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DISCUSSION GROUP ON SOLAR ENERGY CONVERSION 

R. Kaplow, A. L. Bement and M. Cohen 

Introduction 

A three-day group discussion on solar energy conversion 

was held at La Jolla, California, on July 5, 6 and 1,   1973. 

The attendees are listed in Table I, at the end of this section 

of the proceedings.  The program is given below: 

Thursday, July 5, 1973 

Arden Bement;  Overview of Some Proposed Solar Energy 

Conversion Schemes 

Roy Kaplow;  Review of Some Ongoing and Proposed 

Materials Work Relating to Solar Energy 

Stanley Ruby;  ARPA's Interest in Solar Energy 

Richard Bleidon;  NSF's Energy Program in Solar Energy 

Joseph Loferski;  The Physics and Technology of Solid 

State Direct Conversion Devices 

John Light;  Photochemical Conversion Processes and 

Technology 

Friday, July 6, 1973 

Clarence Zcner;  Power from Sea Thermal Gradients; 

Engineering Optimization 

Michael Bever;  Applications of Solar Energy 

-1- 

1 
*■► 

k 
- - *-*- 



^s 
^ 

I 

Agenda Discussions: 

Photovoltaic Cells;  Joseph Loferski, Discussion Leader 

Solar Thermal Collection;  Roy Kaplow, Discussion Leader 

Hydrogen Transmission;  John Howe, Discussion Leader 

Saturday, July 7y 1973 

Workshop Sessions in Photovoltaics, Light Concentration 

and Collection, Hydrogen Transport, Hydrogen Production 

and Fuel Cells, Photochemical Conversion, and Sea Thermal 

Gradients. 
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The impetus for organizing ~he  above program ^rew out of 

a two-day workshop on materials for energy conversion held at 

Centerville, Massachusetts, on July 20-21, 1972.  This workshop 

examined materials problems, associated with several selected 

energy conversion technologies to include solar, fast breeder 

reactors, light-water and gas-cooled fission reactors, fusion 

reactors, magnetohydrodynamics, and steam a.id gas turbines, 

irom this workshop it was concluded tb&t  in-depth materials 

studies in support of advanced energy conversion, transmission, 

and utilization technologies are needed in order to facilitate a 

more meaningful assessment of tech: cal   and economic feasibility 

and to provide adequate lead time to anticipate and solve poten- 

tially limiting materials problems.  Also, from the stimulating 

discussions end  exchanges of ideas, it became clearly evident 

that the ARPA Materials Research Council could make substantial 

contributions toward identifying and outlining solutions to many 
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of the materials problems associated with energy conversion 

technology. 

From the various conversion technologies reviewed in 1972, 

solar energy conversion was selected for specific review and 

study at the 1973 meeting of the Council because of its potential 

value to mankind as an inexhaustable energy supply as fossil 

fuels become depleted, the challenging materials problems inherent 

in both direct and indirect solar energy conversion technologies, 

and the rather primitive state of photovoltaic materials research 

and development.  Although the significant near-term impacts that 

solar energy could have on thermal space conditioning and on the 

prodution of renewable clean fuels by bioconversion were recognized, 

the interests of the Council were primarily addressed to technol- 

ogies involved in large-scale commercial generation of electric 

power and the re:lated problems in energy storage and transmission. 

The topics selected for presentation and discussion during the 

first two days and the subsequenv agenda discussions and workshop 

sesöions  were arranged to serve this interest. 

Two of the early presentations provided a view of ARPA 

and NSF perspectives on solar energy conversion in relationship 

to their existing programs.  ARPA's interest in solar energy con- 

version was outlined by Stanley Ruby.  In 1972 approval for an 

energy program within ARPA was given on the basis of previous 

studies into energy usage by the Department cf Defense.  One of 

the objectives of this program is to develop a total energy con- 

cept for a military base taking ..nto account energy needs for 
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industry operations and building thermal conditioning, waste 

heat management, and fuel requirements for transportation systems. 

The interest in solar energy relates to the availability of large 

amounts of real estate associated with military bases that could 

be used for solar energy collection and conversion.  Also, since 

hydrogen production is closely associated with solar energy stor- 

ace schemes, the advantages and disadvantages of hydrogen as a 

fuel for transportation systems relative to synthetic fuels needs 

to be assessed.  Work to be sponsored in FY74 will consist pri- 

marily of technical assessments and analytical studies. 

Richard Bleiden described initiatives and programs being 

sponsored by the National Science Foundation in response to their 

mission of coordinating the national program in solar energy 

utilization for terrestrial applications.  In addition to a solar 

energy program office established within NSF-RANN for technical 

program administration a Solar Energy Task Force has been estab- 

lished within the NSF Directorate within which each of the main 

technology areas are represented and activities related to mater- 

ial- research and the collection of isolation data use coordinated. 

runding estimates for FY74 reflect a three-fold increase over FY7 3 

($12.2 N compared with $4.2 M, respectively) and are allocated as 

follows:  $3.0 M for heating and cooling of buildings, $3.3 M for 

thermal conversion, $1.4 M for photovoltaic conversion, $2.7 M for 

renewable fuels, $1.2 M for ocean thermal gradients and wind con- 

version; and $0.6 M for program suppori.. 
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During the course of the group discussions, a number of 

critical questions concerning the principal solar energy con- 

version technologies and their associated materials problems 

became evident.  These questions were posed to the participants 

of the workshop session conducted on the third day not for the 

purpose of limiting the scope of discussion but rather to focus 

attention on apparently important issued. 

1. General Questions 

a. What are the overall chances of success of the various 

solar energy conversion technologies? 

b. What are the primary materials problems associated 

with the demonstration of technical and economic 

feasibility? 

c. What secondary materials problems are likely to yield 

annoyance or economic penalties on a continuing basis 

subsequent to commercial adoption of the technology? 

d. What inventions relative to both system and materials 

design are suggested as potentic1 solutions to the 

above problem? 

e. What are the time and cost estimates for solving 

these problems? 

2. Photovoltaic Materials 

a.  What materials characterization methods are required 

for photovoltaic cells during research and develop- 

ment, production, and service? 

[ 
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b. What aro tne minimum cell efficiencies required for 

practical terrestial energy generation? 

c. What fabrication techniques will lead to lower costs? 

d. How do you establish and measure stability factors 

and reliability? 

3. Light Concentration and Collection 

a. Is a high ot/e ratio needed for practical energy 

generation systems?  If so, can selective surfaces 

be maintained? 

b. Are vacuum pipes needed for the collection system? 

If so, can structural integrity be achieved within 

allowable costs? 

c. What durability can one expect for mirrors and 

outer windows? 

4. Hydrogen Transport 

a. What new engineering test data are required con- 

cerning the effects of hydrogen in ferritic materials. 

b. What specifications and standards should be instituted 

for the manufacture, testing, and use of pipe for 

hyd^gen transport? 

c. What materials should be selected for compressors, 

valves, gaskets, etc. 

5. Hydrogen Production and Fuel Cells 

a.  What is the practicality of reversible fuel cells 

for energy storage? 
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b. What developments in electrode materials will 

facilitate the separation of hydrogen from water? 

c. What is the corrosiveness of intermediate products 

in multistep processes? 

d. Can new electrode materials be developed with satis- 

factory conductivity, gas permeability, and catalytic 

respor.se to substitute for platinum and other noble 

metals? 

Many of the above questions and others were addressed 

during the working sessions.  In addition, members of the Council 

continued to work on specific aspects of solar-related systems 

during the ensuing period. 

Shortly before the end of the Council meeting (i.e., 

July 25-26, 1973) a "Summary of Salient Po .nts" was drawn up, 

based on the presentations and discussions, and on subsequent 

studies that took place during the MRC meeting.  This summary 

is reproduced in its entirety as Section II of these Proceedings. 

Section III of these proceedings is   comprised of a 

collection of separate papers developed by participants Ln the 

solar energy activity.  These include extensive analyses as well 

as short notes and comments and reviews as well as original con- 

cepts.  The topics discussed include applications of solar energy, 

concentration and collection of solar energy, photovoltaic con- 

version, ocean thermal gradients, energy storage, and fuel ceils. 

A brief summary of the contents of these papers is included at 

the beginning of Section III. 
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Following the Materials Research Council Meeting itself, 

the opportunity arose to prepare a proposal on ARPA's behalf, 

for a development program on the use of solar energy.  Drs. 

Bement, Cohen, and Kaplow drafted an appropriate proposal, drawing 

in a significant way on the MRC discussions.  The proposal calls 

for the development of an integrated solar energy system for a 

military base.  In addition to major design and engineering com- 

ponents, the prograra is to include extensive materials-related 

projects.  The draft of the full program proposal is included in 

these Proceedings as Section IV. 

II.    Summary of Salient Points 

The following items are highlights or presentations, 

discussions, and studies that took place during the MRC meeting 

in La Jolla.  For the most part, these points deal only with the 

materials problems in various solar-related systems. 

1.  General 

1 
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1.1 Solar energy can contribute a significant part of the 

energy requirements of the United States on a reasonable 

time scale, both as a basic and a marginal source. 

1.2 Relatively simple low-temperature applications, such as 

water heating, space conditioning, and treatment of 

brackish water and sewerage, are now technologically 

feasible, and hold promise of becoming economically 
I 

feasible   in  the near term depending on  the  locality. 

These  applications  are also of military as well as  en- 
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vironment-al interest, and could furnish an increasing 

portion of the energy consumed in the nation. 

1.3  Special attention must be directed to energy-storage 

systems, which are a common requirement for virtually 

all means of solar energy conversion.  The development 

of improved thermal-insulation materials for both high 

and low temperatures would also be beneficial. 

2.  Conc3ntration and Collection of Sunlight for Thermal Systems 

2.1 A three-pronged search for surfaces with special optical 

properties for radiative insulation should be pursued. 

Each of the three aspects may be realized in the near 

future; indeed, adequate materials may already exist. 

2.1.1 A surfare material that is ytable for long periods 

(%20 years) at high temperatures (^500oC) is 

needed for high light-concentration systems; for 

this purpose, a sunlight-absorption/infrared 

emission ratio (a/e) as low as 2 may be acceptable 

2.1.2 A heat-mirror surface with high transparency for 

sunlight and high reflectivity for infrared will 

prove useful for supplementing or replacing low e 

coatings in the absorbing surface, and will also 

find application in general insulation against 

infrared radiation (windows, light bulbs, search- 

lights, etc.). 

-9- 
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has  been  suggested  for  high-coucentration   systems 
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1 
2.1.3 A surface material with very high a/f. for use in 

low-tempera fare systems (^250oC) without light 

concentration should be sought; the low operating 

temperature will lessen the problem of thermal 

degradation.  A new concept based on the use of 
o 

small metal particles (^100A) should be explored. 

2.2 Calculations have been made which illustrate the relation- 

ship between the geometry, the light-concentration factor 

and the optical properties of materials used for solar 

thermal energy collectors.  A wedge-shaped mirror geometry 

I 

I 

. 

Photovoltaic Cells 

3.1 New emphasis should be placed on terrestrial operations 

without the special requirements of outerspace appli- 

cations, the latter having hitherto dominated the field. 

Emphasis should be placed on low cost and durability; 

standards of reliability can be lowered, and lower 

efficiencies (^5-10%) should be regarded as acceptable. 

3.2 The physics and metallurgy of heterojunctions need to 

be better understood, especially the degradation pro- 

cesses in otherwise economical materials, such as Cu- 

Cd-S. 

3.3 Improved techniques for characterizing surfaces and 

interfaces during the fabrication of cells are necessary. 

3.4 The role of grain boundaries in photovoltaic cells 

requires elucidation, inasmuch as polycrystalline 
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materials are much less expensive than the currently 

used single crystals. 

3.5 The possibility of developing low-cost fabrication 

techniques for stacked photocell:', with graded energy 

gaps which will effectively utilize a greater portion 

of the sunlight wavelength distribution, should be 

examined. 

3.6 Materials for photovoltaics should be considered in 

terms of their own requirements since these may be 

different than for semiconductors used in other elec- 

tronic devices. 

Photochemical and Photogalvanic Conversion 

4.1 Although endo-energetic photochemical reactions and 

direct photogalvanic conversion to electricity do not 

look promising now for storing or utilizing solar energy, 

more research on these processes may be warranted because 

of _heir potential low cost. 

Hydrogen Storage and Transport 

5.1 Hydrogen embrittlement in gaseous Ha requires careful 

consideration and further experimental work to guard 

against this potential hazard since current knowledge 

is inadequate and extrapolations from seemingly relevant 

experience may be misleading. 

5.2 Materials problems for the handling of liquid hydrogen 

are those of cryogenic technology; they have largely 

-11- 
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been solved for small installations but probably not 

for large ones. 

Hydrogen Fuel Cells 

6.1  High-temperature fuel cells involving the use of oxide 

ion-conducting solid electrolytes present an attractive 

method for the conversion of hydrogen to electrical 

energy.  The capital cost and o/erall efficiency of this 

type of electrochemical conversion appear to be potent- 

ially compecitiva with other methods.  Because of oper- 

ation at elevated temperatures, there are no catalytic 

problems in such cells. 

Ocean Thermal Gradients* 

7.1 Low-cost methods of fabricating the required high heat- 

transfer boiling and condensation exchanger surfaces 

will be one of the necessary steps in demonstrating 

economic feasibility for this type of energy system. 

7.2 It will be necessary to develop methods for preventing 

biological fouling on exchangers. 

7.3 The rate of heat transfer on the sea-water side of the 

heat exchangers has to be increased; ideas for doing 

this include roughening surfaces, production of small 

ridges on surfaces, and discharging hydrogen gas cath- 

odically (the latter may be coupled with Cl discharge 

to control biological growth). 

*This subject was presented by Clarence Zener, but was not 
studied critically by the Council members. 

-12- 
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7.4 There is an important need for efficient and low-cost 

hydrolysis cells in case hydrogen and oxygen turn out 

to be the most economic way of transporting the energy 

produced from ocean thermal gradients. 

III.    Reports 

In the first paper, "An Overview of Some Proposed Solar 

Energy Conversion Schemes," Arden Bement summarizes many of the 

most important conclusions in recent studies of potential solar 

energy utilization.  He describes the complete  ange of seemingly 

possible solar-related technologies, and discusses relevant eco- 

nomic and technical factors for each. 

Michael Bever, in the second paper, provides an extensive 

review of the already important utilization of solar energy (on 

a world/historical scale) and also consi kirs the future potential. 

He examines the less-common]y thought of uses (e.g., food drying) 

as well as the ones normally considered, and provides an inter- 

esting categorization of applications using working-temperature 

as a parameter. 

In the next note in the collection, J. J. Oilman comments 

on the relative emphases being given to different aspects of the 

search for practical solar energy utilization.  He expresses the 

opinion that systems analyses are often incomplete and use un- 

realistic potential cost reduction estimates, and that too 1'ttle 

attention is being given to sophisticated storage systems, and to 

photochemical conversion techniques. 

-13- 
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In the fourth paper, "Thermal Insulation of Window Glass," 

A. J. Sievers addresses one aspect of energy converions.  He 

points out through straightforward calculations that radiative 

heat loss through large glass windows can be reduced with appro- 

priate coatings. 

The next four papers deal with some geometrical and 

materials optical-property considerations relating to the collec- 

tion of sunlight.  J. P. Hirth's short note, "An Alternative to 

Flat Area Solar Energy Absorption Unit Deployment," describes ad- 

vantages in constructing tall towers of solar collectors which 

can have a large effective collection area per unit area of ground 

covered.  P. L. Richard's article, "Optical Analysis of Thermal 

Solar Energy Collection," presents an analysis of the interplay 

between the design parameters of a solar collecting system, such 

as the concentration factor and the operating temperature, and 

the materials optical properties, such as the emissivity and re- 

flectivity.  He shows that a wedge-shaped collector may be an 

economical design for achieving a high concentration factor.  In 

the next paper, A. J. Sievers gives a theoretical derivation of 

the ratio between the sunlight absortivit  and thermal emissivity 

(a/e) for a surface coated with tiny metallic particles; he points 

out that such surfaces can yield desirable optical ratios for 

solar thermal collectors.  In "Concentration, Collection and 

Insulation," Roy Kaplow (working with Sievers and Richards) pro- 

vides a general discussion of a number of factors, including 

focussing, radiative and other thermal losses, and surface coatings 

-14- 
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to obtain preferred optical properties.  In the light of those 

general considerations, recommendations are made for a program 

to develop specific combinations of materials surface-properties 

which are thought to be both valuable and achievable in the short 

run. 

The next two papers deal with photovoltaic cells.  In the 

first of these, Joseph Loferski provides a brief but inclusive 

review of the electronic theory of the photovoltaic effect and 

its theoretical efficiency.  He points out gaps in understanding 

as well, he notes the lack of major materials production efforts 

specifically for photovoltaic cells, and he makes a number of 

recommendations for future work.  Henry Elvenreich, in the follow- 

ing note, has compiled a large number of derailed points relating 

to photovoltaic cells that were made during the discussions.  Many 

of these provide specitic sidelines for research. 

John Light in "Photochemical Processes and Solar Energy 

Utilization," presents an "outline of the possibilities, practi- 

calities and prospects of non-biological photochemical conversion 

on a large scale."  He concludes that basic research in that 

direction may well be warranted, particularly with respect to the 

underlying processes and mechanisms in photogalvanic cells. 

Robert Gomer has now made an analysis of photogalvanic cells, 

perhaps the first one yet attempted.  His analysis, applied to 

the iron-thionine system, appears in the next paper, and indicates 

that "the problems facing the practical exploitation of solar 

energy through photogalvanic cells are many and formidable."  A 

-15- 
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recent Russian patent covering a photogalvanic ceil employing 

a photoreducible dye, reduction agent and a photo-catalyst was 

translated by Richard Gomer.  However, insufficient detail was 

given to allow an assessment of the merit of this device. 

In the paper entitled "Solar Sea Power," Clarence Zener 

considers some of the engineering aspects of deriving useful 

energy from the small sea water thermal gradient (approximately 

10oC in the first 100 feet of depth).  Noting that the operational 

efficiency of the boiler and condenser is a central issue, he 

presents detailed considerations for their design, particularly 

stressing means for maximizing heat transfer with low temperature 

differences.  John Hirth has also contributed a note on the latter 

issue, suggesting two methods which might increase heat transfer 

on the seawater side of the boiler.  One of these would be the 

installation of turbulence producing ridges, and the other the 

cathodic discharge of hydrogen along the exchanger.  Richard 

Bleiden and Zener, in a separate note, raise some materials- 

related problems they believe m-' be encountered in using the 

thermal sea gradients.  These include, for example, developing 

low-cost fabrication techniques for the heat exchangers and pipes, 

preventing biological fouling, and resisting corrosion in the heat 

engine turbine. 

On the subject of energy storage, J. J. Oilman has written 

a quantitative review of flywheel devices, giving the relation- 

ships between energy capacity, flywheel shape and construction, 

and the mechanical properties of the flywheel material.  A detailed 

-16- 
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list of the advantages and disadvantages of flywheel storage is 

given two of the most striking advantages are high storage 

tensity (1000 watt hours/pound, ideally) and very high peak-power 

output.  John Margrave, in "Chemical Systems for Storage of Solar- 

Energy," considers another unusual approach to the energy storage 

problem.  As an example, he describes a simple process in which 

thermal energy is stored through removing water by evaporation 

from an H2O/H2SO1, mixture, and recovered through the reverse, exo- 

thermic H2SCU dilution process. 

R. A. Huggins and R. L. Coble, authors of the paper 

"Materials Problems Relating to High-Temperature Oxide Ion- 

• 

Conducting Fuel Cells for the Electrochemical Combustion of 
I 

Hydrogen," have considered another aspect of the energy storage 

problem, namely efficient means for converting hydrogen gas to 

electrical power.  Consideration is given to the thermodynamics, 

engineering design, materials requirements and fabrication costs 

for such cells; the final appraisal is an optimistic one, but 

highly dependent on ceramics fabrication costs. 

In the following contribution, Willis Flygare and Robert 

Huggins discuss a thermoelectric generator for the direct conver- 

sion of thermal to electrical energy, which is based on the use 

of liquid sodium as the working medium and a solid ß-alumina 

electrolyte.  The device, which has been the subject of recent 

patents, is shown to have both potentially high theoretical effic- 

iency and useful power density per unit area of electrolyte. 

--17- 
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AN OVERVIEW OF SOME PROPOSED 

SOLAR ENERGY CONVERSION SCHEMES 

A. L. Bement 

) 

I.   Introduction 

The sun is the most powerful source of enc^^y available 

to man.  The solar constant, or the energy falling in unit time 

on a surface normal to a beam from the sun and external to the 

earth's atmosphere at the time-mean distance from earth to sun, 
2 

is 1.36 kw/m [1] ,   which corresponds to a terrestrial iiisola- 

tion of four quadrillion kilowatt hours of energy each day or 

about one-half million times the U.S. electrical generating 

capacity [2].  However, these numbers are highly misleading, 

since only a small fraction of this energy can be collected 

and converted to electricity.  Assuming that solar energy is 

convertible to process heat at 30% and to electrical energy 

at 5%, it can be shown that only 150 times the present U.S. 

energy needs are received as solar energy within the contiguous 

48-state land area U].  Nevertheless, this still represents 

an enormous inexhaustible source of clean energy which must be 

harnessed as fossil fuels become depleted. 

There are a variety of energy-conversion techniques under 

research consideration, and these can be classified under 

direct solar radiation and solar-derived energy as illustrated 

in Figure 1 [3J.  Solar radiation may be converted to elec- 

tricity by solar cells or may be utilized in conventional heat 
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engines (such as steam turbines).  Similarly solar-generated 

energy in the form of winds or ocean thermal gradients can 

be converted to electrical energy by means of a directly coupled 

generator and a low-temperature-difference heat engine, 

respectively.  Fuel can also be produced by direct solar j.adia- 

tion or from solar-derived energy.  Gaseous, liquid, and solid 

fuels can be produced by a variety of solar-derived processes. 

Among these are photodecomposition of water; photosynthetic 

growth of organic matter which can be converted to fuels by 

destructive distillation, fermentation, or by high pressure 

chemical processing; and ohotochemical conversion processes. 

In January 1972, a Solar Energy Panel was organized 

jointly by the NSF and NASA and was charged with assessing 

both the potential of solar energy as a national energy resource 

and the status of technology in the various areas of solar 

energy application. Also, the panel was to recommend necessary 

research and development programs to develop the potential in 

those areas considered important.  The report of the panel has 

been recently made available [4J , and some of the principal 

conclusions are given below: 

a. Solar energy is received in sufficient quantity to 

supply all future U.S. heat and power requirements. 

b. There are no technical barriers to wide application 

of solar energy to meet U.S. needs. 

c. If solar development programs are successful, 

. building heating could reach public use in 5 years 

. building cooling in 6 to 10 years 
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.   synthetic  fuels   from organic materials  in  5  to  8 

years 

.   electricity production  in  10   to 15 years, 

d.     There  are no significant environmental disauvantagcs 

to   the wide  use of  solar energy. 

The  concepts  of  solar energy applications  considered by  the  Panel 

are  listed  in Table  1  and  are essentially  those  illustrated  in 

Figure   1. 

Table  1:     Concepts  of  Applications 

A. Thermal  energy  for buildings. 

B. Renewable clean  fuel  supplies. 

1. Photosynthetic production of organic materials 

and hydrogen. 

2. Conversion of  organic  materials  to  fuels or heat 

energy. 

C. Electric power generation. 

1. Solar thermal  conversion. 

2. Photovoltaic  solar energy  conversion. 

3. Wind energy conversion. 

4. Power from ocean thermal differences. 

Concurrent to the study by the Solar Energy Panel informa- 

tion on research presently under way in areas of solar energy 

was requested of selected federal agencies by the Committee 

on Science and Astronautics, U.^. House of Representatives [3J. 

The agencies queried were the National Aeronautics and Space 

Administration, the National Science Foundation, the National 

Bureau of Standards, and the Congressional Research Service. 
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Table II is a summary of fedoral support for terrestrial solar 

energy research derived from the Committee's findings.  These 

funding levels can be compared with the recommendations of the 

Solar Energy Panel, as summarized in Table III.  It is quickly 

apparent from these tables that federal support for solar energy 

has fallen considerably short of the levels considered necessary 

to achieve a significant impact on total U.S. energy needs 

before the end of the century. 

Materials problems in the development of solar energy 

were only superficially considered by the Solar Energy Panel; 

however, they have recently been reviewed by Franklin P. Huddle 

of the Congressional Research Service [5_] .  The following quote 

from Mr. Huddle's statement seems particularly applicable to 

solar energy conversion technology at the present stage of 

development:  "Only when materials are available with the 

proper range of properties to bring a proposed system concept 

within shooting distance of theoretical success is it time io 

begin work on systems designs and the pilot testing of sub- 

system performance." [5j  The summations of materials problems 

given below are largely extracted from Mr. Huddle's review. 

II.   Thermal Energy for Buildings 

Space conditioning systems are based upon the use of 

flat-plate collectors tilted a fixed amount toward the equator 

as the l^ast costly of the possible collection devices.  This 

type of solar collector, illustrated in Figure 2, consists of 

a black solar absorber surface, which is backed by thermal 

insulation and overlaid by two or more air-spaced glass or 

-23- 
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TWO  GLASS 
COVER PLATES 

BLACK METAL SHEET TO WHICH 
^1/2" TO l" TUBING IS   BONDED 

INSULATION (2" TO 4   THICKNESS) 

ROOF   SURFACE 

SHEET METAL  TROUGH  OR PAN 

i 

( 

I 

1 

NOTES   ENDS   OF  TUBES   MANIFOLDED   TOGETHER 
ONE   TO THREE   GLASS  COVERS  DEPENDING 
ON CONDITIONS 

DMENSIONS: THICKNESS (A DIRECTION) 3 INCHES TO 6  INCHES 
LENGTH (B DIRECTION) 4 FEET  TO 20  FEET 
WIDTH (C DIRECTION) 10 FEET TO 50 FEET 
SLOPE  DEPENDENT ON LOCATION AND ON 
WINTER-SUMMER LOAD  COMPARISON 

' 

F'GURE   2.      SOLAR  COLLECTOR   FOR   RESIDENTIAL   HEATING 
AND COOLING.   (REF. 4 ) 

I 
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plastic cover plates to minimize convcctivc heat losses an* 

thereby act as a heat trap.  Sensible heat is transferred from 

the collector plate to a gas or liquid working fluid, which 

passes through the collector plate tubing, is collected by a 

manifold system, and is finally transferred to a remote point 

where the sensible energy is used or stored. 

The development goal for flat-plate collectors is to 

reduce their costs to about $l-2/ft2 in order to bring solar 

space conditioning within the competitive cost range of other 

energy sources for building heating and cooling.  Impr ;vements 

in flat plate collectors may be expected in two areas [1] ; 

(a) loweriig the cost of collectors by improved integrated 

assembly methods; (b) increasing the wavelength selectivity 

of the collector surface, making it capable of achieving a much 

higher equilibrium temperature than an ordinary black surface. 

A number of experimental "solar" houses have been 

constructed in recent years in order to evaluate the operating 

efficiency of collector and heating system designs and to 

establish construction and operating costs. Noarly all of 

these experimental systems have been installed as an additive 

unit to the auxi? .ary heating source and have employed separate 

controls.  The achievement of economac feasibility for solar 

space conditioning will be best served by a systems approach, 

as illustrated in Figure 3, in which hot water heating, space 

heating, space cooling, storage, the auxiliary energy supply, 

and controls are integrated into a single, self-contained 

system.  Such a system is currently being designed by the 
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A. D. Little Co. for a new building to be constructed in 1974 

by the Audubon Society [G]. 

The addition of photovoltaic solar cellü to the thermal 

solar collector (Figure 4) adds an additional degree of flexibility 

to the design of a residential solar energy system (Figure r>) . 

In addition to total space conditioning requirements, auxiliary 

electrical energy is generated which can assist in reducing 

daytime peak demands of the local electrical utility (and 

reduce off-peak storage requirements) or which can be stored 

as chemical energy for nondaylight auxiliary energy or for 

battery-powered automobiles. 

The materials problems associated with climate conditioning 

systems can be categorized as "low technology."  Nevertheless, 

they will not be easily solved and will require painstaking 

development and innovative application of low-cost materials. 

Some of these problems are the following: 

a. Integrated design for space heating and cooling, 

water heating, and auxiliary energy supply. 

2 b. Reduced cost of flat plate collectors to $l-2/ft . 

c. Selection of heat storage salts and long-lasting, 

corrosion-resistance containers. 

d. Development of cover plate material that is 

. highly transparent to visible solar radiation 

. opaque to i.ifrared radiation 

. resistant to thermal cycling, heat shock, and 

weathering 
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. tolerant to ultraviolet light without discoloration 

. compatible with sealant and joining materials 

. capable of being mass produced in reliable quality 

at low prices 

e. Low-cost heat exchangers, pioing, and couplings. 

f. Stabilization of the state of the art. 

III.   Renewable Clean Fuel Supplies 

Although this area of solar energy techj.ology constituted 

a major portion of the Solar Energy Panel's study, it is 

considered peripheral to the main interests of the ARPA Materials 

Research Council and will be outlined only briefly.  rh« follow- 

ing methods for producirg renewable clean fuels were considered 

by the Panel: 

a. Combustion of organic materials. 

b. Bioconversion of organic materials to methane. 

c. Pyrolysis of organic materials to gas, liquid, and 

solid fuels. 

d. Chemical reduction of organic materials to oil. 

These processes are schematically illustrated in Figure 6, and 

the process requirements for chemical reduction, pyrolysis, 

and fermentation of organxC matter are compared in Table IV. 

Fermentation not only is the least demanding process from 

the standpoint of pressure and temperature but also produces a 

high Btu gas containing from 50 to 70% methane.  However, the 

process holdup times for this process are relatively long, 

necessitating large tank volumes.  Gelid waste pyrolysis 

requires high process temperatures, 500-900oC; however, the 

process technology is well advanced, and commercial-scale 
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I units are being installed in the Northeast [6]   for demonstra- 

tion testing with urban solid wastes.  In the chemical reduc- 

tion process, organic materials are subjected to elevated 

temperature and pressure in the presence of water, carbon 

monoxide and catalyst and are partially converted into oil 

having a heating value of about 15,000 Btu/lb.  This proce;;.'; 

has the advantages of being contiguous and requiring relatively 

short residence times (1 to 2 hours); however, high tempera- 

tures and pressures complicate materials transfer into and out 

of the system and require the use of a high-temperature pressure 

vessel. 

Many of the unresolved materials problems associated with 

photosynthesis and bioconversion systems are related to resource 

management and harvesting of the organic biomass and nutrients. 

Some of these are summarized below [5]: 

a. Maximization of bioproductivity of proper nutrients, 

environment maintenance, and genetic engineering. 

b. Development of low-cost, long-life hardware for 

efficient harvesting of biomass. 

c. Systems developments for converting biomass into 

usable fuels by fermentation and combustion. 

d. Development of technology for drying of biomass. 

e. Extraction of sulfur from combustibles. 

f. Maximization of solar energy capture by symbiotic 

relationships between various combinations of solid 

waste and biomass. 

g. Increasing the biomass yield of agriculture without 

increasing food costs. 
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h.  Comparing the utilities of biomass conversion into 

methane, thermal energy, or synthetic petroleum, 

i.  Protecting process equipment against corrosive action 

of biological materials, combustion products, seawatci, 

and hot solutions. 

In addition to materials problems, a number of broad-ranging 

questions related to environmental control, ecological imbal- 

ances, and public acceptance of using highly productive land 

or waterways for biomass production for fuel must be resolved 

before these methods of s^lar energy conversion can make a 

significant impact on projected energy needs. 

IV.   Electric Pover Generation 

A variety of approaches have been suggested for using 

solar radiation in central power generation.  Among the schemes 

studied by the Solar Energy Panel are the following: 

a. Thermal conversion. 

b. Photovoltaic. 

c. Wind energy conversion. 

d. Ocean thermal gradients. 

The first two of these schemes can be classified as "techno- 

logical collection" and the latter two as "natural collection." 

The various options for converting solar energy to intermediate 

forms of energy and finally to electrical energy are illus- 

trated in Figure 7.  Most of these options involve energy 

storage either in the form of heat or chemical fuel, and some 

require the storage and transportation of hydrogen. 
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Hottel and Howard find that an overall efficiency of 11% is 

probably more reasonable [1J. 

