 oil

Particulates

1. 5x10 3

1.9x1Q3

SOx

5.1x10 3

NO x

and the atmosphere. The local (at the plant site),
regional (many plants in one area) and global
(many plants world-wide) climate will be affected
to some extent. A study of possible climate modifications, begun in 1976, was extended in 1977
and reported in Ref. 1. Briefly, climate models
were applied at the local and global level.
Finite changes were observed, but none that
(within the context of the models) would indicate
a cause for serious concern.

Natural
gas
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