Apart from the technology required to increase the opor-itincj 

temperature of the solar collector element, a thermal storage 

subsystem will be required in order to satisfy energy generation 

deficiencies during periods when the ^un is not shining.  A 

chemic .1 storage capability also affords an opportunity for 

converting surplus solar power generated during the summer 

months into hydrogen or a hydrocarbon fuel that can be burned 

in a conventional boiler to make up the winter deficiency in 

sunlight.  Optimum design of these energy storage subsystems 

is required to minimize the total amount of solar collector 

surface area required for a fixed, steady electrical generating 

capacity.  The general relationships of boU the thermal storage 

and chemical storage subsystems to the Meinel solar farm concept 

are shown sche:natically in Figure 8.  The allowable construction 

budget for such a farm to produce power at a cost of 5.3 mills/ 

kwh at a conversion efficiency of 25% and at a site having 330 

clear days/year has been estimated by the Meinels at $60/square 

meter [TJ . 

A typical Meinel collector panel is illustrated in figure 9. 

Focused sunlight initially concentrated by a cylindrical mirror 

enters an evacuated glass pipe through a limited transparent 

region.  Since the remainder of the internal surface of the 

glass vacuum pipe is silvered to produce a high reflectivity, 

sunlight entering the pipe will impinge on a steel pipe 

containing a selective coating having a high absorptivity to 
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visible sunlight but a low emissivity in the infrared spectrum. 

Under no convection heat losses from the evacuated enclosure 

and no extraction of the absorbed energy, the steel pipe would 

read, a steady-state temperature oi about 900oC 121 •  A method 

for extracting heat economically, reliably, and safely with 

either liquid or gaseous working fluids is one of the major 

engineering problems that must be solved. 

A major materials problem affecting the maximum outlet 

temperature from the collector panel is the development of a 

long-lasting, higli-efficiency, economical selective coating. 

The relationship between the performance curve and physical 

behavior for & selective coating is shown in Figure 10.  The 

outer layers of the coating, which are transparent in the 

infrared region, consist of both outer, nonreflecting layers 

that imprcve collection efficiency and an absorbing layer that 

is opaque to sunlight.  The inner layer between the absorbing 

layer and the steel substrate consists of a highly reflective 

metallic coating, which has a low infrared emissivity and has 

the function of trapping heat within the pipe.  The overall 

coating thickness is about 0.00001 in. thick and has an 

overall efficiency given by the ratio a/e, the absorptivity 

in the visible divided by the emissivity in the infrared.  The 

materials selected for these coatings must not only provide a 

high value of this ratio but must also resist interdiffusion 

and degradation at service temperatures to about 5000C for 

lifetimes of the order of 40 years.  Several coating types have 
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been developed using silicon as the absorbing layer and 

refractory metals for the reflective layer, and these exhibit 

absorptivities in the visible ranging from 0.75 to 0.88 and a/e 

ratios ranging from 7 to 10 at 500oC [7J. 

The operating temperature of a collector panel is deter- 

mined by both the optical concentration of the sunlight, X, 

and the selectivity, a/e; and the product of these parameters 

should be about 100 to achieve desirable conversion efficiencies. 

This figure of merit can be achieved by either combining a high 

degree of optical focusing with a nominal, inexpensive coating 

or a less efficient concentrator system with a high degree of 

coating selectivity.  A considerable amount of uncertainty 

exists in determining an optimum combination of these factors. 

Furthermore, a number of possible schemes have been proposed 

employing cylindrical parabolas or paraboloids to focus solar 

energy.  However, most suffer from two grave weaknesses:  a 

prohibitive cost of the support and tracking mechanism for 

the focusing optics and the loss of diffuse or sky radiation 

that constitutes a significant fraction of the total energy 

from the sun.  Among the materials problems that are inherent 

in this approach to solar power technology are the following: 

(1) Optimum thickness of coatings for efficient capture of 

solar energy. 

(2) Low-cost production methods for applying coatings. 

(3) Effective life and maintenance of preferred coatings in 

actual service. 
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(4) Feasibility of a large network of vacuum-tight, ceramic 

tubing. 

(5) Stability of  thin  films  under  frequent  thermal  cycling. 

(6) Efficient insulation of heat storage  system. 

(7) Selection of heat storage materials. 

(8) Reliability of  selective  coating performance  at high 

temperatures. 

(9) Fabrication,   cost,   and  durability of concentrators   (it- 

used) . 

(10)     Compatibility of heat  pipe materials  to workiny   fluids. 

B.        Photovoltaic 

Under  the  strong  impetus  of  the  space  program,   a   limited 

number of  photovoltaic  materials have been brought  into  an 

"adolescent"   stage of  development for solar cell  applications 

under NASA and Air Force   sponsorship.     Silicon,   a  homojunction 

material  used  for  spacecraft  solar power  generation,   has a 

theoretically achievable  conversion efficiency of  about 25%. 

In  comparison,   about 11-12%   efficiency has been  achieved  in 

commercially produced,   single-crystalline  silicon;   and about 

18%  has been achieved  in  laboratory-prepared material. 

Because of  the  stringent reliability and quality control 

requirements  imposed by  space  applications,   solar  cells  are 

currently produced by  "cottage"   industry  techniques   involving 

hand selection and assembly methods.    Accordingly,   silicon 

solar cells  currently cost about $200-300/watt exclusive of 

support hardware and control  systems.    A nearly one-hundred-fold 

cost reduction will be  required in order  to make  electrical 

power production  from such  solar cells  competitive with 
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currently conventional  fossil  and nuclear power plants   [4J. 

However,   the extensive  availability of  silicon  as  a natural 
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 ■" 

I 
resource in quantities suitable for large-scale power produc- 

tion and the substantial cost reductions projected (nearly a 

factor of five or more) over the near term by obvious improve- 

ments in processing methods provide a favorable long-term 

outlook for photovoltaic power production. 

Other homojunction semiconductors, such as CdTe, GaAs, 

and InP, have also received attention for solar cell applica- 

tions; however, performance characteristics in terms of 

efficiency and resistance to degradation are not so well under- 

stood or developed as in the case of silicon.  Furthermore, 

the limited availability of tellurium, gallium, and indium 

I 

0 

is probably the major detrimental factor in the eventual 

application of these materials for other than small or 

specialized power systems. 

Among possible heterojunction solar cells, Cu-CdS has 

received the greatest attention and process development.  Since 

Cu-CdS cells can be manufactured for about 1/30 as much per unit 

area as silicon cells with current technology [1], such cells 

have enormous economical significance.  However, these cells 

have achieved only 5% efficiencies to date and suffer from 

significant photodegradation over a relatively short time 

period.  Additional knowledge into the physics and metallurgy 

of heterr-junction cells is necessary to determine their full 

performance potential. 

Finally, Schottky barrier diodes and organic semiconductors 
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have also been proposed for photovoltaic cells; however, the 

theory and experimental data for these materials are limited. 

The characteristics of photovoltaic materials will be brought 

into sharper focus during thOM discussions by Joseph Laferski, 

Roy Kaplow, and others. 

Because of the ubiquitous nature of sunlight, photovoltaic 

cells offer a high degree of dispersion in the production of 

electrical power.  In terrestrial applications, the scale of 

application is dependent primarily upon capital cost constraints 

and the availability of suitable energy storage systems to 

satisfy steady power demands.  However, the flexibility and 

dispersion inherent in photovoltaic direct conversion systems 

offer cost tradeoffs against costly, conventional power 

transmission and distribution networks. 

The use of photovoltaic cells in combination with rooftop 

flat plate collectors to supply auxiliary electrical power for 

buildings has already been touched upon.  Such a symbiosis must 

take into account the inverse relationship between photocell 

operating efficiency and temperature and the need to remove 

the thermal energy resulting from inefficient photon-induced 

electron excitation processes that do not contribute to the 

current output of the cell.  Some feasible arrangements for 

combined collectors will be described by Roy Kaplow. 

The Satellite Solar Power Station (SSPS) proposed by Peter 

E. Glaser [8] has the principal advantage of constant production 

of electrical power without the need J-or an energy storage 

system.  Such a space station scaled to produce 1,000 MW of 
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electrical power is illustrated in Figure 11.  The overall 

system consists of bo^-h an orbiting solar energy conversion 

station in synchronous Earth orbit and an Earth-based receivimj 

antenna.  Huge mirror concentrators focus sunlight onto two 

solar panel arrays, each 4 km on a side.  The d.c. electrical 

current from the solar panels drives a 1 km-dia. microwave 

antenna which generates and transmits a microwave beam to the 

Earth-based ground receiving station.  Her.-, the microwave energy 

is reconverted into electrical power for the consumer.  Consider- 

able skepticism about the practicability and economic feasibility 

Cf this scheme has been expressed, and there is concern about 

the environmental effects of microwave transmission.  However, 

a potential conversion efficiency in excess of 90% of the elec- 

trical power delivered from the solar cells and the currently 

advanced stage of microwave technology commended this option to 

a detailed feasibility study by a consortium of four companies: 

A. D. Little; Heliotek, Division of Textron Industries; Grumman 

Aircraft Corporation; and Raytheon.  This study showed that cost 

reductions on the order of 2-5 times of those current foreseen        n 

are required to achieve economic feasibility.  Furthermore, key 

technology needs in low-cost solar cells, light-weight struc- 

tures, and efficient, safe, microwave transmission were 

identified. 

y 

! 

' 

Substantial advances and some breakthroughs in the develop-       i 

ment, characterization, and processing of photovoltaic materials 

will be required in order to produce abundant amounts of elec-        j 

trical power at a cost that will benefit other than the most 
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technically and economically advanced nations.  Among the 

materials problems that can be cited are the following. 

Technical advances arc required in: 

(1) Increased life of semiconductor material in the hot 

environment. 

(2) Increased efficiency per area of cell. 

(3) Cost reduction to 1/100 of present manufacture costs. 

(Improve cost/effectiveness of high-purity silicon 

from $lü0,000/kw to $l,000/kw). 

(4) Advanced process technology (vacuum evaporation, 

sputtering, electron beam ion plating, chemical vapor 

deposition). 

and in space: 

(5) Limiting vapor pressure of materials (especially 

metals) . 

(C) Hardening against radiation carnage. 

(7) Tenfold reduction in weight/kilowatt of the space 

array. 

C.  Wind Energy Conversion 

The winds and oceans represent vast natural reservoirs of 

energy collected from the sun.  Properly harnessed wind power 

can supply a significant fraction of the world's electrical 

power demand.  Wind turbines are currently in use on a small 

scale throughout the world, and one large-scale experimental 

aeroelectric turbine with a peak generating capacity of 1,250 

kw operated for 23 days on the electrical grid of the Central 

Vermont Public Service Corporation in 1941 [2]. 

A block diagram of a wind conversion system proposed by 
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heat sink at about 5ÜC.  Both the hot surface water and the 

cold deep water are replenichable by solar energy. 

Jacques D'Arsonval, a French physicist, first proposed 

extracting power from a heat engine operating from ocean thermal 

gradient in 1881, and George Claude demoastratcd a 22--kw Bystero 

in Cuba in 1929.  However, the Claude system was an economic 

failure because it used seawater, which has a low vapt)r pressure, 

as tic working fluid.  More recently the French built two rystcms 

of 3,500-5,000 kw capacity :n 1950 for use in the Mediterranean 

Sea and off the Ivory Coast in Africa. 

In 1964, Hilbert Anderson and James Anderson of York, 

Pennsylvania, patented the system shov/n schematically in Figure 

13.  This system features a submersed boiler and condenser to 

take economic advantage of the neutral balance between the 

seawater's hydrostatic pressure and the vapor pressure of the 

working fluid.  Doth ammonia and propane have been considered as 

the working fluid, and in the case of propane a pressure balance 

for the boiler operating at '>-20oC would be reached at a depth 

of 280 ft. and for the condenser operating at ^100C at a depth 

of about 155 ft.  The Andersons estimate that the maximum 

possible efficiency would be about 5%, and the actual efficiency 

would be about 2 or 3%.  Furthermore, they show that a 100-MW 

plant would produce about 60 x 10  gallons of fresh water per 

day if the hot water effluent from the boiler were degassed and 

passed through a vacuum evaporator and if the water vapor were 

condensed by the flow of cold water coming from the generating 

plant. 
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In spite of the low opcratimj efficiency, tlic energy 

available from ocean thermal gradients is enormous, and no 

special collectors or energy storage systems are required. 

However, there are a number of difficult technology problems 

that must bo solved, such as the following: 

1. A cold-water duct about 30 feet in diameter and 2,000 feet 

in length that has sufficient structural rigidity and 

anchoring to withstand ocean current Ilowmg in opposite 

directions at different depths must be designed. 

2. A working fluid that has a high vapor pressure and good 

heat transfer characteristics at the system operating 

temperatures must be selected to minimize the size of 

the turbine, boiler, and condenser. 

3. The heat exchangers must be especially designed to minimize 

thermal impedance across the heat transfer surfaces. 

Large heat transfer surfaces are required to provide heat 

fluxes nearly ten times those of more efficient fossil 

fuel boilers.  Furthermore, the heat eAchanger walls must 

not only resist fouling but must prevent the working fluid 

from coming in contact with seawater and causing damaging 

corrosion reactions.  Since the boiler and condenser are 

submersed, the heat exchanger walls can be made quite thin. 

4. The plant must be compatible with the ocean and resist 

corrosion, adverse weather conditions, and the clogging 

of ducting by debris, fish, etc. 

5. A satisfactory method must be provided for transnittin' 

energy from the plant to shore. 
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capital cost reduction? are the major problems standing in thu 

way of large-scale application of thermal conversion and photo- 

voltaic systems, and low-cost materials and materials processing 

methods arc principal factors in achieving this goal.  For this 

reason the ARPA Materials Research Council can make a valuable 

contribution in both identifying the important materials 

problems that will pace the orderly development of these tech- 

nologie«? and generating innovative approaches toward their 

solntion. 

i 

-58- 

I 
.1 

i 

1 
I 

i 

\ 

J J. ■ M 



-"x 7 

I 

2. 

3. 

1.  H. C. Hotte 1 end J. B. Mowerd, Kew Energy Technology; 

Some Facts and Af^scr.siuGnts, The MIT Press, Cambridge, 

Massachusetts, 1971, p. 332. 

Bruce Perno, "Those Ingenious Exotic Fue]s," in The 

Sciences, 1_3 (June, 1973). 

James C. Pletchcr, "NASA's Role in Solar Energy Research 

and Development" in Solar Hncrgy Research, Stafi Report 

Of the Committee on Science and Astronautics, U.S. House 

of Representatives, Ninety-second Congress, Decen\ber, 

1972, p. 28. 

4 SoJar Energy as a National Energy Resource, A Report 

of the NSF/NASA Solar Energy Panel, U. of Maryland, 

College Park, Maryland, December, 1972. 

5 Solar Energy Research, Staff Report of the Committee 

on Science and Astronautics, U.S. House of Representatives, 

Ninety-second Congress, December, 1972. 

6.   The Boston Globe, July 1, 197 3. 

7 Briefings Before the Task Force on Energy of the 

Subcommittee on Science, Research, and Development of 

the Committee on Science and Astronautics, U.S. House 

of Representatives, Ninety-second Congress, Vol. Ill, 

U.S. Government Printing Office, 1972. 

8.   P. E. Glasei, "The Potential of Power from Space," 1972 

IEEE EASCON Record, pp. 24-41. 

i 
-59- 

■ • ■" *- 



^ ^™r^-^.. i  .■■i iiiii-uiBiJii i jui 

SOLAR ENERGY APPLICATIONS 

Michael B. Bever 

Abstract 

This memorandum is concerned with applications of solar energy 

to thermal energy utilization, electric power generation and the pro- 

motion of chemical, biochemical and biological processes. 

In Part I current applications such as water heating, distillation, 

drying of products, sewage treatment, solar furnaces and electric power for 

space vehicles are described. Installations in the experimental stage 

such as space heating and cooling and in situ power generation are 

discussed. Schemes proposed for future development such as large-scale 

power generation and the production of synthetic fuels by solar energy 

are considered. 

Part II deals with conmon characteristics of solar energy appli- 

.        cations and draws some conclusions. Part III is a bibliography of solar 

energy applications. 
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SOLAR ENERGY APPLICATIONS 

Michael B. Bever 

This raercorandum is concerned with applications of solar energy. 

Part I surveys past and current applications and proposals for future 

development.    Part II deals with common characteristics of solar energy 

applications and draws some conclusions.    Part III is a bibliography of 

solar energy applications. 

Part I. Survey of Solar Energy Applications 

Solar energy applications may be divided into four major groups: 

(1) thermal 

(2) direct electrical 

(3) chemical, biochemical and biological, and 

(4) indirect applications. 

Table 1 shows a classification scheme based on these groups. 

In the first part of this memorandum we shall describe the appli- 

cations. We shall indicate their current status, which ranges from com- 

mercial readiness to merely speculative schemes. Assignment of status is 

a matter of judgment; moreover, the status of some proposed applications 

may change rapidly. 

1 .    Thermal Applications 

The direct thermal applications of solar energy can be subdivided 

according to the temperature ranges of the utilized heat. The low-temperature 
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range extends from room temperature to 100oC, the medium- ard high- 

temperature range from 100oC to over l,000oC and the ult'-a-high tempera- 

ture range upward to 3,500oC. 

The technical feasibility of the low-temperature heat applications 

of solar energy listed under 1.1 in Table 1 has been established and 

several of these applications are in current use. In cool climates direct 

solar heating of space by appropriate exposures has always beer practiced. 

Buildings which have facilities for collecting and storing heat have been 

constructed for experimentation and demonstration. Also a few installa- 

tions of space cooling or refrigeration have been reported. Combined 

heating and cooling systems for private residences as well as commercial 

and industrial buildings are of special interest. Solar water heating for 

residential and institutional use is established practice in several countries 

Industrial utilization of low-temperature solar heat includes some 

ancient techniques such as the production of salt by evaporation of sea 

water ami the drying of agricultural products. Solar drying is not neces- 

sarily limited to low-temperature heat and could be applied to industrial 

products. Solar drying of oil shale has special interest at present. 

Brackish water has been distilled for domestic and agricultural 

purposes in isolated locations or small municipalities in Australia, the 

West Indies and elsewhere. Large-scale desalination based en solar energy 

has been proposed but the projected costs make it economically unattractive 

for the foreseeable future. 

Solar energy has been successfully applied to sewage treatment as 

a source of heat for the digesters; it seeras to deserve wider adoption. 

The stimulation of plant growth in greenhouses is a long established 
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utilization of low-temperature solar heat; in a more sophisticated form 

it could probably be applied to vegetable growing in arctic climates. 

The feasibility of several applicaticr.a of medium- and high- 

temperature solar heat has been demonstrated.    Technically satisfactory 

equipment for cooking and baking is available but apparently has not been 

adopted by those population groups in developing countries for whom it 

was intended and who spend an appreciable fraction of their cash income 

on fuel  for food preparation.    Hot-air engines and steam engines using 

solar thermal energy have been successfully demonstrated.    They seem to have 

particular merit for irrigation pumping but have not been adopted on a 

significant scale.    Steam produced by solar energy could also serve as the 

basis of solar thermal  power stations. 

Solar energy is singularly well suited for the generation of ultra- 

high temperature heat.    The heat can be directly beamed onto a metallur- 

gical or chemical charge instead o' having to be transmitted through a con- 

taining vessel with the attendant risk of contamination.    Solar furnaces 

employ such ultra-high temperature solar heating.    Solar furnaces are 

being developed on a sustained basis in the French Pyrenees.    An experi- 

mental solar furnace was in operation in Southern California in 1950.    A 

solar furnace for research in thermal shock is a unique example of high- 

temperature solar heating.    Solar furnaces are technically successful, 

but the prospects for their industrial acceptance appear uncertain. 

Even for experimental work, the imaged arc electric furnace seems to be a 

more convenient technique of ultra-high temperature heating. 

In sumnary, the utilization of direct thermal solar heat has been 

successfully demonstrated for the low-temperature, medium- and high-temperature 
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and ultra-high temperature regions, but only low-temperature applications 

have so far been adopted for large-scale routine use.    Also, the prospects 

of a rapid expansion of solar thermal energy utilization appear to be most 

promising for this temperature range.    The contributions of low-temperature 

solar heat should not be underestimated.    Since in this temperature range 

the alternative heat sources such as oil  or electricity are utilized in 

the most wasteful manner, solar energy is particularly effective from the 

standpoint of over-all energy conservation. 

2. Direct Electrical  Energy 

Electrical energy can be produced by direct conversion of solar 

energy without a mechanical  intermediary.    The direct conversion can be 

carried out by the photovoltaic, thermoelectric, and galvanovoltaic 

effects. 

The photovoltaic effect has been used on a small  scale in 

space vehicles.    This application has demanded great reliability and 

high efficiency, but there were essentially no economic restraints.    The 

successful  space application of photovoltaic electricity generation has 

been important in focusing attention on solar energy utilization but 

has also given rise to misunderstandings of the technical and economic 

limitations of photovoltaic conversion technology. 

Small-scale, ground-based applications of the photovoltaic effect 

have been made on a limited scale particularly for the continuous charging 

of batteries ("solar batteries").    These devices are attractive for commu- 

nication and navigation equipment in inaccessible locations.    Operating 

problems which may have arisen (for example, through the actions of animals 

or birds) presumably can be overcome.    Some small-scale, ground-based 
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applications of the photovoltaic effect have potential military interest. 

The use of photovoltaic cells for in situ generation of electricity 

in buildings has reached the pilot stage.    Electricity generated in this 

manner is available for a variety of functions including heating and cool- 

ing in conjunction with a heat puirp.    Such installations will  require stand- 

by public-utility power or large storage capacity. 

The large-scale ground-based use of the photovoltaic effect is 

envisaged in '•he concept of "solar farms" proposed for sunny, arid regions 

in the Southwestern United States.    Another proposed large-scale applica- 

tion of the photovoltaic effect involvos a space-based satellite for the 

collection of solar energy and its conversion to electricity which is to 

be beamed to a terrestrial  receiving station.    Its obvious advantages in- 

clude operation essentially independent of weather and seasons and limited 

interference with the environment; the complexities and costs of such a 

scheme are equally obvious. 

The thermoelectric effect attracted attention in the WO's and IQBO's 

as a possible means of producing electric power from solar energy.    Low 

efficiencies and high costs, however, have discouraged this approach.    The 

galvanovoltaic effect, which is another possibility, also presents great 

technical challenges.    This method is considered elsewhere in this Report. 

A combined approach to obtaining thermal  and direct electrical 

energy from solar energy approaches the "total energy concept" and has 
I 

special attractions.    Such a combination would be of particular interest 

for use in buildings and for remote locations. 

3. Chemical, Biochemical and Biological Applications of Solar Energy 

Solar energy has great potential  for promoting chemical and 

i 
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biochemical reactions and biological processes for the production of fuels. 

A great deal of research and development, however, will be necessary before 

practical engineering methods will be available. 

The dissociation of steam has been suggested as a promising re- 

action for the chemical  conversion of solar energy.    Since this would re- 

quire high temperatures, it could benefit from available solar furnace 

technology. 

The technology of biochemical and biological energy conversion 

processes has attracted little attention to date.    Naturally occurring 

photosynthesis can serve as one base for further studies.    The bio- 

generation of fuels, such as hydrogen or methane, is attractive, but work- 

able processes for operation on an adequate scale are still lacking. 

4. Indirect Applications of Solar Energy 

Several indirect applications of solar energy are mentioned here 

for completeness. They include the exploitation of hydroelectric power, 

wind power, and ocean thermal  gradients. 

Part II.    Characteristics and Problems of Solar Energy Applications 

1 ■ General Features 

The applications of solar energy described in Part I have certain 

general features in common.    Each application involves    collection, conver- 

sion and storage but one or two of these functions may be undeveloped. 

For example, the utilization of solar energy as low-temperature thermal 

energy requires no special equipment for conversion; the resulting 
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simplicity and econorny of operation is one reason why this mode of solar 

energy utilization has been most widely adopted. 

The intermittent nature of solar energy requires energy storage; 

otherwise, its application would be severely limited.    Solar heating instal- 

lations are equipped with heat reservoirs; the cost of the equipment for 

heat storage is a large part of the cost of such installations. 

The direct in situ generation of electrical energy requires storage 

batteries in addition to a conversion device.    The proposed schemes for 

large-scale generation of electricity provide for storage by the production 

of a synthetic fuel or other intermediate product. 

2. Scale and Location of Solar Energy Applications 

Solar energy can be converted into usable form at the point of con- 

sumption as thermal or electrical energy.    Solar space and water heating 

and space cooling are decentralized by their nature.    In situ generation 

of electricity is also possible and eliminates transmission losses and the 

need for transmission facilities.    The question arises as to what extent 

distribution systems of the public utility type can ultimately be dispensed 

with or whether electric power from solar energy will be generated in cen- 

tral stations.    Any system producing synthetic fuels from solar energy would 

necessarily be centralized. 

The in situ generation of electricity for consumer use probably will 

involve photovoltaic conversion.    Without adequate and reliable storage of 

electric energy, however, public utility power on a standby basis would 

still be required and is provided for in current pilot installations,. 

The degree to which any type of solar energy application cr.n be 
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dispersed depends on the degree of its technical  complexity:  the least 

complex can be the most dispersed.    Space and water heating and space 

cooling are favored in this regard. 

Solar energy has its greatest potential in the "sun belt" which 

includes the Mediterranean countries, certain parts of Africa, Southern 

Asia, Australia, the Carribean, and parts of South America.    Large sec- 

tions of these regions are underdeveloped and lack energy resources.    Solar 

•ne gy applications, therefore, should be of particular interest to them 

and in fact the largest fraction of operating installations are located there. 

A continuation of this trend is also of broad international importance since 

it will limit new demands on the global supply of fossil  fuels which is al- 

ready being strained by the older industrialized regions. \ 

Solar energy can also make major contributions in the temperate 

zone.    Climate appears to be more important than geographical  latitude. 

Various parts of the United States are potentially suitable sites for in- 

tensive solar energy applications and limited applications are possible 

almost anywhere in this country. 

3. Sequence of future Development 

The sequence of significant impacts of solar energy applications 

is likely to be in the order of private residences, office and institu- 

tional buildings, military installations, agriculture and industry, and 

public utilities. 

Military installations allow experimentation with solar heating and 

cooling of multiple units under controlled conditions.    They also provide 

opportunities for applying the total energy concept, perhaps in combination 

with nuclear energy.    This would be of particular interest in remote sites 
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where combined solar and nuclear power sources could reduce logistic 

problems. The application of solar energy to the distillation of brackish 

water and sewage treatment for military installations should also be con- 

sidered. 

The application of solar energy to sewage treatment and to water 

distillation in isolated locations is of general interest. Agricultural 

and industrial applications, especially to the drying of materials, includ- 

ing mineral materials, warrant intensified development efforts. 

4. Environmental  Aspects 

Solar energy applications make few undesirable impacts on the en- 

vironment. They do not generate products of combustion nor do they cause 

any other atmospheric or water pollution. Most solar energy applications 

create no thermal pollution on the global scale since their effects on the 

over-all terrestrial heat balance cancel. Effects on local heat distribu- 

tion are minor except for solar farms which also raise questions concern- 

ing land use. 

The utilization of solar energy for residential purposes has 

created some architectural  problems.    The equipment is bulky and adds unac- 

customed features to the appearance of residential structures.    Solar 

water heating installations reportedly have met with aesthetic objections. 

Solar equipment for cooking and baking was a technical but not a practical 

success, probably for psychological or sociological  reasons.    It seems 

that aesthetic and psychological objections can be overcome. 

5. Energy Conservation 

The obvious driving force for the development of solar energy is 

its potential contribution to energy supplies.    The NASA-NSF study, for 
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example, expressed confidence that "solar energy can meet a sizable portion 

of the nation's future energy needs" - perhaps as much as one-third of the 

total heating needs.    A report to the Federal Power Commission estimates 

that by the year 2020 solar energy will contribute a minimum of 7.6 percent 

and a maximum of 26 percent to the total energy supply in this country. 

The necessary retrofitting of existing structures is a major obstacle to 

the expansion of residential uses.    This problem has not attracted as much 

attention as it deserves. 

The most immediate applications of solar energy will be in low- 

temperature thermal energy utilization.    This is of particular benefit 

because solar energy used for these low-grade energy needs would replace 

high-grade energy fossil  fuels.    The substitution of solar energy for 

imported oil will improve the balance of payments of the United States. 

6' Economic Aspects of Solar Energy Applications 

Solar energy applications are capital-intensive, because most of 

them require expensive equipment.    This will retard their adoption.    Es- 

pecially in the case of residential applications, high equipment costs will 

tend to discourage prospective homeowners.    Special financing of such instal 

lations in private housing should be provided. 

Solar energy applications generally do not present opportunities 

for economics of scale either in construction or operation.    Most costs are 

a linear function of capacity. 

Since the energy input in solar energy applications  is "free", 

efficiency is mainly important because of the cost of the equipment.    In 

space and some military applications, weight and volume efficiencies also 

• 
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count. In these applications higher costs for the sake of reliability are 

more acceptable than for civilian uses. 

The costs of collection of solar energy have been estimated to range 

from 50 to 95 percent of total costs. Storage costs may be as high as 25 

percent. 

In order to be competitive, solar energy must compete in over-all 

costs with comparable fuel-operated devices - in other words, it must be 

cheaper.    This points up the importance of comparative fuel prices.    Com- 

parisons published very recently, however, are now out of date because of 

the new level of oil prices.    For example, the standing of solar space 

heating relative to oil heating has become less unfavorable than their 

respective positions in Figure 4 of the NASA-NSF study. 

7. Materials Problems 

The materials problems of solar energy applications are those of 

the collection, conversion and storage subsystems.    They involve perform- 

ance and efficiency, cost and minimum life expectancy. 

The collection function in dispersed, small-scale installations 

for low-temperature thermal energy presents no major materials problems. 

The proposed larce-scale projects, especially if they employ focussed 

radiation collection, will require large amounts of transparent materials. 

Their cost is an appreciable item.    Large-scale collection facilities would 

also raise serious questions concerning the durability and degradation 

resistance, particularly of plastics and glass, in exposure to intensive 

solar radiation.    Little technical experience seems to exist regarding 

degradation resistance, long-term ciraensional stability, and heat shock 

resistance of materials under these circumstances. 
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Energy conversion by photovoltaic cells or other devices depends 

on special physical properties. These properties are discussed in other 

memoranda in this Report. The conversion materials present major pro- 

duction problems, including their cost of production; a^o, there are 

questions concerning their life expectancy. 

Energy storage poses materials problems. For example, the storage 

of low-temperature thermal energy for space heating still presents a 

technical and economic challenge. Some materials problems of energy 

storage are discussed in Volume I of this Report. 

Part III. Bibliography 

See next page. 
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Table 1.    Applications of Solar L ^rgy 

I 

1.    Thermal 

1.1 Low-temperature heat 

1.1.1 Water heating 
1.1.2 Space heating 
1.1.3 Space cooling and refrigeration 
1.1.4 Combined heating and cooling 
1.1.5 Salt production 
1.1.6 Drying of agricultural  products, 

mineral  products, industrial  products 
1.1.7 Distillation - desalination 
1.1.8 Sewage treatment 
1-1.9    Stimulation of plant growth 

1.2 Medium- and high-temperature heat 

1.2.1 Cooking, baking 
1.2.2 Hot air engines 
1.2.3 Steam for mechanical power 
1.2.4 Steam for electrical power 

1.3 Ultra-high temperature heat 

1.3.1    Solar furnaces 

Direct Electric Applications 

2.1    Photovoltaic cell 

2.1.1 Small-scale, space-based 
2.1.2 Small-scale, ground based: 

"solar battery", power package 
2.1.3 Large-scale, nround based: 

"solar farm" 
2.1.4 Large-scale, space-based 

Chemical. Biochemical and Biological Applications 

3.1 Chemical conversion 

3.1.1    Dissociation of steam 

3.2 Biochemical and biological 

3.2.1 Photosynthesis 
3.2.2 Biogeneration of fuels 
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4. Indirect Applications 

4.1 Hydroelectric power 
4.2 Wind power 
4.3 Ocean thermal gradients 
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COMMENTS ON DISCUSSION OF SOLAR ENERGY CONVERSION 

J. J. Gilman 

I. 1. The analysis ot realistic and complete systems is re- 

ceiving too little attention.  The analysis that is being done 

(and published) is the work of proponents of particular con- 

version systems.  These analyses are often incomplete. 

Total capital costs are being underestimated as are 

operating costs such as maintenance and storage.  Present values 

(cash flow analyses) for various projects are not commonly com- 

puted for comparison with other options. 

Cost reductions are being anticipated for components 

based on past experience.  In a rapidly changing world economic 

structure, this method is not a realistic basis for justifying 

spending budgets at rates as high as tens of millions of dollars 

per year.  In some cases the present "applications" work is based 

on subsystems that are known to be inadequate because of poor 

performance or high cost. 

2. Since incoming terrestial solar power is intermittent and 

often aperiodic it is clear that sophisticated storage systems 

are crucial to any substantial solar energy system.  Also, such 

systems will make major contributions to overall system capital 

and maintenance costs.  Far too little attention is being given 

to them.  In fact, my analysis of the FY73 - NSF Budget indicates 
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that zero attention is being paid by this organization.  If an 

economically and technically adequate storage system is not avail- 

able there is little point in developing large scale collecting 

systems. 

3. More research attention should be given to photochemical 

conversion techniques because they are relatively unexplored and 

therefore have the greatest potential for novel discoveries as a 

result of exploration.  These techniques include: 

a.  bio-conversion - use of algae-bacterial systems to 

perform the overall reaction: 

2H20 + C02 
hv > CH. + 20o 4     2 

b. photogalvanic iction at membranes - this is the ionic 

analog of the electronic photovoltaic cell. 

c. photo-assisted electrolysis of water or other sub- 

stances to produce fuels. 

d. photo-activated adsorption for separations of mixtures 

of phases. 

e. artificial photosynthesis of hydrocarbons. 

f. photo-activated catalysis. 

g. long-lived excitonic storage of photons for activating 

selected chemical reactions. 

h.  resonant two photon up converters for skewing solar 

frequency distribution toward higher frequencies. 

i.  phosphors for concentrating broad-band incident 
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radiation into a desirable narrow band. 

j.  photo-activated permeation through membranes, 
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THERMAL INSULATION OF WINDOW GLASS 

A. J. Sievers 

Abstract 

The thermal insulation of window glass is increased 

by a factor of two with a simple spray-on conductive coating 

i Preceding page blank 
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THERMAL INSULATION OF WINDOW GLASS ] 

A. J. Sievers 

A traditional style dwelling with about 10% of its 

wall area devoted to single pane windows loses from 30 to 50% 

of its heat energy through these windows.  With properly fitted 

storm windows the heat loss is reduced to about 10 to 15% of 

the total.  Double glazing (two panes of glass separated by a 

small air space and mounted in the same fraune) would reduce the 

heat loss to the 15 to 25% range but as a modern style house 

has almost twice the window area of a traditional house the 

percentage heat loss remains quite large.  Infrared radiation 

plays a major role in accounting for these losses.  We show that 

a commercial spray-on conductive coating, SnO ,1 which is trans- 

parent in the visible decreases the infrared emissivity of glass. 

This lower emissivity significantly decreases the heat loss 

through single panes, double glazed and storm windows.  For 

special coatings of Sn02:Sb 
2 or In203:Sn 

3, which are not yet 

commercially available, the heat transmission is decreased by 

at least a factor of two for all three window geometries. 

The power radiated by a body depends on its temperature 

and its emissivity as given by the Stefan-Boltzmann law 

W = eoT" 
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where e is the emissivity of the surface and varies from 0 

for a perfect reflector to 1 for a perfect absorber (black body) 

In Eq. 1,0- 0.17x10- 
BTU _ 8 watt 

i  5£ü  = 5.67*10' 
f^hrCR)1* nt2(0K) 

The spectral distribution of th« radiation is given 

by the Planck radiation law.  For our purposes it is sufficient 

to identify a few characteristic wavelengths associated -ith the 

distribution. 

Only two percent of the energy is found below a wave- 

length, Xmin, given by 

X .  T = 1600 micron 0K, 
min 

fifty percent of the energy is found below a wavelength, X^, 

given by 

I 

i 

X, T = 4100 micron 0K 

and ninety-eight percent of the energy is found below a wave- 

length X  v given by 

X    T = 18000 micron 0K 
max 

For a room temperature radiator these three wavelengths are the 

value of the emissivity in the far infrared region of the electro- 

magnetic spectrum between 

and 

X    =5.3 micron 
min 

X    =60 micron 
max 

deternines the radiated power. 
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To estimate the relative imrortance ?f heat transport 

by radiation we calculate the net radiative transfer of heat 

between two alass surfaces separated by a small air space and 

compare it to the conductive transport.  The small spacing in- 

sures that convective heat transport is suppressed. 

Area A, of emissivity and absorptivity E, at Tj is 

opposite area A0 -A, of emissivity and absorptivity c2 at T2. 

In unit time, unit area of plane 1 emits EJOTJ" of which the 

fraction E  is absorbed and (l-e^e, is reflected hick towards 

A and partially absorbed etc.  The resulting infinite geometric 

series expressing absorption at A2 is 

E,   e2 

Aa 

Net   (X + _L _ D 
E ,    C 2 

or for small temperature differences the power transmitted per 

un 
3 N 40T, 

R   A it   m JL + -±. - 1 
El   E« 

In the infrared between 5 and 60 micron wavelength 

glass has a   ry large absorptivity so we set Ej - e2 = 1. 

-88- 
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, . ,Watts,   , , ,  BTU 
R = 6.1 ( ) = 1.1 (- 

m 2  O, 
-) 

hr f2 0F 

With the two panes of glass separated by ^1", convection 

is suppressed and the heat transmission due to conduction alone 

is 

C = 0.9 Watts 

m 2 o, 

SO 

R ~ A c; 
c  6-5 

Even at room temperature radiation is the dominant heat 

transfer mechanism.  Consequently, the emissivity ox glass in 

the infrared plays a major role in the thermal insulation of 

windows. 

Tin oxide in the form of a thin film on glass has been 

used for a number of years as a transparent electrode or as a 

transparent heater.  These films are usually applied by spraying 

a mixture of SnCl^ with ethanol onto a glass substrate which has 

been heated to 400oC.  Tne SnClM is transformed into semicon- 

ducting Sn02. 

In the wavelength region from 5 to 30 microns the SnCT, 

coating is observed to reduce the infrared emissivity of window 

glass by about 10%.5  This change is associated with the free 

carriers in the semiconducting Sn02.  As the carrier concen- 

/4'rrNe2 
tration is small the plasma frequency (a) = /     ) associated 

p     o 
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with the free carriers occurs below the frequency region of 

interest.  recently, carrier concentrations N - 1020 cm-3 have 

been achieved by adding some SbCl3 or HF to the SnCl^ solution 

before spraying.6  In this case the plasma resonance occurs at 

smaller wavelengths (~2u) and the emis^ivity is reduced to 

E = 0.2 between 5 and 60 microns.  An even smaller emissivity, 

E ■ 0.1, has been observed for In^iSn 3 in this wavelength 

region. 

We have estimated the power transmitted per unit area 

per degree temperature for a single pane of glass, for double 

glazed glass (V spacing) and for storm windows (1" spacing). 

These results are summarized in Table 1.  An e = 0.9 is assumed 

for the uncoated glass and an e ■ 0.1 for the coated glass. 

Natural convection plus radiation heat transfer is taken into 

account for the two exposed glass surfaces.  In all three cases 

we have assumed that the tempera-ure difference between the air 

and the glass is less than 20oF. 

From the literature the coefficient for heat transmit- 

tance in 
BTU (U-no.) for a single glass pane is U = 1.1 

hr f2 0F 

and for a storm window U = 0.5.7  The corresponding calculated 

values in Table 1 for c = 0.9 compare reasonably well with 

these experimental U-nos. 

It is evident from the c = 0.1 column of Table 1 that 

a factor of two decrease in heat transmission can be expected 

for all three geometries.  It should also be mentioned that 

I 
I 
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these coatings actually toughen the glass surface. Because of 

the incipient national fuel shortage, glass companies sould be 

encouraged to mass produce coated glass for home construction. 
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TABLE   1. Power Transmitted 
w For Different 

m2 °Cj 

Window Geometries.  (The corresponding U-nos. 

in 
BTU 

f2 hr 
■57=- are given in parentheses.) 

-A... 1 ■ '*- 

e = 0.9 e = 0.1 

Single Pane 

Double Glazed 
(V spacing) 

Storm Window 
(1" spacing) 

> 8 
"(1.4) 

4.4 
(0.8) 

3.8 
(0.67) 

4 
"(0.7) 

2.2 
(0.4) 

1.5 
(0.27) 

' 
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AN ALTERNATIVE TO FLAT AREA 

SOLAR ENERGY ABSORPTION UNIT DEPLOYMENT 

J. P. Hirth 

Flat area deployment of solar energy absorbers has some 

possible disadvantages which would be overcome by vertical dis- 

position in a building.  These include (1) increasing usage of 

land area, (2) complete shadowing of the underlying land area 

with possible adverse environmental effects, and (3) where stor- 

age is important, long distance transmission to a storage device 

or, with say rooftop disposal, numerous individual storage units 

Shodow 

Absorbers 

Vertical 
View 

Horizontal View 

Figure  1.     Vertical Array 
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With the vertical array, the total area exposed to the sun is 

A = hw sin 6 (1) 

Here, h is the total height of the array and 6 is the angle be- 

tween the incident rays from the sun and the normal to the earth's 

surface.  Evidently the area A in equation (1) can exceed w2 pro- 

vided 0 is nonzero, which it never is in the U.S., so more area 

of exposure can be achieved per unit area w2.  An even greater 

area of exposure per base area w2 would be achieved by using 

lateral extension panels.  Moreover, the shadow rotates through 

an angle a of the order of 150° during a day so that any given 

area in the vicinity is shadower" only a fraction of the time. 

Finally, a central storage unit could be used at the site, re- 

ducing the above problems with numbers of units or distance of 

transmission.  A possible disadvantage would be the cost of the 

structure, but this would have to be traded off with the above 

possible advantages. 

Acknowledgement 

This work was supported by the Advanced Research Projects 

Agency of the Department of Defense under Contract No. DAKC15-71- 

C-0253 with The University of Michigan. 

-96- 

Q 

i 

0 

:i 

: 



■^-p- IP» iii.iu i      ii        'mnmmnmmmmm »(Uiiiupjiuiji i wmmmmmmm I« li'"'liiii'P«*BWWW«5fW»WiP"fr^«lPW»*i»WW«!PiWaB| 

Ü 

OPTICAL ANALYSIS OF SOLAR-THERMAL 

ENERGY COLLECTION 

P. L. Richards 

Abstract 

A brief analysis is presented which illustrates how 

design parameters such as the concentration factor and the 

ope-rating temperature interact with the optical parameters 

of materials in the system design of thermal solar energy 

collectors.  Thr use of wedge uuncentrators is suggested as 

an economical way to achieve large concentration factors. 

A schematic system design is given to illustrate the use of 

such concentrators. 
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OPTICAL ANALYSIS OF SOLAR-THERMAL 

ENERGY COLLECTION 

P. L. Richards 
.1 

I.     Introduction 

Thermal schemes for harvesting solar energy generally 

involve a collecting surface such as a mirror or a lense with 

area As which focuses the sunlight onto a heat exchanger with 

absorbing area A  and absorptivity a  (averaged over the solar 
ir P 

spectrum).  The ratio of these two areas A /A = K can be called 
s' P 

the concentration factor.  The product Afi of the area or an 

illuminated surface times the solid angle subtended by the 

source at that surface is an invariant quantity called the 

throughput of an optical system.  The smallest possible absorber 

area A = As^s/^p occurs when the sunlight is focused onto the 

absorber from all angles, f3 = 2TT.  The sun subtends a solid 

angle 3.     -   6   *   10"5 sterad when viewed from the earth, so the 

ideal concentration factor K   = 2TT/ß  - 105.  With such an max      s 

optimum optical system an absorber, which is otherwise thermally 

isolated, would reach radiation equilibrium at the effective 

solar temperature T  = 5,000K. 

In a power collection system, the balance between the 

solar power input, the various heat losses, and the useful 

energy carried away by the working fluid will be such as to 

'I 
I 

n 
. i 

Ö 
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maintain the heat exchanger at a convenient operating temper- 

ature T .  For a steam turbine power generation system this 
P 

temperature would be T -   500°C =  773K, 

One source of heat loss in such a system is the power 

radiated from the absorbing surface, P = e A oT \ where c  is 

the emissivity of the surface averaged over the (infrared) black 

body spectrum emitted at temperature T and o is the Stefan- 

Boltzmann constant.  For a system with the ideal concentration 

factor defined above, the fraction of the incident solar power 

which is lost by re-radiation is 
sJ 

-£ = 6 * 10 4 E /a , 
a P P 
P 

Clearly this heat loss is negligible for any reasonable values 

of the quantity a_/e • 

In any practical system the achie\able concentration K 

will be less than K   .  Even when constructed with expensive max 

optical components, most systems cannot concentrate the solar 

radiation into a 2TT solid angle.  The heat absorbing surface, 

however, will still radiate into a 2TT solid angle.  Because of 

the conservation of thruput, the fraction of the power radiated 

away is increased by the factor K__ /K. 
* lUclX 

The concentration factor can also be reduced by aberr- 

ations in inexpensive imaging systems.  It may therefore be 

necessary to make A much larger than the theoretical minimum 

in o*-der to intercept an acceptable fraction of the solar energy 

with inexpensive structures.  The fraction x of the incident 

solar energy which is lost by re-radiation for a system with a 

given a /e  and concentration factor is y     P P 

-99- 
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K . e  T     k e 
x = max 

£ (^)  ^ (^)  • K  a  T      va p   s      p 

In the literature of solar energy collection, systems with 

K = 60 are referred to as "high concentration" systems.  Fo*- 

K < 60 the quantity a /e     is an important parameter. 
P P i. 

In order to harvest diffuse as well as direct sunlight, 

non-concentrating systems with K = 1 are required.  For such 

systems a /e must be of the order of 60 for T = 500oC if the 
P P p 

extra energy from the diffuse sunlight is not be radiated away. 

This very stringent condition is rapidly relaxed if the oper- 

ating temperature T in  allowed to drop below 500oC.  Values of 
P 

a A -  5 are generally available from simple stable compounds1, 
ir ir 

while values up to 20 have been produced with sophisticated 

multi-layer coatings2. 

II.    Structures which Optimize Solid Angle 

As was discussed above, the concentration factor of a 

giver, system is improved if the sun is imaged on the absorbing 

surface with a solid angle approaching 2IT.  Most fast mirror or 

lense systems require accurate curved surfaces which are usually 

expensive to fabricate.  The cone (in three dimensions) or weage 

concentrator (in two dimensions) offers an alternative approach 

which may have economic advantages.  The analysis of such cones 

has been given by Williamson3, and their use with solar cells 

has been discussed by Ralph1*.  The geometrical construction 

given in Fig. 1 shows that the area of an absorbing surface 
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placed at the small end of the cone is effectively increased 

for rays entering the large end of the cone.  Consequently, 

solar radiation which is incident with solid angle Ü    on an 

absorber of area A without a cone, can be concentrated into a 

smaller area approaching A n /2T\.     The maximum concentration 
IT C 

factor is obtained for a long cone with a field lense and high 

reflectivity surfaces.  Economic factors will probably favor the 

use of relatively short simple cones which improve the concen- 

tration by a factor of 3-5. 

0 
n 
tj 

0 
II 

i 
i 

i 

; 

III.   Structures which Minimize Radiation Loss 

We have seen that for systems with a small concentration 

factor a large a /e  is required to avoid excessive radiation 
P P 

loss.  The extreme thermal environment and the long life required 

lor a practical system complicates the use of sophisticated multi- 

layer coatings with high a /e  on the absorbing surface.  The 

value of a /e obtainable in practice will probably be limited 

by material lifetime problems.  The possibility exists of using 

various structures around the absorbing surface to modify its 

performance so that the radiation neat loss is relatively in- 

sensitive to the properties ot cne absorber used.  A simple 

collector surface material with moderate & /e , designed to 

withstand temperature extremes, can have its performance enhanced 

by a more sophisticated coating on a heat mirror which is main- 

tained near ambient temperatuie. 
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The idea is illustrated in Fig. 2 where we show a heat 

exchanger pipe with area A whose surface is characterized by 

ap/ep which is partially surrounded by a reflecting pipe whose 

inner surface is characterized by A and e_.  A gap in the re- 

fleeting pipe is covered by a mirror of area A characterized 
m 

by  a  high average transmittarce Tm for solar  radiation and a 

high  reflectivity Rm  for  re-radiated infrared.     This  center pipe 

should be  sealed and  evacuated to prevent  convective heat  loss 

from the  heat exchanger. 

A heat mirror with R    =0.9  and T     =0.8  can be  con- m m 

structed from Sn doped lr.203 deposited on glass
5.  Tho inner 

reflecting surface of the vacuum jacket could be aluminized to 

give eR < 0.05. All of these coatings would operate near 

ambient temperaturs in a vacuum environment, so should have long 

life. 

The distribution of infrared photons between the pipes 

is essentially uniform because all surfaces have at least moder- 

ately high reflectivities.  The power radiated from the heat ex- 

changer pipe is P = oT "*£ A .  If we neglect infrared radiation 

from objects at ambient temperature, which is reduced by the 

factor (TA/T ) ** -   .02, the power lost from the heat exchanger 

can be written 

OT   ''E  A   [e  A     +    (1-R   )A   ] 
P    =      P    P PL  r r m;   mJ 

L E A    +   (1-R  )A    +   e  A 

0 

.1 

' 

r r m    m P P 

i 

I 

:! 

:i 
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Several limiting cases can be explored in order to 

illustrate the usefulness of this uniform photon density 

analysis. 

D 
Ö 

a 

a 

.. 

ii 

1. Consider first the limit of a large mirror area with 

no coating.  In this case A > A , and R = 0 so that (1-R )A m   p'     m mm 

dominates both numerator and denominator.  Then PT = aT "*£ A so 
L    P P P 

that all of the p^wer radiated from the heat exchanger is lost. 

2. Now consider the case of a small mirror area without 

a coating, ATO << Av - A  and R =0.  We then have E A much 3  m    r   p      m p p 

larger than Am or e A^. so that PT = aT ^A .  A small hole in the m    r r L    p m 

outer pipe thus acts like a black body radiator at temperature 

V 
3.  The cases of greatest interest are those wich an 

efficient heat mirror R > 0.9.  First assume that all areas are 
ra 

comparable A ^ A - A and that e  < 0.05.  Then e A can be 

neglected and PT = T ^e A (1-R )/[(l-R ) + e ].  Clearly, the Lpppm      mp u 

power lost is determined by either e A or by (1-R )A , whichever r J p p    ■r v  ra m' 

is smaller.  A high performance heat mirror operating at ambient 

temperature can be used in place of a low emissivity coating on 

the hot heat exchanger. 

4.  A heat mirror can also be used in non-concentrating 

systems with A = 0 so that sunlight can reach the heat exchanger 

from all directions.  If we continue to assume that A = A then ra   p 

the  expression  for P    is  the  same  as  for case  3  above.     The power 

lost  again depends on  the  smaller of   (1-R )   or  e   . 
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An analogous analysis can sometimes be useful in 

understanding the absorption of solar energy.  The heat mirror 

reduces the incident power by T whenever it is used.  A re- 

flecting surface surrounding the absorber, as is the case for 

example 2 above, converts the system into a black body absorber 

with effective area A for a wide range of values of a .  The m ^ p 

assumption of uniform distribution of photons made in this 

analysis permits only qualitative conclusions for cases 1 and 2 

above, but should yield accurate results for cases 3 and 4. 

IV.    System Optimization 

The analysis discussed above is intended to display the 

interrelationship between various material properties and system 

performance.  A thorough engineering analysis based on available, 

or developable material properties and on material and fabri- 

cation costs would be required to obtain an optimum system design 

for a specific location.  Such a study is beyond the scope of 

this paper. 

In the absence of an engineering analysis it is interest- 

ing to speculate on the general form which an optimized system 

might take.  Figure 3 contains a suggested heat exchanger struc- 

ture for a high concentration system of the type which might 

prove useful in locations which have a large proportion of 

direct sunlight.  The entire structure is kept small relative 

to the collector for low cost and is evacuated to avoid convec- 

tion losses.  The heat exchanger pipe is partially surrounded 
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with radiation shields such as thermally isolated sheets of 

shiny aluminum foil.  Because they reach radiation equilibrium 

at intermediate temperatures, each sheet with (low) emissivity 

e  reduces the radiative heat loss from the back of the pipe by a 

factor 2/e .  The absorbing sector of the pipe is coated with 
ES 

material with the highest available a /e  consistent with long 

life and low cost.  Because a heat mirror is used, it may be 

more important to increase a  than to reduce e .  A wedge con- p p 

centrator of shiny aluminum foil or aluminized glass is used to 

concentrate the solar energy.  A heat mirror is deposited on 

the inner surface of the glass pipe.  The heat mirror should be 

far from the absorbing surface because suitable coatings have 

larger T near normal incidence.  This factor may not be of 

primary importance, since R will increase for infrared rays 

far from normal incidence.  The separation of the mirror from 

the absorber determines the diameter of the glass vacuum pipe, 

which is drawn with a circular ci iss section for ease of fabri- 

cation.  If this pipe is kept small for low cost, it may prove 

desirable to extend the wedge concentrator outside the pipe as 

shown. 
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Figure 1.  Illustration of the optical properties of a cone 
or wedge concentrator.  The angle of incidence 
of the light ray on the effective absorbing surface 
is the same as the angle of incidence of the re- 
flected ray on the physical absorber. 
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Figure 2.  Illustration of a heat exchanger pipe of area A 
partially surrounded by a reflecting surface  p 

of area A and partly by a heat mirror of area 
m 

! 

Ö 

I 

Ü 

-108- 
: 

  .__ _.. 

mil , -s... .: .,  ■■.■■.  ■-■■ '■■■ 



IWP!IMPIiPmUiU.JiHJW*MWWW|M-^^ 

  mw. 

0 
u 

IJ 

0 

n 

Radiation 
Shields 

Heat Mirror 

Figure  3. 
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Illustration of a solar energy collector with 
large concentration factor which utilizes an in- 
expensive aluminum foil wedge concentrator and 
radiation shields, as well as a heat mirror on 
the glass vacuum tube. 
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SPECTRAL PROPERTIES OF SMALL PARTICLE 

METALLIC COATINGS, 

I.  General Considerations 

A. J. Sievers 

;: 

II 
■ 

Abstract 

We find that in the free electron approximation, the 

plasma resonance for small metallic particles can be adjusted 

to occur near the center of the solar spectrum.  A metallic 

particulate coating is expected to be temperature independent 

because the Fermi temperature of the electrons is extremely 

large and the electron mean free path is determined by the 

small particle size.  A bright metal surface coated with this 

material can provide a nearly temperature independent wave- 

length selective coating for collectors of solar energy. 

Preceding page blank 
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SPECTRAL PROPERTIES OF SMALL PARTICLE 

METALLIC COATINGS, 

I.  General Considerations 

A. J. Sievers 

Introduction 

The use of spectrally selective surfaces for collectors 

of solar energy in power generation systems have been proposed 

by Tabor1, Shaffer2 and Whitaker3.  Maximum conversion of solar 

radiation to useful heat requires surface properties with a 

maximum total absorptivity, a, for solar wavelengths (0.3 to 

2.0 microns) and a minimum emissivity, e, for longer wavelengths 

appropriate to thermal reradiation (2 to 30 microns).  In this 

paper we investigate the selective radiation properties of small 

particle metallic coatings. 

Tabor1* has divided the kinds of selective surfaces into 

two classes.  The first class consists of a smooth low emissivity 

metal base covered by a thin surface layer which is visibly dark 

but substantially transparent in the infrared.  The second class 

pertains to those systems which are entirely metallic so that 

the infrared emissivity is naturally low but because of color or 

a finely divided structure the absorptivity in the visible 

spectrum is larger. 

. 
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Selection surfaces of the first class usually consist 

of a polished metal surface covered with a very thin layer 

of a black semiconductor, having a thickness around 10"'* to 

10"5 cm.  This black outer surface is about the thickness of 

one wavelength of visible light ana absorbs the solar radiation. 

In the infrared the coating thickness is small compared to a 

wavelength so it is transparent and the emissivity is determined 

by the nature of the bright metallic surface under the coating. 

The experimental work on these coatings has been reviewed by 

Daniels5.  Typically — ratios between 5 and 10 have been obtained 

using this technique. 

A somewhat different approach first used by Edwards, et al. 

is to coat the surface with a thick (100 micron) film semicon- 

ductor (Si) coating.  The absorption coefficient of a semicon- 

ductor increases greatly with increasing photon energy for 

energies near the band gap.  The film is then absorbing in the 

short-wavelength (visible) region and is transparent in the long 

wavelength (infrared) region.  Recently Seraphin6 has obtained 

— ratios of 10 to 12 using this technique. 

Another contribution to this class is based on the prin- 

ciple of the interference filter, in particular, interference 

effects in metal-dielectric multilayer stacks.  A particularly 

promising interference stack has been developed by Schmidt and 

Park7.  Again an — ratio between 10 and 2 0 is obtained. 
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As the temperature is increased for each of the coatings 

described above the - ratio decreases.  At 300oC the - ratio 

typically decreases by a factor of two from the room temperature 

value.  Moreover the multi-layered coatings have the additional 

problem that diffusion between layers occurs, eutectics form, 

and mechanical changes such as roughening or flaking have been 

observed. 

These degradation factors will be kept to a minimum if 

a one component metallic selective surface of the second class 

is used.  Little work has been done on such systems.  Tabor1* 

noted that polished zinc absorbs about 55% of the solar spectrum 

but has a low emissivity in the infrared.  Irvine et al.8 measured 

the selective radiation characteristics of fine metal mesh.  They 

found an — = 2.2 which was temperature independent up to 500oF. 

A selective coating of the second class which has not 

yet been investigated consists of metal particles on a shiny 

metal substrate.  It has been known for some time that small 

metallic particles have very different optical properties9 than 

those of the bulk material from which the particles are made. 

In particular absorption bands10-11* in the visible region of the 

spectrum have been identified with metallic colloids dispersed 

in various optically transparent media. 

Because the Fermi temperature of the electrons in the 

metallic particles is much larger than the temperatures of 

interest and the mean free path of the electrons is determined 

. 
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by the particle size, the optical properties of the metallic 

particles remain temperature independent.  A solar collector 

consisting of metallic particles on a metallic surface would 

have an — which is essentially temperature independent.  In 

addition, if the metallic particles consist of the same metallic 

element as the substrate, the problems associated with chemical 

and mechanical change would be minimized. 

Small metallic particles can be routinely produced15 ' 

by evaporation of the bulk metal in argon gas at low pressures. 

The size of the particles is controllad to a large extent by 

the argon pressure. 

These facts have provided the motivation for our in- 

vestigation of the optical properties of a metallic particle 

coating.  In the next section we calculate the average dielec- 

tric constant of the composite medium using the mean field approx- 

imation.  Then we calculate the optical properties when the 

particles can be represented by a free electron gas approximation. 

A resonance corresponding to the lowest frequency sphere mode or 

the surface plasmon mode is optically active and can be adjusted 

to the center of the solar spectrum.  The composite medium is 

transparent in the infrared region of the electromagnetic spectrum. 

The Dielectric Constant of the Composite Layer 

We start with a layer of nonabsorbing material with 

dielectric constant c which contains a volume fraction f of 
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small absorbing ellipsoids with dielectric function ^(w) as 

shown in Figure 1. 

This composite medium is polarized by an external field 

E.  The polarization in the medium can be described in terms of 

an average dielectric function e.  If the field inside the 

ellipsoids, E , and the field outside the ellipsoids, E , are 

nearly homogeneous then e is easily determined. 

This homogeneous field approximation should be valid if 

the particles are much smaller than the wavelength of the 

electromagnetic wave.  This allows us to neglect retardation 

effects inside the crystal and scattering18. 

It is also necessary that -.he metal composite should 

have a density <25% of the density of the bulk metal.  This 

latter condition ^omes about because the averaging process for 

the fields must be carried out over dimensions comparable to 

the wavelength of the radiation, i.e., the sample must contain 

many particles within X.     Therefore, for ellipsoids of revolu- 

tion with axes a, a and b and for wavelength A, 

f > a2b (1) 

To insure that the fields E and E have small inhomogeneities, 

the ellipsoids should be separated by a distance large compared 

to the mean diameter so 

a2b << f << 0.5 (2) .1 
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Figure 1.  Metallic ellipsoids with dielectric function e, 
embedded in a nonabsorbing medium with dielectric 
constant e0.  The electric fields inside the ellip- 
soids are denoted by Ex   and in the nonabsorbing 
medium by Eo.  E is the value of the electric 
field averaged over a volume containing many parti- 

1 

; 

i 
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The average electric field, E, inside the composite 

medium is assumed to be a volume average of the uniform fields 

E  and E  so 1 9 

. . 

E   =   fE1   +    (l-f)Eo 

In addition, the average polarization inside the composite 

medium is defined as 

(3) 

4TT P = (e-l)E 
(4) 

For particles with an ellipsoidal shape the average dielectric 

constant is20 

e__   eQ(l-f) (l-L) + e1[a-f)L+f] 
eo " eoU-(i-f)L] + ei(l-f)L  (5) 

where L is the depolarizing coefficient which is a geometrical 

constant depending on the ratios of the axes of the ellipsoid. 

For any ellipsoid Lx + Ly + Lz = 1.  For our case with the 

ellipsoid axes of revolution perpendicular to the surface 

2L  + L  =1. x    z 

The Optical Properties 

For small metallic ellipsoids the dielectric function 

of the bulk metal can be written as 1 8 

w 
(^(a)) = e^   (1-  r2) 

(6) 

... 

n 
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RELATIVE FREQUENCY (cj/cüp) 

Figure 2. The frequency dependence of the absorption co- 
efficient of a low density powder composed of 
small metallic spheres.  The relaxation time 
has been indicated. 
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where 

2 . 47rNe: ü) = 

and 

^2 U 

m e 

(u2 + ^ 
T 

(7) 

(8) 

The expression for e is obtained by inserting Eq. (6) 

into Eq. (5).  We find that 

E 

rca, - ^2 

(9) 

where 

to, = 

£:o(l-f) (1-L) + ej (1-f )L+f ] 

eoll-a-f)Lj + eJl-f)L  

E0(l-f) (1-L) + EJ(l-f)L+f] 

and 

w„ = 
em(l-f)L a)2 

-C— 
en[l-(l-f)L.l + eJl-f)L 

(10) 

(11) 

(12) 

Note that Eq. (9) has a resonance when w2 = to2  For 

small damping ajpT << 1 and the resonance occurs at the fre- 

quency given by Eq. 12. 

The damping of the resonance is determined by the mean 

free path of the carriers in the bulk for particle sizes greater 
o 

than  200A at room temperature.     For smaller metallic particles 

D 

; 

0 

.1 
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< OOA the mean free path is determined by the particle size 

itself and should be essentially temperature independent. 

A Calculation with Spherical Particles 

To estimate the frequency associated with the sphere 

mode we rewrite Eq. 12 as 

OJ 

1 + [ (l-f)L - 1] 

(13) 

The plasma frequency for metals occurs in the UV 

part of the spectrum.  To shift the sphere mode to the 

center of the solar radiation spectrum (1.8 eV) we want a 
e 

material with ^ as large as possible, a filling factor, f, as 

large as possible and L as small as possible.  L is minimized 

for spherical particles where Lx = Ly = Lz = ± so we restrict 

ourselves to this geometry. 

ril 

The bulk plasmon frequency, w . for copper occurs at 

7 eV21.  For 

E CO' 

^= 3, f . ^and L = *  then   WJ ■= ^ 

so 

Cüä = 2.2 eV 

To decrease the frequency still further to w. = 1.8 eV 

would require a filling factor f = | in Eq. 13.  It should be 

noted that cur mean field calculation is not expected to be 

^ 
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very accurate for such large f values and it may be necessary 

to start with a metal with a somewhat smaller u . 
P 

For a very thick layer of this composite medium electro- 

magnetic radiation will be reflected between üJ£ and the cüh given 

by Eq. 11.  For our case we are interested in sufficiently thin 

layers so that most of the solar radiation is absorbed.  The 

frequency dependence of the absorption coefficient of a low 

density powder composed of small metallic spheres for two dif- 

ferent relaxation times is shown in Fig. 2.  In 100A copper 

particles co T - 0.1. 
ir 

Conclusions 

Small metallic particles have a very different absorption 

spectrum than does the bulk metal itself.  There exists no 

characteristic resonance for bulk metal because the transverse 

long wavelength motion of the free electrons has no restoring 

force.  However, such motion in a small metallic particle results 

in a polarization charge at the surface which provides the re- 

storing force needed to explain the resonant character of Fig. 2. 

The resonant frequency is determined by the plasma fre- 

quency, w , the filling factor, f, the depolarizing factor, L, 

and the dielectric constant in which the spheres are imbedded, 

eQ.     For the free electron model it is possible to t_ne the sur- 

face plasma resonance to the center of the solar spectrum by 

varying these parameters. 

i 

. 

. 

- 

. 
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So far we have not considered the influence of inter- 

band transitions on the optical properties of the composite 

medium.  In general, if the interband transition frequency occurs 

below the plasma frequency then the absorption coefficient can 

show both a resonance near the surface plasmon frequency as well 

as an antiresonance near the interband transition frequency. 

This latter frequency is somewhat temperature dependent and will 

cause the absorption coefficient of the layer to be temperature 

dependent.  Whether or not this is a serious problem is yet to 

be determined.  Within the free electron approximation essentially 

no temperature dependence (up to 300oC) in the absorption co- 

efficient is expected because of the small particle size. 
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CONCENTRATION, COLLECTION AND INSULATION 

R. Kaplow 

Although the total amount of sunlight falling on the 

earth each day is very great, the energy density (approximately 

0.4 watt-hrs/cmVday1 is significantly lower than is ordinarily 

utilized in the majority of extent energy conversion (e.g., to 

electricity) or utilization technologies.  A number of the 

schemes proposed for solar utilization have therefore been based 

on methods for achieving a concentration of the sunlight energy 

prior to the actual utilization or conversion process. 

In the designs for large thermal systems, the working 

heat transfer fluid could serve this purpose, collecting the 

heat from the sunlight over a large area and releasing it over 

the relatively small area of a heat exchanger of ordinary pro- 

portions.  In principle, the heat transfer conduits could cover 

the entire collection area, and thereby accomplish the entire 

thermal concentration.  However, it has seemed to a number of 

workers that it would be advantageous to concentrate the sunlight 

- as light - prior to its collection in any form.  For thermal 

systems, this line of reasoning follows from two considerations. 

1.  The thermal insulation of the best collection and 

transfer conduits is imperfect (see later discussion).  Therefore, 

if the area of those collector/conduits ßer unit of heat input is 
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reduced, the working temperature of the transfer fluid at the 

heat exchanger input will be greater.  In principle, this leads      1 

to an effective use in the conversion process of more of the 

energy collected, due to the higher (heat engine) efficiency ob- 

tainable at higher working temperatures.  In addition, reducing 

their area will tend to reduce the absolute amount of heat lost 

from the collector/conduits, providing the temperature dependence 

of tne insulation is not overly disadvantageous.  Even after an 

optimum temperature is reached (such as 500oC for a steam turbine) 

further concentration allows reduction of the size of the collector 

and so reduced radiative (and other) heat loss.  These efficiency 

arguments apply particularly to large-scale electricity generating 

plants which would probably use steam turbine generators, but 

similar considerations apply to smaller systems, such as for home, 

office, and industrial space conditioning. 

2.  It may be more economical to concentrate the sunlight 

from a large area, as light, than to provide (and circulate) an 

equivalent area of active thermal collector/conduit.  The economic 

considerations here relate to capital as well as to operational 

expenses.  That is, the cost of constructing focussing mirror 

reflectors, for example, may be less per unit area than for 

collector/conduit and the operating costs (inclduing motions which 

may be necessary to maintain focus) may be less than the costs 

associated with the compensated fluid pumping. 

The validity of the second type of consideration is not 

yet certain; indeed, for some of the focussing schemes which have 

■ 
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been suggested, the cost factors seem to be in the reverse di- 

rection.  Also, it must be noted that with concentration schemes 

which depend on focussing light directly from the sun the poten- 

tial advantages are significantly offset by the loss of the 

diffuse-sky light, which may average 50% or more of the total 

light available. 

As regards direct conversion of sunlight to electrical 

energy, using photovoltaic cells, considerations of the type 

discussed in paragraph 1 above do not apply.  Indeed, since the 

efficiency of such cells decreases with increasing temperature, 

one needs to dissipate the thermal by-product of the light ab- 

sorbed.  On the other hand, the present cost of photov Itaic 

cells (per unit area of coverage) is a dominant factor in con- 

siderations of their practicality for large-scale use.  At the 

same time, it is known that existing quality cells can utilize 

about ten times the photon density of natural sunlight.  Thus, 

low-cost light concentrators could make a significant imparc on 

the economics of photovoltaic conversion.  It is reasonable to 

expect, therefore, that the concentration of light will continue 

to be an important direction for investigation towards efficient 

and economical use of solar energy. 

The achievable working temperatures and the effective 

utilization of the available sunlight are also strong functions 

of the collection and insulation parameters of the system.  The 

thermal collector/conduit needs to abosrb all (or nearly all) of 

the sunlight falling on it (whether it sees the sky directly or 
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pre-concentrated light). Secondly, the collector/conduit ob- 

viously needs to be well insulated against conduction, convection 

and radiation losses. Moreover, the insulating system is subject 

to the constraint that it be transparent to the incident sunlight 

in the necessary transmission path (the actual path, of course, 

depends heavily on the design of the thermal collector and of the 

concentration system used, if any). 

For thermal systems it appears that there is yet oppor- 

tunity for significant design improvements regarding the basic 

configurations, regarding concenlration, collection and insulation 

aspects in toto. 

With photovoltaic systems, also, the absorption and 

retention of thermal energy are important factors - but in a 

reverse sense.  Here the system design should allow only a mini- 

mal temperature rise.  It is important to note, in this regard, 

that the major sources of the undesired thermal energy are the 

same phenomena that correspond to the major primary inefficiencies 

in the photovoltaic conversion of sunlight.  In the ideal con- 

version process, a photon is absorbed through the excitation of 

an electron across an energy gap to a higher energy state, in 

which condition the electron can contribute to the current output 

by the cell.  While significant practical inefficiencies exist 

for the internal process, the major inefficiency arises from the 

mismatch between the actual photon energies, and the energy 

required to excite electrons across the gap: 

J 

! 
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1. For a given photovoltaic material, many of the photons 

have insufficient energy for the electron excitation.  These con- 

tribute nothing tc the conversion process, but can generate heat, 

since the phonon excitation probabilities are not zero. 

2. Photons which are sufficiently energetic will - on the 

average - over excite the electrons.  That excess energy contributes 

nothing to the conversion process, but it again yields a temperature 

rise, through the thermalization by scattering of the "hot" elec- 

trons . 

In this area as well then, detailed system design may be 

important to an efficient operation.  The possibility of using 

multiple thin-cell "stacks", with each unit in the sequence util- 

izing a successively lower energy band of photons is discussed in 

the section which treats photovoltaic cells specifically.  That 

scheme, if successful, would also obviate the thermal problem 

nicely.  However, the attendant fabrication complexities - even 

assuming the availability of suitable energy gap photovoltaic 

materials - can only exacerbate the already difficult cost of cell 

production.  An alternate design scheme - a combined photovoltaic 

and thermal system - would accept the type 2 inefficiency (above) 

in the photovoltales, but would allow transmission of the lower 

energy photons to a thermal system below.  Such a system seems 

particularly interesting for nome/office use.  In a third scheme, 

proposed by a group at the MIT Lincoln Laboratory, a sort of an 

inversion of the thermal/photovoltaic combination would be used2. 

The sunlight would be absorbed into a thermal reservoir first; 
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radiation (infrared) would be ellowed to escape through windows 

in the insulation of the hot reservoir, through band-pass or 

high-pass optical filters selected to match the energy gap in 

photovoltaic cells positioned at the windows.  These latter two 

concepts are subject to essentially the same considerations re- 

garding concentration, collection and insulation as the purely 

thermal systems, with the additional constraints imposed by the 

required matching to the photovoltaic cell properties. 

Design Details 

1.  Insulation and Collection 

For high efficiency thermal systems, the primary insulation 

against convection and conduction losses most often considered is 

a vacuum, perfectly insulating for those two types of losses and 

perfectly transparent for the incident sunlight.  For insulation 

against radiative losses, two directions seem obvious, and are 

being pursued.  These involve the optical properties of elements 

of the system for the specific radiation wavelength distribution 

that would be radiated by the hot collector/conduit: 

a. To reduce the emissivity of the hot surface, so as to 

minimize radiation emission [eIR should be small], 

and 

b. To maximize the reflectivity of an "envelope" (e.g., 

the inner surface of the vacuum enclosure), surround- 

ing the hot collector, so that it acts as a perfect 

mirror for any emitted IR radiation [RIR should be 1] . 

. 
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Both of these, however, need to be accomplished subject 

to constraints regarding the optical appearance of the surfaces 

to the wavelengths present in the sunlight. 

a. The collector surface should be fully absorbing to 

the sunlight (i.e., aSUN should be 1), 

b. The radiation mirror should be transparent to the 

sunlight (i.e., TSUN should be 1) at least in the 

optical path required by the geometry of a particular 

design. 

In other words, for the hot surface one wants a large 

ratio, aSUN/£IR, and a large ratio for the infra-red radiation 

mirXOr'   W^IR- 
It is important to note that while these two approaches 

may be important individually, they do not add in a simple 

fashion to yield significant improvements as combinations.  In 

other words, as the emissivity of the hot surface (e  ) is re- 

duced to very small values, the effectiveness of the radiation 

mirror is lessened (if it is not a perfect mirror) since any 

radiation reflected back is unlikely to be reabsorbed.  On the 

other hand, a good infrared mirror can be beneficial when the 

elR of the hot surface is not exceptionally small.  This may be 

an important design consideration, since - from the materials 

point of view - it may be much easier to maintain desired optical 

properties of a surface at the low temperatures of a surrounding 

shield, than on the hot collector/conduit, assuming that the 

desired properties can be achieved initially. 
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There are a number of ways by which reasonably large 

values of aSUN/
e
IR 

can be achieved, in principle. 

a. Coat a metal mirror-like surface with small particles 

(<l.y).  These do not couple with the long wavelength 

(2-10y) infrared radiation (characterisitic of a 600oC 

hot emitter) and the effective surface for the infrared 

is therefore the low emissivity substrate.  The part- 

icles are relatively black to the shorter wavelengths 

(0.3-1.Op in sunlight.  CuO particles on aluminum, 

formed by sprayxng copper nitrate on Al sheet, has 

yielded aSUN =0.93 and eIR =0.1 for a ratio of 9.3 

(at room temperature)3. 

b. Coat thin films of materials which are intrinsic 

absorbers for short wavelengths on reflecting surfaces. 

Various semiconducting materials (e.g., silicon) have 

an optical absorption edge at about 1 micron of wave- 

length, just between the spectral distributions corres- 

ponding to sunlight on the one side and to the emission 

spectrum for a 600oC hot body on the other.  Thus, a 

polished metal surface coated with silicon, and with 

the silicon in turn coated with an anti-reflective 

coating, will potentially yield high aSUN/
e
IR ratios 

with a solar absorbance approaching 80%."* 

c.  Coat a polished metal substrate with a series of layers 

using intrinsic and interference properties.  A recent 

design has achieved an aSUN/
c
IR 

of about 30, calcu- 

-132- 

.. 

. 

,. 

• i 

mmlmmmi^ 
ataMÜnrNTWlBiii'! i1  .n iMimi   tun ■  |■|^^l\■"m^^^l^^^i^laLi1l'^lliiTMIfrl>rtil^hin^ Uh.tbum 



" ^—-•— 'w<" ••'^**mmil*'*9ei™mni '    i^mmrm^^^m^m^mmimmmmmmmimmm ,   .   .....   Ml,... M,    ,     MJ^ 

I 
I 
I 
I 

I 

Layer Material Thickness 

1 Mo opaque 

2 Au 15 nm 

3 AI2O3 61.5 nm 

Mo 

AI2O3 

very thin 
(semi- 
transparent 

77 nm 

lated for about 300oC (but with a solar absorbance 

of only ^77%).  This was achieved as follows1*: 

Function 

high reflectance in IR 

high reflectance in IR 

reduce reflectance of short 
wavelength light by inter- 
ference 

improve interference at 
AI2O3 surface and absorb 
sunlight 

protect last metal layer 
and provide additional inter- 
ference type short wavelength 
absorption 

None of these processes are trivial from the point of 

view of low cost fabrication; silicon coatings - made by chemical 

vapor deposition, may be the most economical and reliable. 

Further, we note that solar absortivities seem to be reduced (to 

about 80%) in achieving the highest ot„T.M/eTO ratios, thus far. o UiN  J. K 

Most bothersome, however, is the probable instability of such 

coatings during long periods of duty at elevated temperature and 

with thermal fluctuations on a variety of time scales.  From the 

materials point of view, there is concern about interdiffusion 

among film layers, and diffusion from the substrate (pipe) into 

the coating.  A significant concern also exists regarding evapor- 

ation of surface elements (particularly if the surrounding in- 

sulation is a vacuum).  In addition, thermal cycling, with its 
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attendant expansion provides additional constraints (expansion 

coefficient matching) on the properties of the useable materials. 

For infrared mirrors, coatings of SnzOa and I^Os have 

been suggested; with appropriate amounts of suitable dopant (Sb+ 

and Sn , respectively) these both exhibit reasonably sharp re- 

flectance edges near Ip wavelength with high transmission in the 

visible region, and high reflectance for 600oC infrared.  The 

best coatings yet developed are far from ideal however, with 

transmission coefficients for sunlight of only about 85%, com- 

bined with a transmission for the infrared of roughly 15%5. 

There appears to be a good deal of room for improvement, there- 

fore, in the TSUN/(1~
R
IR) ratio, especially since the long term 

degradation of such a mirror should be less severe, because of 

its lower operating temperature.  The physics behind such radia- 

tion shields is relatively straightforward: one needs to find a 

material in which (1) the excitation of phonons by the visible 

(Sun) light is slight and (2) there is a low probability for 

exciting electrons individually to higher energy states by 

amounts >1 ev, and (3) there is a sufficient density of carriers 

to yield a "plasma frequency" corresponding to ^ly wavelength 

photons, with only longer wavelengths being able to cause such 

excitations.  At the same time, the quality for the present 

purpose of the materials already known to be more or less suitable 

deoends on metallurgical-like details.  For example, the sharpness 

of the change in reflectivity is very dependent on the carrier 
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mean scattering time, a parameter known to be dependent on the 

density of structural defects. 

It is interesting to note that contrary to one's initial 

intuition, high a/e systems may be most useful in relatively low 

temperature systems.  This arises both because it is easier to 

achieve a high ratio for the more widely separated radiation 

distributions, and because the complicated, high a/e materials 

are likely to be more stable at low temperature.  At the same 

time, it appears that high working temperature systems can be 

achieved even with low a/t,   given adequate solar concentration 

(^10-20x). 

In the light of these points, and the preceding dis- 

cussion, we recommend a three-pronged materials development 

program, in associated with the radiation insulation aspect of 

the insulation, which appear to represent achievable goals. 

These are: 

a. Develop surfaces with very high aer.v/ET_ ratios, 

with aSUN as large as possible (>0.9), fabricable 

at low cost and using elements not in short supply; 

relatively low operating temperatures (<300oC) should 

be regarded as an acceptable goal for these surfaces. 

b. Develop surfaces with moderate xcrT„/eTT, ratios 
SUN      IR 

(e.g.,   2-5),   but with  high  durability  at  high   temper- 

atures   (>500oC). 

c     Develop  surfaces  with  high  TSUN/(1-RIR)   coefficients, 

to be  used as  radiation  mirrors   in  combination  with 
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low a/:   collector/conduit surfaces.  Development 

of a radiation mirror surface of sufficiently high 

performance would, in fact, eliminate the need for 

the developments suggested under (a) and (b), above. 

Needless to say, it would be desirable to avoid the use 

of vacuum as part of the insulation in thermal solar systems. 

It follows, therefore, that it would be desirable to develop a 

material or material composite with exceedingly low conductive, 

convective and (infrared) radiative heat transfer* coupled with 

high sunlight transmissivity.  At this point, however, it is not 

obvious that such a development is possible, nor is it obvious 

what research directions are likely to oe fruitful. 

2.  Light Concentration 

A variety of lens and mirror schemes are under discussion 

and some have been constructed - at least in trial form.  At the 

present stage, it appears that mirror focussing systems will be 

much less expensive to fabricate, install and maintain than lenses. 

From the design point-of-view, it seems intuitively desirable that 

wnen motion of parts of the system are required to maintain focus, 

it is preferred to move as little mass as possible and as little 

of the primary reflection area as possible.  For high concentration 

systems, it follows that the mirror - assuming that mirrors will 

be used - should be stationary; indeed on the ground, so as to 

. 

^Again, the low infrared radiative transfer aspect could be 
handled by a separate, high-performance radiation mirror. 

• • 
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avoid the need for a support structure.  The Gulf General Atomic 

Corporation, according to a presentation made to the Workshop by 

John Russell, is giving serious consideration to such a scheme, 

in which individual flat m. rrors are located on part of a cylin- 

drical surface, and oriented to reflect the sun's rays . nto a 

region on the far side of the cylinder.  This provides a two- 

dimensional focus onto a collector/conduit pipe, which moves to 

track the sun's image. 

It does not appear that materials per se will be a funda- 

mental determinant of the engineering and economic feasibility 

of the light concentration aspect of such systems.  To be sure, 

attention will have to be paid to the durability (or inexpensive 

replacement) of mirror surfaces, and to the choice of materials 

for the conduit/pipe and vacuum enclosure (if one is used); but 

it does not appear that the probability of achieving successful 

and economic installations of large thermal systems (to generate 

electricity or a secondary fuel, such as hydrogen) will be de- 

termined (or even much affected) by new materials development 

for this aspect of the system.  Rather, this concentration part 

of the problem seems most likely to benefit from advanced and 

inventive basic design developments and creative notions for 

such things as on-site fabrication schemes, modular prefabri- 

cations, etc. 

The fluctuations in solar input lead to the requirement 

that a large plant - if it is to provide a fairly uniform elec- 

trical output - will need not only a large storage capacity, but 
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also a momentary power capacity perhaps 5^ the average output; 

it is particularly important that the design of such plants be 

considered with the storage (or secondary fuel generation) and 

the input variations as primary aspects - rather than an addendum. 

From the design point-of-view, it should be mentioned that con- 

sideration should also be given to utilizing the radiation 

"losses" to the cold night sky; thus far, this phenomenon has 

been considered only as an efficiency loss. 
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A MEMORANDUM ON THE SUBJECT OF 

PHOTOVOLTAIC SOLAR ENERGY CONVERSION 

J. J. Loferski 

1.  The photovoltaic effect, i.e., the generation of an emf 

as the result of the absorption of light, is very common ir semi- 

conductors.  It is a minority carrier phenomenon.  The existence 

of a photovoltaic effect requires the presence of an electric 

potential barrier in the region where mobile carriers are pro- 

duced as a result of light absorption.  The lifetime of the 

minority carriers must be large enough to allow them to diffuse 

to the barrier.  The barrier can be a p-n junction incorporated 

into a single semiconductor (a homojunction) or a p-n junction 

in which the p-semiconductor is a different material from the n- 

semiconductor (a heterojunction) or it can be a Schottky barrier. 

The theory of p-n homojunction cells is well developed and the 

behavior of such junctions is predictable and in conformity with 

experiments.  The theory of p-n heterojunction cells is poorly 

developed and it is difficult to test such cells experimentally 

because of the complexity of phenomena which are involved, i.e., 

lattice mismatch leading to interface states, possibility of 

tunneling through potential barrier "spike" at interface, the 

role of electron affinity in determining the band-matching at 

the interface, etc.  The theory of Schottky barrier photoce]Is 
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is also poorly developed and difficult to apply because of the 

role of surface states, oxide layers, etc., on real surfaces, 

the real properties of thin metal films, etc. 

2. According to the theory of p-n junction photovoltaic 

solar energy converters, the maximum efficiency which can be 

attained in a single p-n junction cell is about 25% for air mass 

zero (AMO) sunlight illumination.  Such efficiency should be 

attainable in a semiconductor with a band gap of about 1.5eV. 

The band gap is a first order parameter in determining the upper 

limit on efficiency of a cell.  The curve of maximum efficiency 

vs. energy gap passes slowly through its maximum; energy gaps 

between 0.9eV and 2 . 5eV have upper limits on efficiency in ex- 

cess of 15% on the assumption that the p-n junction behaves in 

accord with the classical Shockley theory.  If the Shockley 

theory is not obeyed, e.g., if recombination and generation occurs 

in the space change region, the maximum efficiency decreases to a 

value between 15 and 20%.  The efficiency is a function of spectral 

composition of the incident sunlight so that it varies with time 

of day, season of the year, etc.; these variations can amount to 

a few percent. 

3. The main loss mechanisms are photons whose energy is too 

small to generate hole-electron pairs (in Si, 24% of AMO photon 

energy is rejected for this reason) and photon energy in excess 

of the band gap (in Si this loss amounts to 33% of AMO photon 

energy).  The magnitude of these two losses are set once the 

- I 
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semiconductor is selected.  It is possible to reduce the second 

loss by making tandem cells, i.e., an arrangement in which a group 

of cells made from materials of varying energy gaps are placed on 

top of each other in order of descending energy gap.  In such an 

arrangement, the light strikes the first (largest) band gap cell 

and the radiation corresponding to smaller photon energies than 

the band gap energy is transmitted to the next cell in the tandem 

arrangement, etc.  If the minimum band gap in the sequence is 

l.leV (the band gap of Si), and if the other characteristics of 

the junctions are similar to those of the best currently available 

Si cells (14% efficiency) , then the maximunl, conversion efficiency 

for the tandem cell arrangement would be abo'^t 25%.  If the 

characteristics of the junctions could be made equiva.' ent to those 

required of the improved Si solar cell which is expected to have 

efficiency of 22%, then the maximum conversion efficiency of the 

tandem cell structure would be about 38%.  Such arrangements other 

than single hemojunctions may become practical if cells of sub- 

stantially reduced cost become available in a number of materials 

of various energy gaps. 

4.  Currently in the U.S. (and indeed in the world) there is 

available commercially only one kind of solar cell, namely the 

single crystal silicon p-n homojunction cell.  This cell has been 

the "backbone" of the space power program.  It is the source of 

on-board power for virtually all unmanned space satellites and 

for the manned space laboratory program.  Its operation is well 
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understood because it is a homojunction.  It has an air mass 

zero (AMO) efficiency of about 11% in commercial cells but it is 

confidently expected that efficiencies in the vicinity of 20% 

should be attainable (laboratory cells having AMO efficiencies 

of 14% have already been made).  The only market for these cells 

has been in the space program which requires an annual production 

of cells capable of producing an output between 50 and 70 kW under 

constant illumination in outer space.  Because of the emphasis on 

reliability and relatively small contribution (a few percent) of 

solar cells to the overall cost of a space mission, there has 

been minimum incentive to reduce the cost of silicon cells for 

space application and therefore the cost is artificially high. 

Obvious changes in manufacturing procedures and design of silicon 

cell arrays intended for terrestrial applications would reduce 

the price of silicon solar cell arrays to the range of about $70/m2 

according to estimates of U.S. solar cell manufacturer (Spectrolab 

Division of the Textron Corp. and Centralabs).  New methods for 

making ribbons of single crystal silicon and for doping cells 

currently under investigation would if successful lead to arrays 

in the range of about $25/m2.  It does not seem possible to achieve 

lower costs than this with already identified technology, i.e., 

without unpredictable "breakthroughs". 

The amount of money invested in research and development 

or silicon solar cells during the past decade has been about $1 

million dollars/annum.  The sources were NASA and the Air Force 

. 
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whose main concern was with increased radiation hardening.  There 

has been virtually no investment in research by private industry 

because the total volume of sales of solar cells never has ex- 

ceeded $10 million dollars/annmr. divided between two or more 

manufacturers.  Large scale terrestrial applications were not 

seriously explored because the conventional wisdom assumed that 

nuclear power was the solution to the electrical power needs of 

the world. 

5.  The photovoltaic solar cell system which after silicon 

has been most intensively studied is the Cu-CdS thin film solar 

cells.  Research and development on this system consumed about 

$1 million dollars/annum for about ten years; the work was 

sponsored by NASA and the Air Force who hoped to be able to use 

this system in space.  The potentially higher watts per pound 

from Cu-CdS thin film cells were a principal cause for interest 

in this cell as a replacement for silicon. 

The cell was in pilot production at Clevite for a number 

of years, but support for the program was cut-off about four years 

ago because it was not possible to eliminate degradation of the 

output of the cell with time (on a scale of years) and because 

the efficiency (< 5%) was not adequate for space applications. 

Work on this system has been recently revived (mainly 

at the University of Delaware) by RANN-NSF because the cost of 

such cells promises to be lower than that of silicon single 

crystal cells.  Economic analyses of this system by representa- 

X 
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interest  has  been  the   lack of  any  substantial market  for  solar 

cells. 
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tives of the Dupont Company and by chemical engineers at the 

University of Delaware predict that the cost of arrays of Cu-CdS 

thin film cells would be in the range of $10/m2 if the volume were 

at least 8*107ft2/annum (about 3 miles2/annum).  However, neither 

Dupont nor any other manufacturer is prepared to begin production 

of the cell unless there is confidence that the degradation problem 

has been solved and that the finished product will therefore have 

a large market. 

6.  Single crystal p-n homojunction solar cells have also been 

made from the III-V semiconductors GaAs, InP and the II-VI semi- 

conductor CdTe.  The most intense effort was that applied to GaAs 

cells which attained efficiencies of about 10-11% in 1961.  About 

$1 million was spent on the GaAs cell program.  It was abandoned 

because it was estimated that GaAs single crystal cells would cost 

at least a factor of ten more than silicon cells.  (It has been 

reported that the USSR has used GaAs single crystal cells to power 

some of its satellites.)  The InP effort was very small and re- 

sulted in efficiencies of about 8%.  It is interesting to observe 

that no major research and development effort has ever been 

mounted with the goal of producing semiconductor material spec- 

ifically for solar cells.  Solar cells from Si, GaAs, InP, CdTe 

and Cu-CdS all depended on other potential commercial applications 

for those electronic materials.  The reason for this lack of 
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Reconunendations for Future Work 

1. Large scale terrestrial application is impeded mainly by 

the cost of solar cells and solar cell arrays.  The thin film Cu- 

CdS solar cell system seems to promise a favorable low cost but 

it has technological deficiencies.  It is recommended that major 

emphasis be placed on understanding the photovoltaic process and 

degradation mechanisms in this system.  There are many recently 

developed tools for exploring thin films like those of Cu S on 
x 

CdS, techniques like Auger electron spectroscopy, ion spectroscopy, 

secondary electron emission spectroscopy, etc.  There is reason to 

believe that it may never be possible to stabilize CU2S because 

the copper which is interstitial is very mobile in this material. 

2. The cost of growing single crystals is a serious impediment 

to producing single crystal silicon cells at a cost as low as that 

projected for thin film Cu-CdS cells.  Therefore, major emphasis 

should be expended on exploring the possibility of making say 5% 

efficient silicon cells from polycrystalline silicon.  The trans- 

mission of minority carriers through boundarieb requires explor- 

ation.  The conventional wisdom assumes that minority carrier 

diffusion lengths of the order of 50 microns are required in 

silicon cells and this presumably implies grain sizes of this 

dimension in useful polycrystalline silicon cells.  These assump- 

tions should be tested experimentally and explored theoretically. 

New ways to grow single crystals should be sought.  Ways to de- 

posit Si on inexpensive substrates and to produce single crystal 

.I» 
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"grains" of sufficient area for acceptable efficiency solar cells 

are needed. 

3. Achievement of high efficiency solar cells is not as high 

a priority item as the production of low cost solar cells.  However, 

the possibility of achieving efficiencies of 20% in AMO sunlight 

should be explored.  This will require preparation of single crystal 

silicon having minority carrier diffusion lengths of > 100 microns 

in material of 0.01 ohm cm resistivity and the control of surface 

electronic properties so that a surface recombination velocity of 

< 100 cm/sec can be maintained on Si crystals of 0.01 ohm cm 

resistivity. 

4. Research should continue on other materials though at a 

lower level than that expended on items 1 and 2 above.  The empha- 

sis should be on materials which are favorable for thin film cells, 

i.e., direct gap semiconductors.  The band gaps should be in the 

range 0.9 to 2.5eV. 

5. Schottky barrier and heterojunction cells should be ex- 

plored because fabrication of such barriers seems to promise lower 

cost than fabrication of p-n homojunctions. 

6. The support level for solar energy research should be 

increased to conform more closely to the sums recommended by the 

NSF-NASA panel on Solar Energy. 
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PHOTOVOLTAIC DEVICES:  A DISCUSSION SIMMARY 

H. Ehrenreich 

Following the meeting on solar energy, a group consisting 

of R. Bleiden, M. Cohen, H. Ehrenreich, R. Huggins, W. Kohn, 

R. Kaplow, and J. Loferski discussed the general subject of photo- 

voltaic devices as an energy source.  This note attempts to 

summarize that discussion.  While the comments in their present 

form are the results of a group effort, some viewpoints expressed 

here may not necessarily be shared by all participants.  Further- 

more, in view of the informality of the discussion, there may be 

some points of inaccuracy of fact or emphasis. 

General Comments 

The emphasis of future solar cell research should empha- 

size terrestial rather than space applications.  Low efficiencies 

(^5%) and less reliability can be tolerated in the case of 

terrestrial uses, and as a result the cost should be lowered 

appreciably.  To be economically competitive with other energy 

sources, the cost must be ^$3-20/m2, depending on the specific 

application. 

A factor of ten reduction in crystal Si solar cell cost 

is possible without a breakthrough in the existing technology. 

One foot wide single crystal ribbons have been produced at Tyco 
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and Westinghouse.  However, since a reduction of about 100 in 

cost is required for electric power generated by photovoltaic 

cells to be competitive with that generated by fossil fuel or 

nuclear plants, where seems to be no large identifiable market 

for such cells.  (Toys and digital clocks have been considered 

in this connection.)  The group guessed that of the order of ten 

million dollars of R&D expenses would be required in order to 

make mass production possible. 

It was not clear to what extent the use of polycrystalline 

Si films had been investigated.  Such films would be cheaper on 

the one hand, but less efficient on the other.  It would seem 

important to develop more information concerning this point. 

The use of hetorojunctions, and in particular the Cu-Cd-S 

system was also considered.  One general advantage of hetero- 

junctions (which emerged in later conversations with Eden and 

Joseph of North American Rockwell) is that sunlight can be sent 

through the larger band gap transmitting layer and absorbed in 

the narrower band gap depletion region in the junction.  This 

procedure minimizes the electron-hole recombination.  This is 

not the mode in which the Cd-Cu-S cells are used, presumably 

because of the way they are manufactured (CdS is the substrate 

material; a thin CuS2 layer is chemically produced). 

It appears that the presently existing Cu-Cd-S devices 

have been produced using a great deal of empiricism.  The funda- 

mental knowledge concerning their operation is far below that 

of Si.  (The theory of heterojunctions in general is considerably 
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less developed than that of homojunctiers.) 

Present efforts to develop such devices are centered in 

the laboratories of Boer, Bube, and Loferski located respectively 

at the University of Delaware, Stanford, and Brown University. 

The total funding amounts to about $425K with the largest portion 

going to Delaware.  The Stanford effort is just in its beginning 

stages.  Clevite was supported by NASA and Air Force programs to 

develop thin film cells for about ten years at the rate ^$400K 

per year.  This program was terminated about three years ago 

because no space applications seemed probable.  The achievec. 

efficiencies are generally in the range 2-5%, although occasionally 

8% has been obtained on cells which degrade unacceptably with time. 

Indeed, photodegradation seems to be a universal problem.  Roof- 

top tests at Delaware have shown that some degradation is healed 

at night: the cells may recover to some extent when illumination 

ceases. 

The fact that Cu diffuses rapidly in CuS may not have 

been emphasized sufficiently.  The diffusion in the a-phase has 

the same order of magnitude as in liquids above the phase trans- 

formation temperature (9i0C).  In view of the deleterious effects 

of Cu in other semiconducting systems (recall, Cu was the original 

transistor "deathnium") , it would seem appropriate to question the 

use of Cu based systems in photovoltaic applications. 

Several homojunction systems involving compound semi- 

conductors have been considered.  A program at General Electric 

developed  a CdTe solar cell.  CdTe is attractive because its band 
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gap of 1.5 eV is close to that corresponding to maximum efficiency 

for the solar spectral distribution.  The achieved efficiencies 

were 8%   for single crystals and 5% for thin films.  Unfortunately, 

degradation was found to occur, as in the Cu-Cd-S system.  This 

material would probably not be suitable for terrestrial uses since 

^80K tons of Te would be required over a ten year period in order 

to fulfill U.S. needs, whereas only 'v.200 tons per year are 

currently available.  A question concerning the adequacy of the 

Cd supply was also raised.  Apparently the CdTe activity was 

terminated because a larger investment had already been made on 

the Cu-Cd-S system and there appeared to be no clear-cut incentive 

for preferring one system over the other. 

Other homojunction systems, such as the ternaries CuInS2, 

AgGaSe2 were investigated because they have nearly optimal band 

gaps and because of certain analogies to the 2-6 compounds. 

Schottky barrier diodes also produce a photovoltaic 

effect.  The ternaries CuGaSe2 and CuGaTe2 operate in this manner. 

While in an ideal sense ternary compounds offer a great 

richness of possibilities, in terms of tailoring band gaps, de- 

pletion layers, mobilities, etc., they also pose genuine compo- 

sitional control problems.  From the stochiometry standpoint it 

would therefore appear desirable to use homojunctions containing 

as few constituents as possible.  This view would imply that Si 

is preferable to GaAs, and GaAs, in turn is preferable to Cu-Cd-S. 

It may bo that bother materials preparation techniques as well as 

deeper understanding of heterojunctions may alter this view. 

,. 
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U. S. Competence in Photovoltaic Field 

In industrial laboratories the capability for offectivo 

R&D activities certainly exists, but it is not being utilized, 

presumably because the immediate economic incentives are lacking. 

There are many university laboratories having a supercritical 

semiconductor effort and requisite crystal growing facilities. 

Those having associated Material Research Laboratories, such as, 

for example, M.I.T., Stanford, Harvard, Purdue, and Brown, could 

acquire competence in this field very quickly given adequate 

financial resources.  Presumably also, if the AEC Laboratories 

indeed become the core of the energy R&D agency, a significant 

proportion of research will be done in those institutions. 

Fundamental Questions 

The present discussion group regarded the following 

questions as significant topics for further fundamental investi- 

gation. 

In connection with Si photovoltaic devices, the effects 

of clean grain boundaries on the efficiency should be investi- 

gated.  It would seem desirable to have systematic experimental 

investigation involving bi and tricrystals, to identify orientation 

effects, as well as precipitation and recombination sites. 

Diffusion effects along grain boundaries could be examined by 

constructing junctions using either ion implantation or codepo- 

sition techniques.  The understanding of such diffusion effects 

are important particularly in polycrystalline junctions since 

diffusion might short circuit them. 
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This leads to the question of the general usefulness of 

polycrystalline materials and their general limitations.  Why, 

for example, are they satisfactory for the Cu-Cd-S system and 

seemingly not for Si?  It may be that polycrystalJine Si has not 

yet been sufficiently investigated in order to form a clear judg- 

ment. 

In connection with the Cu-Cd-S system, it would seem im- 

portant to understand the nature of the degradation phenomena more 

clearly.  These may conceivably be connected with grain boundary 

precipitation, random precipitation, Cu diffusion into CdS, and 

Cd diffusion into Cu S. 
x 

Since heterojunctions in general may also be of practical 

usefulness in solar energy conversions, it would seem important 

to ask whether the present fundamental understanding of such de- 

vices is adequate for possible photovoltaic cell applications. 

Deeper insight into the workings of these devices might permit a 

more systematic search for candidates other than Cu-Cd-S.  Another 

question concerns the desirable properties of electronic structure 

of the substrate.  More generally, one might ask whether the 

photovoltaic process in heterojunctions is the same as in homo- 

junctions.  It is, for example, possible to make Schottky barrier 

devices in heterojunctions.  Possible advantages of such devices 

should be investigated. 
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PHOTOCHEMICAL PROCESSES AND 

SOLAR ENERGY UTILIZATION 

I 
I 

J. C. Light 

The direct utilization of solar energy for production 

of fuels (other than the biological conversion) has been con- 

sidered and, as with all other large scale processes, rejected 

over a number of years.  The purpose of this brief paper is to 

outline the possibilities, practicalities and prospects of the 

general problem of non-biological photochemical conversion on 

a large scale. 

There are (at least) three general modes of utilization 

of solar energy in chemical conversion that one can consider. 

They are 

(a) Direct photoinduced and endothermic chemical reactions 

at low temperature (280oK<T<400oK) in which the products 

of the reaction can be stabilized against the reverse 

(exothermic) reaction until desired.  Such photochemical 

processed would store energy, occur at low temperature, 

and be reversible under appropriate conditions to release 

either thermal energy or electrical energy in a fuel cell. 

(b) Direct photogalvanic production of electrical power by 

means of the EMF produced by the non-equilibrium (thermal) 

stationary states which can occur between illuminated and 
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dark electrodes in appropriate electrolytes, 

(c) Combined solar energy driven thermal conversions (perhaps 

photochemically assisted) which may occur in the appro- 

priate high temperature (400oK<T<1000oK) solar energy 

conversion cells.  The possibilities for this range from 

energy storage in a simple phase transformation (eutectics 

or vaporization for example) to high temperature photo- 

assisted endothermic reactions in which the products are 

quenched and stored. 

It should be noted that processes of types (a) and (b) are 

non-equilibrium stationary state threshold processes whereas pro- 

cess (c) is at least a mixed thermal and photochemical process. 

Processes (a) and (b) differ in that process (a) produces, under 

illumination, a chemical fuel which must be separated and stored, 

whereas process (b) produces directly electric power which might 

be stored in batteries.  Process (c) produces thermally equilibrated 

products, the energy of which may be stored in four possible ways - 

by inhibition of back reaction as the temperature drops (quenching) 

by physical separation, by storage of thermal energy in high tem- 

perature sinks such as "pebble beds" or other thermal sinks,or, 

more indirectly, by generation of power and storage of electricity 

in batteries. 

Since these possibilities have all been touted at one 

time or another it may be useful to consider the practicalities 

of solar energy itself before concentrating on what is known and 

bhe prospects of each area separately.  To this end we note the 

i 

■154- 

MiMMaM^Hi mmm maam^ä^mmm^mm^mmm^ 



l5!WmB^BWTW!Trw»i»SWWira*Ä!-™r!Äl--™wpswB««WIW 

[ 

facts (a la 1973) about the solar energy spectrum (presumably 

unchanging) and the economies of alternative sources of power 

(which may change by an order of magnitude in 30 years).  Currently 

gasoline is ^$.5/gal and milk is $l/gal.  The energy content of 

gasoline is ^4,000 times that of milk.  This in terms of energy, 

gasoline (etc) is at least three orders of magnitude cheaper than 

animal biological products, and roughly two orders of magnitude 

cheaper than vegetable biological products per calorie.  At current 

energy prices, each square foot of sunny land is worth ^$0.10 to 

$0.20/year in total incoming solar energy, or rougily $600/acre. 

Sinc^ crops at current prices are worth up to ^$r,00/acre, the 

question of cost looms very large.  Presumably arid sunny land 

from which solar energy is easily useable form can be sold for 

^$.15/ft2-year is economically very feasible now and may be worth 

a factor of 3 times this in the next decade.  However, it is not 

clear that such low costs are feasible with current technology. 

The solar spectrum, although rorghly that of a black body 

at 6000K, is rather flat in the visible range and has a very sharp 
o 

drop for wavelengths (A) less than '^3300A, primarily due to the 

ozone layer of the upper atmosphere.  The maximum efficiency of 

photochemical processes (a) and (b) is sharply limited because 

they are threshold processes which can use only a fraction of the 

solar energy.  Photons of energy lower than the threshold energy 

(E ) cannot cause the reaction to occur, and those photons absorbed 

with energy above the threshold may cause the reaction but have 

only a fraction of their energy stored.  In addition the processes 

1 
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in which the change in free energy is significantly less than the 

change in enthalpy or heat content. 

This is illustrated roughly in Figs. 1 and 2.  Figure 1 

is the number of photons per cm2-sec (at normal incidence at the 

equator) of wavelength A < A .  If each photon of energy E > ET 

absorbed leads to an entothermic chemical reaction with quantum 

efficiency (ME) in which an amount of energy Eq is stored in 

chemical energy, then the amount of energy stored chemically/cm2- 

sec is 

E/cmz-sec = Eg \      N(E)(ME)dE 

where N(E) is the number of photons per unit energy range per cm - 

sec.  The threshold energy, E , must exceed E , i.e., Eg = ET - 6. 

Assuming unit quantum efficiency we may plot E as a function of 

E  and 6.  This is given in Fig. 2.  It can be seen that th3 

optimum threshold energy must lie near 2 eV and that 5 must be less 

than 1 eV in order for efficiencies to be of the order of 15% or 

larger.  In fact only cne reaction is known (to me) in which this 

is approached and in this case the free energy change is much less. 

Similar considerations apply to photogalvanic cells al- 

though in this case the entropy losses may be much smaller. 

(However the quantum efficiency rarely approaches unity in the 

condensed phase.)  These considerations do not apply to the third 

case in which the chemical equilibrium is essentially maintained 

and the energy of all photons absorbed can be used to drive the 
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endothermic reaction. 

With these general considerations in mind we shall look 

at one example of each type and then give some suggestions of 

problems and possibilities for further research. 

A.     Direct Photochemical Reaction for Fuel Production 

This type of process must involve at least four steps: 

1) Absorption of radiation 

2) Rapid stabilization by net endothermic reactions 

3) Separation of high energy products for storage 

4) Recombination of fuels under conditions appropriate to 

energy utilization 

In this mode of utilization of solar energy it is nec- 

essary to prevent the thermalization of the absorbed energy, 

i.e., a "photochemical diode" is required in step (2).  There 

are at least three mechanisms by which this can occur: 

1) Utilization of the differences in kinetics of two and 

three body reactions in the gas phase.  (The N0C1 system 

could depend on this.) 

2) Utilization of the differences in reaction cross sections 

when energy is in different degrees of freedom. 

3) Utilization of differential solubility (or other phase 

separation) of products to inhibit back reaction (i.e., 

combining steps 2 and 3). 

An example, the most optimistic known to date, of the 

first mechanism is the following gas phase reaction 
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N0C1 + hv(A < 6500A) ■> NO + Cl 

(Abs. coeff. a ^ 10 liter cm-1 mole-1) 

Cl + NOC1 —* NO + Cl2 

k1 ^ IxlO
13 e-l/060/RT cm3 mole~l3ec-i 

Net reaction:  2NOC1 + hv (E = 1.6 eV) ■* 2NO + Cl2 

AH °98 = 18.4 kcal/mole, AG°98 = 9.8 kcal/mole. 

The kinetics of the reverse reaction have been well 

studied, and it is a termolecular mechanism 

kr 
2NO + Cl2 -

k 2NOC1 

v    ivinii  -6,000/RT   6   . _2 k = 3^10  e     '   cm mole sec -1 

The chemical energy stored per photon absorbed is ^.80 eV, and 

the maximum efficiency of solar energy storage by this process 

is roughly 20%.  However, the free energy storage at atmospheric 

pressure is only half that value, and at lower partial pressures 

is smaller yet. 

The reverse reaction is quite slow, requiring roughly 

103 seconds at T = 300K and partial pressures on the order of 

.4 atm NO (1 atm total).  Thus the second step of the photo- 

chemical scheme is an effective diode, allowing sufficient time 

for separation.  The third step, separation, also appears possible 

by differential solubility in solvents such as S2C1  (b.p. 1380C) 

or CCl^ (b.p. 770C) which preferentially dissolve Cl2 (in S,C1,) 

1 

.1 

u 

. 

2   2 
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or Cl2 and NOCKCCIJ.  Finally, the Cl2 (and N0C1) may be ex- 

tracted from the solvent by gentle heating and the N0C1 separated 

from the NO (or Cl2) by condensation (N0C1 b.p. ^-10oC).  The net 

result of this would be the production of NO and Cl2 at .1 to 1 

atm pressure with a net free energy storage on the order of 5-9 

kcal/mole Cl2 and overall efficiency of free energy stored/energy 

of solar radiation incident of roughly 5-10%. 

The last step, however, is difficult.  Even with catalysts, 

at low pressures NO and Cl^, recombine significantly to evolve heat 

only at temperatures up to n-300oC.  Thus the thermodynamic effic- 

iency will drop to ^2-5% in terms of electrical energy production/ 

unit solar energy.  In a fuel cell Cl. and NO generate '^.2 volt. 

It is worthwhile to list sorre of the assets and liabilities 

of this system.  Under assets we have: 

1. Products photochemically stable (Cl2 dissociation will also 

produce NO and Cl2 in subsequent reaction) 

2. Threshold near optimum 

3. Separation apparently feasible 

Under liabilities we have: 

1. Recombination difficult - low temperature fuel 

2. Corrosive chemicals must be handled 

3. Free energy change lowered by dissociative process 

In this area there are a few of other systems which might 

be examined: S2C12, HgCl2, N02-N,05, etc., but the requirements 

are rather rigid - an unstable molecule must absorb light and 
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react to form even more unstable molecules which can be separated. 

The efficiency would be greatly improved if the entropy 

change between reactants and products could be reduced signifi- 

cantly.  Photoinduced isomerization reactions proceed with no 

change in entropy but probably cannot be used for photochemical 

energy storage for three reasons: 

1) The thresholds (singlet-singlet transitions) are high 

compared with the euergy stored in the high energy isomer. 

2) The product is more unstable photochemically than the 

reactant. 

3) There appears to be no way to extract the energy on demand, 

A bimolecular exchange reaction would also produce little entropy 

change and there is some evidence that internal energy may be very 

effective in promoting endothermic exchange reactions.  A reaction 

(hypothetical) such as 

N02 + hv ■* N02* 

N02* + M ^ NO + MO . 

where the activation energy of the reverse thermal reaction, 

NO + MO -> N02 + M 

is at least 10 kcal/mole would be much more efficient.  However 

no specific examples are known which appear suitable. 

Finally, the utilization of differential solubility 

directly to create the "photochemical diode" should be possible 
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but in general the quantum efficiencies of dissociative processes 

in condensed phases is low.  Photochemical redox reactions in 

which one product is insoluble should, however, be possible. 

B.      Photogalvanic Cells 

These have been studied at a leisurely pace for at least 

thirty years but unfortunately little quantitative information on 

quantum efficiencies is known.  In most cases even the reaction 

mechanisms and charge carriers are not known with any degree of 

certainty.  The potentials generated may be quite high, on the 

order of hundreds of millivolts but these apparently are open 

circuit voltages and the power densities and efficiencies must be 

investigated further. 

There are at least two types of photogalvanic cells, bulk 

and surface.  In the first the redox reaction is photochemically 

driven in the illuminated solution, the potential developing pre- 

sumably because of the differential mobility of the species in- 

volved.  In the surface mode, an electrode is coated with a thin 

film of dye.  Ellumination of the electrode in the presence of 

appropriate electron acceptor or donor in the solution in contact 

with it causes electron transfer to or from the solution to the 

dye, then to the electrode.  Again open circuit voltages may be 

several hundred millivolts.  The problems associated with makinq 

large electrode areas uniformly coated with appropriate dye films 

make this approach appear to be less promising but further research 

is certainly warranted. 
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+ + + 
Two examples of the cell types mentioned above are Fe 

-Fe++-Thionene, leucothionene and Pt electrodes coated with 

pthalocyai.ine films, respectively. 

C.     Solar Energy Driven Thermochemical Processes 

Although these processes are defined to be near thermo- 

dynamic equilibrium, apparently relatively little consideration 

has been given to them in relation to solar energy utilization 

and they deserve much more attention.  Since we are considering 

high T processes (>300oC), we shall consider gas phase only. 

There appear to be several advantages in using appropriate gases 

directly as the solar energy absorber and as heat transfer medium 

if not the working fluid.  These are: 

a) Gases have low thermal conductivity, low total emissivity 

(>.2 for a .5 ft-atm layer of CO,,, H.,0, HC1, etc., and 

less for homonuclear diatomics). 

b) Some gases (such as 12, NO.,) have high absorption coeffic- 

ients in the visible region of the spectrum.  These two 

characteristics make the "a/e" ratio of these substances 

on the order of 10-20 in some pressure ranges and layer 

thicknesses. 

c) If the gas undergoes an endothermic decomposition at an 

appropriate temperature, the heat capacity in that temper- 

ature range may be increased by a reasonably large factor 

(3-8X).  This means that smaller amounts of gas must be 

handled, and a larger fraction of the energy absorbed can 
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be evolved at a high temperature. 

Consider N02 as an example.  The absorption coefficient, 
o 

a, is >1 Ä-rnole"1 cm"1 from 7000A through the near UV; a > 10 

i-rnole"1 cm-1 for X < 6000A, and a > 100 Ä-mole"1 cm  for A < 
o 

5000A.  Thus a 10 cm layer at 1 atm pressure will absorb >90% 

of the visible solar radiation, and the inherent emissivity of 

such a layer should be less than 0.2.  At 1 atm total pressure 

the dissociation reaction 

2N02 - 2NO + 02 

.. 

I 
I 
I 
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I 

becomes important at roughly 300oC.  The iH°   for the reaction 

is 13.6 kcal/mole N02, and the equilibrium constant as a function 

of temperature is: 

T(K) 

600 

700 

800 

(850) 

K = 

P    P NO   0, 

N02 

5xl0_3 

.15 

1.8 

4.9 

atm a = N0_ for     = 1 atin 

NO. 

.2 

1 

2.6 

4 

The effective heat capacity of this gas between 600K and 800K 

at 1 atm is greater than 60 kcal/K-mole (including effects of 

reaction), roughly 8 times that of a diatomic gas such as N2. 

At higher total pressures, of course, the temperature at which 

a given fraction of the gas is dissociated is increased (at 10 

atm total pressure, for example, p
NO/

p
NO = 1 at ^790K) .  In 
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addition the photochemical reaction, 

N02 + hv(.\ < 4 000A) -> NO + 0 

0 + N02 -> NO + 02 

will increase somewhat the extent of reaction even though the 

reverse termolecular recombination, 

2N0 + 02 -^ 2N02 

has a low activation energy and is rapid at atmospheric pressures 

(v     ^niz  -1,000/RT   6   . _2    _, (kr viO   e cmc mole '   sec 1). 

Although we do not purport to present detailed estimates 

here, it set-nu, likely that with reasonaole solar concentrators 

(■^lOX) and I.R. reflecting coatings on a transparent (visible) 

vacuum enclosed pipe about 10 cm in diameter containing ^2 atm 

N02, NO, 02 would yield an economical thermal solar collector 

operating efficiently (10x| = 50) to produce a high energy NO , 

NO, 02 mixture at 500 to 600
oC {800-850oK).  Note, however, that 

pyrex gl-ss softens at ^850K, 550oC.  Such a system has the further 

advantage ^-hat the working or heat transfer fluid (NO ) is easily 

stored as liquid N20  (b.p. ^21
0C). 

With this system, unfortunately, the back reaction is so 

fast and the physical properties of 02 and NO are so similar that 

separation at high temperature and storage as fuels does not seem 

feasible.  This may, however, be possible with other chemical 

systems and should not be ignored. 
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In summary there appear to he two possible direct photo- 

chemical routes to solar energy storage and/or utilization: low 

temperature photoinduced reactions and photogalvanic cells. 

Although there appear to be few such reactions known, and the 

known examples are marginal in terms of efficiency (N0C1) or not 

yet studied quantitatively with respect to power production, it 

seems that these areas could benefit from basic and exploratory 

scientific research, particularly with respect to the underlying 

processes and mechanisms in photogalvanic cells.  In the case of 

the thermal chemical conversion by solar energy, much is known 

about the basic processes but little consideration has yet been 

given to the probable advantages of these systems by those most 

concerned with large scale solar energy conversion.  There appear 

to be two possible important advantages: 

1) Large "bulges" in the heat capacity in appropriate temper- 

ature ranges leading to high efficiency as thermal storage 

and transfer fluid. 

2) Effective utilization of the optical properties of gases 

which may have very large inherent visible absorption to 

I.R. emission ratios. 

In the above the materials problems are likely to be associated 

with: 

1) Handling high temperature highly reactive chemicals. 

2) Finding confinement materials of appropriate inertness, 

optical properties, and strength. 
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3)  For photogalvanic processes, those problems associated 

with efficient electrode materic-ls. 
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PHOTOGALVANIC CELLS 

. R. Gomer 

Abstract 

An analysis of photoga.lvanic cells is carried out and 

applied to a specific system, iron-thionine, with only slight 

simplifications.  The criteria for successful cell design are 

given and discussed.  It is concluded that many formidable 

obstacles to practical application exist.  The principal diffi- 

culties are the following: 1) Diffusion to the electrodes and 

reaction there must be sufficiently rapid to make bulk back 

reactions unimportant.  2) A means for keeping at least one 

active species from reaching one electrode must be founa.  3) A 

sufficient range of the solar spectrum must be exploited with- 

out increasing the rate of photon absorption to the point where 

bulk back reaction becomes important.  These problems are dis- 

cussed in some detail and quantitative criteria are presented 

in terms of absorbed photon flux, cell size parameters, chemical 

rate constants, exchange current densities, overvoltages and 

diffusion coefficients. 

Preceding page blank 
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PHOTOGALVANIC CELLS 

R. Gomer 

. 

. 

The current search for additional energy sources has 

drawn renewed attention to the utilization of solar energy. 

Among the various schemes for its exploitation direct conver- 

sion into electricity has obvious advantages, in principle. 

The most widely used and developed device for this purpose is 

the silicon solar cell.  While sturdy and reliable, and reason- 

ably efficient {12%  to  15% of incident flux, with a potential 

of 18%) its current cost is astronomical ~ $500/watt.  The 

principal reason for this high cost is the necessity of using 

very pure single crystals of Si.  Although greater demand, and 

a sacrifice in efficiency can undoubtedly lower the cost, it 

seems worthwhile at least to explore the feasibility of other 

approaches.  This paper attempts to do this for a little known 

and less understood device, the photogalvanic cell.  Although 

the existence of a photogalvanic effect was apparently dis- 

covered in 1925S it was first seriously considered by 

Rabinowitch2 in 1940, who investigated the iron-thionine system. 

His work has been followed in the nineteen fifties by some 

attempts to devise useful cells,3/1*/5 although no serious analysis 

of their operating principles has been carried out.  Very briefly 

the basis of a photogalvanic cell is the following.  A solution 
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containing a light absorbing dye capable of being reduced 

(thionine chloride) and an ion capable of being oxidized (Fe  ) 

is irradiated.  The dye absorbs light via a singlet-singlet 

transition and decays rapidly to a long-lived triplet state in 

which it is capable of being reduced (in the case of thionine 

to semithionine chloride and further to leucothionine).  In the 

absence of light the equilibrium of the reaction 

T  + Fe   + H  ^ TH  + Fe (1) 

where T  stands for thionine ion, and TH  for semithionine ion 

lies far to the left.  The effect of irradiation is thus to 

produce an endoenergetic state in which the Fe  and TH+ con- 

centrations exceed their equilibrium values.  It is possible to 

utilize this free energy gain in a galvanic cell, if one electrode 

is placed in the illuminated solution while a second electrode 

is placed in an unilluminated compartment in contact with the 

former.  A portion of the absorbed energy will be lost by the 

reaction 

TH+ + Fe+3 -> T+ + H+ + Fe+2 (2) 

I 

in the bulk of the solution, and also if this reaction occurs 

as a short circuit at one or both electrodes.  These processes 

constitute the analogue or electron-hole recombination in a 

photovoltaic cell.  The above seems to represent approximately 

the point to which the theory of photogalvanic cells has been 

pushed. 
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Before discussing photogalvanic cells in more detail 

a number of general points must be made.  Photovoltaic cells 

suffer from the fact that photon energies in excess of the 

hand gap are wasted.  Nevertheless, there are bands in solids 

and so, beyond the threshold imposed by the gap, absorption is 

generally strong in direct gap materials for all wavelengths 

shorter than threshold.  Dyes on the other hand contain a very 

small number of atoms and consequently have much more discrete 

energy spectra, so that absorption generally centers on a fairly 

narrow spectral region (.1 - .2 eV) around the absorption maxi- 

mum.  Dyes with a broader absorption range generally have lower 

extinction coefficients.  Thus, unless mixtures of dyes, or a 

stack of cells containing different dyes is used, photogalvanic 

cells will utilize an inherently smaller fraction of the solar 

spectrum than photovoltaic cells, even if shortcircuiting pro- 

cesses could be avoided. 

To some extent this drawback is counterbalanced by the 

fact that a reaction like (1) leads to very little entropy change, 

or actually a decrease, which is good from our point of view. 

By contrast most endoenergetic photochemical reactions which 

occur over a wide spectral range necessarily involve dissociation 

(e.g., N0C1 ■*■  NO + ^Cl^ and thus an entropy increase, which 

";akes the net free energy gain much smaller than the enthaply 

change. 

Finally some practical considerations should be mentioned 

at the outset.  Since photogalvanic cells involve easily oxidiz- 
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able substances, operation requires oxygen free solutions, and 

thus at least minimally airtight construction which may offset 

the cheapness of the active ingredients.  Since organic sub- 

stances are less stable than silicon, there is also the problem 

of dye degradation.  There is some evidence that this is a problem 

with the thionine system, but it is far from clear whether this 

is inherent or due to faulty technique.  Since an appreciable 

fraction of incident radiation will be converted into heat under 

the best of conditions the stability problem is likely to be 

aggravated under actual operating conditions.  Finally experiments 

carried out to date have used platinum electrodes, which is hardly 

the direction in which to go for large scale application.  In- 

expensive, inert electrode materials would have to be used in any 

operational system.  We shall show that the efficient operation 

of a photogalvanic cell requires membranes impermeable to at 

least one of the photochemically produced active species, e.g., 

a membrane which permits passage of small inorganic ions but not 

of dye molecules or ions and preferably another membrane per- 

meable only to dye species.  The development of suitably thin 

membranes of this kind, sufficiently inert to stand up under 

operating conditions is only one of the serious impediments to 

the practical development of photogalvanic cells. 

In the following we shall discuss the mechanism of a pho- 

togalvanic cell and derive expressions for voltage, current, power, 

and efficiency.  For the sake of specificty we shall couch the 

discussion in terms of the thionine-iron system, but will make 
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+2   , „ +3 'Ufcj dnu cnose or re" 

the dark (positive) electrode: 

W31 .0 . RT 
F LlFe+2J D 

™   ,  ^ (4) 

where the subscripts refer to concentrations at L(ight) and 

D(ark) electrodes.  The reason for this is that the only net 

reaction which leads to no other change than the conversion of 

-176- 

., a number of simplifying assumptions.  Thus we shall assume that 

the first reduction product, semithionine, is the only species 

of importance, and shall ignore complications arising from the 

existence of leukothionine, such as the oxidation of semi- 

chionine, by leukothionine. 

When reaction (1) occurs photochemically in a solution 

containing the reactant and product species at given concen- 

trations (or properly activities) the Gibbs free energy energy 

increase, expressed as a voltage is given by 

Fe  -T -H 

where E0 = 0.47 volts is found from the standard reduction 

potentials for Fe+2 ■»■ Fe+3 + e"; E0 = -0.77 volts, and the 

reduction potential for TH+ ->- T+ + H+ + e~; E0 = 0.3 volts.2 

When an attempt is made to exploit the inverse, reaction 2 

galvanically, the useful free energy change, again expressed 

as a voltage, is giver, by a similar expression, with the under- 

standing that the concentrations of T+ and TH+ refer to the 

illuminated (negative) electrode and those of Fe+2 and Fe+3 to 

1 
( 

I 
1 
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photon into electrical energy, i.e., which is the only one which 

can occur once steady state is reached is the inverse of (1), 

as indicated in Fig. I.  It is possible of course to achieve the 

same overall results differently, for instance by the reduction 

of T  at the positive electrode to TH , which is in turn reduced 

+ 3 
by Fe  diffusing into the dark compartment from the illuminated 

one.  However, we must seek systems for which the bulk phase 

reactions are slow and hence mechanisms of this kind will be 

ignored.  (They affect in any case only the kinetics and hence 

the actual concentrations of the reacting species, but not the 

validity of Eq. (2).) 

As pictured in Fig. 1 we must then consider the following 

+      +3 
(1) creation of TH  and Fe   in the illuminated bulk solution 

(2) diffusion of these species to the electrodes 

(3) reaction at the electrodes 

+ 2     -t- 
(4) bulk recombination to Fe  and T 

Although it is quite obvious from this simple picture, it has 

apparently not been appreciated that very little electrical 

+      +3 
energy will be obtained if both TH  and Fe   can diffuse rapidly 

to both electrodes, even if one electrode is unilluminated, but 

that it is essential that TH diffuse easily to one electrode 

and Fe   to the other.  Faulty appreciation of this point may 

have been responsible for the minute currents and efficiencies 

obtained by previous designs. 

I 
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arrangement from that of Fig. 1 is used, in which the light 

enters perpendicularly to an electrode, for instance by making 

one electrode from conductivized glass, and allowing the light 

to enter through it. 

We then have at steady state at an electrode 

-de /dt = k c e'       e 

which corresponds  to  a  current i 

(5; 

i = k X A F c e   e 
(6! 

where F is the Faraday (^95,000 coulombs/mole), A the electrode 
o 

area and A a distance, of the order of 2 - 3A, which corresponds 

to the actual transition distance which an ion being charged or 

discharged moves in the process of being (dis)charged.  The 

amount diffusing into the region immediately in front of the 

electrode is, in # of moles (or molecules) 

., 

.. 

# = A  D dc/dx = A (D/x.)c  - c ) (7) 
e e l     s e 

where Xj is the approximate width of the illuminated bulk 

solution, and D is the relevant diffusion coefficient.  This 

leads to a concentration change at the electrode 

+dc /dt - (D/AXj) (c  - c ) = (a/r) (c  - c ) (8) 

1 

where 

a = xa/X (9) 
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and 

1/T = D/x 10) 

At steady state we thus have 

c  = c   a/j 

e   s k+a/i (11) 

In the bulk of the solution the average concentration change 

induced by photon absorption is the result of a quasi-unimolecular 

reaction, that is at sufficiently high Fe+2 concentrations it will 

be simply 

. 

. 

dcs/dt = q I/x2 i Q (12) 

where x2 is the depth of the cell. 

It is possible of course to include the Fe+2 and H+ 

concentration in q. 

Thus, at steady state in solution we have for species (1), 

TH+/ 

c  -cD si  e i + k_c  c   = Q 
R SI 82   w (13) 

with an analogous equation for species 2 (Fe  ).  The T are 

defined by Eq. (10) but a-count is taken of the possibility of 

changing the diffusion coefficients at the light and dark 

electrodes by the introduction of membranes.  k is the rate 

constant of the bulk reaction (2).  Combination of Eqs. (11) 

and (13) leads to expressions for the concentration c : 
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i = -a2/kr + /(a2/kr)
2 + ^(a^a^ (14a) 

. . 

where 

S2 
= -a,/k + /(a,/k )2 + e-{a,/aj 

i'r  /  i  r    k  i  2 

. . . L       ,0 
a  =   kl   +   kl 

kiTifa  kiTi+a 
(15) 

. 

with a similar expression for a . 

Several limiting cases deserve attention 

I,     Bulk Recombination dominates, cx.a, << k Q 

In this case, of little practical interest since most 

of the photon energy is wasted 

si -/ r 
(16) 

I 
ei 

S2 

a/ti  c 
, L^ . L  si 
ki+a/Ti 

= /F-(ai/a2
) 

(i7: 

(18) 

and so on.  If diffusion is rapid, relative to reaction at the 

electrode, i.e., if a./^- >> k. 
ii    i 

-" /ir-(a,/o,) - /?- i   / k   2' i'   / k 
(19) 

e2 /f <»./-.> - /^ (20) 
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If  diffusion   is   slow,   i.e.-   if  CX/T .   <<   k.. / 1    xi 

e i 

02 

^ /f <V».' 

a/T2  /Q 

r 

(21a) 

(21b) 

. 

Thus, if diffusion is rapid relative to electrode reaction, con- 

centrations at the electrode are determined entirely by I  and 

the cell emf takes the extremely simple form* 

E0   +  ?§-   in 
r 

qlxlQ' 
+ 2  +  + 

k x Fe  «T -H 
r 2 

(22) 

+ 3 + 
provided  that  Fe       is  kept  from  the  L  electrode  or  TH     from the 

D electrode.     If  reaction  rates  at the electrodes  dominate over 

diffusion 

E  =  Eo   +  RT   £n 
ql   a2xl06 

, , L, D  „ +2   TI+ .krx2T1T2k1k2   Fe       H  J 
(23) 

*The factor 106 in the logarithmic term for the emf arises as 

follows.  All concentrations calculated from our steady state 

assumption have been expressed in moles/cm3.  Since the E0 values 

are based on concentrations expressed in moles/liter, we must con- 

vert the concentrations of TH  and Fe   to these units.  If k-, is 

expressed in units of (moles/liter)~1sec-1 rather than in units of 

Ooles/cn3) ~ ^ec-1 as implied in our formulas the factor 106 must 

be replaced by 103. 

. 
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II.     Bulk Recombination Unimportant, a1u2>>k Q 

In this case, which is the situation which must be achieved 

in any useful device inspection of Eq. 13 or expansion of the 

square root in Eq. (14) shows that 

,L .  (ql/X) (Xi/X-Q 

k i +a 

k 

k T +a   k T +a 

-1 

A 
(X1/X2) 

(24) 

kL+kD (k^+aj 

k t +a 

with analogous expressions for c .  The subscripts 1, 2 have 

been omitted, since Eq. (24) holds for both TH+ and Fe  .  If 

T
L
 - ,- , k  ~ k  it is clear that: concentrations of a given 

species at both electrodes will be nearly equal so that no 

appreciable energy can be drawn from the cell.  We therefore 

continue assuming that at least one reactive species, TH  (being 

the bigger ion) can be kept from reaching electrode D by a 

suitable barrier, so that TmH+ *  0O- 

In order to simplify the following expressions slightly 

we also assume that t-, +3 = ^Fe^' althou9h this is clearly not 

necessary, or in the presence of a membrane, likely to be the 

case.  We have for TH  at electrode L 

L   ql(xi/x2)10 

Ak^ 
moles/liter (25) 

This relation is entirely independent of the relative magnitudes 

of ki and a/i .  In the case of Fe  however we must distinguish 

between rapid diffusion, relative to electrode reaction and the 

inverse.  Assuming first that diffusion is slow, i.e., k >> a/i 
D 
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L  _ ql{x1/x2)103 

ez   -  ~L~,     L7-D7    moles/lxter (26) 
Xkz (I+T2/T2) 

CD  _ ql{x1/x2)103 

e2   \I,
D
M ^ D, L, (27) 

Ak2 (I+T2/T2) 

If TFe+3 could be made infinite, expressions for the Fe+3 con- 

centrations analogous to those for TH+ would result, i.e., they 

would not contain diffusion coefficients.  If T
D
 +T ~ T

L
 X-J 

Fe     Fe^^5 

this would be equally true, with the appearance of an extra 

factor of 1/2 in the Fe+3 concentrations. 

If diffusion is rapid relative to electrode reactions, 

i.e., if k << a/T 

C^  = cL  = (ql/A)  l*lZX2l^lO! l2B) 

k2 + k2 

Finally if diffusion to the dark electrode D is slow, because 

of a membrane, but rapid to the light electrode we find 

L _ (ql/A) (xi/x2)103 Ce2 "  VL    . D  (28) 
k2 + a/T2 

rD  _ (ql/A)(x1/x2)10
3 

Ce2 * •— —D  (29) 
k^l+k^ll)] 

3. 

We are now able to write expressions for the cell emf 

by substituting the expressions for the concentrations of 

relevant species in Eq. (4).  In order to simplify matters 

slightly we shall only write an explicit expression for the 

case that diffusion is slow, relative to electrode reaction, 
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. 
which is probably realistic in any case.  We then have 

E  =  E0   -^  in (qI/A)2(x!/x:)
2106] 

khSn Fe+2 T+ H+  i 
(30) 

i 

I 
1 
I 

Here n - 1 + T2/T2 and the subscripts 1 and 2 stand for TH+, 

and Fe  , respectively. 

As it stands Eq. (30) is incomplete, since electro- 

chemical rate constants depend on emf, and we will have to go 

further.  However even in its present form the expression for 

cell emf is interesting.  First emf depends on the square of 

absorbed light intensity.  Second the slower the rate constants 

of electrode reaction the higher the emf.  This comes about of 

course from the fac1-. that the higher the concentrations of TH+ 

and Fe  achievable, the higher the emf; if no other factors 

intervened this would be achieved by minimizing electrode re- 

action constants.  It must be remembered of course, that the 

regime of validity of Eq. (30) is based on the assumption that 

bulk recombination is unimportant, so that in fact there is no 

way of driving up the concentrations at the electrode beyond 

the limits set by this requirement. 

Before continuing the discussion of cell emf it is useful 

to write expressions for the current.  The current flowing in 

the external circuit is determined by the rate of Fe+3 reduction 

at electrode D: 

i = k?AA F cD e  ez 
qIAe(x]/x;))F 

1 + T?/T^ 

qIA2F 

1+T?/TV 
(3i: 
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where A2 is the area of the cell normal to the direction of 

photon incidence.  The (wasteful) shortcircuit current at 

electrode L caused by the reaction of Fe+3 with TH+ at that 

electrode is given by 

i  =  qIFA2 
s   ,.„L/ D 

I+T2/T2 
(32) 

and the sum of these currents adds up to qIA2F as it should, 

since we have postulated the bulk reverse reaction to be 

negligible. 

Thus d photogalvanic cell, at given illumination will 

find its own current and voltage.  If no external current is 

drawn, both the bulk reaction, and the shortcircuiting electrode 

reaction at D will see to it that a new steady state is reached. 

If the shortcircuiting reaction at D could be eliminated 

entirely, the useful current would increase to qIA F.  There is 

in fact a way of doing this:  If the electrode L is covered with 

a thin layer of an intrinsic semiconductor such that the con- 

duction band of the latter remains above the Fermi level of the 

electrode by an amount A, D will continue to be a good electron 

acceptor, but a poor donor.  Consequently, the reaction 

+   +   +   . 
TH  -> T  + H  + e (33) 

will proceed unaltered, while the reaction rate constant for 

Fe+  + ö  ->■ Fe+2 

0 

(34) 
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K * 

will be decreased by a factor of exp-(A/RT).  Particularly if 

diffusion is very rapid this may be worthwhile.  Of course we pay 

a corresponding price: In passing from the conduction band of the 

semiconductor to the metal, i.e., in traversing the rectifying 

junction, electrons lese an amount of energy A which is lost to 

us, so that the effective cell voltage has been decreased by 

this amount.  Since A = 0.1 eV would cause a drop of 4 0 in k, a 

worthwhile gain in E.i may result, assuming that the coating can 

be done cheaply. 

At this point it is useful to examine the criterion for 

negligible bulk reaction more closely.  in the most favorable 

case, i.e., membranes both at L and D the condition reduces to 

kiAi  .  k2/T2  ,, ql , 
ki+a/Ti  ka+a/T,   x2 ^r 

If k > a/i for both reactions this reduces to 

1   1    *Ik~ 

;35) 

Tl 
>> ; 

T2       X, (36a) 

II k < a/x  we get 

L, D 
*2Aikik2 >> (Xj/x )qlk (36b) 

Thus, in fact both inequalities (35b) and (36b) must be obeyed 

for the bulk reaction to be unimportant; these conditions can 

also be taken as r gh criteria in the less idealized case where 

a2 at least is more complicated. 
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We return now to evaluating the cell emf in terms of 

measurable or calculable qualities, i.e., we must find expressions 

for the electrochemical rate constants k? and k\.     This can be 

done in terms of the respective exchange current densities.  We 

have for an oxidation reaction 

R(0 ^0(0 + e 

(1-ß ) (4) -4) )F/RT 
kjA = Akje      m s 

(37) 

(38) 

. 

where k 1 is a "chemical" rate constant, (ji -(j) the potential 

difference between metal electrode and solution, and ß a symmetry 

factor, 3 = .5.  If we introduce an overvoltage n taken as a 

positive quantity by 

m rs Tm ys e    i (39) 

where the subscript refers to the equilibrium potential 

difference, we can write 

(1-ßi) U -4) ) F/RT  (l-3i)niF/RT 
kjA = Xk; e       m  s e    .e (40) 

The   exchange  current density,   i     is  defined  as 

Fc 

,  (1-ßi) (* -<!)„) F/RT 
Ak G       m s e 

0 
(1) 

ampere/cm2      (41) 
per mole/liter 

for a given (^"^g) .  Since we do not know the actual concen- 

trations at the electrode in the photogalvanic cell, we must 
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transform io  into an expression at  standard   (unit)   concentrations 

of  oxidized and reduced  species,   i.e.,  we must write 

(4 -d)  )     =   (d)  -A   )0 + M  on (o       /R       \ vym ys;e       VTm  Ts;e        F ^U(i)/K(i); (42! 

where the superscript refers to  the standard state P.D., i.e., 

when all roncentrations (better activities) have unit value. 

Thus if we call the standard state exchange current density 

■ o   . o _ xo  =  1     for short we have, by combining Eqs. (39), (41) and (42) 

M, =¥■   (O^/R^j)1-3^1-^^/"* ■   (43) 

Similarly, for the reaction 

. . 

; 

e +0(2) - R(2) 

we obtain 

kzA? = li   (0        /P        r32   p3n2F/RT 
F    lü ( 2 ) /R ( 2 ) ^ e 

44) 

(45) 

where 32 and r]2   are the relevant symmetry factor and overvoltage 

for reaction (44) involving species (2). 

Returning to the specific case at hand, where (1) stands 

for TH we combine Eq. (25) with Eq. (43) and obtain 

£n TH 
+ + 

T 'H   J 
in 

1-ß 

ql(xi/x2)10 

T+.H+ 

Fm/RT 

3 ^ 

- FT ^WV 

(46) 

Similarly, we find 
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+ 3' 
In iFe _1_ ^ fqKx^x^lO 

1-ß.  nl    ,, +2 2   v   nFe 

Fn,/RT 
1-152 

1-ß Hn J2
0/F 

(47) 

We can now combine these expressions according to Eq. (4) to 

obtain the cell einf; to be correct we should subtract (ni + rl2) 

fron the emf to obtain the actual useful voltage.  When this 

is done we obtain 

E = E0 + 5T lnfql(xi/x2)10
3]1/ßl| j.JqKxt/xzUO3 

T+.H+ 

RT £n[jJ/F| - RT 
F(l-ß2) 

In r2/F 

nFe 

-n, - 

1 -i 

1 -B ? 

ßi'1     (l-ß2)  "2 

(48) 

The problem is thus formally solved since we can obtain 

j? for the semithionine oxidation and i° for the Fe reduction 

as well as the respective overvoltages Hj and n2 experimentally 

by standard methods. It should be noted however that n, must be 

calculated on the h^sis of i + i . That is the shortcircuiting 

current has an effect on the overall cell potential through its 

effect on n . 

Wc are also able now to express criterion (36b) for the 

unimportance of bulk back reaction in terms of measurable quan- 

tities.  Some algebra along the lines leading to Eqs. (46) and 

(47) then shows that criterion (36b) becomes 

-190- 

mmm m-l^ilÜMlII   IMIMI „»n  



Ul JUlI  ■ I I mmmmmf' 

:    .. 

1-ß 
RT 1-ß: 

n2F . i 
"RT + F; £n j /F 

^2 
J^/F 

I1 + TT 
+ r^-J^lqKxi/x.jio3! + in(kr/x2)     (49) 

a 

I 

l-ß in 
i J T+.H+ 

Nioinerical Estimates 

Although an accurate estimation of possible voltage and 

power outputs would require specific values of I, k, and ex- 

change current densities and overvoltages a rough calculation 

based on order of magnitude estimates of these quantities is 

worthwhile.  We use the following values Iq = 1016 photons/cmV 

sec in an energy range 0.2 eV at 2 eV (the rough center of 

thionine absorption) 

-  -i 0   - 

kR=   ? 

ni = 

n  = 

D2  =  1  ampere/cm2/(mole/liter) 

n2 = 0 

Dj = 

xi = 

xi = 

T+ = 

H+ = 

Fe + 2 

ß2 = 0.5 

> 

D2 = 10~
5 cm2/sec 

1 cm 

10"2 mole/1 

10"2 mole/1 

= 10~2 mole/1 
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We inquire first into criterion (36a), namely that diffusion 

to the electrodes to be sufficiently rapid to make bulk re- 

action unimportant.  With the numbers used this becomes 

.. 

x" kR << 6.10-
3 

(50) 

Since the constant kR for the thionine oxidation in solution 

seems to be of the order of 106 (mole/cm3)"1 sec-1 this require- 

ment places a severe restriction on x, which would have to be 

10"  cm.  In any case we see that a practical cell would have to 

be constructed in accordance with criterion (36a) or (50) .  Thus 

we see at once that the first requirement of a practical cell 

would be to find a system with a very slow recombination rate 

constant kR.  Ideally 10
2 (mole/cm3)"1 sec"1 or less would be 

required to keep x1   reasonable. 

We examine next criterion (36b), namely adequate rapidity 

of the electrode reactions.  Expressed in measurable quantities 

by inequality (48) this becomes 

-5 > -14.3 + logio kRx
3 + log10    -i 

T «H Fe ^ 

If kr ^ 10
5 (mole/cm3)"1 sec"1, Xj = .1 cm, T+.H+-Fe+2 must 

exceed ^10"6 (mole/liter)3. 

(51) 

We can next estimate the cell emf from Eq. (48) using 

.o _ + 2 
0.47 v and x, = .1 cm, Fe   = T  = H+ = 10~2 mole/1.  The 

result if E = 1.21 volts.  Had we used xl   =  0.01 cm in order to 

satisfy the diffusion criterion more adequately, the emf would 

have decreased by 0.24 volt. 

i 

.: 
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Finally the external current, from Eq. (31) turns out 

to be 8 10"'* ampere/cm^ of useful solution surface.  The pro- 

ceding discussion has indicated that a sensible cell design 

requires electrodes with active surfaces parallel to the in- 

cident light flux vector.  Thus the effective area receiving 

photons must be corrected for ehe electrode and membrane edge 

areas.  This introduces an additional inefficiency factor 

Y = 1-nt where n is the number of electrodes/cm and t the thick- 

ness of electrode plus membrane.  Probably y  = 0.8 to 0.5.  Thus 

the power generated by our idealized cell will be 0.5Y milli- 

watt/cm2 of exposed surface.  The efficiency in terms of active 

photons absorbed (assuming a photon energy of 2 eV) is thus 

0.25Y (1.2/2) = 30yl.     The efficiency in terms of the total 

solar energy flux, ^0.1 watt/cm2, is much less of course, being 

1.0Y%. 

Conclusions 

The foregoing analysis indicates that photogalvanic cells 

may hold some promise for solar energy production provided systems 

can be found which conform to the followinq rather stringent 

conditions: 

(1)  the rate constant of bulk back reaction must be small, pre- 

ferably 102 (mole/cm3) ~1 sec-1, unless electrode spacings of .10~" 

cm or less prove feasible.  The combined electrode and membrane 

thicknesses must be so small that the waste factor due to use- 

lessly illuminated area is small. 
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(2) Exchange current densities of the order of 0.1 to 1 amperes/ 

cm2 per mole/liter are required for the electrode reactions 

(3) A means of preventing at least one of the active species from 

reaching one electrode must be found; ic would also be useful to 

prevent shortcircuiting reactions at the electrode not surrounded 

by a membrane. 

(4) A means of making ql/x2 < 10I6 photons/cm3/sec must be found, 

which nevertheless permits utilizing a much wider range of the 

solar spectrum.  This, would require either stacks of photogalvanic 

cells, containing different solutions, absorbing in differing 

spectral range«, in such a way that light transmitted by the 

first cell passes into the next, and so on, or a single cell con- 

taining a substance absorbing relatively weakly, but over a wide 

spectral range.  For such a cell x2 would have to be made appro- 

priately large. 

(5) Electrodes, membranes, and electrolytes would have to be 

cLdble over long periods of time.  The problems of devising 

relatively cheap stable electrode materials and membranes may 

be considerable.  Similarly it may be difficult to devise suitable 

organic light absorbers which show the requisite stability.  It 

may be considerably easier to think of inorganic redox systems 

which are stable, but in that case careful attention would have 

to be paid to the problem of a differentiating membrane because 

of the comparable sizes of inorganic ions.  It may be possible 

to devise a chelate system which is both stable and contains one 

species of sufficient size to make membrane separation feasible. 
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In summary the problems facing the practical exploitation 

of so^ar energy through photogalvanic cells are many and formid- 

able.  If nothing else, the analysis presented here makes it 

possible to see what these problems are, and what the quantitative 

criteria for a successful cell would have to be. 
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Figure la.  Schematic diagram of a photogalvanic cell employing 

the thionine-iron system.  L negative, D positive electrode; M, 

membrane impermeable to TH  (semithionine ion) but permeable to 

+1      +2 Fe  and Fe  ions.  Xj width of cell, x2 depth of cell. 

b.  Schematic arrangement for a photogalvanic battery. 
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APPARATUS FOR CONVERTING SOLAR ENERGY 

INTO ELECTRICITY* 

G. A. Korsunovski 

As translated by Richard Corner 

Declared May 3, ly61, as No. 728983/26 in the Bureau 

for giving testimony of inventions for the Council of Ministers 

of the USSR. 

Published in "Bulletin of Inventions" No. 20 for 1962. 

The new apparatus for converting solar energy to electri- 

city consists of a photogalvanic cell using a photo-reducible dye, 

a reducing agent and a photo-catalyst. 

The distinctive, special feature of the photoelectric 

apparatus is the combination of dye (thiazine), reducing agent 

(water) and photocatalyst (zinc oxide and titanium dioxide in 

powder form).  In the above mentioned application the photo- 

catalyst increases the conversion efficiency of the device. 

The schematic diagram describes the apparatus:  A layer 

of semiconductor (6), acting as photocatalyst is placed in the 

communicating vessels (1) and (2) which are made of insulating 

material, preferably glass or plastic with bottoms (3) and (4) 

I 

I 

I 

*No. i:0885, "Description of an Invention from the Author's 
Testimony, Associated with Group No. 89. 
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of conducting glass, filled with solution (5) of oxidizing agent. 

As oxidizer one should use thiazine or oxazine dye in a water 

solvent acting as reducing agent; the photocatalyst is zinc oxide 

and titanium dioxide in powder form.  The solution and space above 

it are deoxygenated by means of the outlet duct (7) with a pump, 

{not shown on diagram) or by flowing nitrogen.  Under one of the 

vessels is installed a mirror (8). 

When sunlight enters vessel (2) through the conductive 

glass by means of mirror (8), a photoreduction of the dyt into a 

leuco-form occurs; simultaneously water is photo-oxidized into 

hydrogen peroxide. 

On account of the difference in concentrations of the 

leuco-dye at the illuminated and unilluminated electrodes a 

difference in potential arises.  The cell generates electric 

current to equalize the concentration of the leuco-form at the 

electrodes. 

For continuous illumination a potential difference would 

be maintained at the electrodes. 

Object of the Invention 

The apparatus for converting solar energy into electricity 

consists of a photogalvanic cell containing a photoreducible d^e, 

a reducing agent and a photocatalyst co increase the conversion 

efficiency. 

It uses thiazine as the dye, water as the reducing agent 

and zinc oxide and titanium dioxide in powder form as the photo- 

catalyst. 

-198- 

i 
i 
I 

! 

I 

I 
i 

i 
il 

II 
r 

/ 



*r 

( 

¥ 

i 

-.199- 

I 
t * *T^ 



I 
I 

WZ 

SOLAR  SEA  POWER 

C.   Zener 

I 

I 

1.      INTRODUCTION 

Solar energy will be used to generate a significant amount 

of electric power only when such generation becomes economically 

feasible.  Because of the low energy concentration of sunlight, 

the capital cost of the equipment to collect and concentrate solar 

radiation presents a major obstacle to economic feasibility.  In 

order to obtain a feeling for this economical obstacle we calculate 

the average power generated by the radiation falling upon one 

square foot of the earth's surface, the thermal energy to electric 

power conversion being assumed to occur at a typical efficiency 

of 20%.  This power is 0.01 kilowatt.  Since the capital cost of 

a nuclear power statior is ^$500/kw, economic feasibility implies 

a collector cost small compared to $5/ft2.  This collector cost 

can, however, be completely circumvented by making use of the 

collector which nature has provided us—namely the oceans. 

Heat engines must be provided not only with a heat source 

but also with a mechanism for receiving the rejected heat.  This 

mechanism is commonly call a heat sink.  Adequate heat sinks pre- 

sent an increasingly difficult problem in conventional power plants. 

In fact, the heat sink problem is a major factor in the trend to 

' 
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push further nuclear power plants off the continental USA into 

the adjoining ocean. Adequate heat sinks present an even more 

difficult problem for projected solar power plants in the and 

regicns of the Southwest. Fortunately, if we make use of the 

heat collector that nature has given us, we automatically have 

the solution to our proble.n of a heat sink. 

A power plant which uses the ocean as both a collector 

of solar energy and a heat sink we call a solar sea power plant 

(SSPP).  The essential features of such a plant are presented 

in F'gure 1. 

i 
i 

M v•« ■•Mr H'C 

V 
» »■ I '  Ml 

iM 

Warm *i(tr 

•i;j'Citv«i 

Hifh pressure 
ammonia vapor 

-O'C 

lO'C 

i 

Hijh-pfessure 
ammonia liquid 

Eltctric power output 

i > 

Liquid 
prMturiiar 

Lowpressur» 
ammonia vapor 

10'C 

10*C 
4 

tow-prtssur« 
ammonia liquid 

NI.II> ,i m 

lM**iii I i f 

8'C 

Cold water Intake 

7»C 

Cold water 
exhausted 
at 7'C level 

tchamaHe diagram o» a solar M« power plant. Ammonia is aa- 
•um«d to ba the working fluid in the boiie.. turbine and comprea- 
aor in this example, but more racer.iy developed relrigcrtting 

flulda. such aa the (reons. might be preferable. The quantity of 
water paaaing through the boiler ia comparable with that pasting 
through a hydraatactrlc plant wtth the same outout. 

Figure 1.  Source:  C. Zener, "Solar Sea Power," Physics Today, 
January 1973, page 50. -  . 
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A SSP is located at the top of the ocean thermocline. 

A typical sample of a thermocline in the tropical ocean id 

illustrated in Figure 2. 

^-•*- 1 
100 • r 
200 • f 
300 • • 

400 , • 

1 
a 500 - • 

I 
600 ■ • 

700 • 

800 • 

900 > 

1000 f 
10 15 20 
TEMPERATURE (DEG C) 

25 

Typical Umpcratur« prolHc in the tropical ocean, taken from FC. 
Fuglisler (reference 8. pages 119 and 186). The black dots are 
readings at 8,22'N. 2T27'\N. and the solid curve is a contmuou« 

|«t8'24'N. 2r*27'W 

Figure 2.  Source:  C. Zener, "Solar Sea Power," Physics Today. 
January 1973, page 52. — '• 
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The sharp upper boundary of the thermocline arises basically from 

the essential incompatibility of turbulence and of thermal (or 

density) stratification.  Since turbulence is introduced by the 

action of the wind, and since a temperature difference does jxist 

between the top and bottom of the ocean, the ocean must separate 

into two phases, one with turbulence and no stratification, one 

with stratification but no turbulence. 
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2.      CONCENTRATION OF HEAT 

In order to extract useful sork from the sun-heat id, upper 

layer of the ocean, the 3SPP must first concentrate this diffuse 

heat.  This concentration takes place within the "boiler".  Two 

calories are skimmed off each gram of warm water "fuel" which 

enters the boiler, while 280 calories are delivered to each gram 

of liquid ammonia which enters the boiler, the 280 calories being 

the heat of vaporization at 20oC and 124 psi.  The diffuse heat 

absorbed by the upper layers of the ocean is thereby concentrated 

by a factor of 140.  Unless special care is taken in the design of 

this heat concentrator, its capital cost would be prohibitive. 

In order to fully appreciate the materials problems en- 

countered in the design of a low-cost heat concentrator, or bciler, 

we need to review the physics and engineering involved in heat 

concentration.  First let us look at the physics. 

Heat can be induced to flow from the warm sea water into 

the ammonia only by establishing a downhill temperature gradient 

from the water into the ammonia.  Of the total 20oC temperature 

II 
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difference between the warm water heat source and the cold water 

V heat sink, only half, namely 10oC, can be spared to induce heat 

flow; the rest must be available for the heat engine.  Bat of 

the 100C for heat flow, one-half can be in the boiler; the other 

half must be reserved for the condenser.  Unfortunately, water is 

a poor conductor of heat, namely 0.0060 watt/cm0C.  With such a 

low thermal conductivity, a 50C drop across one cm of water would 

induce a heaL flux of only 0.027 kilowatts of heat per ft2.  At 

an overall contemplated thermal efficiency of only 2%, we would 

therefore obtain only 0.0005 kilowatts of power per ft2; i.e., 

2,000 ft2 of boiler surface would be required per kilowatt output. 

This is fully 2 orders of magnitude too high.  The solution to 

this dilemma is to bring the warm ocean water close to the heat 

exchange surface by convection.  This is done, of course, by 

establishing turbulent flow within the heat exchanger tubes.  Now 

turbulent flux cannot extend clear to the surface of the heat ex- 

changer surface,  ^s indicated in ^igure 3, <xl  the wall not only 

is the turbulent flux zero, not only is the derivative of the 

turbulent flux zero, but also the second derivative of the turbu- 

lent flux is zero.  One may therefore speak of an effective thick- 

ness t of a "laminar" boundary layer across which heat must flow 

by thermal conduct'on. 

The thickness t of the laminar layer is smaller the higher 

the flow velocity v through the heat exchanger tubes.  But a 

higher flow velocity means, of course, a higher pumping power 
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effective wall  thickness, t 

distance from wall 

Figure   3 

drain upon cur gross power outpu4 .  A consideration of this power 

drain brings us to the engineering aspects of the'problem of 

energy concentration. 

The most fruitful way of approaching engineering design 

is identical to the approach used by theoretical physicists in 

tackling complex problems.  One formulates the problem in the 

simplest possible way, taking into account all the important fac- 

tors but leaving out all irrelevancies.  Following this approach, 

a little practice enables one to deduce many important features 

of an engineering system from merely the structure of the governing 

equations, without any detailed calculations.  We shall use this 

approach to discuss the design problem of heat collection in a 

SSPP.  We denote by AT the total available temperature drop, by 

6T  the temperature drop to be used to drive the required heat 
HX 

flux Q across the boiler heat exchanger, and an identical temper- 

ature drop to drive essentially the same amount of heat across the 
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condenser heat exchanger.  We denote by U the water velocity in 

the heat exchanger tv\bes.  Our design objective is to so choose 

6T™, ÖT-, U, Q to minimize the boiler (and condenser) heat ex- 
H£    £ 

changer area A for a specified net power output P.  Our governing 

equations are: 

Minimize: 
© 

A 

© 
Subject  to:     fcf   p  C  U  <5T       A  >  Q     (heat   flux  constraint) 

©      © 
(öT-VT)   Q>P  +  fpU3A   (net power  constraint) 

£ — 

©      © 
26T„V + 6T,;, > AT (temperature drop constraint) 

HX     E — 

The structure of these governing equations is completely specified 

by the following exponent matrix.  In this matrix successive columns 

refer to the unknowns A, U, oTHX, 6TE, Q.  Successive rows refer 

to successive terms, the inequalities all being expressed in a 

form where unity appears on the "greater than or equal" side. 

® 
© 
® 
® 
© 
© 

A U 6THX 5TE Q 6 

1 

-1 -1 -1 l 3/2 

-1 -i 

1 3 

1 

-1 

1 

-l 1/2 

3/2 

3/2 
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If we can roughen the surface so that the heat transfer coefficient 

f increases as rapidly as the friction coefficient, f, i.e., so 

that the ratio f'/f remains constant, such roughening will decrease 

the area at optimized design according to 
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This matrix completely determines the 6 vector, written to the 

right of the exponent matrix, defined by the following two proper-   I 

ties: 

i.  orthogonal to all columns of exponent matrix; 

ii.  sum of components belonging to objective function 

is unity. 

The 6 vector is the key to the complete solution to our probltm. 

(C. Zener, Engineering Design by Geometric Programming, Wiley, 

1971.) 

The above discourse on an approach to engineering design 

allows us to fruitfully return to the problem of pumping power. 

The ratio of the fourth to the third component of the delta vector, 

namely 1/2, gives precisely the ratio, at optimum design, of the 

pumping power to the net power output.  Thus, one-third of the 

gross power output goes into pumping water in the heat exchanger 

tubes.  This conclusion regarding the fraction of gross developed 

power used in pumping is completely independent of the numerical 

values of the various constant, such as the friction coefficient 

f, the heat transfer coefficient f', etc.  Further, from the fact 

that 62 is 3/2, and tk   is 1/2, we conclude that at optimized design. 

! 
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As far as this author is aware, no experiments have been 

performed to determine how to roughen surfaces so as to minimize 

the ratio f^Vf3^2.  An examination of the physics determining 

the effective thickness to of the laminar layer suggests that the 

optimum roughness will have dimensions comparable to t, e.g., 

^0.01 cm.  With commercial smooth surfaces f = 0.008, f = 0.003. 

These values, together with AT = 20oC, leads to 

A = 20 ft2Aw net output 

at optimized design.  This area corresponds to a heat flux of 

10,000 BTU/hr ft2.  We anticipate this can be halved by appropri- 

ate surface roughening, to 10 ft2Aw.  This area may fairly be 

compared to the 100 ft/kw for an artificial solar collector sur- 

face described in the opening paragraph. 

In the above discussion, we have assumed the surface to be 

free of scale and of biological fouling.  ALCOA has reported their 

Alclad used in desalination plants has remained free of scaling, 

and anticipate no scaling problems in SSPP's.  We believe biological 

fouling can be controlled by small additions of Cl2, or, more 

appropriately, by electrolytic generation of hypochloric acid with- 

in the heat exchanger tubes.  Such ideas obviously need verification. 

In the above discussion, we have assumed a negligible heat 

drop is needed to promote ammonia boiling in the boiler, ammonia 

condensation in the condenser.  Such as assumption appears justified 

-209- 

A  



^r 

by two recent developments on surfaces.  (1) Union Carbide has 

learned how to mechanically prepare surfaces having permanent 

sites for the continuous nucleation of bubbles.  Such surfaces 

give nucleate pool boiling with a heat flus of 20,000 BTU/hr ft2 

at a AT of only 10C.  (2) Condensing surfaces have recently been 

designed at this university (by C. Zener and A. Lavi) which re- 

quire less than a 10C subcooling to induce condensation rates of 

20,000 BTU/hr ft2.  Such surfaces have not yet been tested ex- 

perimentally. 

3.      COLD WATER INTAKE PIPE 

Another unique feature of SSPP's is the necessity of 

bringing tremendous quantities of cold water from the ocean depths 

in order to dissipate the heat given off by the condensers.  We 

consider here the problems of resistance to the mechanical forces 

imposed by the ocean environment. 

Failure of structures caused by rrechanical forces takes 

place by two distinct mechanisms:  (1) failure by plastic yielding, 

(2) failure by elastic instability, i.e., by buckling.  Design for 

adequate strength to resist plastic yielding is relatively simple. 

One has merely to insure that the stress everywhere is within safe 

limits.  Design to avoid elastic instability is more subtle.  The 

designer must be sensitized to the various types of instability 

to which his structure is susceptible.  Below we consider several 

possible instabilities, each of which demands a minimum value of 

the wall rigidity D, defined by 

I 
I 
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r D  : E(x)   x2   dx , 
-t/2 

where E  is  the  appropriate  elastic  constant,   essentially Young's 

modulus,   and t is  the wall  thickness. 

Intake Instability 

I I 

p
0 " 1 PV o       z      p 

Figure  4 

If water is sucked into the cold water pipe by pumps 

located some distance from the bottom, the interior of the pipe 

will be at a pressure lower than the external environment.  This 

pressure deficit will be just H p V2.  Viewed as a problem in 

elastic stability, the pipe is being subjected to an external 

pressure of h P V 2.  Any cylinder subjected to a sufficiently 

large external pressure will fail in the manner depicted in Figure 

5. 
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initial 

4collapsing 

Figure 5 

The critical pressure for failure of a perfectly round cylinder 

is (Timoshenko and Gere, Theory of Elastic Stability, McGraw-Hill, 

1961, 2nd ed., p. 298) 

AP = 1 D 

where R is the cylinder radius.  Therefore 

D > 2p V 2 n3 
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Collapse by Ocean Current 

\ 

In Figure 6, we represent the streamlined motion of the 

ocean current past the cold water pipe.  The velocity A and A* 

is zero, is V,, at B and B'.  The ocean pressrre at A, A' is there- 
D 

fore greater than at B, B" by the amount 

AP =ip VB
2   ip (2R/RA)2 Vocean

2 

Whereas the motion around the pipe is not streamlined, the above 

pressure differential will be approximated. The decrease in the 

radius at A, AR , is given by (Timoshenko and Gere, Ibid., p. 281) 

i 
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AR, 

R 
= AP • R3/D 

and hence 

AR, AR, 
1 - 2pV     2 R3/D ocean 

The left member of this equation has a maximum value of 4/27, 

and I-'ence 

D   >   14   p  V 2   •   R3 

- F     ocean II 

.1 

I 

! 

1 
I 

Buckling under Compression 

Figure  7 
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The top and bottom of the cold water must certainly be 

anchored, as indicated in Figure 7.  In order to estimate the 

ocean current induced stresses in such an anchored pipe, we shall 

assume the current to have a constant velocity V0 at all depths. 

Such a current will produce a bending moment across the mid-plane 

of the pipe of ^ L2 R p V 2.  The compressive force per unit 

circumference on the up-current side of the pipe is hence 

MI/STT) (L2/R)p V0
2.  But if local buckling is to be avoided, this 

compressive force cannot exceed (2.4/tR)D.  (Timoshenko and Gere, 

Ibid. , pp. 468-484) .  We therefore conclude that in order to avoid 

local buckling 

D > r'1   p Vocean2 (L/4) ' t II1 

Review of Elastic Instabilities 

All three criteria for elastic stability, I, II, and III, 

require a high value for wall rigidity D, comparable to that giver 

by a 1" wall thickness of a steel pipe.  Such a wall is, however, 

ten times thicker than is required merely to resist plastic de- 

formation.  We are thereby led to the concept of a duplex struc- 

ture.  A possible duplex structure would bo  for example, two con- 

centric thin pipes with an appropriate filler, as illustrated in 

Figure 8. 
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filler 

\ 

Figure  8 

Considerable work is required to develop such a dup'ex 

wall that will minimize cost and satisfy the rigidity conditions 

I, II, and III. 
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ON INCREASING THE HEAT TRANSFER AT THE SEAWATER 

SIDE OF THE BOILER IN THE SEA THERMAL GRADIENT SYSTEM 

J. P. Hirth 

Zener pointed out the tremendous advances in improving 

the heat transfer coefficient at the condenser side of the system 

and in the working fluid side of the boiler.  The principal re- 

maining impedance appears to be on the seawater side of the boiler. 

He further mentioned optimization techniques including surface 

roughening to improve heat transfer at the last mentioned site. 

Two other possibilities are suggested which might merit 

study. One would be to place small ridges on the metal to pro- 

duce either turbulence or cavitation at sites such as A, either 

of which would increase the heat transfer. 

Steam 

Metal 

Figure 1 
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A second possibility, with perhaps more dramatic conse- 

quences, would be to discharge hydrogen cathodically on the sea- 

wat-r side of 1 he metal.  Analogous to the increase of heat trans- 

fer at the boiling interface at the onset of bubble nucleation, 

this could provide an order of magnitude or more increase in heat 

transfer rate.  Since this site represents the high impedance 

point in the process, overall rat--^ could be similarly increased 

and working areas similarly decreased.  The process would require 

energy for the electrochemical process, part of which would be 

recovered by using the hydrogen as fuel.  Also, an anode (porous 

platinum for example) would be required.  However, the process 

would appear to merit an optimization test 

As noted by Zener in a discussion of this idea, chlorine 

could perhaps be discharged at the anode to aid in controlling 

the concentration of organic matter in the system to avoid fouling. 
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MATERIALS PROBLEMS IN EXTRACTING POWER 

FROM OCEAN THERMAL GRADIENTS 

R. Bleiden and C. Zener 

1.0    What are the overall chances of success? 

The probability is very high that electric power can be 

generated at a lower cost than by fossil fueled or nuclear plants. 

Such success would lead to energy-intensive industries being 

developed in those Caribbean countries friendly to the U.S. 

Such development would relieve the power demand within the U.S. 

The materials problems ./hich must be solved for this success are 

outlined in 2.1. 

2.0 What are the primary materials problems? 

2.1 We must develop low cost fabrication methods for preparing 

surfaces with high heat transfer boiling and condensing coeffic- 

ients.  Such surfaces have been prepared in limited quantity with 

boiling and condensing coefficients as high as 10,000 BTU/hr ft 0F. 

2.2 We must develop practical methods of preventing biological 

fouling of the sea-water side of the above heat exchange surfaces. 

2.3 We must develop materials and fabrication techniques for 

the cold water intake pipes.  This pipe must be 40'-80' diameter, 

^3,000' long, and have sufficient resistance to buckling to with- 

stand the forces arising from the ocean currents. 

I 
' 
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2.4 The transmission of electric power to the continental 

U.S.A. might only be economically feasible if superconducting 

underwater transmission cables are developed.  Materials for such 

a cable are the current bottleneck. 

2.5 We must learn how to appropriately roughen the sea-water 

side of the boiler and condenser heat exchange surfaces so as to 

raise the heat exchange coefficient with respect to the friction 

coefficient.  We have ideas about how this is to be achieved, but 

no experiments have been conducted to date. 

2.6 Development of turbine materials that will resist corros- 

ion by the working medium in the heat engine. 

2.7 Development of a low cost electrolysis cell for the de- 

composition of water into hydrogen and oxygen gas in the event 

this becomes the most economic way of transporting energy from 

SSPP's to the U.S.A. 

2.8 Development of methods of transporting hydrogen by pipe- 

lines without danger of hydrogen-embrittlement. 
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ENERGY STORAGE VIA FLYWHEELS 

J. J. Gilman 

Abstract 

A method for energy storage that has considerable 

versatility is Ue flywheel.  The elements of flywheel energy 

storage are discussed and the pros and cons are discussed in 

terms of specific idealized configurations.  An expression for 

the maximum power output is derived which shows that flywheels 

are capable of delivering approximately 106 times as much power 

as very good batteries.  Because of this and other features, 

flywheels complement the performances of batteries.  This makes 

hybrid battery-flywheel systems attractive for energy storage. 
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ENERGY STORAGE VIA FLYWHEELS 

J. J. Gilman 

I. Introduction 

The versatility of batteries as energy storage devices 

has been and remains very attractive.  However, they have certain 

limitations which provide opportunities for other devices.  One 

of these which has considerable versatility is the flywheel. 

Moreover, many of the strengths of flywheels complement the weak- 

nesses of batteries.  This makes battery-flywheel hybrids rttrac- 

tive. '.'or  example, although good batteries store energy well, 

they store power poorly because they have appreciable internal 

resistances, and because they cannot be discharged rapidly with- 

out degrading their internal structures. 

The purpose of this discussion is to describe some of 

the properties of flywheels, to estimate their present and future 

efficiencies, and to compare their characteristics with those of 

batteries. 

II.    Elements of Flywheel Storage 

The best known form of a flywheel is a rotating solid 

disk.  However, this device has at least two disadvantages for 

many circumstances.  First, the strongest available materials at 

present are fibrous and hence highly anisotropic.  Second, homo- 

i 

i 

i 

I 
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geneous rotating disks are dangerous to use because their failures 

generate massive high velocity projectiles.  Therefore, it is 

desirable to consider a variety of flywheel forms. 

Six representative or limiting forms will be considered: 

a) rod (rotation axis parallel to thickness) 

b) hoop (rotation axis normal to piano) 

c) solid disk (rotational axis normal to plane) 

d) tape disk (rectangular tape wrapped to make disk) 

e) splayed disk (disk shaped brush) 

f) disk with contour shaped to give constant stress throughout 

For each of these, the energy that can be stored per 

unit weight and per unti volume will be derived, plus the par- 

tition of stored energy between rotational kinetic energy and 

strain potential energy.  Sketches of the five forms are given 

in Figure 1. 

a.     ROD 

A slender rod as shown in Figure 1 has kinetic energy: 

R 

T, = j Apco2r2dr = ^f^ 

where:  A = cross-section area 

p = mass density 

M = angular rotation in radians per second 

R = half-length 

this leads to a tensile stress at any radial position, r of: 

1 
-223- 
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pw2   rdr = | DU
:{R2-r2) 

and a maximum stress at the center, r = 0 

o   =4 puj2R2 

mi   2 

The stress in turn leads to stored strain energy (where 

E is the Young's modulus): 

V, " 2E Adr = ^E— (R^-r^)'dr = IT 
äD*M!*>1 

-R 

The ratio of this strain energy to the kinetic er^gy is: 

Ik  - i,V 
Ti   5l p ' 

so the strain energy is small compared with the kinetic energy. 

Even if the a  reaches the intrinsic cohesive strength E/10, the 

strain energy is only 4% of the kinetic energy.  This is because 

large strains are present only near the rotation axis. 

The specific kinetic energy stored per unit weight (which 

is very nearly equal the specific stored energy is: 

^ = rT1 

so  it may be  seen  that flywheel  storage efficiency depends  only 

on  specific  strength. 
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b. HOOP 

In this case the mass is placed as far away from the 

center of rotation as possible (Figure lb) and the kinetic 

energy becomes: 

203 T2 = TrpAuTR 

while the maximum stress is (assumed to be uniform for a thin 

hoop): 

ma 

and the strain energy is; 

v  _ nAp^R
5 

I 

so the strain/kinetic energy ratio becomes: 

v*     i ,V 
T2   2    { E ' 

which is larger than for the rod because the strain is now uni- 

formly distributed in the rotating material.  However, even in 

the extreme case of oni = E/13, the strain energy is only 5% of 

the kinetic energy. 

The specific kinetic energy in this case is: 

i 9 
T     =   -   (   m\ r2  2 (T) 

and hence not as hi7h as for the case of the rod. 

However, for the same volume of material (or weight at 

constant p) the hoop radius, R2 relative to the spin radius of 
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rod, Rj is: 

R2 = R/TT 

therefore, the kinetic energy ratio at constant device size is: 

fill 
WR,. 

= ^ 
so, for a given device size and speed, a hoop is nearly 10 times 

more efficient than a rod. 

If stress and size are held constant rather than speed 

and size», then: 

R,a 

3» 
4 

so a hoop is about 2.5 times more efficient than a rod on this 

basis. 

! 

( 

i 

! 

I 

c. THIN DISK 

For a thin disk of thickness, t (Figure 1c) the kinetic 

energy is: 

m  ^TpTU)
2R^ 

and the radial and tangential components of the stress field 

(the z-component is neglected since the disk is thin): 

ar = (3J*J pa)2 (R2-r2) 

o6  ■ (-—) pu *■    -   (-g—) parr-' 
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where v = Poisson's ratio, so the maximum stresses at tne center 

are: 

om = ae(r=o) = ar{r=o) = (^) pu>2R2 

In this case the strain energy depends on Poisson's ratio and is 

given by: 

V = Ht v3   E {a*  + o2
Q)   rdr 

Letting: 

A = (^)pa)2 

B= (^pu)2 

this becomes; 

V3 = 
TTtR' 
6E 

(4A2 - 3AB + B2) 

E 
(v = 1/3) 

the term in parentheses equals 0.46, 0.45, and 0.44 for v = 1/4, 

1/3 and 1/2, respectively, so the middle value is quite repre- 

sentative and the potential energy is: 

V,   0.075TTp^'>R',t 
 E  

so the strain/kinetic energy ratio is: 

Jj-0.71 (-f) 

(v = 1/3) 

-227- 

.*. • ■ aM 



"x T 

which Is higher than for either the rod or the hoop. 

The cpecific kinetic energy is: 

T3 = 0.6 °-f) 

making the solid disk is more efficient than either the rod or 

the hoop. 

The storage efficiency on a size basis (constant speed) 

is: 

T3 

R,Cü 

which can be  large  for a thin disk. 

The  size  efficiency ^.c constant maximum stress  is: 

'Ta^ 
ixtj R^ 

=   0.6(f) 

which again  is  large  for a thin disk. 

d. TAPE   DISK 

A convenient way to make a flywheel from a fibrous 

material is to wind pre-fabricated tape around a shaft in the 

form of a disk (Figure Id).  Such a disk is the same as a thin 

disk that has no ability to support radial stresses; or the same 

as a set of concentric non-interacting hoops.  The values of the 

pertinent quantities are as follows: 

»% - j Ptc^R
1* 

a = pü32R2 

m 
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- '    3E 

Jj- 0.33(^) 

3A   . k/Ii 

T2 

R,w 

R,o 
= id) 

SPLAYED DISK (Brush) 

This is similar to a thin disk that cannot support radial 

stresses.  Thus it is an idealized set of thin rods or a brush. 

The values of the pertinent quantities for this case are: 

T, - } pto^R" 

0m = IT) P^R2 " 0.42pcü2R 2r>2 

V  = Ü V5   E 

(v = 1/3) 

o2
n   rdr = ^ IL 

6E 
3+v 1 
-g-| P ojHR6t 0.09p*u'>Rbt 

E 

lL  = 0.27(-|l) 

m. 0.6(-^) 

l^ij 

RfM 

R,a 
= 1.2 (|) 
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f.      DISK SHAPED FOR CONSTANT STRESS 

Tc = a /p 6   m7 M 

amount to a . 
m 
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Jakubowski (1972) has shown that a rotating disk with 

a flat bell-shaped profile has the same stress at all points 

and therefore optimizes both the energy stored per unit volume 

and per unit weight.  If the thickness of such a disk is t 
o 

at the axis of -otation, then its profile is given by: I 

t = to e"r2/2c (c = t^/poj2) il 

its performance depends on its size, but in the limit of large 

R its specific kinetic energy is: 

thus it represents the ideal flywheel since this is the maximum 

possible storage density. 

g.      COMPARISON OF CHARACTERISTICS 

The storage efficiencies of various forms of flywheels 

are listed in Table 1.  The energy stored per unit weight ranges 

from 0.25 to 1.00 times the specific strength.  For all real 

materials with am < E/10 the amount of potential era rgy is small 

compared with the kinetic energy.  The energy stored per unit 

volume swept out by the rotating body ranges from a negligible 

I 

i 

i 

] 

I 
The disk with a shaped contour is clearly the ideal form, 

bit it requires an Isotropie material for its construction.  The 

strongest available materials are fibers for which the form that 
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is the best compromise between ease of construction and storage 

efficiency per unit weight is the rotating hoop.  A better choice 

if volume is critical is the tape disk. 

III.    FLYWHEEL PERFORMANCE 

For specific energy storage a disk flywheel with a 

strength of 1.SxlO't/rn2 and specific gravity = 3 can store 

350 watt-hours/# which is about 100 times as much as a practical 

lead-acid battery.  This assumes an Isotropie material and does 

not allow for associated bearings and containers.  The use of 

a fibrous material in the form of a hoop and allowing equal 

weight for associated equipment roduces this to about 90 watt- 

hrs/# which is comparable with the most advanced present batteries 

and a factor of 10-20 better than lead-acid batteries. 

The absolute upper limit for feasible flywheel storage 

would be given by a fibrous material with a strength of 5xl06#/in2 

and specific gravity = 2.  This would yield (for a hoop): 900 watt- 

hrs/# ideally or about 450 watt-hours/* in a machine. 

It is concluded that flywheels can definitely compete 

with batteries in terms of storage efficiency as pointed out 

by numerous previous authors.  Next, consider the power output 

that a flywheel can yield. 

Since a flywheel will be built of very strong materials 

and will be a compact rigid structure, the limitation on power 

output will probably be determined by the properties of the 

load machinery that is attached to it.  However, an approximate 
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upper limit will be imposed by the maximum torque that the 

shaft which supports the flywheel can withstand. 

For a shaft of radius R and shear strength o . the 
O 5 

maximum torque that can be withstood is: 

2ir  „3 
shaft   3  so 

and if p is the angular momentum of the flywheel: 

R 

p    =    2TTp(jJt r2dr 

The torque caused by a change in speed of the flywheel is: 

R 

Tflywhee 
.. = 2TTpt0t  I r dr = ■*■ poitR 

Equating these torques gives an expression for the maximum 

permissible rate of change of t-he speed: 

u max [pRtJ 
fRol 

R 

The power output is the rate of change of the kinetic 

energy so if the shaft strength equals the flywheel strength 

(as = am/2): 

P   = ^ = 5 putR1^ = I R'a 
max  dt   2 K    m  3  o m 

where the maximum value of u) is determined by the maximum 

tolerable stress in the flywheel: 

u max  R 

2o m 
I P J 
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To estimate  a numerical value  for ?„_,   let  t =  R    =  R/10, max o 

and consider a flywheel that weighs 10#.  Then R = 17 cm, using 

the properties of the first paragraph of this section: 

i 
CJ ■ l.e^lO6 rad/sec m ' 

P  ■ 5*108 watts m 

i 

This may be compared with present high performance batteries 

whose maximum delivery rates are about 30 watts/t or in this case 

300 watts.  Thus a high storage density flywheel can deliver about 

106 more power than a high storage density battery. 

Since R and R scale together, the maximum power output 

scales with the square of the flywheel radius, the 3/2 power of 

the strength, and inversely with the square root of the density. 

Thus large flywheels can deliver very large amounts of power. 

Batteries cannot compete in this respect and condenser banks 

trail far behind. 

IV.     SOME PROS AND CONS 

Advantages of flywheels as storage devices are: 

a. high ideal storage density - approximately 1000 watt 

hours/* 

b. very high peak-power output; especially as compared 

with batteries; and more especially compared with 

fuel cells 

c. temperature independent operation 
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Disadvantages are: 

a. high cost per unit storage capacity in small sizes 

b. limited charged shelf-life - approximately one week 

for moderate sizes 

c. evacuated containers are needed for low average power 

output applications - for moderate to large devices 

these can be self-pumped. 

  

I 

1 
d. unlimited shelf life when uncharged 

e. rapid charging rates 

f. unlimited operating life; except for bearing wear 

and strength fatigue 

g. no environmental pollution 

h.  relatively inexpensive raw materials 

i.  flexible input-output modes 

1. mechanical 

2. hydraulic 

3. AC-DC electrical 

j.  cost per unit capacity decreases with increasing size 

k.  fall-safe design is feasible; chemical explosions, gas 

explosions, fire hazards, and fires not a problem. 
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CHEMICAL SYSTEMS FOR STORAGE 

OF SOLAR ENERGY 

J. L. Margrave 

Abstract 

Thermodynamic data are being reviewed for some simple 

systems of energy storage, including the possibility of using 

a water-sulfuric acid working fluid from which water is removed 

by daytime evaporation to produce concentrated sulfuric acid 

and then, heat is recovered by dilution of the concentrated 

HjSO^, a process which is exothermic by 15-23 KPM, depending on 

dilution.  Other suitable chemical reactions or phase transfor- 

mations will be considered. 
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MATERIALS PROBLEMS RELATING TO 

HIGH TEMPERATURE OXIDE ION CONDUCTING FUEL CELLS 

FOR THE ELECTROCHEMICAL COMBUSTION OF HYDROGEN 

R. A. Huggins and R. L. Coble 

Abstract 

The current status of the development of high tempera- 

ture fuel cells utilizing solid electrolytes for the electro- 

chemical combustion of gaseous fuels is reviewed.  Special 

attention is given to the materials problems relating to cells 

employing doped Zr02 as the electrolyte.  Also included are 

comments relating to cost estimates for such systems.  It is 

concluded that oxide ion-conducting solid electrolyte fuel 

cells might be particularly attractive for the combustion of 

hydrogen, but that there are still serious problems relating 

to the development of adequate materials to use äs inter- 

connecJ_ors and for the electrode on the oxidizing side.  In 

addition, costs will be critically dependent upon the develop- 

ment of inexpensive ceramic fabrication methods. 
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MATERIALS PROBLEMS RELATING TO 

HIGH TEMPERATURE OXIDE ION CONDUCTING FUEL CELLS 

FOR THE ELECTROCHEMICAL COMBUSTION OF HYDROGEN 

R. A. Huggins and R. L. Coble 

Introduction 

An appreciable amount of attention is currently being 

given to increased utilization, conversion and storage of solar 

energy.  Several of the schemes that have been proposed for 

making better utilization of the available intermittent solar 

energy arriving upon the earth involves the storage of energy 

in chemical form by the electrolysis of water to produce hydro- 

gen and oxygen.  These species can be stored and recombined to 

produce either heat or electricity locally, or either one or 

both could be transmitted appreciable distances and utilized 

for that purpose at some remote location.  In general some 

storage system is needed because the power demand schedule does 

not conform to the intermittent delivery rate. 

One of the methods whereby this chemical energy can be 

converted into electrical power involves the use of an electro- 

chemical fuel cell.  Under favorable conditions, fuel cells can 

have considerably larger values of intrinsic efficiency than is 

the case with other types of conversion systems which can not 

exceed the Carnot efficiency. 
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Various types of hydrogen fuel cells have been proposed. 

They fall into two major categories; those involving the utili- 

zation of liquid electrolytes, which operate at low to inter- 

mediate temperatures, and a second group utilizing a solid 

electrolyte and operating at higher remperatures.  In general, 

a critical consideration in liquid electrolyte fuel cell systems 

is the need for heterogeneous catalysts at one or both of the 

electrodes because of relatively slow electrode kinetics. 

Platinum is typically used for this purpose, and its price and 

availability provide a large incentive for the discovery and 

development of substitute materials. 

High temperature solid electrolyte fuel cells, on the 

other hand, do not have this problem, as electrode processes 

proceed much more rapidly at elevated temperatures.  Such fuel 

cells also have additional advantages.  Since there are no 

liquid phases present, corrosion and sealing problems are greatly 

reduced.  Likewise, the composition of the electrolyte does not 

depend upon the constitution of the fuel, and there are no prob- 

lems involving three phase (gas-liquid-solid) interfaces. 

On the other hand, solid electrolyte fuel cells do have 

the disadvantage of requiring operation at high temperatures 

(typically 800-1000oC) due to the high resistance of the solid 

electrolyte at lower temperatures.  The most prominent example 

of high temperature solid electrolytes is doped zirconium dioxide 

(Zr02), which, in the cubic modification, is an excellent con- 
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cells began in the early 1960's with the paper by Weissbart and 

Ruka (1962).  Other early work can be found in the papers by 

Binder et al. (1963), Archer et al. (1965), Schachner and 

Tannenberger (1965), Rohland and Mobius (1968), Eysel and 

Kleinschmager (1969), and Böhme and Rohr (1969).  More recent 

developments have been summarized in the papers by Huff (1972), 

Tannenberger (1972), Sverdrup et al. (1972) and Markin (1972). 
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ductor of oxide ions. 

This material and its unusual properties have been known     j 

for many years.  Nernst and his coworkers discovered the high 

conductivity of Zr02 containing 15% Y20 before the beginning of 

the present century, and utilized this conducting oxide in the 

light source called the "Nernst glower".  By 1914, Ruff and co- 

workers discovered that both the mechanical and electrical con- 

ductivity of Zr02 could be improved by appropriate addition of 

Y203^ CaO or MgO.  The earliest report of the utilization of 

these materials for fuel cell purposes was in a paper by Baur 

and Preis (1937). 

i 

! 

A wave of interest in ZrO -based solid electrolyte fuel 

Ü 

J 
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II.    Present Approaches to Solid Electrolyte Fuel Cells 

A.  General Principles Relating to Solid Electrolyte Fuel Cells 

Fuel cells transform chemical energy into electrical 

energy by an arrangement in which at least one of the ionic 

constituents involved in a chemical reaction is transported 

through an electrolyte phase within the fuel cell system. 

J 
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Corresponding electronic current is caused to flow through an 

external electrical load and thus becomes accessible to do work. 

Tne electronic conductivity of the electrolyte must be small to 

give small internal electrical losses.  The general arrangement 

of such a system is illustrated schematically in Figure 1.  In 

this example, the chemical reaction involved in the oxidation of 

hydrogen occurs by the transport of oxygen ions from the positive 

electrode side of the cell which contains a source of oxygen 

through the solid electrolyte to the negative electrode side. 

Upon arrival at the negative electrode, these ions give up their 

electrons and react with hydrogen to form water. 

The chemical free energy change involved in this reaction 

can be expressed as 

AG = NkT An 
fP 0 

% 
II 
2 

(D 

where N is Avogadro's number and p. is the local value of the 

oxygen pressure. This free energy change is simply related to 

the open circuit voltage of the cell E0 under conditions of no 

current  flow by 

Eu  = - ^ AG 
nF (2) 

If current passes through the cell (and therefore also 

through the external electrical load) the actual cell voltage 

is reduced by the IR loss related to the transport of the ionic 

species through the electrolyte-electrode system.  One can then 
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write 

E = - 
NkT 
nF in 

(P O: 

'P, 
II 

02 

+ IR (3) 

where E is the voltage across the external load. 

Since the power in the external load circuit can be 

written as 

P = IE (4) 

it is obvious tnat one of the critical features of such a system 

is the value of the internal resistance, R.  The primary source 

of internal resistance involves the ionic transport through the 

electrolyte and the generally accepted objective is to reduc- 

the electrolyte resistance to less than about 0.1 ohm-cm .  A 

second voltage loss could also arise from electrode polarization 

at high current flow. 

Ac will be discussed in more detail later, all present 

developments are based on the use of the cubic phase of zirconium 

dioxide (Zr02) doped with other oxides to increase the ionic con- 

ductivity.  Such cells typically operate at about 1000oC where the 

resistivities of these solid electrolytes are in the range 2-5 

ohm-cm.  As a result, it is clear that electrolyte thicknesses 

less than 200 microns would be desireable. 

B.  Design Approaches 

>       Because of problems related to sealing and fabrication, 

the development programs on high temperature solid electrolyte 
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fuel cells have chosen to use tubular shapes rather than flat 

plate configurations.  Earlier work involved the fabrication of 

short lengths of thin electrolyte tubes which were then connected 

together to produce a series of individual cells.  When this 

approach is used, problems have been encountered relating to 

mechanical strength and gas permeation.  It has generally been 

found that the minimum practical thickness ot free-standing 

electrolyte layers is about 500 microns.  Electrolyte tubes in 

this range have been produced by standard pressing and sintering 

methods followed by machining to reduce the wall thickness. 

Another approach has been the use of plasma spraying techniques 

to fabricate small tubes in this range. 

More recently, development efforts have centered upon the 

support of thin films of electrode and electrolyte materials 

upon porous substrates.  These substrates can be considerably 

thicker and provide mechanical strength to support thin layers. 

Typical substrate materials are slip-cise or extruded stabilized 

zirconia ceramics with about 30% porosity.  The electrode, 

electrolyte and interconnecting layers are deposited upon the 

substrate in thicknesses on the order of 10-50 microns by any 

of several methods, including chemical vapor deposition, electro- 

phoretic deposition, reactive sintering or flame or plasma 

spraying. 

Since, in order to optimize the power output of such 

systems, it is expected that they would be operating at a current 
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density of 400-800 milliamperes per cm2, the collection and 

handling of this amount of current is an important consideration 

in the design of the cell system. 

In order to reduce the current collection problems, 

present designs of oxide ion-conducting solid electrolyte fuel 

cells involve the fabrication of a series of small cells upon 

a larger porous substrate by the deposition of a sequence of 

thin films.  The general arrangement utilized in this approach 

is illustrated schematically in Figure 2. 

These layers are deposited upon the substrate in se- 

quence using appropriate masking or other techniques for pro- 

ducing the desired geometry.  This method of fabrication of 

multi-layer structures involves repeated heating and cooling 

cycles to temperatures of about 1400oC and the system will 

probably also be cycled many times during its service life. 

Thus it is obvious that careful attention must be given to the 

matter of the compatibility of the thermal expansion coefficients 

of the various materials involved. 

The required properties and special problems relating to 

the component materials used in these cells are discussed in the 

next section. 

III.   Materials for Fuel Cell Components 

A.  The Electrolyte 

Although there are numerous ionic conductors available, 

most fuel cells under development use air (oxygen) as one of the 
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reactants.  The high temperature fuel cells (operating at about 

10Ci0oC) primarily utilize zirconia doped with different elements 

to form a stable cubic phase vith high ionic conductivity for 

oxygen.  The requirement for the electrolyte in a battery or 

cell is that the resistance should be less than 0.1 ohm-cm . 

The resistivities of doped zirconias give values greater than 

10 ohm-cm, therefore, relatively thin films of the electrolyte 

must be fabricated for use.  Calcia stabilized zirconia has 

been widely investigated and is of greatest interest from an 

economic point of view because it is of lower cost than other 

phases.  Etsel and Flengas (1970) have reviewed the properties 

of previously investigated electrolytes; they cite C^-ter and 

Roth's (1968) data on the aging characteristics of calcia stabil- 

ized zirconia.  In addition to having a relatively high resistance 

the calcia stabilized phase also increases its resistance during 

operation.  With a base line resistivity of the order of 100 ohm- 

cm the calcia stabilized zirconia should be utilized in films 

with thicknesses in the range of 10 microns.  Other compositions 

have been surveyed for use as electrolytes but the yttrium, 

ytterbium and scandium oxides as additions have been found to 

give the highest conductivities in stable cubic zirconia phases. 

With resistivities of the order of 10 ohm-cm at 1000oC these 

compositions could be utilized in cells with film thicknesses of 

the order of 100 microns. 

Of the materials problems which have been identified in 

fuel cell construction and use, work on electrolytes has been 
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most extensive, consequently tnere are fewer technical problems 

identified in the current state cf the art with the electrolyte 

than with the other fuel cell components.  Basic problems assoc- 

iated with high conductivity electrolytes are expense in fabri- 

cation and nigh materials costs. 

B.  Electrodes 

The electrodes are affixed to the opposite sides of the 

electrolyte as shown in Figure 1; they collect the current from 

the many square centimeters of area of electrode surface and 

convey it into a compact current lead and without excessive 

internal resistance provide for the ele-tronic exchange at the 

electrolyte surface with the reactant and product gases without 

inhibiting gas flow.  For current collection the resistivity of 

the electrodes should be less than 10"3 ohm-cm.  Conductivities 

in this range can be achieved for many metals in porous form. 

The electrodes are made porous to permit the gases to easily 

move from their feed channels to the electrode: electrolyte 

interfaces.  The porosity introduced to make the electrodes per- 

meable reduces the effective conductivity in the plane of the 

electrode; this limits the length of a cell which can be usefully 

fabricated.  As shown in Figure 2 cells are generally stacked 

in series sequence in ordnr to increase the voltage rather than 

the current along the length of a stack of cells.  For each side 

of the electrolyte the electrodes mus+ be chemically compatible 

with the electrolyte as well as with the reactant atmosphere.  A 
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thermal expansion match is also needed in order to permit thermal 

cycling of the overall fuel cell. 

Electrodes for the fuel side of the cell in which the 

atmosphere is kept reducing have been made from nickel, cobalt, 

and cermets involving nickel: zirconia and cobalt: zirconia as 

well as noble, metals and have worked satisfactorily.  For reasons 

of cost, power producing fuel cells would obviously make use of 

the nickel base electrodes that have shown satisfactory perfor- 

mance in tests conducted to date. 

Electrodes for the oxidizing side of the electrolyte have 

presented far greater problems.  A number of noble metal electrodes 

ha." ,jeen utilized.  Tannenberger (1972) has reviewed the per- 

formance achieved with platinum, palladium, and silver in par- 

ticular.  All of these are excessively expensive for potential 

use in a power producing fuel cell.  Silver is attractive because 

it provides high oxygen solubility and diffusivity; this would 

permit its use in a continuous film form on top of the electro- 

lyte .  However, its volatility at the temperatures of interest 

precludes its use-  Tsdmon et al. (1969) reported on a cell with 

a praseodymium cobaltite electrode (PrCoC^) which operated 

electrically for nine months but spalled on cooling.  Lanthanum 

strontium cobaltite has also been found to be adequate initially; 

but it undergoes aging, increasing in resistance when in contact 

with zirconia electrolytes in use. 

Of the many electrodes that have been studied there is 

one promising survivor of the set: tin doped indium oxide. 
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Sverdrup et al. (1969) and Maskalick et al (1970) have reported 

1000 hour stability of oxidizing electrodes of the indium oxide 

base; other investigators have also found satisfactory use with 

indium oxide electrodes. 

In summary, the state of the art at this time affords a 

suitable electrode (nickel) for the reducing atmosphere side of 

the cell.  There appears to be a promising one (doped indium 

oxide) for the oxidizing side; however, long term testing has not 

yet been conducted to establish the acceptability of these elec- 

trodes.  Furthermore^ indium is quite expensive and would repre- 

sent the most significant materials cost in the system described. 

C.  Interconnectors 

The cell configuration illustrated in Figure 2 shows the 

series stacking to increase the voltage, which alleviates problems 

due to increasing the current.  This is important due to the 

limited conductivity available in porous thin film electrodes. 

The interconnectors serve the function of connecting cells plus 

to minus; they must be made of an electronically conducting 

material which has an expansion match with the electrolyte and 

the electrodes, as well as being stable in both the oxidizing 

and reducing environments to which it is exposed on the opposite 

sides of the cell.  This is a relatively recently identified 

material requirement; as a consequence relatively little work 

has been done on such materials.  The requirements are only 

slightly more demanding than those for the oxidizing electrodes, 

which have presented the major problems to date.  Relatively high 
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conductivity phases have been found among cobaltates and chromates 

as reported oy Tretyakov and Schmalzried (1965).  CoCr20li doped 

with manganese was used in the Westinghouse development, as 

reported by Sverdrup et al. (1965) and by Sun et al. (1971). 

There is not much information available on the interconnector 

performance of itself.  The Westinghouse cells operated for inter- 

vals up to about a thousand hours but with relatively low power 

density output; the cells yielded approximately 0.1 watts per cm2, 

which is significantly less than the desired levels.  The low 

output was not attributed to poor interconnector performance; 

thus, it can be concluded that such cells can be operated for an 

extended interval of time without breakdown of the interconnectors. 

Another candidate material is (Sr,La) Cr03 which has been 

developed as an electronic conductor for high temperature oxidizing 

environments, but has not as yet been incorporated into fuel cell 

development programs. 

IV.    Comments on Performance and Cost Expectations Relating 

to High Temperature Solid Fuel Cells 

A.  Introduction 

It presently seems reasonable to expect fiat solid 

electrolyte fuel cells of the type discussed here can operate 

with current densities greater than 350 milliamperes per cm2. 

This will result in power values of about 0.5 watts per cm2 of 

active cell area.  When such cells are assembled into reasonable 

configurations, this should produce a power density between 5 and 

' 
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15 kilowatts per cubic foot (kw/ft3) ( c   cell assembly. 

B.  Available Cost Estimates 

Cost estimates by Sverdrup et al (1972) indicate a 

materials cost of about $20.00 per kilowatt at the present time, 

as well as a processing cost of $20.00 per kilowatt.  They esti- 

mate that with larger scale production, the sum of these costs 

could be reduced to about $30.00 per kilowatt of fuel cell output 

for tho fuel cell assembly itself.  However, in addition there 

are other costs associated with the overall system and it is 

these other costs which have dominated the economics of this 

type of system to date. 

According to Sverdrup et al. (1972), the Westinghouse 

system, which is designed to utilize coal as a fuel and there- 

fore includes other components such as a coal reactor and gas 

cleaning and recirculation equipment, could be in the vicinity 

of $130.00 per kilowatt of generator rating. 

According to Markin (1972), the costs of the system 

being developed at the Atomic Energy Research Establishment in 

England, which has been designed to use gaseous hydrocarbon as 

fuel, are dominated by the economics of the gas reforming equip- 

ment necessary to reduce the carbon activity in the fuel in 

order to prevent carbon deposition in the cooler parts of the 

system. 

It is quite evident that the cost of the operational 

parts of this type of high temperature solid electrolyte fuel 
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cell is quite low.  Thus its use in the electrochemical com- 

bustion of hydrogen appears very attractive since the utilization 

of hydrogen as a fuel avoids the necessity for the expensive 

parts of the system involved in the present developmental programs 

aimed at the utilization of carbonaceous fuels. 

C.  Comments on Ceramics Fabrication Costs 

High quality thin walled tubing of standard ceramic 

materials currently costs approximately $1.00/inch length for 

1/2" diameter tubes.  This gives a cost/area value of $0.20/cm2. 

With a demonstrated power output of 0.5 watts/cm2 in experimental 

cells, the base price projected for power plant use would be 

$400.00/kw if one were to use this approach to cost estimation. 

Other components to be added and operations to be conducted will 

raise this estimate.  These numbers conflict with the estimates 

reported by Sverdrup et al (1972) mentioned earlier.  Thus it 

seems clear that a major reduction in fabricated ceramic costs 

is critical.  A reduction of a factor of 10 is needed for a sys- 

tem with competitive capital cost.  Although specific data were 

not cited, Bueche (1973) commented that materials costs "were 

found to constitute a barrier tha-. an all-out scientific assault 

failed to penetrate," and that this governed G.E.'s low ranking 

of fuel cells for potential power conversion systems. 
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Figure 1.  Schematic Representation of Solid Electrolvte 
Fuel Cell. y 
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Figure 2.  Schematic Illustration of Multiple Layer Thin 
Film Design of High Temperature Solid Electro- 
lyte Fuel Cell. 
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COMMENTS ON THE USE OF A HIGH EFFICIENCY 

SOLID ELECTROLYTE THERMOELECTRIC TRANSDUCER 

SYSTEM AS A SOLAR ENERGY CONVERTER 

W. H. Flygare 
R. A. Huggins 

Abstract 

It Is  proposed that consideration be given to the use 

of a thermoelectric device involving the use of a solid electro- 

lyte and isothermal expansion of sodium for solar energy con- 

version. 

The theoretical principles involved in such a device 

have been discussed, and the theoretical efficiency calculated. 

It has been shown that the theoretical efficiency in such a 

system is much higher than that of conventional thermoelectric 

devices, closely approaching the Carnot limit. 

Because of its inherent simplicity and low materials 

cost, major practical limitations or disadvantages do not appear 

likely. 

Preceding page blank 
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COMMENTS ON THE USE OF A HIGH EFFICIENCY 

SOLID ELECTROLYTE THERMOELECTRIC TRANSDUCER 

SYSTEM AS A SOLAR ENERGY CONVERTER 

W. H. Flygare 
R. A. Huggins 

This report is an analysis and commentary relating to 

the use of a solid electro-based thermoelectric generator 

for the conversion of thermal energy to electrical energy.  The 

basic idea involves a simple electrochemical cell as illustrated 

in Fxg. 1.  This basic design has beon described in the patent 

literature  ' but the analysis given here is based upon our 

understanding of the principles involved. 

On the high temperature (T2) Na liquid side of the 

e-alumina electrolyte an electron is given to the electrode. 

The Na ions diffuse through the ß-alumina to the other electrode, 

which supplies an electron, converting Na+ back to Na.  The Na, 

still at temperature T2, then evaporates and is condensed at a 

lower temperature T^  The liquid at T, is then pumped up to the 

reservoir at pressure P2.  Heat is absorbed from the external 

environment to bring the liquid Na from Tj to T2. 

The emf generated in the Na -> Na+ + e~ and Na+ + e~ -> Na 

half reactions due to the pressure gradient across the ß-alumina 

solid electrolyte at T2 is given by 
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p  nF LFl (1) 

I 
where T2 is the local temperature at the electrolyte, and P2 and 

Pj are the equilibrium pressures at temperature T2 and Tj, F is 

the Faraday constant and n is the number of electrons transfered 

per Na atom.  The back emf E, due to the Na"*" ion current flow 

through the combined 3-alumina and electrode structure resistance 

R  (ohm cm2) is 

E, = iR 
b    o (2) 

where i is the Na ion current.  Thus the total emf E, developed 

by the Na ion transport is given by 

or 

E = 

E = 

E  - E, p    b 

RT; 
nF An Si 

Pi 
iR 

(3) 

(4) 

Since the power, P, is Ei, 

RT2 P = i nF in f^n - i*] M   i ■ (5) 

the maximum power as a function if i is given by 

dP 
dl = 0 = RT. 

nF in ft  -21R (6) 

giving a current at maximum power,   i       ,  of 
^   '  max' 

"max  nF An Hi 
Pi 

(7) 

' 

and a maximum power of 
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^7 
^ 

max 
1 RTz P-> 

2R nF ^  P o ■.J 

. -^ 
1 

4R 
RT2 
nF in P2 

Pi o _ 

-^[S4^)] 
(8) 

R = 8.31 joules/deg. mole 

F = 96,487 coulomb/mole 

max o L 
613 x 10"5 

Figure 2 shows a plot of P 

T2 in tff 
„^ as a function of T, for ma). 2 

various values of T1   and R , and using the vapor pressure data 

shown in Table I.  The curves in Fig. 2 show the expected de- 

pendence on the values of the lower temperature, T .  In actual 

practice the low temperature limit will probably be determined 

by a balance between heat flow out to the external heat sink 

radiation and conduction heat transfer in from the portion of 

the system at temperature T2.  A low temperature slightly above 

the melting point at T = 400oK seems quite feasible.  However, 

because of the energy used in reheating the liquid Na from Ti 

to T2, the overall system efficiency may be optimized if Tl   is 

somewhat higher. 

It is quite evident that it is advantageous to achieve 

as low a value of Ro as possible.  A resitance R of 0.1 ohms 

cm2 seems reasonable for a beta alumina electrolyte of a few 

millimeters thickness in series with a thin layer of Na-permeable 

electrode material. 

-264- 

I 

I 
I 

1 

I 

I 

i 

! 

I 

i 

I 

I 

I 
i 

.1 
i 

i 

/ 

-V _ 



w m^ w 

As pointed out by Weber3, the nature of the electrode 

material from which the evaporation occurs is an important 

practical consideration in such devices.  According to Fig. 2, 

about 1 watt/cm2 is achievable with T2 near the Na boiling point 

if R  ^0.1 ohm/cm2 and T, = 400oK. 
o • 

The efficiency of this thermoele-' -ric transducer is the 

ratio of the work done divided by the heat absorbed in cycling 

the Na around the closed system described in Fig. 1. 

where 

^rr- W1-W2 Efficiency = e = —-——— 1 L+q1+q2 

W = Work done in expanding the gas from P  to 

(10) 

W2 = 

L  ■ 

«I " 

<32 " 

P, at T2 

Work done in pumping the Na fluid against 

a pressure difference P^Pj 

Latent heat of vaporization of Na 

Heat absorbed during isothermal expansion of Na 

Heat content (enthalpy) difference in liquid Na 

between T2 and T1 

When the Na vapor cools from temperature T2 to Tj heat 

is released which goes into the sink at Tj.  Likewise, the heat 

given off upon recondensation of the vapor is also lost to the 

sink at Tj.  However, neither of these enters the efficiency 

relation.  We can now evaluate the quantities in Eq. (10) for 

a specific example; choose Tj = 400oK and T2 = 1100
oK.  The 
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following  results  are   found  for one mole  of  Na. 

5.69xl0-n 

If, = RT2 £n P,/P2 = 2.0(1100) In 1.59*10-9 = 43,128 cal/mole 

w 
2   (P2'P») Vmole(Na) 

However, W2 is much smaller than Wj, so we can write 

w1-w2 . If, 

The remaining numbers needed in Eq. (10) are 

L  23,400 cal/mole 

q ■ If • 43,128 cal/mole 

q2 = (7 cal/mole)(T2-T,) = 4900 cal/mole 

Thus, 

e = Efficiency - j, 'Aoü ''  ^»^^^ 

This can be compared to the Carnot efficiency of 

T2-T1   700   r.   ,,, 
Cc " ~T^ TTÖÖ " 0-636 

Thus, the theoretical efficiency of the proposed thermoelectric 

generator, assuming no heat losses and a 100% efficient pump, 

is very nearly equal to the Carnot efficiency, which is the 

maximum efficiency for a heat engine of any type. 

More conventional approaches to thermoelectric gene- 

ration devices, such as those based upon thermionic emission 

or the Seebeck effect, suffer two major disadvantages compared 

to this approach.  They characteristically have a temperature 
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gradient across the conducting solid (or liquid) portion. As 

a result, there is a substantial amount of energy loss due to 

irreversible heat transfer down this temperature gradient. 

In addition, these solid-state thermoelectric devices 

typically have much lower values of driving force (voltf.ge) than 

is the case in this system.  This is an important point, as 

electrical transmission losses are reduced by operation at higher 

voltage/current ratios. 

As a result of these factors, the efficiency of con- 

ventional thermoelectric and thermionic devices is generally 

only a few percent, much lower than that of the system described 

here. 

Although this type of a thermoelectric energy transducer 

is relatively recent, it is related to the several "thermally 

regenerative cells" croposed5-7 somewhat earlier.  However, such 

thermally regenerative cells typically involve a molten salt 

electrolyte in contact with a liquid metal solution at Tj, from 

which the mobile <-lement is evaporated for recycling to T2. 

Thus, instead of the temperature, and therefore the vapor 

pressure, the driving force is provided by the free energy of 

solution in those systems. 

However, the efficiency of the typical thermally re- 

generative cells8"9, although much better than that of Seebeck 

effect and thermionic devices, is inherently much lower than 

for the evaporative system described here because of the much 
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lower activity ratio, and hence voltage, achievable in such 

systems.  In addition, both the solvent and solute have to go 

through the thermal cycle. 

Because of the unusually high values of inherent 

efficiency of this method of thermoelectric energy conversion; 

a system such as described here appears to be an attractive 

candidate for use with several of the methods currently being 

considered for the capture and utilization of solar energy. 

The design is basically quite simple, with no moving 

parts. The important materials involved are all quite inex- 

pensive, and there is no reason to expect major difficulties 

with design or construction. 

It has been reported3 that electrical power outputs of 

500 milliwatts per cm2 of electrolyte surface appear to be 

feasible in practical systems, so that such devices need not be 

exceedingly large or cumbersome. 
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TABLE I Sodium Vapor Pressure Data' 

T(0K) 

MP 

BP 

P(atm) 

298.15° 2.64 X lO"1* 
325. 9.66 X io-13 
350. 2.15 X lo-11 
370.98 1.35 X io-10 
400. 1.59 X io-9 
500. 8.43 X io-7 
600. 5.19 X io-5 
700. 9.74 X io-" 
800. 8.60 X IO"3 
900. 4.68 X io-2 

1000. 1.93 X 10"' 
1100. 5.69 X io-1 
1156.2 1.00 
1200. 1.50 

-270- 

: 

i 

i 

i 

I 

I 

i 

I 

I 

Ü 

/ 

L 



Lood 

P2 is vapor pressure of Na at T2 (high T) 

Pj is vapor pressure of Na at Tj (low T) 

Figure 1. 

' 
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Proposal for a 

PROGRAM ON INTEGRATED SOLAR ENERGY SYSTEMS FOR MILITARY BASES 

I Proponent: 

Category: 

Sub-Programs 

DoD - ARPA 

Decentralized Conversion (Primary) 

Energy Transmission, Distribution, and 
Storage Technology (Secondary) 

1. Pilot-Plant Design, Construction,and 
Testing 

2. Materials Technolv>gy 

3. Component Design and Testing 

A five-year program is described, leading to construction 

of a 2 MW thermal/electrical solar energy pilot plant on a 

military base and d-.rected towards construction of a 50 MW 

demonstration-level integrated solar power system.  The five- 

year program calls for an expenditure of $25.5 million. 

' 
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ENERGY RESEARCH AND DEVELOPMENT 

.       Program Proposal: Fiscal Year 1975 Through Fiscal Year 1979 

TECHNOLOGY EVALUATION 

GENERAL DESCRIPTION OF THE PROGRAM 

Proponent:  DoD-ARPA 

..      A.  PROGRAM:  Integrated Solar Energy Systems for Military Bases 

Category:  Decentralized Conversion (Primary) 

I Energy Transmission, Distribution, 
and Storage Technology ^Secondary) 

B. SUB-PROGRAMS:  1.  Pilot-Plant Design, Construction, and 
Testing 

^    j 2.  Materials Technology 

3.  Component Dei ign and Testing 

C. DESCRIPTION:  The purpose of this program is to develop inte- 

grated solar energy systems to supply multiple 

energy needs for military bases.  The diverse 

i energy requirements to be supplied include 

building heating and comfort conditioning; 

\ ' N building auxiliary power supply, industrial 

I* heat and electrical supply; water heating, 

purification, and recycling;  and battery- 

•    j powered transportation.  Optimal system 

\ integration among various types of solar con- 

l version elements, auxiliary sources of energy 

supply, and energy transmission, distribution, 

storage, and control systems will be required 

to satisfy the specific energy requirements for 

military bases.  These include long-term 
r 
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independence, reliability, flexibility, and 

security of supply; multipurpose energy 

utilization; economy; applicability to remote 

or unusual site conditions; and short con- 

struction time and ease of achieving beneficial 

use. 

The proposed program emphasizes an early 

exploitation of current technology as aug- 

mented with advanced system modeling concepts, 

solar conversion techniques, materials and 

materials processing technology, and building 

layout and thermal insulation methods to design, 

construct, and test a 2 MW pilot plant (time- 

averaged energy supply capacity) by the end 

of Fiscal Year 1979.  It is recommended that 

this pilot plant be located at an existing 

military base and, to the extent possible, 

be integrated into the energy supply and 

utilization plan for that base.  Operation of 

the pilot plant will be designed to evaluate 

the following system characteristics: 

(1) Overall system conversion efficiency, 
capacity, and reliability; 

(2) Overall system energy balance and con- 
servation; 

(3) Economics of capital investment, fuel 
supply, and system operation and 
maintenance; 

(4)  Environmental impact; and 
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(5)  Potential changes to existing codes and 
specifications for building design and 
construction; for energy generation, 
transmission, and distribution; and for 
transportation systems. 

Data generated during this phase of the pro- 

gram will be compared with guantitative esti- 

mates provided by analytical system models 

and will contribute to the design criteria 

for a demonstration plant of 50 MW time- 

averaged capacity (electrical plus thermal) 

by Fiscal Year 1983. 

The realistic development of solar 

energy systems for terrestrial applications 

will reguire substantial efforts in materials 

technology as well as in component design and 

testing.  These requirements are identified 

in separate sub-programs under the overall 

program; the sub-programs will involve a high 

degree of interagency coordination.  It is 

also expected that the integrated solar 

energy system as defined in the program and 

the opportunity for an early technical demon- 

stration of a pilot plant under DoD project 

management will provide valuable experience 

and information for civilian solar energy 

development. 
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SUB-PROGRAM 1 

PILOT-PLANT DESIGN, CONSTRUCTION, AND TESTING 

a. Comparison with Existing Technology 

Solar energy utilization is characterized by a number of 

assets, in compcrison to fossil-fueled space-conditioning and 

electrical power generation, and in comparison to other "exotic" 

technologies. 

* The primary source of energy is ubiquitous and fairly 
evenly distributed. 

* The foreseeable, adverse enviromr.ental effects are 
minimal. 

* The total available sunlight is sufficient, in principle, 
to provide a major portion of the power requirements for 
the nation.  A reduction of dependency on foreign fuel 
supplies would result from significant utilization of 
solar energy for space conditioning and electricity 
generation.  The use of solar power to generate "artificial" 
fuels (not part of the present program) could potentially 
reduce dependence on foreign fuels rtill further.  For the 
long term, solar energy ^nay be the only realistic option 
if neither breeder reactors nor fusion reactors succeed. 

* The relative efficiency of combined solar panels,using 
both photovoltaic and thermal collectors, and utilizing 
an appreciable portion of the power directly for space 
and water heating, is expected to be high; such systems 
are thought to be closest to achieving economic success 
among the various solar utilization possibilities. 

A number of potential liabilities in the success of these 

polar technologies also exist: 

* Such plants tend to be capital-intensive. 

* Architectural restrictions accompany the use of structure- 
integral units. 

* Significant land allotments are required for "detached" 
electricity-generating units. 

b. r.icinifirvint Tochnicol Uncertainties 

Several   technical obntaclcs  stand   in   the way cf   the completely 

economic  implementation of  full-scale,   integrated  solar  systems. 
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It is one of the intents of the present program to bring such 

obstacles into sharp focuij in a complete system and to assist 

in their solution. The hurdles listed below will not prevent 

construction of the proposed pilot plant, but if they are not 

overcome during the period of the program, the future viability 

of the corresponding portions of the svstem will be open to 

question. 

* Sufficiently low production costs must be achieved for 
the photovoltaic elements, together with adequate 
efficiency and durability. 

* For the "detached" system, sufficiently low construction 
costs must be achieved for solar concentrators and for 
the thermal collector/transfer conduits. 

* Maintenance procedures of acceptable simplicity and 
cost must be demonstrated. 

« 

* The reliability of relatively complex, y^t.necessarily 
inexpensive, control systems must be demonstrated. 

* The overall system must demonstrate a capacity to 
handle an adequate portion of the total power require- 
ments reliably, without (through failure or lack of 
adequate storage) placing an undue load on auxiliary 
power supplies. 

c.  Constraints 
 »- 

There is relatively little geographic constraint relative 

to the system proposed, except as may be imposed through portions 

of the system which require land use beyond the area of the 

structures themselves.  An important external constraint lies in 

the realm of building and engineering codes, whi^h will probably 

not allow the most efficient implementation of structure-integral 

units initially. 
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d. Significant Capital Investments 

The major thrust of th.'s program, of course, is the con- 

struction of the pilot plant, which will represent a significant 

capital investment.  It is assumed that the funds specifically 

allocated ia this program for construction costs will be only 

incremental to the basic construction costs for new structures 

scheC'iled to be built within the applicable time interval. 

e. Government/Private Sector 

The proposed program is planned to be entirely Federally 

funded.  However, a major portion of the funds will be expended 

through industrial contracts and industrial vendors.  It is 

anticipated that the program, leading to the construction of a 

pilot plant, will provide considerable incentive for additional 

development activity by industry. 

f. Supporting Rationale 

While there have been valid reasons for the existence of 

isolated projects on materials research and development, component 

design, and system studies for solar energy utilization, it is now 

opportur^ to provide a real focus for such efforts in the construction 

of a pilot-plant which is to have actual beneficial output in a 

populated environment.  The pilot-ylant which is anticipated for 

this program will comprise (a) solar units which are integral com- 

ponents of buildings, for which they will provide both space 

conditioning (heating, cooling and humidity  control)  and 

electrical power, and (b) a detached unit, referred co  as a 

Solar Power Modulo Loop, which could generate electricity and 

process heat, in possible combination with water purification. 
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Thus, the pilot plant will provide a test for many of the concepts 

which have already been developed as well as an opportunity to further 

develop requirements for an integrated system, including thermal and 

electrical storage, and distribution and control facilities. 

Within the framework of the present program the opportunity will 

also exist to study other concepts which may be of special interest 

within DoD, such as component portabxij-ty, Modularity, ease of 

assembly, and other factors which relate to temporary, portable, 

or remote facilities. 

The proposed program, in addition, takes advantage of the unique 

role which DoD can play through its existing organizational and 

military-base structure, in terms of providing complete localization 

and monitoring of the functional requirement specifications, archi- 

tectural designs, engineering, and construction of the pilot plant 

and subsequent demonstration plant. 

The accompanying milestone chart summarizes the projected 

stages of design, construction ,and testing for the pilot plant.  This 

includes the modeling of various energy supply and load mixes, 

architectural design of buildings with instrumented heating and 

conditioning equipment, site selection and preparation, and 

construction of the integrated solar energy system.  Provision is 

al^o made for the performance testing of the pilot plant for 

eventual scale-up to a full-size demonstration plant beyond the scope 

of the present program.  The pilot plrnt experience will also help 

develop guidelines for potential changes in building codes and 

specifications, and will goneröte technical and economic data for the 

potential applicability of solar energy systems to civilian corn- 

iminitics. 2.S i < 
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SUB-PROGRAM MILESTONE CHART:  PILOT-PLANT DESIGN.- CONSTRUCTION, AND TESTING 

Fiscal Year 

1. System Design 

2. System Construction 

3. Syr.tern Testing 

75 

A 

76 

A- 

77 

^k- 

78 

A- 
-A 

79 

A—A 

^\ Completion of system modeling and scoping design. |Decision| on pilot-plant 
capacity and load mix. 

/2\ Completion of preliminary design of energy conversion system and archi- 
tectural layout of structures and auxiliary components.  Completion of 
environmental impact statement. 

/K  Completion of detailed design. 

/v\  Completion of test-site survey. 

/J\ Completion of test-site preparation. 

£^ ComplcLion of structures and integrated solar energy system. Delineation 
of beneficial uses. 

Z7\ Completion of testing plan and procedures. 

/a\  Installation of test instrumentation and start of testing. 

/y\ Docisioi^ on verification of short-term test criteria.  Recommended 
modifications to building codes and specifications. 

Decisionl on program continuation through to full-scale demonstration 
plant. 
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SUB-PROGRAM 2 

MATERIALS TECHNOIOGY 

a. Comparison with Ex-öting Technology 

N/A 

b. Significant Technical Uncertainties 

Achievement of economical demonstration and full-scale plants 

of the type planned fcr the pilot plant will require the achieve- 

ment of particular materials goals in the areas of surface optical 

properties and durability at operating temperatures, of the 

durability and fabrication costs of photovoltaic cells, and of the 

surface durability of windows and mirrors.  Failure to achieve 

adequate properties in any of these areas during the time period of 

the present program may face subsequent design changes and/or 

retrcjnnhment regarding the portion of total energy requirements 

to be derived from solar energy. 

c. Constraints 

N/A 

d. Significant Capital Investments 

N/A 

e. Government/Private Sector 

(See  Sub-Program 1.) 

f. Supporting  Rationale 

Solar  energy utilization is particularly and uniquely dependent 

on specific naterials properties and costs  to a degree which demands 

that a  strong   thrust of  the program be  directed  towards materials 

technology.     Solar  collection and  conversion  is dependent on  low- 

cost  processing   and   fabrication  techniques,   because of   the   low 
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energy density of sunlight; at the same time, practical efficiencies 

are sensitive to certain materials properties (such as surface 

optical behavior and photo/electronic behavior) which press on the 

frontiers of materials research and characterization.  This circum- 

stance is recognised in the present program through establishing 

.Materials Technology itself as a separate sub-program.  This sub- 

program will provide support to .t^ overall program in terms of: 

Materials selection, 

Materials criteria specification, 

Developm-nt and specification of materials characterization 
and testing procedures, 

Compilation of data from existing technology, 

Support of new materials development. 

Support of process development. 

Design and construction of pilot-scale process demonstrations. 
and 

Support of advanced materials research. 

During July 1973 the ARPA Materials Research Council listed 

certain directions for materials development thought to be of high 

potential for solar energy utilization.  These will provide some 

initial guidance for the developmental and research aspects of the 

present sub-program.  A number of the salient points identified 

by the Council are extracted below: 

1.  Concentration and Collection of Sunlight for Thermal Systems 

1.1 A three-pronged search for surfaces with special optical 
properties for radiative insulation should be pursued. 
Each of the three aspects may be realized in the near 
future; indeed, adequate materials may already exist. 

1.1.1 A surface material that is stable for long periods 
(^20 years) at high temperatures {^550° C) is 
needed for high light-concentration systems; for 
this purpose, sunlight-absorption/infrared emission 
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(a/e) as low as 2 may be acceptable. 

1.1.2 A heat-mirror surface with'high transparency for 
sunlight and high reflectivity for infrared will 
prove useful for supplementing or replacing low e 
coatings in the absorbing surface. 

1.1.3 A surface material with very high a/e for use in 
low-temperature systems (^250° C) without light 
concentration should be sought; the low operating 
temperature will lessen the problem of thermal 
degradation.  A new concept leased on the use of 
small metal particles ("-lOO A) should be explored. 

| 

2.  Photovoltaic Cells 

\ 

2.1 New emphasis should be placed on terrestrial operations 
without the special requirements of outerspace applications, 
the latber having hitherto dominated the field.  Emphasis 
should be placed on low cost and durability; standards of 
reliability can be lowered. 

2.2 The physics and metallurgy of heterojunctions need to be 
better understood, especially the degradation processes 
in otherwise economical materials, such as Cu-Cd-S. 

2.3 Improvea techniques for charecterizinc surfaces and 
interfaces during the fabrication of cells are necessary. 

2.4 The role of grain boundaries in photovoltaic cells 
requires elucidation, inasmuch as polycrystalline materials 
are much less expensive than the currently used single 
cryctals. 

2.5 The possibility of developina low-cost fabrication tech- 
niques for stacked photocells, with graded energy gaps which 
will effectively utilize a greater portion of the sunlight 
wavelength distribution should be examined. 

2.6 Materials for photovoltaics should be considered in terras 
of their own requirements since these may be different than 
for semiconductors used in other electronic devices. 

3.  Special attention must be directed to energy-storage systems, 
which are a common requirement for virtually all means of solar 
energy conversion.  The development of improved thermal-insulation 
materials for bjth high and low temperatures would also be 
beneficial. 
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SUB-PROGRAM 3 

COMPONENT DESIGN AND TESTING 

a. Comparison with Existing Technology 

Since the components of a solar energy utilization system 

are entirely different from those with which the existing 

energy conversion industry normally deals, adequate design and 

testing fac.'ljties do not now exist.  This sub-program is 

intended to fill that need. 

b. Significant Technical Uncertainties or Obstacles 

N/A 

c. Constraints 

N/A 

d. Significant Capital  Investments 

Approximately 25% of the total expenditure under this 

sub-program is expected to be devoted to capital equipment 

toward establishing a significant unique test facility for 

components of solar systems. 

e. Government/Private Sector 

(See Sub-Program 1.) 

f. Supporting Rationale 

A najor aspect of this sub-program is  to construct a 

testing  faci   I   y   for the  components  of  solar energy conversion 

systems,  especially  in those  fields where   industrial  testing 

facilities  are  not yet well developed.     The  facility is  to be 

designed to handle  a variety of component designs  and mixes. 

Test apparatus  and personnel will have  capability in both 

direct   (photovoltaic)   conversion and  thermal  collection and 

conversion  technology,   as  well  as   in  both   high  sunlight 
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concentration and low (or no) concertration designs.  The 

facility will also have capability for testing combined units 

(e.g., non-concentrating panels) comprising both photovoltaic 

and thermal collection subcomponents.  Test facilities for 

control systems will also be established, particularly in 

relation to the distribution of energy among the collectors, 

electrical generators, and other sources, storage media and 

loads comprising an integrated system. As noted in the cost 

tables, this facility will represent a substantial capital 

investment; it is anticipated that the investment will provide 

continuing beneficial use, going beyond its role as a test 

facility for the components of the pilot plant in the 

immediate program. 

A second major aspect of the sub-program will be to 

establish the design for the construction of system components 

for the immediate pilot-plant program.  In that process, the 

technical and economic aspects of various mixes of concentra- 

tion and conversion schemes will be examined (as applicable), 

as well as durability and reliahil'.ty parameters.  In connection 

with this aspect of the sub-program, the project will play an 

important role in determining configuration standards, unit 

sizes, ratings, and so forth.  A major beneficial output of 

this sub-program will be to provide an initial framework for 

industrial standardization of the component parts of solar 

systems. 

The milestones   for  the  sub-program are considered in terms 

of  five  topics.     The   first of  these.   Solar Conversion Panel, 

rdatofl  to units  designed  to be an  integral  component of 
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structure and intended to provide the primary energy source 

for space conditioning as well as electrical power.  As 

presently conceived, such panels would include both photo- 

voltaic and thermal collectors, the latter furnishing the 

major input for space conditioning and the former direct 

electrical power.  Existing considerations indicate that 

substantial efficiency advantages accrue through such a "tandem" 

system; one of the major technical decisions to be made through 

this sub-program, therefore, is to determine whether such 

combined panels are technically and economically feasible, and 

the relative merits of various combinations of materials and 

configurations. 

The second topic. Solar Collector Module Loop, relates to 

components for a "detached" electrical generating capability, 

not constructed as an integral portion of the structures, but 

integrated into the common storage and distribution network. 

A variety of important technical decisions need to be made in 

this area, such as the  optimal degree of solar concentration, 

mirror configuration, surface coating materials, etc. 

However, the mcst important decision to be made in this connec- 

tion is whether such a "detached" solar system - generating 

electricity - is both technically viable and affordable, 

within the pilot plant time and cost framework.  Another major 

consideration of this portion of the design and test sub-program 

will be the extent to which this aspect can be efficiently 

combined with the fourth topic. Water Purification. 

The third topic. Energy Storage and Distribution, requires 

a new and sophisticated facility for design and testing.  Few 

^Ü3< 
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situations currently exist in which comparable control 

facilities are available for thermal and electrical flow among 

external and internal sources, storage media and loads.  It 

is anticipated that a major beneficial output from this portion 

of the sub-program will be solid-state control circuit design 

applicable to single-unit construction with solar energy input 

and built-in thermal and electrical storage. 

It is apparent that the field of component design for solar 

collection is one in which inventiveness may be very fruitful« 

both in achieving lower costs of fabrication and a higher 

percentage utilization of the total sunlight.  Establishing 

this program will in itself provide incentive for 

commercialization and related industrial developments.  In 

addition, the Component Design and Testing sub-program will 

pursue a conscious effort '.o stimulate such work, especially 

on the basis of measured shortcomings in initial designs. 

This activity is indicated in the accompanying Milestone Chart 

under the heading of Advanced Components. 
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SUB-PRÜGKAM MILESTON.   CHART:     CQHI'ÜNENT DESIGN AND TESTING 

Fiscal Year 

1. Solar Conversion Panel 

2. Solar Collector Module 
Loop 

3. Energy Supply, Storage, 
and Distribution 

a. Solar Panel Test 
Facility 

b. Solar Collector 
Module Loop 
Facility 

4. Water Purification 
Component 

5. Advanced Components 

75 

-A- 

76 

A 

-AT 

-/A 

-/hr 

-A 

A 

■A- 

77 

-A 

-A 

-Ä- 

A 
A—^ 

78 79 

^\  Decign and performance criteria  established. 

/^ Design and construction of   test  units completed. 

£2^ Preliminary  testing completed.    |Deeision]on verification of  system design 
criteria.     Plans  for  continuation  of  testing reviewed. 
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COSTS   AND  OTHER  RESOURCE   REQUIREMENTS 

ACCORDING  TO  NSF   CATEJORIES 

* Heating  and Cooling of  Buildings (including water purification) 

* Photovoltaics 

* Solar/Thermal 
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